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Abstract—Multilayer ZrN/SiN, and CrN/SiN, coatings are formed using the method of magnetron sputter-
ing by the consecutive sputtering of Zr (Cr) and Si;N, targets upon a variation in the thickness of an individual
layer from 2 to 10 nm at a substrate temperature of 300°C (ZrN/SiN, system) and 450°C (CrN/SiN, system).
X-ray diffraction analysis demonstrates that multilayer ZrN/SiN, and CrN/SiN, coatings consist of nano-
crystalline ZrN (CrN) layers with the preferred orientation (002) and amorphous SiN, layers. The lattice
parameters of the metal nitride phase for the ZrN/SiN, and CrN/SiN, films are greater than for monolytic
ZrN and CrN layers, respectively, and, in the case of ZrN/SiN, films, the lattice parameter increases upon a
reduction of the ratio of ZrN to SiN, elementary-layer thicknesses, which can be associated with the growth
of compressive stress. As wavelength dispersive X-ray spectrometry of the film composition and scanning
electron microscopy of the surface show, the multilayer ZrN/SiN, and CrN/SiN, coatings are more resistant
to high-temperature oxidation (in the temperature range of 400—950°C) in comparison with the ZrN and
CrN coatings. This resistance increases upon a decrease in the ratio of the thickness of the ZrN individual
layer to that of the SiN, individual layer as well as upon an increase in the quantity of layers in the film. How-
ever, these factors are not so deciding in the case of CrN/SiNx system. In general, CrN/SiN, coatings are

more stable than ZrN/SiN, coatings under the conditions of high-temperature oxidation.
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INTRODUCTION

Films based on transition metal (TM) nitrides,
such as TiN, CrN, ZrN, and others, have became
widespread as solid protective coatings. The resis-
tance of these coatings to an aggressive environment,
in particular, high-temperature oxidation, a chemi-
cally aggressive environment (as exemplified by solu-
tions of salts or acids), as well as ion radiation is one
of their important characteristics. Under these con-
ditions, mononitride films often lose their protective
function. One example is that they are intensely oxi-
dized at 550°C and higher [1, 2].

An increase in the resistance of coatings to oxida-
tion is provided by both metallic components (Al, Zr,
Ta, and others) [1, 3—6] and nonmetallic elements,
such as Cor Si [2, 7—11].

Another variant, which increases the resistance to
high-temperature oxidation (along with an improve-
ment in the mechanical characteristics), is the develop-
ment of multilayer film structures [5, 12—15]. Unique
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mechanical properties can be obtained using this
approach, which differ from those of single-layer coat-
ings. One example is that the authors from [16]
showed that formation and motion of dislocations in
CrN/AIN multilayer coatings is not a decisive factor of
plastic deformation. The observed plastic deformation
is mainly caused by the rotation of nanocrystallites
and grain-boundary sliding in the case of larger crys-
tallites. Such an inelastic effect eliminates or weakens
deformation and crack formation, which makes the
CrN/AIN multilayer structure promising as a protective
coating including for ductile steel substrates. It was men-
tioned in [17, 18] that CrVN/TiN and AICrN/TiVN
multilayer coatings are characterized by a higher wear
resistance than CrVN and TiN or AICrN and TiVN
coatings. In the case of an AICrN/TiVN film, AICrN
layers effectively inhibit oxygen diffusion into the film
upon high-temperature annealing, which prevents the
oxidation of vanadium [18].

The studies show that the degree of mutual diffu-
sion of the components of individual single layers
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Table 1. Deposition parameters and composition of the ZrN, CrN, and Si;N, mononitride coatings

. . Zr Cr Si3N, | Working | Nitrogen Film 7, Cr, Si, N,
Film | Ty, °C Power, Power, Power, |pressure,| pressure, thickness. nm | at % | at % | at % | at %
w w W Pa Pa ’ 7 7 7 7

ZrN 300 300 - - 0.20 4.6 x 1073 249 46.6 - — 534
CrN 450 - 200 - 0.20 6.3 x 102 259 - 54.6 — 45.4
SizNy 300 — — 176 0.22 2.4 x 1072 287 — - 43.3 | 56.7

through the interface between layers is an important
factor, which affects the physical and mechanical
characteristics of multilayer coatings. A large differ-
ence in the characteristics of TM,;/TM, multilayer sys-
tems from M /M, systems was mentioned in [19, 20].
Even a lower interpenetration of components is intrin-
sic for multilayer coatings, where the layers of transi-
tion-metal nitrides alternate with layers of SiN, which
is caused by the mutual insolubility of these two phases
[14, 21, 22]. A high thermal stability of the multilayer
structure is possible due to this fact. In addition, the
presence of a large number of interfaces between layers
inhibits the formation of a columnar structure of the
coating [21], which in turn prevents the formation of
the continuous pores. The mentioned factors allow
one to consider these multilayer coatings as promising
materials operating under high-temperature corrosion
conditions. However, the oxidative resistance of such
has been insufficiently investigated to date.

