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The stress—strain state of a material loaded by friction forces has a signifi-
cant impact on the wear resistance. The value of stresses and their distribu-
tion in the coating determine the coating resistance to wear. According to the
results of this research, a positive effect of the gradient on-base layer on the
wear resistance of multilayer coatings is established; it is dependent on the
stress—strain state of the composition, the distribution of stresses, and their
damping properties. Herein, preference should be given to the order of ar-
rangement of its layers by sizes of inclusions from-coarse-to-fine ones. With
such a structure, the wear resistance of the coating will be the highest in giv-
en friction conditions.

Key words: gradient composite coatings, matrix, filler, stress—strain state,
wear resistance.

Hampy:xeno-nedopmMoBanuii cTaH MaTepifly, HaBaHTAKEHOTO CUJIAMU TEPTS,
Mae iCTOTHWI BILIVB Ha 3HOCOCTi#iKicTh. Besmuraa HanIpy:KeHb Ta po3mnoais ix
Y HOKPUTTI BUBHAUAIOTh CTiHKiCTh MOKPUTTS MPOTHU CHPAITIOBAHHA. 32 Pe3yJIb-
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TaTaMU’ JOCIiIKeHb BUABJIEHO IO3UTUBHUI BIJIUB I'PAJi€HTHOTO IigmIapy Ha
B3HOCOCTiHIKiCcThL 0OaraTomiapoBUX IOKPHUTTIB, IO 3YMOBJIEHO HAIPYKeEHO-
IedopMOBAaHUM CTAHOM KOMIIO3UITii, PO3HOAIIOM HANPY’KeHb, iIXHIMU JeMII-
¢dyBaIbHMME BJIACTUBOCTAMU; BOJHOUYAC IIEpPeBAry CJiJ BigmaBaTu HOPAIKY
Po3MiIlieHHA ITapiB i3 BKpaAMJIeHHAMY Y iAIIapi Big Beaukux mo apibHux. 3a
Takoi 0yZOBU 3HOCOCTiMKiCTh MOKPUTT Oy je HAMBUIIOIO AJIA IIUX YMOB TEPTA.

KarouoBi ciioBa: rpafieHTHI KOMOO3UITiHHI MOKPUTTS, MaTPUILA, HAIOBHIO-
BaY, HATIPY:KeHO-1e()OPMOBAHUM CTaH, BHOCOCTIHKiCTD.

(Received 25 February, 2025; in final version, 5 December, 2025 )

1. INTRODUCTION

The Essence of the Problem and Its Connection with Practical Tasks.
The work experience and the results of previous numerous studies in-
dicate that in most cases, the functional properties and the resource of
various types of machines and equipment are determined by intensive
wear of heavily loaded parts of friction units and working bodies. At
the same time, traditional methods for the deposition of coatings do
not meet the constantly increasing requirements for the performance
of critical friction parts of mechanisms in conditions of high dynamic
loads, high temperatures, active corrosive media, and the presence of
abrasive flows.

An effective way out of the current situation is the formation of
wear-resistant gradient layers on of a heterogeneous composition and
layered or discrete structure of the matrix-filled or skeletal type on the
surface of parts made of structural materials.

The peculiarity of gradient composite coatings is that the coating
itself is a powder matter, or a powder medium was used to obtain it as a
source of elements or compounds that form the coating. Thus, gas
thermal coatings (GTC) are a powder pseudo-alloy of sprayed powder
particles; composite electrolytic coatings (CECs) are a mechanical mix-
ture consisting of a metal matrix and powder filler; eutectic coatings
(EC) are a skeletal-type formation with a reinforcing or restoring pow-
der layer melted by heat treatment on the surface being protected.

Despite the large amount of information on individual problems relat-
ed to the obtained GTC, CEC, and EP, today, there is no systematic in-
formation on the combined method for formation of gradient layers. As
for the tribological and tribometrical characteristics of multilayer coat-
ings with different gradients in the layers, formed, in particular, with
hard inclusions of different sizes and different volume contents, they are
insufficient for generalization, or they are obtained using individual,
mostly unsuitable for comparison, methods. Therefore, there is a timely
and urgent need to study and systematize the tribological characteristics
of nickel-based CECs, containing carbides, nitrides, and borides (TiC,
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SiC, TiN, CrBs, and TiB;) as a strengthening phase. Actually, due to the
structural differences in the composite layers, they provide the treated
surface with the necessary properties, usually sharply different in terms
of structural gradient from the properties of the matrix material or filler
of the coating itself, as well as the base on which it is deposited.

