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Based on experimental studies, the effect of ion-plasma chrome plating on the wear
resistance and mechanical properties of parts has been established, and structural changes
in the material have been analyzed. The ion-plasma chrome plating technology ensures
chip- and pitting-free operation of the hardened parts and increases their wear resistance
by a factor of 1.50 to 1.75. Areas of structural transformation characteristic of secondary
hardening phenomena can be observed in the damaged sections. Fractal theory, in particu-
lar multifractal analysis using the Renyi equation, has been applied to analyze the non-
uniform surface of parts. Models describing the relationship between mechanical proper-
ties and multifractal characteristics of the structure are derived: uniformity Dy, order-
liness (latent periodicity) A = D; — Dggq, regularity K = D_go5 — Dggo- The adequacy of the
models is confirmed by Durbin-Watson statistics at the levels of 2.62 and 3.12. The
sensitivity of the investigated multifractal statistical characteristics of cementite to the
strength properties ov (0.80) and o, , (0.96), as well as of these characteristics of ferrite
to the plastic properties & (0.97) and y (0.97) has been established. The results allow this
approach to be used as an express non-destructive testing methodology for predicting the
mechanical properties of metallic materials after ion-plasma chrome plating.

Keywords: mechanical properties, surface, multifractal, hardening, model, ion-plasma
chrome plating.

dpakTanpHe MOJEJIOBAHHA MEXAHIYHHX BJACTHBOCTEH IIOBEPXHi MeTaJy IicJaA iOHHO-
niazMeHnHoro xpomysaHHA. [[.B.I'aywwxosa, B.M.Boauyx, II.M.IIoasncwvruii, B.O.CaeHko,
A.O€pimenro

Ha mixcraBi ekcnmepuMeHTANBHUX [TOCHigiKeHb BCTAHOBJIEHO BILJIUB 10HHO-IIJIA3MOBOTO XPO-
MyBaHHA Ha B3HOCOCTINKicTh Ta MexaHiuHi BiacTHBOCTI ZeTalnell, a TAKOK IIPOAHAJIZ0BaAHO
CTPYKTYpHi sminu y marepiani. Texmosoria ioHHO-IIA3MOBOrO XpOMYBAaHHA 3abe3meuye po-
60Ty BsMillHEeHUX [geTaJsiell 6e3 cKoJiB i sAMOK i migBumye ix 8HococTifikiets y 1,50—
1,75 pasu. Ha ginAngax yIIKOMKeHHSA JgeTaliell BifsHaUAIOTHCSA 30HU CTPYKTYPHUX IIePeTBO-
pPeHb, XapaKTepHI AJA ABUI BTOPUHHOTO TapTyBaHHA. 14 amanisy HeozHOpPizHol moBepxHI
JeTajyell 3aCTOCOBAHO Teopiio dpaKTaniB, 30KpeMa, MyIbTudpaKTaIbHNUII aHANI3 i3 3acTocy-
BaHHAM piBHAHHA Penni. OTpuMaHo MogeJi, IO ONNCYIOTH 3B’ A30K MisK MeXaHIUYHMMU BJac-
TUBOCTAMU Ta MYJILTUGPAKTATLHUMUN XapaKTepUCTUKAMM CTPYKTypU: omHopizHocTi Dgyg,
ynopazkoBaHocTi (mpuxosaHoi mepiogmumocTi) A = Dy — D¢y, pPeryasprocTi K = D_goo —
Dgpo- AmexpatHicTs Momenell minTBepmsyeThca craTncTuro0 Durbin-Watson ma pismi 2,62
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Ta 3,12. BeraHoBNIEHO 3B’A30K ZOCHILKYBAHUX MYJbTUGPAKTAILHUX CTATUCTUYHUX XapaK-
TEePUCTUK IIEMEHTUTY 3 BjacTuBocTaMU Minzocti 68 (0,80) i Gy, 2 (0,96), a Tarox Bizmomig-
HUX XapayTepucTuk Gepury 3 miaacTUYHuMU BiractusocTamu O (0,97) u y (0,97). Orpumani
Pes3yAbTATH LO3BOJAIOTHL BUKOPHCTOBYBATH Iel Hmigxix AK eKcIpec-MeTOZUKY HePYHHiIBHOTO
KOHTPOJII0 IIPU IIPOTHO31 MeXaHIUHWX BJAcTUBOCTelNl MeTaJeBUX MaTepianiB micima ioxHHO-

