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The creation of the scientific foundations for the structural engineering of ultrathin nanolayers in multilayer
nanocomposites is the basis of modern technologies for the formation of materials with unique functional
properties. It is shown that an increase in the negative bias potential (from -70 to -220 V) during the formation of
vacuum-arc nanocomposites based on ZrN makes it possible not only to control the preferred orientation of
crystallites and substructural characteristics, but also changes the conditions for conjugation of crystal lattices in

ultrafine (about 8 nm) nanolayers.
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Introduction

In order to achieve high functional properties of
materials, a new scientific direction “structural
engineering of the surface” has become widespread in
recent years in materials science [1-3]. This scientific
direction is based on the establishment of a connection
between the technological conditions for obtaining
materials, their phase-structural state and basic functional
properties. Thanks to the application of “structural
engineering of the surface”, it became possible to modify
the phase-structural states of vacuum-arc coatings
deposited in highly nonequilibrium conditions [4-6].

At the same time, two paths of structural design
(structural engineering) were formed. The first one is
based on the achievement of the necessary structural
states and properties by creating multi-element coatings
(as a result of directional alloying with elements
necessary to achieve the properties) [7-9].

The second way is based on the creation of
multilayer composites in which different materials of the
layers, their thickness, the nature of interlayer interaction
and other characteristics are used to achieve the required

66

properties [10-11]. In this case, one of the important
features of such multilayer coatings is the ability to
combine the advantages of materials they are made
of [12].

As has been shown in a number of studies, gradient
and multilayer coatings obtained in this way, consisting
of various nitride layers, demonstrate unique mechanical
properties, such as high and ultra-high hardness and
adhesion strength. This is largely determined by the
formation of special boundaries between the layers,
which fundamentally distinguishes such materials from
single-layer coatings [13-17].

Among multilayer coatings, nanostructured coatings
with a nanocrystalline structural state or nano-scale
multi-period composites show the highest properties,
since it is possible to create special boundaries for
consistent (or inconsistent) deformation, as a result of
which the physical and mechanical properties of the
coatings significantly change [18-19].

Therefore, the aim of work was to study the effect of
the negative bias potential applied to the substrate during
deposition on the structure and substructure of a single-
layer ZrN coating, as well as when using ZrN as
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nanocomposite layers.

I. Materials and research methods

The coatings were deposited in a “Bulat-6” vacuum
arc installation for 1.5 hours. As a base material, polished
substrates made of 12Kh18N9T stainless steel with
dimensions of 20x20x3 mm, which were preliminarily
washed with an alkaline solution in an ultrasonic bath
and then in C2-80/120 nefras, were used. After
evacuating the vacuum chamber to a pressure of
1-10° Torr, a negative potential of 1000 V was applied to
the substrates, and at an arc current of 100 A, their
surface was cleaned and activated by bombardment with
titanium ions for 3 ... 4 min. Then the chamber was filled
with a nitrogen atmosphere until a working pressure
Pn = 4-10° Torr. During deposition, one of the main
technological parameters was changable — negative bias
potential (Up), which was -70 V, -120 V and -220 V.

Zirconium (99.95 %) was used as the cathode in the
formation of a single-layer coating. The same cathode
was used for the formation of ZrN layers in multilayer
coatings, and in coatings of this type of molybdenum
nitride layers, molybdenum of the MChVP grade was
used. For the zirconium cathode and (TiZr)N, the arc
discharge current was 100 A, and for molybdenum,
130 A.

Multilayer coatings were obtained both by
continuous rotation of the substrate holder at a speed of
8 rpm (with an average residence time in the cathode
region of 3 - 4 sec.) and a number of layers of 540 - 570,
and by a fixed stop for 40 sec. opposite each of the 2
cathodes to obtain thicker layers. The deposition rate of
the coating was about 2 nm/s.

The deposition of multilayer coatings was carried out
from two sources of evaporation, one of which is Zr or
Mo, the second is TiZr (30 wt.% Zr). The thickness of
the layers was determined by calculation based on the
total thickness of the coating and the number of layers.
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The total thickness of the coatings was about 10 um.

The phase-structural state was studid using X-ray
diffractometry techniques. X-ray diffraction spectra were
obtained on the DRON-4 installation in Cu-K, radiation
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, a graphite
monochromator installed in the secondary beam (in front
of the detector) was used [20]. The division of complex
profiles into components was carried out using the
“NewProfile” software package. To determine the
crystallographic structure and phase composition of the
coatings, X-ray scans were performed and compared
with the powder diffraction (JCPDS) files published by
the International Center for Diffraction Data (ICDD)
[21]. Substructural characteristics were determined by
the approximation method [22].