Review of publications and analysis of unsolved problems. Gradient
layers are composite matrix-filled or reinforced coatings, whose regular
structure is disturbed in the gradient direction (that is, there are differ-
ences in the concentrations of elements in the matrix alloy, between the
matrix and inclusions, or in the shape, number, and size of the inclu-
sions, as well as in the distance between them, changing by certain laws).

Gradient coatings can be modelled by a set of single-layer composites
with different laws of gradient change. The heterogeneity of the struc-
ture of multilayer coatings causes a wide range of new research tasks
that do not arise during the study of the tribological behaviour of tradi-
tional materials, and to a lesser extent, single-layer compositions. Such
tasks, in particular, include the problem of determining a rational gra-
dient of properties and the tribometrical characteristics of coatings.

Single-layer coatings of the matrix-filled or skeletal type signifi-
cantly improve the performance of heavily loaded friction units of ma-
chines and mechanisms, in particular, they can work in sliding bear-
ings of cone drill bits [1-4]. Analysis of the antifriction properties of
composite materials has shown that the size of the filler inclusions and
their volume content play an important role [5]. The wear resistance of
heterogeneous materials is significantly affected by the stress state
that arises during contact with the conjugated surface [6].

In Reference [7], the results of the computational determination of
the stress—strain state of composite materials with identically oriented
columnar formations are presented. The relationships between the
stress concentration, the mechanical properties of the matrix and inclu-
sions, and the density of inclusions have been established. In the materi-
al structure, regions with an increased level of stress were identified as
the most susceptible to the onset of destructive processes. The problem
of the evolution of the structure and mechanical properties of composite
coatings as a result of plastic deformation of surface layers during fric-
tion is considered in Ref. [8]. If during the friction process, the coating
structure changes in such a way that the rule of a positive gradient of
properties is valid, normal external friction takes place. This makes it
possible to affect the parameters of the friction pair and the properties
of the deposited layers basing on the known data on the determination of
mechanical and strength properties as a means of controlling wear
mechanisms. Using the model of a composite material including an an-
nular transition zone between the filler and the matrix with a known law
of the change in their mechanical properties, the nature of the stress
state caused by loading with sliding friction forces has been studied in
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Ref. [9]. It was shown that local stresses in such a composition, depend-
ing on the type of loading of an elementary volume, can be predicted and
calculated, taking into account the mechanical properties and the struc-
ture of the transition zones formed due to the matrix—inclusion diffu-
sion interaction according to the corresponding state diagram.

Thus, the available theoretical and experimental data about compo-
site coatings, together with knowledge of the mechanisms of their
formation, are an important prerequisite for the practical formation of
composite layers, but not sufficient. Therefore, the aim of the work
was to study the influence of the structure and composition of matrix-
filled type compositions and the gradient of properties on the tribolog-
ical behaviour of single- and multilayer coatings.

2. EXPERIMENTAL/THEORETICAL DETAILS

Research Methodology. Composite electrolytic coatings were formed
using electrolytic nickel powder and the strengthening SiC phase of dif-
ferent dispersions. The coatings were deposited onto prismatic samples
with a size of 10x10x5 mm. Coarse particles (fractions 100/80, 50/40,
and 28/10 um) were deposited on the horizontal cathode by the pulsed
stirring of the electrolyte at a current density of 5-10 A/dm?, pH 3-4,
and electrolyte temperatures of 25 and 40°C. Coatings containing more
dispersed particles (fraction 5/3 uym, SiCN nanoparticles =50 nm) were
obtained on the vertical cathode with the constant stirring of the elec-
trolyte at a current density of 4-5 A/dm?. Multilayer coatings were ob-
tained by successive layer-by-layer deposition of precipitates containing
different amounts of filler of different dispersion.

Testing of samples with coatings was carried out on an M-22M in-
stallation under dry friction conditions at sliding speeds of V=0.5m/s
and loads P =20, 40, 60 N. The counter-body was from hardened steel
HRC 45. The mating scheme was shaft-plane. Friction pathis L=1 km.
The amount of wear was estimated by the loss of sample mass and the
amount of linear wear of the friction pair.