IIJIa3MOBOT'0O XPOMYBaHHA

1. Introduction

Recently, new methods of surface harden-
ing [2, 3], in particular, surface laser treat-
ment [4, 5], surface welding [6, 7], detona-
tion spraying [8], surface nano-modifying [9],
and other advanced techniques, have been
used to solve the problem of increasing the
mechanical properties of materials [1]. It
should be noted that not all of these tech-
niques are capable of providing the required
level of physical and mechanical properties
[10, 11].

Recent publications, for example [1], in-
dicate that the use of ion-plasma deposition
is one of the most promising approaches to
improving the wear resistance of working
surfaces of machines and parts operated
under abrasive wear. Ion-plasma treatment
changes the structure of the operating sur-
faces of machines and parts, which in turn
determines their properties. In most cases,
such a structure is heterogeneous, making
it difficult to quantify it using conventional
metallographic techniques. The difficulty in
identifying such structures is due to the
choice of measurement metrics [12]. Re-
cently, the theory of fractals of B.Mandel-
brot [18], based on non-cellular (fractal) di-
mension, has been applied to estimate struc-
tures of different degrees of complexity. As
shown in many publications, e.g. [14, 15],
the fractal dimension acts as an indicator of
structural changes and material properties.

Based on the above, the purpose of
this work is to apply the fractal formalism
to estimate the non-uniform structure of a
metal surface after ion-plasma treatment,
and to establish the relation between the
structure dimension spectrum and the me-
chanical 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 of the de-
posited coatings.

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

Surfaces hardened by chromoplasma
treatment have good wear resistance [16].
The work demonstrated hardening ion-
plasma treatment using an advanced process
that excludes overheating of the parts dur-
ing the plating process and their pitting
during the test.

High-quality, pure metal coatings are ob-
tained at substrate temperatures of at least
80-100°C. The initial cathode material for
vacuum ion-plasma deposition, in this case,
is chromium (VC-1). Vacuum ion-plasma
spraying was carried out in a vacuum-arc
machine (Fig. 1).

The surface of ion-plasma hardened
chrome-plated parts was studied using mul-
tifractal analysis [20] due to the non-uni-
formity of the structure.

The multifractal analysis is based on the
evaluation of the statistical characteristics
of the elements of the metal structure,
which are calculated from the spectrum of
Renyi statistical dimensions D(q) [21]. Di-
mensions D(q) are a set of Hausdorff dimen-
sions [22] of uniform subsets (elements of
the structure) of the initial set (structure),
which give the greatest contribution to the

N

statistical sum Y pf for given values of
i=1

the exponent g. This statistical sum de-

scribes the probability distribution over all

points of the surface in question:

N
In Y, pf
D(g) = - lim—EL— |
q-1¢,. Ine

1

where p; is the probability of finding the
studied point (a computer pixel) belonging
to the object in question in the i-th cell of
the square grid of € size. The exponent of ¢
can take any value in the range from —co to
+oo. In the paper, the exponent of ¢ varied

in the range from g,,;, = —600 to g,,,, = 600.
The fractal dimension was calculated by
the formula (1) at ¢ = 0 and is equal to:

Functional materials, 30, 2, 2023
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Fig. 1. General installation diagram of the
Bulat machine: 1 — focusing coil; 2 — cath-
ode; 83 — igniting electrode; 4 — anode
chamber; 5 — substrate; 6 — nitrogen trap;
7 — water trap; 8 — high-vacuum unit; 9 —
heater; 10 — vacuum pump; 11 — monometric
lamp; 12 — machine water cooling system;

18 — highvoltage pulse generator [19].