In this work, the stability of ZrN/SiN, and
CrN/SiN, coatings possessing various values of the
thickness of individual layers upon annealing in air is
compared.

EXPERIMENTAL

Films of ZrN, CrN, and Si;N, mononitrides, as
well as ZrN/SiN, and CrN/SiN, multilayer films were
formed through reactive magnetron sputtering in a
high-vacuum chamber (initial pressure is <10~ Pa)
equipped with three confocal targets and a cryogenic
pump [23]. The coatings were deposited onto Si sub-
strates with a thin surface layer of SiO, 10 nm in thick-
ness (in order to avoid diffusion of the coating compo-
nents into the substrate). To carry out elemental ana-
lysis of the films in the initial state, ZrN, CrN and
Si;N, mononitrides were also deposited onto carbon
substrates. During deposition, a constant bias voltage of
—60 V was applied to the substrate; the substrate rotated
at a speed of 15 rpm in order to provide uniform depo-
sition rate across the substrate surface.

Targets of Zr (99.2% purity), Cr (99.95% purity),
and Si;N, (99.99%) that are 7.62 cm in diameter at a
distance of 18 cm from the substrate holder were sput-
tered by Ar + N, plasma in the constant power mode.
The Zr and Cr targets were employed in the configu-

ration of unbalanced magnetron sputtering using a
direct-current power supply, while in the case of the
Si;N, target a high-frequency power source in the bal-
anced magnetron-sputtering mode was used. The
working pressure in the chamber corresponded to
0.20 Pa upon the deposition of ZrN and CrN layers
and 0.22 Pa in the case of SiN, layers (Table 1); in this
case, measurements were performed using a Baratron
capacitance sensor. On the basis of previous experi-
ments [24, 25], the Ar-to-N, gas-flow ratio to the
chamber was optimized in order to obtain a nitrogen
content in the coating close to stoichiometric. The
partial N, pressure was controlled during deposition
using an MKS Microvision mass spectrometer.

The growth of ZrN monotride films and ZrN/SiN,
multilayer films was carried out at a substrate tempera-
ture of 300°C, while the substrate temperature corre-
sponded to 450°C in the case of CrN mononitride
films and CrN/SiN, multilayer films. Films of Si;N,
were obtained at both temperatures.

In the case of multilayer films, periodic growth of
the layers was controlled by computer-controlled
pneumatic shutters at a distance of 2 cm from each tar-
get. The deposition started from the ZrN (CrN) layer.
A more detailed description of the procedure and fea-
tures of formation of the multilayer coatings is given in
[22]. Table 1 shows the deposition conditions of the
mononitride coatings and the same conditions were
used during the formation of individual layers of
ZrN/SiN, and CrN/SiN, structures except for the
time of deposition, which was specified for the neces-
sary layer-thickness values. The total film thickness of
all types was nearly 300 nm. The thickness ratio of indi-
vidual layers in the ZrN/SiN, multilayer films was 2
nm/5 nm, 5 nm/5 nm, 5 nm/10 nm, 10 nm/10 nm, and
10 nm/5 nm. In the case of CrN/SiN, films, this
value corresponded to 2 nm/5 nm, 5 nm/5 nm,
5 nm/10 nm, and 10 nm/5 nm.

The elemental composition of the deposited films,
as well as the films exposed to annealing in air was
determined by X-ray microanalysis (XMA). XMA was
carried out using an Oxford Instruments spectrometer
coupled with a JEOL 7001 F-TTLS scanning electron
microscope (SEM). The XMA spectra were recorded
at a voltage of 10 kV and a probe current of 10 nA. In
the case of the Si;N, films, which possess a lower den-
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sity, a voltage of 5 kV and a probe current of 5 nA were
used. Reduced voltage and probe-current values were
chosen in order to eliminate the contribution of the
substrate (the signal of the substrate element at the back-
ground level). Calculations were carried out using INCA
Energy+ software. Using the same microscope, the film
surface topography after air annealing was analyzed.