3. RESULTS AND DISCUSSION

Compositions with different sizes and volume content of inclusions
were studied. The content of silicon carbide inclusions in the coating
depended on their sizes. The results of the chemical analysis of CECs
with different fractions of inclusions are given in Table 1. The number
of inclusions in the coating could be easily controlled within the vol-
ume content from 0% to 50—-70% by changing the relationship between
mixing and sedimentation.

Tribological studies have shown that CECs with 28/20 inclusions and
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TABLE 1. Influence of the size of SiC inclusions on their content in CEC.

Size of inclusions, pm Volume content in coatings, vol.%
50 nm 3.8
5/3 8.66
28/20 24.66
50/40 37.50
100/80 43.11

their volume content of 24% have the highest wear resistance. The coat-
ing microstructure is shown in Fig. 1. The results of the structure stud-
ies indicate that compositions with volume content of inclusions within
20-40% have an optimal wear resistance. The same results were obtained
for CEC Ni-TiB; in Ref. [5]. However, the optimal composition of alloys
characterized by maximum wear resistance was at 20-30% of inclusions.

To date, there is no explanation of such regularities from a single
viewpoint. It has not been clarified which of the parameters—volume
fraction, size of inclusions, or the smallest distance between
them—determines certain tribological parameters and mechanical
properties. Analysis of the obtained results found that for optimal
compositions (20-30%, inclusion particle size 28/20), such regularity
is observed: the ratio of the distance between the centres of inclusion
particles L to their sizes d, L/d, is of about 3. Then, at a volume con-
tent of 24%, this intercentre distance is of 90 pum; therefore,
L/d=3.21.

Since among the obtained coatings, only coatings with 28 ym inclu-
sion particles had the optimal content, the compositions of other filler
fractions with different volume contents were additionally studied.
According to the results of tribological studies, the highest wear re-

Fig. 1. Microstructure of CEC Ni—SiCss, x 100.
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sistance was exhibited by CECs with a volume content of filler of about
24%. The results of tribological studies of CECs with inclusions of dif-
ferent fractions of the same volume content of about 24% are shown in
Fig. 2. As seen, the highest wear resistance was manifested by CECs
with inclusions sizing within 30-50 um. Note that, for inclusions of
different sizes with a volume content of about 24%, the ratios of inter-
centre distances to diameters are of about 3 (Fig. 3).

These findings are consistent with the conclusions in Ref. [10],
where the influence of the structural state of a composition on its
stress—strain state and wear resistance was investigated by the polari-
zation-optical method. As a result of the study of the factors determin-

m
b
<
<D

400 \
300 \
200

100 -

<

20 40 60 80 100
Particle size d, um

Total wear, mg/cm? for 102

k=)

Fig. 2. Dependence of the wear resistance of Ni-SiC CECs on the size of SiC
particles at a load of 20 N and friction speed of 0.5 m/s (fillers’ volume con-
tent of 24%).
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size at a volume content of 24%.



THE INFLUENCE OF FILLER DISPERSION AND GRADIENT STRUCTURE 229

ing the location of the zones of maximum tangential stresses in the
composite material, the conditions for optimizing their distribution
that ensure maximum resistance to fatigue wear were established, and
a quantitative assessment was given for the ratio of the intercentre
distance to the particle size, under which these conditions are realized:
L/d>3.3.

Since the main role of solid particles is to strengthen the matrix, the
presence of hard inclusions strengthens or reinforces the matrix, limit-
ing its plastic flow. Probably, at this ratio (L/d >3.3), the particles
most effectively compress the matrix and limit its plastic deformation.
In this case, the zone of increased tangential stresses, which arises due
to the interaction of stress fields from neighbouring inclusions, deep-
ens into the material below the inclusions. This, in turn, reduces the
load on the matrix between the inclusions and provides a positive stress
gradient from the friction surface. When the intercentre distances be-
come smaller, the strength of the composition decreases due to the for-
mation of cracks at the weakened particle—particle interfaces.

It is possible to predict the stress for the onset of plastic defor-
mations (c,) of composite material under friction depending on the
nature, the volume ratio of its components, and the friction coefficient
according to the analytical studies of the stress—strain state [8], using

the formula
(,) =2(c,), /A + B,

where (o), is the yield strength of the matrix material; f is the coeffi-
cient of transformation of normal forces into tangential forces during
friction, which with some assumptions can be considered the friction
coefficient; A and B are coefficients, which depend on the mechanical
characteristics and volume content of the components.