D = —lim 2N(@©) (2)

-0 Ine

where N(€) is the number of cells of € size
that cover the structure under study.

The singularity spectrum f(o) (3) was
calculated to determine the degree of non-
uniformity of the structure. This spectrum
is described by filling square cells € with

the same probabilities, when p;(€) = €*

_auQ 3
Oc_dq’ . (3)
f(o) = qo. - r(q)

The spectrum f(o) was calculated by per-
forming a Legendre transform of the func-
tion t(q) for each studied photograph of the
microstructure of the surface of the hydrau-
lic hammer parts.

3. Results and discussion

To achieve the objective, the following
stages were implemented:

1. Analysis of the working surfaces of
the tested machine parts by the nature and
localization of damaged areas during the
technological process of their hardening by
the method of ion-plasma chromium plating.

2. Registration of changes in the struc-
ture and properties of hardened surface sec-
tions studied during the operation of parts
using fractal formalism.

During the first stage, the nature of
damage to parts hardened by advanced tech-

Functional materials, 30, 2, 2023
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Fig.2. Structural changes in the material of
the body and head reinforced with ion-plasma
chrome plating (using advanced technology).

nology of ion-plasma chrome plating was
studied after wear (Figs. 2 and 3).

In the tested parts, cracks are observed
(Fig. 2, 3). Cracks are observed on the hous-
ing and sleeve in areas "A" and "B". They
reach a depth of 0.55 mm on the body and
0.4 mm on the sleeve. There are no cracks
in the "C" area. On the head, cracks are
observed in the "N area with a depth up to
0.3 mm and in the "M" area with a depth
up to 0.6 mm. At the moil point, cracks are
observed only in the "M" zone with a depth
up to 0.6 mm.

The type of cracks in the fractures is
similar to those previously observed in
other hardening options (outlined contour,

oxidation, and smoothness of the surface).
On the body and sleeve, coating residues

are observed in areas "A" and "C".
The thickness of the remaining coating

on the sleeve in areas "A” and "C" is
10 um, on the body (channel) in area "C" —
up to 10 um. At the head and the moil point,
the coating remained only in areas "N and
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Fig. 2. Structural changes in the material
of the moil point and sleeve reinforced with
ion-plasma chrome plating (using advanced
technology).

"E". The thickness of the layer on the head
is 10 um, and at the moil point — up to
5 um.

Structural changes are observed in the
metal of the studied parts in the damaged
areas. On the sleeve, structural transforma-
tions to a depth of 0.25-0.830 mm are noted
in areas "A” and "B”, on the upper one —
to a depth of 0.15-0.20 um in areas "A",
"B" and "C”. The hardness of the material
in the areas of structural transformations is
HV 510-645.

In the material of the moil point, struc-
tural changes to a depth of 0.25-0.30 mm
are observed in the "N” and "M" areas. In
the same areas of the head, the depth of
structural changes is 0.15-0.20 mm. The
hardness of the material in the areas of
structural changes is HV 510-585.

278

x100
Fig. 3. Spectrum of singularities f(o) for the
head (a) and moil point (b).

The hardness of the material of the stud-
ied parts is:

sleeve — HRC 40-42; moil point — HRC
40-42;

body — HRC 40-42; head — HRC 40-42.

The material of the sorbitol type has a
fine-disperse structure.

The fractal approach was used to imple-
ment the second stage of the research.

Based on the results of the analysis of
the spectrum of statistical dimensions D(q)
and the spectrum of singularities f(a), the
following statistical characteristics of the
structure are calculated [23].

— Uniformity describes the local defec-
tiveness of the structure under question,
the porosity or roughness of its individual
elements. In our case, it corresponds to the
D value (at ¢ = 600); an increase in the D
value indicates an increase in the uniform-
ity of the structure. If the structure is com-
pletely uniform, then the spectrum f(a) de-
generates to a point. The heterogeneity of
the structure here means the uneven distri-
bution of points over the regions, into
which the structure is divided; i.e., its geo-

Functional materials, 30, 2, 2023



D.B.Hlushkova et al. / Fractal modeling the mechanical...