I1. Results and discussion

2.1. Influence of the bias potential on the
structure and substructure of single-layer ZrN
coatings

The value of the negative bias potential was used as
a physical and technological parameter that changed
during deposition. Since the degree of ionization of metal
vapors in a vacuum arc discharge can reach almost
100 %, changing the bias potential is an effective way to
influence the energy of the deposited particles. With a
single ionization, the value of energy of the charged
particles is close to the value of the bias potential.

First it will be considered how such a change in
physical and technological parameters affects the
structural state of single-layer ZrN coatings, about 8 um
thick.

Fig. 1 shows the diffraction spectra from coatings
deposited at U,=-70V (spectrum 1), U,=-120V
(spectrum 2) and U, = -220 V (spectrum 3).

It can be seen from the obtained spectra that with
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Fig. 1. Diffraction spectra of single-layer ZrN coatings: 1 — U, =-70V,2 - Uy =-120 V, 3 - U, = -220 V.
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Table 1

Substructural characteristics (average crystallite size
(L) and microstrain (<¢>)) in ZrN coatings obtained
at different Uy

Series No Up, V L, nm <e>, %
1 -70 50 0.69
2 -120 270 0.58
3 -220 300 0.65

increasing Uy, the relative intensity of the (111) and
(222) peaks increases. This indicates the formation of a
texture with the [111] axis and an increase in the degree
of its perfection with increasing U,. The substructural
characteristics determined from the data on the change in
half-width at different angles are summarized for
different Up in Table 1.

It can be seen from the results shown in Table 1 that
an increase in Uy leads to the crystallite size growth. This
is due to an increase in the energy of the deposited
particles, which leads to an increase in the mobility of
atoms. In this case, not only does the average crystallite
size grows, but also the formation of a preferred growth
orientation (texture, Fig.1) parallel to the surface of
crystallites with the (111) plane, in which the reticular
density of atoms is highest, occurs. The value of
microstrain <e¢> tends to decrease with increasing Up
(Table 1).

Thus, the influence of the bias potential (and,
accordingly, the average energy of deposited particles)
has a decisive effect on the formation of the preferred
orientation of crystallites, substructural characteristics,
and macrodeformation.

2.2. Multilayer periodic coatings based on
zirconium nitride with nanometer-thick layers

As it was found, according to the data of X-ray
fluorescence elemental analysis, in the (TiZr) layers the
atomic ratio of the element content is 83/17 at U, = -70 V
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and 82/18 at U, = -120 V. Based on this ratio, according
to Vegard’s law, the lattice period of the (TiggsZro17)N
nitride is approximately equal to 0.4306 nm, and for the
(Tiog2Zroas)N  composition, the lattice period s
0.4311 nm. Thus, with an increase in the bias potential,
there is a slight rise in the relative content of the heavier
element, Zr.

As the base for the study the system of (TiZr)N/ZrN
multiperiod nanocomrosites was taken. In this system,
one of the layers was ZrN, and the other was (TiZr) solid
solution nitride. Due to the large difference in the atomic
radii of titanium (0.147 nm) and zirconium (0.160 nm),
in this case, an increase in the relative content of Ti leads
to an increase in the mismatch of the lattice periods in the
contacting layers. The same effect of period mismatch
was obtained in (TiZr)N/MoN nanocomposites.

Fig.2 shows the diffraction spectra of
nanocomposite (TiZr)N/ZrN coatings deposited at the
smallest layer thickness (about 8 nm) and bias potentials
(-70V, -120V and -220 V). Analysis of the obtained
diffraction spectra showed that crystallites in the layers
have a similar structural type (B1-NaCl, based on an fcc
crystal lattice with the introduction of nitrogen atoms
into octahedral interstices). The formation of this
structural type is characteristic of the vacuum-arc method
of nitride coatings formation [23-24], since such a lattice
is highly resistant to nonstoichiometry.

