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Multilayer nanostructured ZrN/ZrO, coatings were applied to increase the operational resistance of various
machinery parts by using vacuum-arc deposition in Bulat-type facility. To describe the structure formation, a new
approach based on optical-mathematical method for processing metallographic images is proposed. The structure
formation of the multilayer coating with an assessment of the degree of its inhomogeneity and diffusion processes
between the layers is studied. For a reliable assessment, the changes in the horizontal and vertical directions of the
images with the choice of optimal intervals were comparatively analyzed. It has been found that the most stable

results are achieved using 20 and 25 dots (pixels).
PACS: 52.77.-j; 81.20.-n

INTRODUCTION

In recent years, various wear-resistant coatings have
been used for hardening technologies in mechanical
engineering, which, due to the effective choice of the
components composition, can provide various consumer
properties increasing tool-life. It was shown in [1-5] that
the effectiveness of hardened nanostructured coatings
with single or multilayer architecture provided an
increase in the operational resistance of tools by 7-15
times. At the same time, in such coatings, degradation
processes and composition deviations were studied less
intensively. The aim of the researchwas to study the
structural inhomogeneity during formation of multilayer
ZrN/ZrO, coating with an assessment of the degree of
diffusion processes between layers using complex
optical-mathematical approaches.

EXPERIMENTAL SETUP

To implement the technological process of
hardening products, a multilayer coating was applied to
cast steel (packing knives used in the confectionery
industry D3 ASTM A681) by the ion-plasma deposition
method with partial separation of the micro-droplet
component of the plasma flow in Bulat-6 facility. To
increase the adhesion strength of the coating, thin Zr
layer with a thickness of 50 nm was preliminarily
applied to the substrate.

To assess the quality of the coating, electron
microscopy with images at various magnifications (up
to 10.000 times), local X-ray spectral analysis, and
optical-mathematical description of structure formation
with an assessment of the degree of inhomogeneity of
different zones of the layers were used.

When using the previously developed optical-
mathematical analysis [6, 7] a new program was
specially developed to analyze the variability of
structure formation on metallographic images by
indicators of inhomogeneity. It was assessed by
dependencies (1) and (2). They included positive and
negative degrees in the horizontal and vertical directions
at 19 image intervals and 12 uniformly distributed
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horizontal zones of the multilayer coating along its cross
section.
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The degree of heterogeneity of different zones of the
ZrN/ZrO, multilayer coating and the Zr sublayer was
estimated by the optical-mathematical method based on
analysis using a different number of points (pixels).

RESULTS AND DISCUSSION

When assessing the formed degree of phase
inhomogeneity, intervals that correspond to a different
number of points — 2, 6, 10, 15, 20, 25, 30, 35 were
proposed. The corresponding calculation was performed
using the formula (1), which Table 1 presents. At the
same time, the general structure formation in the
horizontal and vertical directions of the formed layers in
the coating was also analyzed. It was found that the
minimum degree of heterogeneity of the formed coating
bands corresponds to those close indicators in the
assessment of zones by the number of points 15, 20, 25,
30, and 35, i.e. any number chosen to determine this
indicator will consistently reflect the achieved state of
the structure during coating. At the same time, based on
the minimum number of points, we can get an idea of
possible local deviations in the degree of heterogeneity
of structure formation.

So, when analyzing the minimum number of points
2 and 6 in the horizontal direction, the indicators of the
minimum degree of heterogeneity are overestimated and
reach, on average, 58.3 and 13.6 %, respectively.

At the same time, the proportion of structures
corresponding to the maximum degree of heterogeneity
and estimated at such points varies from 0 to 0.033 (on
average 0.001 %).
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Tablel

