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Fractal study of the effect of ion plasma
coatings on wear resistance
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The feasibility of using the fractal approach to assess the effect of plasma coatings on
increasing the wear resistance of parts was studied. Using the experimental design theory,
a relationship has been established between the rigidity of the base material of the
substrate, the roughness of the surface on which the coating is applied, the thickness of
the coating and wear. The studies were carried out on parts of a volumetric hydraulic
drive made of steel 38X2MYA after heat treatment. Ti—Cr—N ion plasma coatings were
applied to the working surfaces. To assess the effect of the Ti—Cr—N coating structure on
its wear indicators, fractal analysis was used. The lowest wear value was obtained for
samples with a hardness of the base material of 45 HRC, its roughness of 0.16 and a
coating thickness of 6 microns. The results of studies of wear indicators of parts with
Ti—Cr—N coating showed the feasibility of using a fractal approach.
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dpakTanpHe JOCHIIMKEHHA BIUIMBY iOHHO-ILIA3MOBHX IOKPHITIB HA 3HOCOCTIHKiCTE.
A.B.I'nywrosa, B.M.Boavyr

IIpoBemeno mocmimKeHHSA AOIIMBHOCTI BUKOpPUCTAHHA (PPaKTAJILHOTO IMigAXOy AJA OLIIHKN
BILIMBY MJIA3MOBUX IIOKPUTTIB HA MIiABUINTEeHHSA 3HOCOCTINKOCTI meTajseil. 3a AOIOMOIOH
Teopil IMIaHyBaHHSA eKCIePUMEHTY BCTAHOBJIEHO 3B’A30K MK TOBIIMHOI IOKPUTTA i $KOpCT-
KicTI0O ocHOBHOro MaTepiany migxiagky, ITOPCTKICTIO MOBepXHi, Ha SKY HAHOCUTBLCS IIOKPUT-
Td, Ta ero sHocoM. JlocHiIiKeHHA IPOBOAUINCA Ha AeTaldX 00’ €MHOTO TiZpompuBOAY, BUTO-
roBiaenux i3 crami 38X2MIOA micnsa Tepmiunol o6pobxu. Ha poboui moBepxHi Hamocmiucs
iorHO-madMoBi mokpuTTA Ti—Cr—N. [na oninku BOaMBY cTpyKRTypu moKputta |i—Cr—N pobo-
yol moBepXHI geTaseli 06’€MHOTO TiIpONIPUBOAY Ha MOKA3HUKN HOTO 3HOUTYBAHHSA 34CTOCOBY-
Banu dpakTanbHUN aHaxis. BeraHoBIeHo, 1Mo HaliMeHIe 3HAUYEHHSA 3HOCY OTPUMAHO IPU
soperrocTi ocmoBHoro marepiamy HRC 45, fioro moperxocri 0,16 i ToBiuui moxpuTrs
6 mxm. PesynbraTu mpoBefeHUX LOCTIAKEHDL IOKABHUKIB BHOIIYBAHHA [geTajledl 3 IOKPUT-
TaMm Ti—-Cr—N mokasanu ToIinbHICTE 3acTOCYBaHHA (GpaKkTAIBHOTO IiTXOXY.
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1. Introduction

The structure and properties of many
materials are influenced by methods of their
preparation, processing modes, phase and
chemical composition, etc. [1—-4].

The application of titanium nitride coat-
ings on the parts of the volumetric hydrau-
lic drive influenced on the tribotechnical
characteristics: wear resistance increased,

Functional materials, 30, 3, 2023

friction coefficient decreased. But the effi-
ciency of these critical parts depends on du-
rability, which in this case involves reduc-
ing or neutralizing the danger of surface
hardening, as well as on such an important
indicator as corrosion resistance [5-8].
Based on the analysis of works devoted to
the use of plasma coatings [9-12], the
Ti—Cr-N coating system with preliminary
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ion bombardment of the surface with chro-
mium was chosen. Cr was chosen as the ma-
terial for ion bombardment, since it makes
it possible to reduce the temperature of the
substrate before applying the coating and
avoid the risk of surface softening. The ion
bombardment increases the density of nu-
cleation centers, reduces the number of va-
cancies and pores, and introduces thermal
energy directly into the surface zone,
stimulating diffusion processes. For each
temperature and coating type, there are op-
timal ion bombardment modes that provide
the most perfect structure. The ion bom-
bardment leads to a decrease in grain size,
which contributes to the formation of
nanocrystalline films. The grain size can be
controlled by adjusting the energy and flux
density of the bombarded ions. It is known
that the best combination of strength and
plastic properties occurs when the grain
size is less than 10 nm [13].