The obtained diffraction spectra of (TiZr)N/ZrN
nanocomposites with the smallest layer thickness showed
two regularities: with an increase in the bias potential,
the (TiZr)N diffraction peaks shift towards larger
diffraction angles and the width of the diffraction peaks
decreases. This is clearly seen from the spectra shown in
Fig. 2, a. For comparison, a similar effect was obtained
for ultrathin layers (about 8 nm) in the (TiZr)N/MoN
composite (Fig. 2, b). In this case, a similar shift appears
for y-Mo;N (PDF 25-1366) diffraction peaks. It should
be noted that the ZrN component in the (TiZr)N/ZrN
nanocomposite has stronger bonds between the metal and
nitrogen (higher heat of formation) than in the (TiZr)N
solid solution. In the (TiZr)N/MoN nanocomposite, on
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Fig. 2. Diffraction spectra of a multi-period (TiZr)N/ZrN (a) and (TiZr) (TiZr)N/MoN (b) nanocomposite with a
layer thickness of about 8 nm (a) and about 80 nm (b): 1 — Uy, =-70V, 2 - Up =-120V, 3 - U, =-220 V.
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the contrary, the binding force (and, accordingly, the heat
of formation) in the molybdenum nitride layer is lower
(the formation of a y-Mo2N phase with a cubic lattice of
the B1-NaCl structure type is characteristic of vacuum-
arc coatings of molybdenum nitride [25]. This suggests
that the observed effects of an increase in the diffraction
angle (associated with a decrease in the lattice period)
with an increase in Uy is determined by a change in the
interaction conditions between nano-scale layers,
predominantly passing in layers with a lower interatomic
bond energy (and, accordingly, a lower elastic modulus).

With thicker layers (about 80 nm), as can be seen
from Fig.3 for the (TiZr)N/MoN nanocomposite, a
similar effect of an increase in the displacement of the
peaks of the (TiZr)N phase with increasing Uy is not
observed.

Thus, for coatings deposited with the shortest layer
formation time (continuous rotation) with a layer
thickness of about 8 nm, with increasing Uy, the relative
difference between the lattice constants of ZrN (layers)
and (TiZr)N layers increases (spectra 1, 2, and 3 in
Fig. 2, a). At U, = -70 V and the smallest layer thickness,
the difference in periods is & = 0.4629 — 0.4431 =
=0.0188 nm. At Uy = -120 V, the difference increases to
8 = 0.4625 — 0.4411 = 0.0214 nm, and at Uy = -220 V,
this difference is 6 = 0.4614 — 0.4379 = 0.0235 nm.

It is known that nanoperiodic composites are
characterized by coherent conjugation of boundaries,
when the periods are adjusted in the interlayer region and
a superstructural state is obtained [26-28]. The
appearance of o indicates a transition to a partially
coherent boundary (usually with a large mismatch of
periods in the layers) [29-30]. In this regard, the
observed increase in & (with increasing Uy) indicates a
decrease in the degree of such coherent conjugation of
crystal lattices in adjacent ZrN/(TiZr)N layers with
increasing U.

At the same time, in relatively thick layers (about
80 nm, Fig. 3), the & value for all Uy, has a large value
8~0.026 nm, which is close for this type of lattice
without coherent conjugation. Thus, with a large layer

thickness, the (TiZr)N crystal lattice has a period close to
the calculated one (0.4231 nm) for this composition. This
indicates a low level of coherent conjugation. An
increase in Uy leads to the fact that the level of coherent
conjugation also decreases between ultrathin layers.

This effect can be more clearly visualized when
comparing the spectra after their decomposition into
components. Fig. 4 shows the diffraction spectra of
coatings obtained at U, = -70V (Fig. 4, a, b), -120V
(Fig. 4, ¢, d) and -220 V (Fig. 4, e, f) for coatings of two
types with ultra-small thickness (about 8 nm) and
relatively large thickness (about 80 nm).

The analysis of the substructural characteristics
carried out on the basis of the separated spectra showed
that, in composites with ultrathin layers (about 8 nm),
with increasing Uy, the microstrain decreases. For the
constituent ZrN layers, microstrain decreases from
<e>=186% (a Up,=-70V) to <e>=136%
(at Up,=-220V). In the (TiZr)N layer, microstrain
decreases from <e¢>=146% (for U,=-70V) to
<¢>=133% (at Up=-220V). In composites with
thicker layers (about 80 nm) ZrN layers with increasing
Up, the microstrain decreases from <e>=1.24%
(Up = -70V) to <e> = 0.52 % (U, = -220 V). In the
(TiZr)N layers composing the composite, microstrain
decreases from <e¢>=085% (Up= -70V) to
<e¢>=0.41 % (Up = -220 V). The average crystallite size
in the (TiZr)N layers is almost 2 times smaller than in the
ZrN layers and is 25...29 nm.

With an increase in the constant potential, the
crystallite size growth is observed, this is associated with
an increase in the energy of incident particles, which
leads to an increase in the mobility of atoms.

Thus, the use of ultrathin layers in hanocomposites
makes it possible to design the interlayer structural state
using bias potential of different magnitude.