16— e e e S — es—p—

1 ss oo \.“ Co ~Sample 1} |

! —~Sample 2§ |

1.5 e e i i § Sample 3] |
1.45 R=c=rane mNE s s —Sample 4] - |
— S—— | _:

» \\ Sample 5]

\ :

1.35 - . |
\ 1

§ 13 L L L L L L \‘A%T_H——r—v—‘:
o ey :
1.25 e e i
A S S S S
1.15 :
11 / : . FoemrN 2
1.0 % S

-500-400-300-200-100 0 100 200 300 400 S00 600

-Sample 1
—Sample 2
Sample 3
-Sample 4
Sample 5

S-S (SRS SSREN SRS .-

1]

-500 -400 -300-200 -100 0 100 200 300 400 S00 600
q
b
Fig.4. Influence of uniformity D600, orderli-
ness , regularity K and fractal dimension DO
indexes on the strength and plastic properties
of the head (a) and moil point (b).

metrically identical elements are filled with
points with different probabilities.

— Orderliness or latent periodicity A = D —
Dgyy and regularity K = D_ggg — Dggg- The
D, dimension is called the information di-
mension and is calculated from the spec-
trum of dimensions at ¢ = 1. These charac-
teristics describe the degree of symmetry
breaking in the structure or the extent of
disequilibrium in the system. The higher
the numerical values of the indicators A and
K, the greater the content of the periodic
components (repeating structural elements
of the same phase) in the structure and the
more ordered it is.

Fig. 4 and Fig. 5 show calculations of
the spectra of D(q) and f(o) functions for
the surface structures of the head (Fig. 2)
and the moil point (Fig. 8). The uniformity,
orderliness, and regularity characteristics are

Functional materials, 30, 2, 2023
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Fig.5. Spectrum of singularities f(?) for
the head (a) and moil point (b).

calculated based on the analysis of the D(q)
spectrum (Fig. 4). The f(o) spectrum (Fig. 5)
describes the degree of dimensional uni-
formity of the structure.

The D_gog dimension describes the most
concentrated space (dark areas of the struc-
ture) with a predominance of cementite.
This is due to the fact that sorbitol is a
eutectoid mixture of cementite and ferrite.
The cementite plates in the sorbitol struc-
ture in question have a dark color and the
ferrite plates have a light color. Therefore,
the Dgyo dimension corresponds to the light
sections of the structure (ferrite plates).

The results of calculations on the me-
chanical properties of the parts in question
and the spectrum of multifractal charac-
teristics are shown in the Table.

Figure 6 shows histograms of the influ-
ence of the multifractal characteristics of
the head and moil point microstructures on
the mechanical properties of the metal. The
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Table. Values of the uniformity, orderliness, and regularity characteristics of the sorbitol strue-
ture of the head and the moil point (axial direction of sample cut-out)

Part Sample Mechanical properties Multifractal characteristics
No- | MPaloy. MPa| 8, % | v, % | Do A K Dy
head 1 1390 1310 9.0 25 1.49 0.06 0.15 1.50
2 1410 1320 8.0 23 1.35 0.05 0.15 1.36
3 1400 1330 8.5 24 1.25 0.04 0.14 1.27
4 1420 1345 7.5 23 1.20 0.05 0.12 1.21
5 1430 1360 7.0 22 1.04 0.03 0.11 1.05
moil point 1 1450 1360 8.0 15 1.50 0.08 0.21 1.64
2 1440 1380 8.5 11 1.41 0.09 0.17 1.54
3 1450 1370 7.0 1.29 0.12 0.18 1.42
4 1470 1380 6.4 5 1.20 0.09 0.17 1.30
5 1480 1390 6.0 1.05 0.06 0.16 1.17
Ll H 50,2 o my Ho Hg(0,2 W3 Wy
1,00 1,00
0,90 - 0,90
0,80 - — 0,80 -
0,70 - 0,70
o e
b 2 0,50 -
0,40 - 0.40 -
0,30 - 0.30 -
g’fg 0,20
0,00 - 0199
D600 D K DO 0.00 5
D600 D K DO
a b

Fig. 6. Influence of uniformity Dgg,, orderliness, regularity K, and fractal dimension D,
indexes on the strength and plastic properties of the head (a) and moil point (b).

histograms are based on the analysis of the
correlation coefficients between the multi-
fractal characteristics and the mechanical
properties of the metal.

