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STRUCTURE AND CORROSION RESISTANCE OF VACUUM-ARC
MULTI-PERIOD CrN/Cu, ZrN/Cu, AND NbN/Cu COATINGS
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The structure and properties of vacuum-arc multi-period composite coatings of the MeN/Cu system (where Me
is Cr, Zr, and Nb) are studied. It was found that at the smallest nanolayer thickness (about 8...10 nm) of composites
in the layers of all systems, only a phase with an fcc lattice is formed, without a pronounced texture in the nitride
layers. For ZrN and CrN, the phases with an fcc lattice are equilibrium, and for NbN, they are nonequilibrium. An
increase in the thickness of nitride layers leads to the appearance of a texture in ZrN/Cu and CrN/Cu systems and the
formation of an equilibrium ¢-NbN phase in the layers of the NbN/Cu system. Tests for corrosion resistance in the
environment of the formation of chloride ions showed that the coatings are anodic reaction. The best corrosion

properties were obtained for coatings with the smallest layer thickness (about 8...10 nm).

INTRODUCTION

Of great practical interest is the study of the
corrosion properties of materials, because this is the
basis for their use in biomedical engineering, the
electrical industry, power engineering and other fields.
Traditional methods for increasing corrosion resistance
are the deposition of corrosion-resistant coatings on the
surface of products [1-4], the use of corrosion inhibitors
[5], etc. Among these methods, the most universal
method is the production of protective coatings based on
nanocomposites [6, 7]. Such coatings provide an
increase in the whole complex of physicomechanical
surface characteristics [8]. It should be noted that the
deposition process from ion-plasma flows of coatings
occurs under highly nonequilibrium conditions [9, 10].
Under these conditions, structural engineering [11] is
the most effective way of directional changing the
structure and properties. As a result of using this
method, it was possible to create vacuum-arc multi-
period coatings based on transition metal nitrides with
very high physical and mechanical properties [12]. In
such nanocomposites, the use of CrN layers is
associated with their high wear resistance and oxidation
resistance [13, 14]; the use of ZrN is associated with
high erosion resistance, strength in combination with
high hardness, ZrN is also a radiation-resistant material
[15], and NbN is with high hardness, wear resistance,
and oxidation resistance [16, 17]. All of these nitride
coatings are corrosion resistant and work well in
aggressive environments.

Adding a second “immiscible” transition metal (for
example, copper) makes it possible to increase the
plastic properties of the coatings and reduces the
likelihood of brittle chip, which is especially important
for biomedical applications.

The aim of this work was to study the influence of
technological conditions for the preparation of different-
type multi-period composites based on nitrides of
transition metals and copper on their phase-structural
state and electrochemical characteristics of corrosion in
physiological saline using mutually complementary

methods: open-circuit potential, impedance
spectroscopy, and potentiodynamic polarization.

SAMPLES AND RESEARCH METHODS

The coatings were deposited by the vacuum-arc
method at the “Bulat-6 installation. Substrates for
coating were samples of size 20x20x2 mm made of
austenitic stainless steel AISI 321.

Table 1 shows the main technological parameters of
the deposition of the studied coatings.

Table 1
Technological parameters of coating deposition

Series Py, Uy, Substrate holder
Torr \Y operation mode
1 5-10% | -200 .
jm}
LE) > 1107 65 constant rotation
= 103 i 20 s interval
© 3 410 65 180 layers
5 4 3-10° | -110
= 5 3-10° | -70
N 6 3-10° | -200 | constant rotation
7 7-10% | -50
5 8 3-10° | -50
LE) 9 7-10™ -50 20 s interval
5 10 7-10% | -200 180 layers
11 | 3-10% | -100 120s - Cu
300s— Nb

The pressure of the working atmosphere (Py) ranged
from 4-10° to 5-:10™ Torr; the bias potential supplied to
the substrate varied from -50 to -200 V. The deposition
was carried out from two sources. The first source is Cr,
Zr or Nb, depending on the type of coating, the second
source is Cu; in a mode with a constant rotation speed
(rotation speed of 8 rpm) and in discrete mode (with a
stop for 20 s near each of the plasma sources of series 1
(CrN/Cu), 9 and 10 (NbN/Cu), as well as with a stop
120 and 300 s for Cu and Nb layers (series 11),
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respectively, with a total coating time of 1.5 h and a
coating thickness of about 12 pum.