In order to determine the structural-phase state of
the films, X-ray analysis was used. X-ray analysis was
carried out using a D8 Bruker diffractometer in the
Bragg—Brentano configuration with Cuk, radiation
(wavelength is 0.15418 nm, Lynx Eye detector).

The specimens were annealed in air sequentially at
various temperatures in the range of 400—950°C. The
oxidation process was analyzed in situ. The specimens
were placed on an object table equipped with a resis-
tive heater and transferred to the Bruker D8 diffrac-
tometer. The table represented a specimen holder
made from AIN and a hemispherical graphite dome
exposed to air blowing. The time of recording during
isothermal annealing at each temperature corre-
sponded to 40—60 min.

RESULTS AND DISCUSSION

Structural— Phase Composition of the Initial ZrN/SiN,
and CrN/SiN, Multilayer Films

The elemental composition of individual layers in
the multilayer systems corresponds to the composition
of ZrN, CrN, and Si;N, mononitride films in Table 1.
During the XMA study of the coatings deposited onto Si
substrates, oxygen was detected (within 1.5—2.0 at. %),
which can be caused by the presence of a thin oxide
layer both on the film surface and 10-nm SiO, layer on
the substrate surface.

As shown by transmission electron microscopy
in [22], layers without discontinuities possessing
plane-parallel and clearly distinguishable boundaries
are formed as a result of the successive deposition of
individual layers of ZrN and SiN,. In this case, even
thin layers possessing a thickness of 1 nm were rather
well distinguishable, which clearly demonstrates the
absence of interpenetration of the elements between
the ZrN and SiN, layers.

Figures 1 and 2 show fragments of the X-ray diffrac-
tion patterns in the case of ZrN/SiN, and CrN/SiN,
multilayer films. There are two most intense (111) and
(200) peaks of the ZrN phase and only one (200) peak
of the cubic phase of CrN in the specified angle range.
It should be noted that no other lines were recorded in
the entire reflection-angle range (20 = 20°—65°) except
for ZrN mononitride, in which a weak reflection was
recorded corresponding to the 20 angle 56.38° ((220)
line). Therefore, it is possible to state the evolution of
the structural state of the ZrN phase only in terms of
the (111) and (200) lines and the (200) line in the case
of the CrN phase.
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Fig. 1. X-ray diffraction patterns of ZrN mononitride
coating and ZrN/SiN, multilayer coatings at various ZrN-
SiN, layer thickness ratios in the initial state.
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Fig. 2. X-ray diffraction patterns of CrN mononitride
coating and CrN/SiN, multilayer coatings at various
CrN-SiN, layer thickness ratios in the initial state.

As follows from Fig. 1, there is a transition from
(111) preferred orientation of zirconium-nitride crys-
tallites to the (200) orientation with the addition of an
intermediate layer of SiN, between the ZrN layers. At
a ZrN-SiN, layer thickness ratio of 5 : 5 nm, there is an
increase in the full width at half maximum of the dif-
fraction peak, as well as a decrease in its intensity. At a
thickness ratio of 2 : 5 nm, the film becomes almost X-
ray amorphous.

The observed evolution of the (111) and (200)
peaks of the ZrN phase in the multilayere films can be
related to the following structural changes. In the case
of ZrN/SiN, films, the addition of a SiN,, layer results
in the inhibition of columnar growth of the grains of
the ZrN phase with (111) preferred orientation and a
significant increase in the lattice parameter as com-
pared to the ZrN mononitride film (Table 2). Growth
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Table 2. Lattice parameter of the transition-metal nitride
phase (ZrN or CrN) depending on the type of coating

Type of coating Lattice parameter a, A

Mononitrides
ZrN 4.590
CrN 4.133
ZrN/SiN, multilayer coatings
ZrN/SiN, (10 nm/5 nm) 4.611
ZrN/SiN, (10 nm/10 nm) 4.613
ZrN/SiN, (5 nm/5 nm) 4.628
ZrN/SiN, (5§ nm/10 nm) 4.629