The purpose of the work is to study the
feasibility of using a fractal approach to
evaluate the effect of plasma coatings on
increasing the wear resistance of parts of a
volumetric hydraulic drive. Fractal analysis
has successfully proven itself for modeling
the structure and properties of many mate-
rials [14-18].

Based on the above, the purpose of this
work is to apply fractal formalism to esti-
mate the non-uniform structure of a metal
surface after ion-plasma treatment, fol-
lowed by establishing the relation between
the structure dimension spectrum and the
mechanical properties of the metal. To
achieve this objective, the following tasks
have been implemented:

1. Investigate the effect of ion-plasma
treatment on the nature of wear damage to
the applied coatings.

2. Apply multifractal analysis of the het-
erogeneous structure to evaluate the me-
chanical properties of metal surfaces after
ion-plasma treatment.

2. Experimental

To apply the Ti-Cr—N coating on the sur-
face of the 38X2MYA steel, the installation
chamber was modified (Fig. 1).

In the center of the vacuum chamber, a
cylinder course 2 is mounted with parts on
which the coating 8 is applied. On the side
flanges of the vacuum chamber, plasma
sources 3 with metal cathodes 4, 5, 6 are
placed. One of the plasma sources (cathode
4) evaporated Ti, and the remaining two —
Cr. The course radius adjusts the distance
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Fig. 1. Scheme of a vacuum chamber for
deposition of coatings from double nitride
systems. I — vacuum chamber; 2 — cylinder
course; 3 — parts; 4, 5, 6 — cathodes; 7 —
welding rectifiers; 8 — pressure device; 9 —
negative voltage source.

from the parts to the evaporators. This dis-
tance may vary depending on the size of the
installation chamber. During rotation of the
sprayed surface, the parts pass alternately
under the active cathodes 4, 5, 6. The de-
posited coating depends on the distance
from the part to the evaporator, speed of
rotation of the course, number of evapora-
tors, and material of the cathodes. The
choice of these parameters in each specific
case is important since when three cathodes
operate simultaneously, there are areas
where there is no condensation of the direct
flow of the substance, where the condensa-
tion of the evaporated substance by only one
evaporator occurs, and areas where the
flows from two evaporators overlap.

The angular size of these areas depends
on the ratio between the radius of the
course (r) and the radius of the "Bulat”
installation chamber (R). For our operating
conditions, the following ratio was chosen:
r/R = 0.6. The rotation speed of the course
with sprayed parts was 10 rpm during the
operation of the three evaporators. The de-
vice received a positive decision on Applica-
tion No. 2010 03834 dated 02.04.2010. BT-
1 titanium, chromium, and nitrogen
(99.97 %) were used as cathode materials.

Fig. 2 shows the structure of the studied
material.

The optimal modes of the Ti—Cr-N coat-
ing deposition on the working surfaces of

Functional materials, 30, 3, 2023
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Table 1. Optimal modes of deposition of Ti—Cr—N coatings on working surfaces of volumetric

hydraulic drive parts

2nd — titanium

Emission cathode | Arc current, | Arc current, Voltage Current Pressure Time
material I, A I, A U, Vv I, A P, torr f, min
Stage 1: purification, heating and activation with chromium ions
Chrome ‘ 80 - 900 2 1.1074 7
Stage 2: spraying the coating layer in an atmosphere of nitrogen or nitrogen-containing gas
2 cathodes: 80 70 150 3 5edot B% % Y%eAx 25
1st — chrome, 101963

x3500
a

Fig. 2. Images of a Ti—Cr—N coating. a — general view of the coating; b — nature of Cr distribution
in the coating in characteristic Cr rays; ¢ — nature of Ti distribution in the coating in the

characteristic Ti rays.

volumetric hydraulic drive parts are shown
in Table 1.

Fractal analysis was used to assess the
effect of the Ti—-Cr-N coating structure on
its wear indicators.

3. Results and discussion

It is known that not only the composition
of the applied coating is of great impor-
tance, but also such parameters as the hard-
ness of the substrate material, roughness of
the surface on which the coating is depos-
ited, and thickness of the coating. The
hardness is chosen as one of the indicators,
since it is easily tested at any point of the
product without affecting its integrity both
before and after operation. The practice of
using steel products with plasma coatings
has shown that the roughness of the surface
on which the coating is deposited should be
at least 0.48 R,. Otherwise, peeling of the
coating is observed due to poor adhesion to
the substrate. The research material was
steel 38X2MUA; heat treatment provided
the best ratio of strength and plastic prop-
erties.
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After heat treatment, the hardness of
38X 2MYA steel ranges from 40 to 45 HRC.
The thickness of the applied coating varied
from 3 to 6 microns to provide a good adhe-
sion; a smaller thickness does not signifi-
cantly affect the properties of the product,
and in the case of a thickness of more than
6 microns, peeling is observed due to poor
adhesion to the substrate. According to the
methods of mathematical planning of the
experiment, we take the coating thickness
and roughness as a variable factor, and de-
note them X; and X,. As a response func-
tion, we accept wear and denote Y. Based on
the above considerations, we assume that
the limits of the existence (change) of the
factors are X, =385 Ximax =65 Xomin =
0.10; X5,,,, = 0.48. Fluctuation intervals of
the factors, respectively AX; =6 -8 = 8;
AX, =0.48 - 0.1 = 0.38.