The phase-structural state was studied by X-ray
diffractometry using a DRON-4 apparatus in Cu-Ko
radiation using 0-26 scanning with a monochromator on
a secondary beam [18]. To decode the diffraction
patterns, tables of the international Powder Diffraction
File center were used [19].

The coatings were examined for their corrosion
resistance during electrochemical processes.
Electrochemical tests were carried out using a
3-electrode cell with a volume of 200 ml and a Biologic
SP-150 potentiostat. The cell consists of a coated
sample (working electrode), a saturated calomel
electrode (reference electrode), and a platinum electrode
(counter electrode). Corrosion resistance was evaluated
by measuring the open-circuit potential for 1.5 h in a
solution of 0.9% NaCl at room temperature.

Impedance spectroscopy was performed in the
frequency range from 10% to 10°Hz. The
potentiodynamic polarization test was carried out in the
range from -0.6 to +1 V at a scanning speed of 1 mV/s.
The contact area of the sample with the electrolyte was
0.196 cm?.

RESULTS AND DISCUSSION

To study the phase-structural state, the XRD method
was used. X-ray diffraction spectra of all studied
coatings are shown in Figs. 1-3.
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Fig. 1. Plots of the diffraction spectra of CrN/Cu
coatings and decomposition of the complex diffraction
profile of series 1 into components (insert in the upper

right corner): 1 — Py = 5-10" Torr, U, = -200 V

(continuous operation); 2 — Py = 4-10° Torr,
U, = -65 V (continuous mode); 3 — Py = 4:10° Torr,
U, = -65 V (discrete mode, 20 s)

From the spectra in Fig. 1 (CrN/Cu nanocomposite) it
can be seen that the positions of the diffraction peaks
correspond to the fcc lattices of the two phases CrN
(JCPDS 76-2494) and Cu (JCPDS 89-2838). The
relatively high intensity of the (111) CrN peak for series
2 samples (see spectrum 2, Fig. 1) indicates the
presence in the CrN layers of a predominant orientation
of crystallites with the [111] axis perpendicular to the
growth plane. The lattice periods calculated from the
position of the peaks remain practically unchanged for
the Cu layers and amount to ac, = 0.3595 nm. Changes
in the lattice period are observed for CrN layers. The

smallest value is acy = 0.4140 nm (for samples of series
2), and for samples of series 1 and 3, the period is
somewhat longer and is acyy = 0.4157 (1 series) and
acyy = 0.4154 nm (3 series). The most likely cause of
this change is the formation of a stress-strain state of
compression in CrN layers.
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Fig. 2. Plots of diffraction spectra of ZrN/Cu multilayer
coatings under continuous deposition:
4 —Py=3-10°Torr, U, = -110 B; 5 — Py = 3-10° Torr,
Up =-70V; 6 — Py = 3-10° Torr, U, = -200 V

Fig. 2 shows that for the multi-period ZrN/Cu
nanocomposite, diffraction peaks inherent in the 2
phases are also revealed: ZrN (JCPDS 78-1420) and Cu,
with a face-centered cubic lattice (structural type NaCl).
The lattice period for copper layers remains practically
unchanged for different deposition modes and amounts
to acy = 0.3611 nm. In ZrN layers, a change in the
lattice period is observed. So, for samples of series 4 —
azn = 0.4629 nm, series 5 — azn = 0.4632 nm, series
6 — azn = 0.4635 nm. Such a change in the lattice period
is also apparently related to the action of compression
stresses in ZrN layers.
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Fig. 3. Plots of diffraction spectra of NoN/Cu multilayer
coatings: 7 — Py = 7-10"* Torr, U, = -50 V (continuous
operation); 8 — Py = 3-107 Torr,

U, = -50 V (continuous operation);

9 - Py =7-10" Torr,

Up = -50 V (discrete mode, 20 s); 10 — Py = 7-10"* Torr,
U, = -200 V (discrete mode, 20 s);

11— Py = 310 Torr, U, = -100 V (discrete mode,
120 s for Cu layers and 300 s for NbN)



For the NbN/Cu nanocomposite, it is seen that at a
relatively low pressure Py=7-10" Torr (see spectrum 7,
Fig. 3), in the constant rotation mode, two phases form
with an fcc crystal lattice: metastable 5-NbN (JCPDS
38-1155 ) and Cu. The ratio of peak intensities is close
to the standard for the fcc lattice, which indicates the
absence of a pronounced texture. The lattice period for
copper is ac, = 0.3590 nm, and for azn,y = 0.4455 nm
(samples of series 7) and as.npny = 0.4368 nm (samples of
series 8). An increase in pressure to 3:10° Torr (see
spectrum 8, Fig. 3) leads to a qualitative change in
diffraction spectra. Changes are also associated with the
appearance of diffraction peaks from the equilibrium e-
NbN (JCPDS 89-4757) phase with a hexagonal crystal
lattice.