ZrN/SiN, (2 nm/5 nm) -
CrN/SiN, multilayer coatings

CrN/SiN, (10 nm/5 nm) 4.159
CrN/SiN,, (5 nm/5 nm) 4.162
CrN/SiN, (5 nm/10 nm) 4.159
CrN/SiN, (2 nm/5 nm) -

of the lattice parameter (usually) is accompanied by
the growth of compressive stresses. In this case, the
largest increase in the lattice parameter of the ZrN
phase in the ZrN/SiN, multilayer coatings occurs with
adecrease in the ZrN-layer thickness to 5 nm and less.
As mentioned above, there is an increase in the full
width at half maximum of the diffraction-peak maxi-
mum from 1.6° in the case of the ZrN-SiN, layer
thickness ratio corresponding to 10 : 5Snmto 3.1°in the
case of 5 : 5 nm. The latter fact may indicate a signifi-
cant decrease in the crystallite size in the ZrN layers
with a decrease in their thickness.

As pointed above, only the diffraction maximum
corresponding to the line (200) is recorded for the
CrN mononitride coating. One peak is also recorded
for the CrN/SiN, multilayer coatings (Fig. 2). In this
case, the lattice parameter of the CrN phase of the
multilayer coatings is also significantly higher than
that of the CrN monitride film (Table 2). As in the
case of the ZrN/SiN, films, there is diffraction-peak
broadening with a decrease in the CrN-SiN, layer
thickness ratio, which can indicate a decrease in the
crystallite size. However, the angular position of the
diffraction peak does not change significantly. The
latter implies that the compressive-stress values
remain at the same level at the considered individual
layer thickness ratios.

Thus, there are the following main principles of
structural changes of the ZrN and CrN phases in the
ZrN/SiN, and CrN/SiN, multilayer films:

(i) the presence of (200) preferred orientation;

(ii) exceedance of the lattice parameter as com-
pared to that of ZrN and CrN mononitride coatings,
which indicates the presence of compressive stresses;

SALADUKHIN et al.

(iii) a decrease in the crystallite size with a decrease
in the ZrN (or CrN) layer thickness at a constant
thickness of the SiN, layer;

(iv) ZrN/SiN, (or CrN/SiN,) multilayer films
become X-ray amorphous (as in the case of the Si;N,
mononitride film) with a decrease in the ZrN (or
CrN) layer thickness to 2 nm.

Resistance of ZrN/SiN, and CrN/SiN, Multilayer Films
to Oxidation upon Annealing in Air

The results of the X-ray analysis of ZrN and CrN
mononitride films in comparison with ZrN/SiN, and
CrN/SiN, multilayer films during annealing in air in
the temperature range of 400—950°C are given in
Figs. 3 and 4. As follows from these figures, oxidation
of the ZrN films starts at 550°C and the diffraction
maximum corresponding to the zirconium-nitride
phase at 700°C is not recorded, while the peaks of
m-ZrO, and t-ZrO, are observed (Fig. 3a). At the
same time, the CrN films starts to oxidize at 700°C
and the peak corresponding to the CrN phase disap-
pears at 860°C (Fig. 4a). In this case, peaks corre-
sponding to the t-Cr,0; oxide arise.

Oxidation of the ZrN/SiN, multilayer films starts
at 860—950°C (Figs. 3b, 3¢) and the peak of the t-ZrO,
oxide phase starts to be resolved only at 950°C. In the
case of the coating with a ZrN-SiN, layer thickness
ratio of 5 : 5 nm, the peak of the ZrN phase disappears
only at 950°C (Fig. 3b). With a decrease in the ZrN-
SiN, layer thickness ratio, the resistance of the film to
oxidation increases; i.e., the peak corresponding to the
zirconium-nitride phase in the case of ZrN/SiN,
coatings (5 nm/10 nm) is recorded up to a temperature
of 950°C (Fig. 3c). It should be noted that the
ZrN/SiN, film (2 nm/5 nm) is X-ray amorphous in
the initial state and remains the same after annealing.
In this case, the oxide phases are not detected. The lat-
ter can be related to the fact that this film at the same
total thickness (~300 nm) consists of a larger number
of individual layers. This can provide an increase in its
stability upon oxidation due to an increase in the den-
sity of boundaries between layers, which represents a
factor preventing oxygen diffusion into the film. The
state of the ZrN layer in this film close to amorphous,
which is related to ultrasmall grain size, also inhibits
oxygen diffusion along the grain boundaries.