Average degree of horizontal heterogeneity of the coating

Heterogeneity according to the analysis interval, % glfu&?r?{s

max | 2 3 4 5 6 7 8 9 |10] 11 |12| 13 | 14 | 15 | 16 | 17 | 18 | min

0 0 1|0.003] 0O 0 0 0 0 |0.004| 0 |0.011] O |0.005| O |[0.13|0.276/0.997|40.31|58.25 2
0.03]0.01|0.02 | 0.05 | 0.05|0.069| 0.14 |0.27| 0.57 |1.04| 0.94 |2.14| 5.44 | 5.54 |10.81|19.91|30.42| 8.96 13.58
0.180.19|0.41|1.02|1.64 {1.468| 2.43 {4.99| 5.83 |4.25/12.87|5.28|15.66(12.23|12.19| 7.75 | 3.92 | 1.26 | 6.42 10
1.85(3.46|5.26|6.28 | 6.70 |9.229(10.34|9.40(10.24|9.18| 5.29 |8.43| 3.67 | 2.14| 1.38 | 1.26 | 0.64 | 0.53 | 4.7 15
10.84|{12.96|13.19(11.39(11.65(8.946| 8.77 |5.18| 4.24 |2.70| 2.16 | 0.7 | 1.03 | 0.48 | 0.34 | 0.28 | 0.26 | 0.51 | 4.34 20
30.43(20.59|13.80(10.72| 7.42 |4.171| 3.12 |1.63| 1.08 |0.65| 0.50 [0.34| 0.20 | 0.14 { 0.13]0.21|0.34 [ 0.30 | 4.2 25
54.37|18.76| 10.4 | 4.86 | 2.77 {1.496| 0.72 |0.66| 0.32 |0.20| 0.16 |0.11| 0.08 | 0.09 | 0.10 | 0.17 | 0.34 | 0.27 | 4.19 | 30
73.36| 12.6 | 4.49 | 2.10 | 0.98 |10.488| 0.36 |0.19| 0.14 |0.08| 0.06 [0.06| 0.05 | 0.11 | 0.13 | 0.11|0.33 | 0.26 | 4.06 35

The reduced stability of the local structure (increase
x6500) is characterized by the assessment of
heterogeneity by 10 points. This applies to both
minimum and maximum indicators. The observed may
be the result of insufficient statistical sampling.

The most stable results are typical when assessing
the degree of maximum heterogeneity of the coating
structure by 25 points and it is 30.43 % and, to a greater
extent, manifests itself due to a decrease in the
proportion of the most stable phase — ZrN. At the same
time, it was revealed that the use for the analysis the
readings by 35 points the maximum heterogeneity of the
structure reaches 73.36 % due to the large sampling
interval, which does not take into account local
variability. It can be assumed that in this case pure
zirconium is the stable phase and its fraction does not
exceed 4.1 %. The greatest degree of inhomogeneity of

the phase distribution can manifest itself only when
analyzing by 2.6 and 10 points.

The same tendency is typical for the assessment of
structure formation in the vertical direction with respect
to the coating layers (Table 2). However, already
starting from the assessment by 10 points, there is a
noticeable difference in the minimum degree of
heterogeneity, and it increases at 35 points up to 16 %,
and the maximum decreases to 0.85 % (~ 5 times). The
observed decrease in the degree of inhomogeneity in
this version of the assessment can be explained by
diffusion processes occurring along the boundaries of
zones near the transition layers of ZrN/ZrO,, which are
calculated in vertical direction. Therefore, the
heterogeneity of structure formation in the vertical
direction (in individual assessment zones) is slightly
higher than in the horizontal direction.

Table 2
Average degree of vertical heterogeneity of the coating
Heterogeneity according to the analysis interval, % Number
max | 2 3 4 5 6 7 8 9 10 | 11 |12 | 13 | 14 | 15 | 16 | 17 | 18 | min |of points
0 0 [0.004] 0 |0.001|0.001|0.001| O |0.006] O [0.026] O |0.017|0.003|0.247|0.651|1.607|44.62|52.80 2
0.12{0.04|0.04|0.06|0.08| 0.1 |0.25|0.45{0.92]1.41]1.59|3.31|6.73|7.22]12.79|21.06|27.62| 6.32 | 9.87 6
0.3210.40(0.88|1.92|294|2.72|4.29 |6.55| 8.23 | 5.85|14.04/6.91{14.16|10.35| 8.80 | 4.6 | 1.72 | 0.67 | 4.63 10
6.04 18.08|9.249.27 | 8.9 [10.06{10.05|8.15| 8.47 | 6.37 | 3.48 |4.56| 1.61 | 0.8 | 0.41]|0.46 | 0.23]0.49 | 3.29 15
29.17(16.72|13.64(10.49| 8.62 | 6.12 | 4.92 |2.68| 1.79 | 1.01 | 0.71 |0.16| 0.28 | 0.16 | 0.14 | 0.12 | 0.12 | 0.49 | 2.62 20
56.87(17.95| 9.31 | 5.77 | 3.39 | 1.58 | 1.02 |0.43| 0.25 |0.159| 0.15 |0.10{ 0.11 | 0.09 | 0.12 | 0.11 | 0.18 | 0.37 | 2.03 25
79.59|10.52| 4.24 | 1.52 | 0.69 | 0.35| 0.18 |0.18| 0.11 | 0.10 | 0.09 |0.08| 0.10 | 0.07 | 0.08 | 0.10 | 0.18 | 0.37 | 1.44 30
91.49/4.38|1.09|0.44|0.25|0.13|0.11 |0.08| 0.08 | 0.08 | 0.07 |0.07| 0.07 | 0.08 | 0.06 | 0.10 | 0.19 | 0.35| 0.86 35

The performed studies of structure formation have
confirmed the most effective approach to the choice of
the points number for the optical-mathematical
description and reliable assessment of the coating
heterogeneity.