With a relatively low value of such a potential
-70...-220 V with increasing Uy, the difference in periods
in adjacent layers increases. This can be explained by the
loss of coherent conjugation between layers. The reason
for this may be an increase in the mobility of deposited
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Fig. 3. Diffraction spectra of a multi-period (TiZr)N/MoN nanocomposite with a layer thickness of about 80 nm:
1-Up=-70V,2-Up=-120V, 3-Up =-220 V.
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1 —initial profile (8 nm thick coating), 2 and 3 — profiles after decomposition,
4 — initial profile (80 nm thick coating), 5 and 6 — profiles after decomposition
Fig. 4. Diffraction spectra of nanocomposite (TiZr)N/ZrN coatings after decomposition into components at a
thickness of about 8 nm (spectra 1) and about 80 nm (spectra 2): a,b — Uy =-70 V, ¢, d — Up=-120 V,
e, f—-Uy,=-220 V.

particles with increasing Uy, which contributes to the effect on the structure and substructural characteristics of
formation of a more equilibrium state of nitrides (solid single-layer ZrN vacuum-arc coatings. With an increase
solution with a lattice period characteristic of such a in Uy in the range -70 ... -220 V, a texture with the [111]
state). axis is formed, and the perfection of the substructure
increases (an increase in the average crystallite size and a

) decrease in microstrain). The revealed effect is associated
Conclusions with an increase in the kinetic energy of the deposited
particles, which contributes to an increase in their

1. The influence of the bias potential has a decisive  mobility with the formation of a preferred orientation of
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crystallites from the most closely packed (111) plane and

an increase in the perfection of the crystallite
substructure.
2. During the formation of a ZrN/(TiZr)N

nanocomposite, with an increase in Uy, the degree of
texturing with the [111] axis in the layers also increases,
and at the substructural level, the average crystallite size
increases and microstrain decreases. In this case, in the
layers of the ((TiZr)N) solid solution nitride, the values
of microstrain and crystallite size are almost 1.5 times
lower.

3. In ultrathin (about 8 nm thick) layers of
nanocomposites, the effect of an increase in the interlayer
mismatch & with increasing Uy is revealed. This effect
indicates that when Uy changes in the range -70 ...
-220 V, the particles, increasing their energy during
deposition, stimulate the relaxation of the interlayer
deformation of the crystal lattices of the mating
materials. This leads to their more equilibrium state with
a lattice period close to the equilibrium one for a given
composition (for a (TiZr)N solid solution nitride, the
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BnuiuB BeJIMUYMHM MOTEHLIANY 3CYBY HA CTPYKTYPHY iH2KeHepil0 BAKYYMHO-

AYTrOBHUX MOKPUTTIB HA OCHOBI ZrN

'Hayionanvnuii mexuiunuii yuisepcumem “Xapxiecoxuii nonimexuiunuii incmumym”’, Xapxis, Yxpaina, sool@kpi.kharkov.ua
2Hayionanvhuii nayxosuii yenmp “Xapxiscokuil pizuxo-mexuivnuii incmumym”, Xapxis, Yipaina, stolbovoy@Kkipt.kharkov.ua

CTBOpEHHsI HAayKOBHX OCHOB CTPYKTYypHOI iHXKeHepil HAATOHKMX HaHOIIApiB B OaraTomrapoBHX
HAaHOKOMITO3HTaX € OCHOBOIO CYYaCHMX TEXHOJIOTiH (pOpMyBaHHS MaTepiajiB 3 YHIKQIFHUMHU (DYHKIIOHATEHUMH
BIacTHBOCTAMU. [loka3aHo, 10 301IBIIEHHS Bil’€MHOTO TIOTEHIiay 3¢yBY (Bin -70 mo -220 B), mpu ¢popmyBaHHi
BaKyyMHO-IyTOBUX HaHOKOMIIO3HUTIB Ha OCHOBI ZrN, JO3BOJISIE HE TUTBKH YIIPABIATH MEPEBAKHOIO OPIEHTALIIEIO
KPHUCTAIITIB 1 CyOCTPYKTYPHUMHE XapaKTEPHCTHKAMU, ajie 1 3MiHIOE YMOBH CIIONYYECHHS KPUCTATIYHUX PEIIITOK B
HAATOHKUX (OMM3bKO § HM) HaHOIIApax.

KoarouoBi  cioBa:  BakyymHa  gyra,  HITpMJI  LUPKOHifo,  OararomiapoBi  HaHOKOMIIO3HUTH,
PEHTTEeHOCTPYKTYPHHH aHalli3, HAHOCTPYKTYypa, MiXKIIIAPOBE CIIOJIYUCHHS, TEKCTypa, CyOCTpyKTypa.
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