An increase in the layer thickness to 40 nm (20 s
interval, spectra 9, 10, see Fig. 3) leads to the formation
of only the equilibrium &-NbN phase and Cu. An
increase in the bias potential to U, = -200V (see
spectrum 10, Fig. 3) does not lead to a change in the
phase composition. However, in this case, the preferred
orientation of crystallites with the (004) plane
perpendicular to the growth surface is formed.

With the greatest thickness, a complete spectrum of
diffraction peaks of &-NbN and Cu phases is formed
without a noticeable preferential orientation (see
spectrum 11, Fig. 3).

The lattice period for &-NbN is: a,npy = 0.3016 nm
(series 9), a.nony =0.3003 nm  (series 10),
= 0.3020 nm (series 11).

Thus, a comparison of the phase-structural states for
multi-period  CrN/Cu,  ZrN/Cu, and  NbN/Cu
nanocomposites shows that the formation of a two-
phase state with an fcc crystal lattice is typical for all
types of coatings except NbN/Cu (samples of series 8—
11). The lattice period calculated from the position of
the diffraction peaks for copper layers remains almost
unchanged for all types of coatings, while for the CrN,
ZrN, and NbN layers it changes. A shift towards lower
diffraction angles with the 8-26 survey scheme indicates
the formation of a stress-strain state of compression in
these layers.

Electrochemical tests of the coatings were carried
out using a 3-electrode cell with a volume of 200 ml.

Fig. 4 shows plots of corrosion potential versus time.

As can be seen from the curves in Fig. 4,3, a series 3
coating (CrN/Cu nanocomposite) obtained in the
discrete mode (with an interval of 20 s) is characterized
by a sharp dissolution of the coating (the first minute of
testing) followed by passivation. Sharp peaks and
changes in the nature of the curve can indicate damage
to the passivating layer and the protective coating as a
whole.

Samples of CrN/Cu coatings obtained in other
modes (see series 1, 2, Fig. 4,a) tend to passivate and
soperpassivate, which is associated with an increase in
the valence of chromium (Cr®*) with the implementation
of reactions:

Cr(OH); + 50H — 3¢ — CrO,* + 4H,0;
2Cr* + 7TH,0 — 6e — Cr,0;* + 14H".

A series of ZrN/Cu coatings is characterized by
weak passivation (see Fig. 4,b). This is due to violation
of the continuity of the coating due to brittle fracture

Ae-NDN =

and the appearance of copper on the surface, as well as
strong internal stresses.

NbN/Cu coatings are characterized by a uniformly
slow passivation process (see Fig. 4,c). However, the
peaks in the curves of Fig. 4,c indicate the processes of
local destruction of coatings (similar to the sample of
series 3 (CrN/Cu)).

Ewe/V

Ewe/V

0 2,000
time/s

EwelVY
<

e

Tt -

0 2,000
time/s

c
Fig. 4. Plots of corrosion potential versus time:
a— CrN/Cu; b — ZrN/Cu; ¢ — NbN/Cu

Fig. 5 shows the potentiodynamic polarization
curves of the coatings in physiological saline.
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Fig. 5. Potentiodynamic polarization curves:
a— CrN/Cu; b — ZrN/Cu; ¢ — NbN/Cu



As can be seen from Fig. 5 — for all coatings, the
process is controlled mainly by the anode part of the
polarization curves [20].

According to the Tafel extrapolation method, the
values of the corrosion potential (Ec), corrosion
current density (lr), anode (B,) and cathodic (B.) Tafel
tilt can be obtained from polarization curves. The results
are shown in Table 2.