The studies also focused on the transition zone: base
metal-coating, where the application of pure zirconium
was used as a substrate to ensure good adhesion. Then
the first layer of ZrO, coating was applied. The analysis
found that its homogeneity reaches 48.6 % (the
proportion of pure Zr), and the greatest heterogeneity
can be formed due to diffusion processes both from the
base metal and from the coating. Layer-by-layer micro-
X-ray spectral analysis of the inhomogeneity of the
components distribution was carried out (Table 3). The
table contains generalized information characterizing
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the average indicators of the chemical composition that
corresponding to the coating layers. They are evaluated
by statistical local spectral analysis.

The analysis results (see Table 3) confirm that the
increased local heterogeneity of the sublayer is
determined by the diffusion of chemical components
from both the base metal (Fe, Cr) and the coating (N,
0,). The inhomogeneity of the transition layer is ~ 10 %
higher than that for the obtained bands of ZrN and ZrO,
coatings. The data obtained also confirm that there is
also mutual diffusion between the coating layers.
However, nitrogen and oxygen diffuse within close
ranges of 2.45 and 2.89 %, respectively.

Analysis of electron microscopic photographs of the
multilayer coating did not reveal significant noticeable
changes at the grain boundaries.
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At the same time, the optical-mathematical method
of analysis, based on the energy parameters
characterizing the diffusion of components, the density
of the analyzed fragments and dissipation, made it
possible to reveal the following. In some cases, the
boundaries of the transition layers are blurred, saturated

with  accumulations of  diffusing components
(compounds), or they are not ice ably thickened by
inclusions.

Figure, corresponding to the 20-point estimate,
shows the results of such an analysis, which describes
both the state of the layer boundaries and their middle.

Table 3

Chemical composition of variability of coating layers and the degree of inhomogeneous distribution of the
formed structure components

Coatinglayertype Content of components,%
N 0, Zr Fe Cr
Zr 4.40 8.85 80.21 5.08...16.37 1.56...3.83
average-10.22 average-2.69
ZrN 15.0...16.0 2.65..3.13 80.72...82.0 - -
average — 15.5 average — 2.89 average — 81.61
ZrO, 2.31...2.66 26.4..27.7 69.9...71.0 0.6...0.7 -
average — 2.45 average — 26.9 average — 70.0 average — 0.65
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Mathematical processing of the image of the multilayer coating with the identification of maximum
heterogeneity by 20 points in the horizontal direction

The obtained image of the inhomogeneity is made
on the basis of estimate with using dependence (2).
Thismadeitpossibletoclearlyidentifythestateofthestructur
eandthelevelofinhomogeneitybothinsideandatthebounda
riesofeachlayer. The first photo (see figure) corresponds
to the original image. The next 19 photos show the
zones with the distribution of maximum heterogeneity,
corresponding to 1/19 of the total value of the analyzed
indicator.

Irrespective of the number of analyzed points, no
inhomogeneity of the transition layer of zirconium with
diffusion of the O,, N, Fe, Cr components is manifested.

The description of the bands state of the multilayer
coating by 19 intervals of analysis showed that, starting
from 10 points, in the vertical description of structure
formation, diffusion of the components from the
boundaries of the ZrO, bands to ZrN is clearly
manifested and it reaches 17 % (with respect to the
cross section of the ZrN layer) in each direction.
Simultaneously, when analyzing by 20 and 25 points,
the structuring of the selections in the center of the ZrO,
layers and throughout the ZrN section is also additional

108

revealed. This process is somewhat blurred when
analyzed, starting from 30 points. The boundaries of the
ZrN layers are thinner and discontinuous in some zones.

As the description of structure formation by the
optical-mathematical method shows, in the transition
layer of the coating-base, which was applied in the form
of pure zirconium, there are no inclusions, in contrast to
the rest of the analyzed zones. At the same time, as
shown by X-ray spectral microanalysis, the total
fraction of components that are liquidating from the first
layer of the coating and base into this zone reaches
19.79...35.33 %. The observed behavior is also
characteristic of the boundary zones with different
coatings, and the liquation of the components may also
not form any compounds, but it manifests itself with
their local distribution and as a quasi-homogeneous
structure that evaluated by X-ray spectral microanalysis.