Analysis of the resistance to oxidation of CrN/SiN,,
multilayer coatings upon annealing in air in the tem-
perature range of 400—950°C (Fig. 4) indicates their
significantly higher stability as compared to ZrN/SiN,
multilayer coatings. At all the CrN-SilN, layer thickness
ratios of 5: 5nm, 5: 10 nm, and 2 : 5 nm, the oxide
phase is not detected using X-ray analysis and the peak
of the CrN phase almost retains its intensity up to a
temperature of 950°C (Figs. 4b, 4c). The structure of
the CrN/SiN, multilayer film with an individual layer
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Fig. 3. X-ray diffraction patterns of the (a) ZrN mononitride coating and ZrN/SiN, multilayer coatings at various ZrN-SiN, layer
thickness ratios of (b) 5 nm/5 nm, (c) 5 nm/10 nm, and (d) 2 nm/5 nm annealed in air.

thickness ratio of 2 : 5 nm remains X-ray amorphous
at all temperatures of annealing (Fig. 4d) as in the case
of the ZrN/SiN, system (Fig. 3d).

Elemental analysis of the ZrN and CrN mononi-
tride films and ZrN/SiN, and CrN/SiN, multilayer
films after annealing in air is given in Table 3. As fol-
lows from the table, in the case of the ZrN/SiN, sys-
tem, the film with the ZrN-SiN, film thickness ratio of
2 : 5 nm possesses the highest resistance to high-tem-
perature oxidation. The film thickness-mean nitrogen
content after annealing corresponds to 33.1 at. %,
which is significantly higher as compared to other
ZrN/SiN, multilayer coatings. It should be noted
that the integral content of elements corresponding
to the bulk coating is given in Table 3. For this rea-
son, these data allow one to compare the resistance
of multilayer films to oxidation in two systems,
ZrN/SiN, and CrN/SiN,, with identical individual-
layer thickness ratios.

A significantly lower oxygen content in the
CrN/SiN, multilayer films exposed to annealing in air
should be noted (Table 3). In contrast to the CrN
mononitride film, which was oxidized completely, the

oxygen content in the CrN/SiN multilayer films after
annealing is 14—19 at %. It should be noted that, in
contrast to the ZrN/SiN, system, the oxidation rate
does not change significantly upon varying the thick-
ness-ratio values in the case of CrN/SiN, films with
CrN-SiN, individual layer thickness ratios of 10 : 5 nm,
5:5nm, 5:10 nm, and 2 : 5 nm. Nevertheless, the lowest
oxygen content in the CrN/SiN, film with a CrN-SiN,
individual layer thickness ratio of 10 : 5 nm is presum-
ably caused by the predominant role of chromium
oxide as a passivating film under high-temperature
annealing conditions. This represents a clear differ-
ence between the CrN/SiN, system and the ZrN/SiN,
system, in which the predominance of the SiN, layer
thickness to that of ZrN is a factor, which increases the
resistance of the coating to high-temperature oxidation.

Figures 5—7 show the surface topography of the
ZrN, CrN, and Si;N, mononitride films (Fig. 5) and
ZrN/SiN, (Fig. 6) and CrN/SiN, multilayer coatings
(Fig. 7) annealed in the temperature range of 400—
950°C. A high degree of damage upon annealing of the
ZrN and CrN mononitride coatings should be noted
(Figs. 5a, 5b). In the former case, a high density of cor-

JOURNAL OF SURFACE INVESTIGATION: X-RAY, SYNCHROTRON AND NEUTRON TECHNIQUES Vol. 14 No.2 2020



356 SALADUKHIN et al.

(a) (b)
[ C—CrN v t—C203 [ ] C—CrN
[ ]
v Y e A £ i
" : [ 1950°C . A1 950°C
g L i 860°Ci | 2 A 860°C
e i _h7soec | Z A~ 780°C
5 ; . )700°C ; 5 A~ 700°C
z ‘ _Jlssoec 2 A 550°C
£ A400°C g | 400°C
= [y += !
= SN = ‘ ..
— A\ Initial . - r-—-~.—--__._/\~ Initial
l Il 1
25 30 35 40 45 50 55 25 30 35 40 45 50 55
20, deg 20, deg
(c) (d)
e c-CrN o c-CrN
’ ’
v AN0C B 950°C
§ Ai 860°C “é’ 860°C
g A 80C Z 780°C
c; - 7000C ] 700°C
z . _550°C E 550°C
2 ___400°C 2 1 400°C
E | - E 3
: Initial — Initial
I t 1 ] ~ 1 M s t—— SN | |
25 30 35 40 45 50 55 25 30 35 40 45 50 55
20, deg 20, deg

Fig. 4. X-ray diffraction patterns of the (a) CrN mononitride coating and CrN/SiN, multilayer coatings at various CrN-SiN,.
layer thickness ratios of (b) 5 nm/5 nm, (c) 5 nm/10 nm, and (d) 2 nm/5 nm annealed in air.