Table 2

Corrosion resistance test results
Series Ecorr, lcorrs Ba, Bc, CR: Rp:
mV HA mV mV mm/year Q'sz
S 1 -99.241 [0.208| 68.3 [149.8] 12-10° | 19208
Ol 2 [-200.829[0.872] 95.1 [106.1]51.6-10° 4900
(Zj 3 [-229.129[1.692(550.4]218.3| 100-10°| 7840
S| 4 -206.38 [0.044| 89.5 | 159 | 2.6-10° | 110936
O 5 [-186.861[0.059]118.2/189.2| 3.5-10° | 105056
E 6 |-173.411[0.435[163.5/329.9| 26-10° | 21560
7 |-208.347] 0.09 [119.2]103.6| 5.3-10° | 5252.8
8 8 -138.302[0.421]104.2]187.5] 25-107° [ 13563.2
% 9 -258.219(1.176181.7] 290 | 69-10° | 8094.8
Z| 10 [-303.715| 1.96 [2155.7]286.3] 116:10°| 10976
11 |-156.095[2.068] 79.4 [210.1]| 122-10°] 2352

The corrosion rate is proportional to the corrosion
current and was calculated by the formula

Leorr K- EW
da ' (1)

where CR is the corrosion rate, mm/year; Il —
corrosion current, mA; K is the conversion factor
determining the unit of measurement of the corrosion
rate; EW — equivalent weight, gram-equivalent; d is the
density, g/cm®; A is the sample area, cm?.

To determine the parameter R, (polarization
resistance), the calculation was performed according to
the formula

CR=

Rp=Ba Bc/2.303l¢on" (Bat+ Be) (2)

the results of which are given in Table 2.

Samples with a minimum corrosion current have the
lowest corrosion rate. The best indicators of the
corrosion rate correspond to the regime with a constant
speed of rotation (with the smallest layer thickness). So,
the most corrosion-resistant are coatings with layers:
ZrN — series 4, NbN — series 7, and CrN — series 1.

The charge transfer resistance was also evaluated
through protective coatings using Nyquist curves
(Fig. 6).

The obtained curves were constructed in accordance
with the model of the equivalent electrolyte-coating
scheme (Fig. 7).

By comparing the diameters of the loops on the
Nyquist graph, we can evaluate the corrosion resistance
of the samples: loops of larger diameter correspond to
greater corrosion resistance. As can be seen from the
Table 2, the corrosion indicators obtained from the
calculation of the Tafel curves, and the impedance
spectroscopy data have similar trends and confirm the
previous conclusions.
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Fig. 6. Nyquist curves:
a— CrN/Cu; b — ZrN/Cu; ¢ — NbN/Cu
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Fig. 7. Model of the equivalent circuit “electrolyte-
coating”: C,, C, — the capacity of the double layer and
coating, respectively; Ry, R, — resistance of the
electrolyte and phases in the coating, respectively

Based on the results obtained, an assessment was
made of the thickness of the protective layers for
protection during the year. It was determined that for the
annual cycle of coatings in the medium of chloride ion
formation, their thickness should correspond to 12 pm
for the CrN/Cu system, 2.6 um to ZrN/Cu, and 5.3 um
to NbN/Cu. Although the CrN/Cu system is inferior in
corrosion resistance to the other systems under
consideration, the manufacturability of applying in mass
practical use as composite coatings should be taken into
account.

CONCLUSIONS

Studies of the structure and properties of vacuum-arc
coatings showed that only phases with an fcc crystal
lattice are formed in the nanolayers of the MeN/Cu
composite (Me — Zr, Cr, or Nb), without a pronounced



texture in the nitride layers. For ZrN and CrN, the
phases with an fcc lattice are equilibrium, and for NbN,
they are nonequilibrium. An increase in the thickness of
nitride layers leads to the appearance of a texture in
ZrN/Cu and CrN/Cu systems and the formation of an
equilibrium &-NbN phase in the layers of the NbN/Cu
system.

Coatings of chromium, zirconium, niobium nitrides
with copper nanolayers in the environment of formation
of chloride ions, from the point of view of the protective
mechanism, are anodic.