CONCLUSIONS

This work with using new techniques and an
integrated approach by the optical-mathematical method
shows the features of structure formation and the degree
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of inhomogeneity of the distribution of components in
the coating layers. For this, the electron microscopic
image of the structure was divided into 12 zones over
the cross section of the multilayer coating and 19
intervals to determine the degree of inhomogeneity.

The image of the microstructures was analyzed by 2,
6, 10, 15, 20, 25, 30, and 35 points.
Itwasfoundthatthemoststableresultsareachievedusing 20
and 25 points of analysis.

On the basis of this approach, the heterogeneity at
the boundaries and within the grains, as well as in the Zr
sublayer with the base metal, is estimated.

It is shown that the ZrN layer with the applied
coating parameters contains 2.65...3.13 % O,, and ZrO,
—up to 2.31...2.66 % N. At the same time, the degree of
inhomogeneity of these layers is quite close. Large
heterogeneity is characteristic of the Zr sublayer, where
it reaches 54.2%. The observed is associated with the
diffusion of O, and N from the coating and Fe, Cr —
from the base metal.

The inhomogeneity was revealed near the layers of
coatings differing in composition with O, and N
components, and in some cases, structuring inside them.
The information obtained indicates about a fairly strong
bond between the layers and with the base metal.
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OIIEHKA JJOKAJIbHOM HEOJTHOPOJJHOCTH MHOTI'OCJIOMHOI'O HAHOCTPYKTYPHOI'O
HOKPBITUA ZrN/ZrO,

T.C. Ckobno, CII. Pomanwk, EJI. beakun, T.B. Manvyes

Jiis  TOBBIMIEHUST HKCIUTYaTallMOHHOW CTOWKOCTH JeTallell HAaHeCeHO MHOTOCIOWHOE HaHOCTPYKTYPHOE
mokpeitue ZrN/ZrO, [lns omnmcaHHs OCOOCHHOCTEH CTPYKTYpOOOpa3OBaHMS MPEUIOKEH HOBBIA MOIXOT C
UCIIOJIb30BAaHUEM OIITHKO-MaTeMaTH4ecKoro Meroja o0paboTku Meraiutorpaduyueckux uzoOpaxeHuit. M3ydeHo
CTPYKTypooOpa3oBaHNEe MHOTOCIONHOTO MOKPBITUS C OIEHKOW CTENEHH €ro HEOJHOPOJHOCTH U AU(QY3HOHHBIX
MPOIIECCOB MEXIY CHOAMH. [l JDOCTOBEpHOW OIEHKH COINOCTaBUTEIBHO IPOAHAIM3HPOBAHBI H3MEHEHHUS B
TOPU3OHTAJIBHOM W BEPTUKAJIbHOM HaMPaBJICHUAX H306pa>KeHHﬁ C BI)I60pOM ONTUMAJIbHBIX HWHTCPBAJIOB.
VYcTaHOBIIEHO, YTO HamOoee CTaOWIbHBIC Pe3yIbTaThl JOCTHTAIOTCA TPH HCmoib3oBaHuu 20 m 25 TOoYek
(MKceeit).

OIITHKA JIOKAJIBHOI HEOJJTHOPIJTHOCTI BATATOIIIAPOBOT'O HAHOCTPYKTYPHOI'O
MNOKPUTTSA ZrN/ZrO,

T.C. Cxobno, C.II. Pomaniok, €JI. benkin, T.B. Manvues

JUis miIBUIIEHHS eKCIUTyaTamiHOi CTIMKOCTI Jerajed HaHeceHO OaraTomiapoBe HAHOCTPYKTYPHE IMOKPHTTS
ZrN/ZrO,. st omucy 0COGIMBOCTEH CTPYKTYPOYTBOPEHHS 3alPOIMOHOBAHO HOBMH MMiAXiJ 3 BHKOPHCTAHHSIM
ONTHUKO-MaTEeMAaTHYHOTO MeToAy OoOpoOkm MertanorpadiyHux 300pakeHb. BHBYEHO CTPYKTypOYTBOPEHHS
6araTomapoBOro MOKPUTTS 3 OI[IHKOIO CTYIEHIO HOTO HEOAHOPIAHOCTI Ta Tudy31HHNX MpoIeciB Mix mapamu. s
JTIOCTOBIPHOi OIIIHKM TOPIBHSUIBHO TNPOAHaNi30BaHI 3MiHM B TOPH30HTAJFHOMY Ta BEPTHUKAIGHOMY HampsiMKax
300pakeHb 3 BHOOPOM ONTHUMAILHUX IHTEpBAIiB. BCTaHOBIIEHO, IO HAWOIIBI CTAOIIBHI PE3yNbTATH TOCITAIOThCS
npu BUKopucTanHi 20 Ta 25 To4oK (TiKceiB).
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