Table 3. Results of elemental analysis of the ZrN, CrN, and SiN, mononitride coatings, as well as ZrN/SiN, and CrN/SiN,,
multilayer coatings after annealing in air in the temperature range of 400—950°C

Film Zr,at % Cr,at % Si, at % N, at % 0, at %
Mononitrides

ZrN 27.8 - - - 72.2

CrN - 37.3 - - 62.7

Si3Ny - - 32.0 40.0 28.0
ZrN/SiN, multilayer coatings

ZrN/SiN, (10 nm/5 nm) 17.4 - 14.0 1.0 67.6

ZrN/SiN, (5 nm/5 nm) 12.0 - 20.1 3.6 64.3

ZrN/SiN, (5 nm/10 nm) 10.4 - 25.7 17.8 46.1

ZrN/SiN, (2 nm /5 nm) 9.1 - 30.3 33.1 27.5
CrN/SiN, multilayer coatings

CrN/SiN, (10 nm/5 nm) - 32.6 13.8 39.3 14.3

CrN/SiN, (5 nm/5 nm) - 20.2 21.2 41.0 17.6

CrN/SiN, (5 nm/10 nm) - 13.1 26.0 43.7 17.2

CrN/SiN, (2 nm/5 nm) - 12.2 28.5 40.2 19.1
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Fig. 6. Surface topography of the ZrN/SiN, multilayer coatings at various ZrN-SiN, layer thickness ratios of (a) 5 nm/5 nm,

(b) 5nm/10 nm, and (c) 2 nm/5 nm annealed in air.
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Fig. 7. Surface topography of the CrN/SiN,. multilayer coatings at various CrN-SiN, layer thickness ratios of (a) 5 nm/5 nm,

(b) 5 nm/10 nm, and (c) 2 nm/5 nm annealed in air.

rosion centers, which result in swelling of the coating,
is observed (Fig. 5a). In the latter case, there is intense
cracking and flaking of the coating (Fig. 5b). Intense
delayering as a result of annealing is also observed in
the Si;N, films (Fig. 5¢).

In the case of the ZrN/SiN, coatings, the degree of
damage of the surface in the case of high-temperature

corrosion significantly decreases with a decrease in the
ZrN-SiN, layer thickness ratio (Figs. 6a—6c¢).

In the case of the CrN/SiN| films, isolated sites of
high-temperature corrosion arise at all thickness-ratio
values (Figs. 7a—7c). However, these sites usually do
not transform into complexes, which results in the
absence of delayering regions of the coating resulting
in distortion of its integrity.

Thus, the X-ray analysis, XMA, and SEM analysis
of ZrN/SiN, and CrN/SiN multilayer coatings allow
a conclusion regarding their higher resistance to high-
temperature oxidation as compared to ZrN and CrN
mononitride coatings. In this case, the CrN/SiN, sys-
tem has the greatest effect.

CONCLUSIONS

ZrN/SiN, and CrN/SiN, multilayer coatings formed
through magnetron sputtering represent alternating
nanocrystalline layers of the ZrN (CrN) phase pos-
sessing (002) preferred orientation and amorphous
layers of SiN,. The lattice parameter of the metal
nitride phase in the multilayer structures exceeds the
lattice parameter corresponding to the ZrN and CrN
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mononitride films, which indicates the presence of
compressive stresses. During the formation of
ZrN/SiN, and CrN/SiN, multilayer structures, a
decrease in the ZrN (CrN)-SiN, layer thickness ratio
results in a decrease in the crystallite size of the metal
nitride phase.

Analysis of the ZrN/SiN, and CrN/SiN, multi-
layer films allows a conclusion regarding their higher
resistance to high-temperature oxidation as compared
to the ZrN, CrN, and Si;N, mononitride films.

Resistance of the ZrN/SiN, films to oxidation
increases with a decrease in the ZrN individual-layer
thickness to that of SiN,, as well as an increase in the
number of layers in the film.

The CrN/SiN, films possess a significantly higher
resistance to high-temperature oxidation as compared
to the ZrN/SiN, films. In this case, the CrN-SiN,
individual layer ratio is not a decisive factor.
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