The analysis of the multifractal statisti-
cal characteristics of the uniformity, order-
liness, and regularity of the structural ele-
ments showed their high sensitivity to the
yield strength (Fig. 6a). It has been experi-
mentally established that the sensitivity co-
efficients of the multifractal characteristics
of the K; structure are found to vary from
0.67 to 0.97 for the head.

The statistical characteristics of the moil
point microstructure are most sensitive to
relative narrowing (Fig. 6b). The sensitivity
coefficients y to the dimensionality of the
lightest sections of the structure (ferrite
plates) are 0.98, and for 8 — K; is 0.85. For

d and v, relatively high values were also
recorded for their fractal dimension, 0.97

280

each, respectively. These results can be ex-
plained by the fact that ferrite has high
plastic properties compared to the cementite
in question. Therefore, the sensitivity of
the multifractal statistical characteristics to
d and v plastic properties of ferrite is natu-
ral. Similarly, for the peak (Fig. 6b), the
sensitivity between the regularity index K
=D_goo — Dggp and the yield strength is
0.92 since cementite determines the
strength properties to a greater extent com-
pared to ferrite.

The results of the multifractal analysis
indicate that statistical characteristics of
the structure can act as an indicator of
changes in mechanical properties. Based on
the analysis of the results on the highest
sensitivity of the multifractal statistical
characteristics of the structure to mechani-
cal properties (Fig. 6), fractal models for

Functional materials, 30, 2, 2023
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the head (4) and the moil point (5) were
obtained.

Gp.o = 1488.16 + 115.50- Dgop + 32.57 - A —
~ 460.62- K — 188.62- D,, R2=0.88. (9

Y =-29.17-33.03 - Dggp— 24.82-A+  (5)
+28.17-K +54.72- Dy R2=0.89°

The adequacy of the models (4) and (5)
was 2.62 and 3.12, respectively, according
to the Durbin-Watson methodology. Fractal
models (4) and (5) describe the combined
effect of uniformity, orderliness, regular-
ity, and fractal dimension on the mechani-
cal properties 6y 5 and y. It should be noted
that additional relationships have been iden-
tified between the structure and the physi-
cal-mechanical properties of the metal dur-
ing operation after ion-plasma treatment.
This approach makes it possible to use these
fractal models as a non-destructive method
of evaluating mechanical properties.

4. Conclusion

1. The effect of ion-plasma treatment on
the nature of damage to the coatings of
parts has been studied. The damage is char-
acterized by coating wear, work hardening
of metal, and the formation of scoring
grooves and cracks. In the most stressed
sections of the parts ("B” and "C" areas on
the head body and sleeve, and "M"™ and "F~
areas on the head and the moil point), the
hardening coating is almost completely
worn out. Advanced ion-plasma chrome
plating technology ensures that hardened
parts work without coating chipping or spit-
ting. A special feature of the test results of
this type of hardening is the lesser wear on
the lower parts (sleeve, moil point) com-
pared to the upper parts.

2. To evaluate the mechanical properties
of parts after ion-plasma treatment, a mul-
tifractal analysis of the inhomogeneous sor-
bitol structure was used. The adequacy of
the obtained models (4) and (5) is confirmed
by Durbin-Watson statistics. The sensitivity
of the multifractal characteristics of cemen-
tite to the strength properties of ov and
Gg.o (0.96) and of ferrite to the plastic prop-

erties of & and y (0.97) was established, as
confirmed by the histograms in Fig. 6.
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