First, a factorial experiment of the first
order was conducted, the purpose of which
was to obtain a mathematical model of the
dependence Y on X; and X, in the form of
a linear polynomial. For this, a full facto-
rial type experiment was implemented (for
each hardness value) 27.
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Table 2. The lowest values of wear indica-
tors in the range from 42 to 46 HRC

Hardness, arguments function
HRC X, X, D Y
42 6 0.10 1.90 3.30
43 6 0.10 1.87 4.00
44 6 0.10 1.91 3.60
45 6 0.15 1.94 2.11
46 6 0.10 1.90 3.00

The fractal dimension was calculated
using the Hausdorff method [13]. Photos of
the structure were processed in a 256-color
format with shades of gray. To calculate D
(1) fractal dimension values, the structure
photo was covered with cells N, size [. of
which changed from 2 to 9 pixels.

D= im0, 8

0—0 Ini

An example of fractal 3D analysis for a struc-
ture in Fig. 2A is shown below (Fig. 3).
Based on the results of processing the
experimental values, the linear models for
predicting wear indicators (2)—(6) were ob-
tained.
At 42 HRC:
Y, =10.71-0.98 - x; + 2.27 - x5, — (2)
~0.88 - DR? =0.96 ’

At 48 HRC:
Y,=11.65-0.80 - x; +1.48 - x, — ()
-1.69-D, R2=0.95 )
At 44 HRC:
Y,=18.04-0.60 x; +1.25 - x, — (4)
-8.14-D, R2=0.98 )
At 45 HRC:
Y,=17.64-0.12  x; +0.16 - x5 — ()
-7.78-D, R?2=0.89 )
At 46 HRC:
Y,=5.95-0.44 2%, +0.95 - x, - (6)
-0.16- D, R2=0.98 )

The relative error in calculating wear in-
dicators ranged from 0.04 to 8.96.

After performing a direct calculation, we
find the lowest wear wvalue in each case.
Table 2 shows data for the lowest values of
Y wear.
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Fig. 3. Bilogarithmic dependence of cells cov-
ering an object on its size.

Fig. 4. Assessment of surface roughness and
fractal dimension effect on wear indicators.

As can be seen from this table, the low-
est wear value of 2.11 is predicted at a
hardness of 45, coating thickness of 6, and
roughness of 0.15.

Response surface (Fig. 4) and model for
assessing the lowest wear values at a given
point X, = 6 (7) are below:

Y =85.28-12.80- X, - 16.11- D, (7)
R2=0.84 )

The correlation coefficient of Y(X,)
model without using indicators of the sur-
face fractal dimension was only 0.73 (8):

Y=27.80-6.20-D, R2=0.63. (8)

To confirm this hypothesis, an experi-
ment to determine wear resistance at a
hardness of 45, roughness of 0.16, and coat-
ing thickness of 6 was conducted.

4. Conclusion

The research has been carried out on the
possibility of using a fractal approach to
assess the effect of plasma coatings on in-
creasing the wear resistance of parts of a
volumetric hydraulic drive. Using the ex-

Functional materials, 30, 3, 2023
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periment planning method, it was estab-
lished that the lowest value of wear of a
part made of 38X2MUA steel after heat
treatment was obtained with a hardness of
the base material of 45 HRC, its roughness of
0.15 and a coating thickness of 6 microns.

A fractal analysis of the Ti—-Cr—N coating,
characterized by the presence of Ti and Cr
droplets, some of which are located on the
surface, and some of which are fixed in the
volume of the coating, was carried out. The
fractal dimension was calculated using the
Hausdorff cell method.

To assess the wear resistance of parts of
a volumetric hydraulic drive, a fractal
model with a correlation coefficient of 0.84
was obtained; and for a model using only
roughness indicators of the base material,
the correlation coefficient is lower and
amounts to 0.73 (9) at fixed coating thick-
nesses of 6 um, which indicates the advis-
ability of using fractals.
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