The best indicators of corrosion resistance were
shown by coatings with the smallest layer thickness of
about 8...10 nm, obtained in the constant rotation mode
with the following technological parameters: ZrN/Cu

(Pn=310%Torr, U,=-110V), NbN/Cu (Py=
=7-10%Torr, Up,=-50V), and CrN/Cu (Py=
=5-10" Torr, U, = -200 V).
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CTPYKTYPA U KOPPO3UOHHASA CTOMKOCTD BAKYYMHO-AYT'OBbIX
MHOTI'OIIEPUOAHBIX CrN/Cu-, ZrN/Cu- 1 NbN/Cu-lIOKPBITUU

A.A. Hocmenvhux, 0.B. Co6onb, B.A. Cmonoosoii, H.B. Cepowx, O. Chocholaty

IIpoBeneHo wuccnenoBaHUE CTPYKTYphl U CBOMCTB BaKyyMHO-AYTOBBIX MHOTONEPUOJHBIX KOMIIO3UIIMOHHBIX
nokpeituii cucremsl MeN/Cu (rne Me — Cr, Zr u Nb). YcraHOBIICHO, 4TO IPH HaMMEHbIIEH TOJIIMHE HAHOCIOEB
(oxono 8...10 HM) KOMIO3UTOB B ClOsIX BceX cucrteM (opmupyercs Tonpko daza ¢ ['LIK-pemerkoii, 6e3 siBHO
BBIP@XXEHHOH TeKCTypbl B HUTpUAHBIX ciosix. st ZtN u CrN ¢aszer ¢ ['TIK-pemeTkoit sBIstoTCs paBHOBECHBIMH, a
it NbN — HepaBHOBECHBIMH. YBENWYEHHE TOJIIMHBI HUTPHUIHBIX CIOEB IPHBOAUT K IIOSIBICHUIO TEKCTYPHI B
ZrN/Cu- u CrN/Cu-cucremax u GpopmupoBanuio paBaoBecHo# £-NbN-¢assr B crosx cucremsr NbN/Cu. Vcnibitanust
Ha KOPPO3HMOHHYIO CTOHKOCTh B Cpelie 0Opa3oBaHWS XJIOPHA-MOHOB ITOKAa3alH, YTO MOKPBITHS HMEIOT aHOIHBIN
xapakrep. Hamrydmmme Koppo3HOHHBIE CBOMCTBA OBUIH IOYYEHBI IS MMOKPHITHH ¢ HANMEHBIIEH TONITIMHOMN CIIOCB
(oxomo 8...10 aMm).

CTPYKTYPA I KOPO3IMHA CTIMKICTh BAKYYMHO-IYI'OBUX
BATATOIEPIOJHUX CrN/Cu-, ZrN/Cu- TA NbN/Cu-IIOKPUTTIB

I.0. Hocmenvnuk, O.B. Co6oav, B.O. Cmonéosuii, I.B. Ceporwk, O. Chocholaty

[IpoBeseHO MOCHIIKEHHS CTPYKTYPH 1 BIACTUBOCTEH BAaKyyMHO-IYTOBHX OaraTronepiofHUX KOMITO3HLIHHHX
nokputtiB cuctemu MeN/Cu (e Me — Cr, Zr i Nb). BeranoBieHo, o mpu HaiMEHIIiH TOBIIUHI HaHOIIApiB
(6mm3pko §...10 HM) KOMITO3HTIB y mapax Bcix cucteM (popmyeTthes Timbku ¢asza 3 ['IK-pemritkoro, 6e3 mOMiTHO
BUpaxeHol TekcTypu B HiTpuaHux mapax. dus ZrN i CrN ¢asu 3 I'LIK-penritkamu € piBHOBaKHUMHU, a 1uist NbN —
HEpiBHOBOKHUMH. 301TbIICHHS TOBIINHN HITPUIHUX IAPIiB MPU3BOIUTH 10 MOSBU TeKcTypr B ZrN/Cu- ta CrN/Cu-
cuctemax i ¢opmyBanus piBHoBakHOI &-NDN-asu B mapax cucremun NbN/Cu. BumpoOyBaHHsS Ha KOpO3iitHY
CTIMKICTh y CepelOBHIII YTBOPEHHS XJIOPUA-IOHIB MOKAa3aJH, IO MOKPUTTS MAarOTh aHOMHHI xapakrtep. Halikparmi
KOpO3iiiHi BIaCTHUBOCTI Oy OTpUMaHi JJIs MOKPHUTTIB 3 HAWMEHIIO TOBLUIMHOO 1mapiB (61u3bKo §...10 HM).