The relative minimum value of the average longitudinal compressive
stress, (c,) /{(o;), » at which the process of plastic deformation starts,
can be taken as the coefficient of plastic compression, which serves as a
measure of the degree of strengthening. It was shown that, at a volume
content of the filler §<10%, strengthening is not significant and
(0,)/ (o), approaches 1. At a denser arrangement of particles,
20 <& <40%, plastic deformation is significantly limited. When f>0.3,
the increasing volume content of the strengthening phase to 40% is not
effective, since it does not affect the average normal stresses for the on-
set of plastic deformation. In addition, due to reducing distance between
the particles (§ > 40%), significant local strengthening of the matrix oc-
curs, which leads to a decrease in strength because of the formation of
cracks in the weakened areas of the matrix between the particles.

It should be noted that the range of the filler volume content that pro-
vides the highest wear resistance of the composition, is influenced by the
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physical and mechanical characteristics of the matrix and the filler.
Thus, for the Ni-TiB; system, the efficient CEC performance is ensured
at a filler volume content of 20-30%, while, for the Ni-SiC system, at
20-40%, which is probably related to the different relationships between
the mechanical properties of the matrix and the filler. In composite ma-
terials where the mechanical characteristics of the filler and the matrix
differ less, for example, in the N-SiC system (Fig. 4), the stress concen-
tration decreases along with preserving the trend of its change with
changing filler content. Calculations for determining the stress concen-
tration were performed using the formula from Ref. [7]. The initial data
for the calculation were for the Ni matrix as follow: elastic modulus
E,.=1.86-10° MPa, shear modulus G,=0.72-10° MPa, Poisson’s ratio
vm=0.3; for TiB; inclusions: E;=5.1-10° MPa, G,,=2.3-10° MPa, v,,=0,1;
and for SiC inclusions: E;=3.94-10° MPa, G,,=1.8-10° MPa, v,,=0.1.

K,=2 Gy / G {1+4S§—Z(3+7§—2H, (1)
n+(1+§)Gf/Gm T T

where S = (G, / G, — 1)/(Gf / G, +1);nand ¢ are the volume content of
the matrix and inclusions, respectively.

Expression (1) stands for both the mechanical characteristics and
the volume content of components. The dependences of the maximum
shear stress concentration Ki, on the volume content of inclusions for
the Ni-SiC and Ni-TiB; compositions are shown in Fig. 4.

The presented findings indicate that there is such a volume content
of inclusions (20-40%), at which there occurs a minimum intensity of
local tangential stresses in the matrix. The minimum wear also corre-
sponds to the region of 20-40vol.% of SiC and TiB: in the composi-
tions. Along with other factors, this can be explained by the lowest
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Fig. 4. Dependence of the longitudinal shear-stress concentration Ki- on the
volume content of TiB: and SiC.
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stress concentration.

As for the optimal size of inclusions (25—50 nm), it is probably related
to the load they can take on. When their size is smaller or comparable to
the size of the single contact spot (2—10 um), this load is equal to the ac-
tual contact pressure. However, it is by 2-3 orders of magnitude smaller
(equal to the contour load) for inclusions larger than 300 pym, when the
ratio of the areas of the single contact spot and the solid inclusion coin-
cides with the relative contact area [5]. Therefore, it is desirable to use
solid inclusions with a size of more than 300 ym for more severe perfor-
mance conditions, since, in this case, the fraction of the load taken by
them is larger. In the transition region (10-300 yum), it can be expected
that the fraction of the load on the solid inclusion will acquire some in-
termediate values. Therefore, the analysis of the macro- and micro-
structures of the friction surfaces of the CEC allows us to state that the
relative contact area of the composition decreases with an increase in the
size of the filler particles. For the composition containing particles with
a size of 5 um, smaller than the size of single contact spots, the main
contribution to wear resistance is made by the Ni matrix.

Traces of setting plastic deformation are observed on the surface
(Fig. 5, a). Figures 5, ¢, d show the friction surfaces of the CEC contain-

Fig. 5. Topographic images of friction surfaces of the studied CECs: Ni + SiCs
(a), x 500; Ni + SiCzs (b), x 500 (b); Ni + SiCioo0, x 500 (c); Ni + SiCio0, x 100 (d).



232 M. V.KINDRACHUK, A. O. KORNIENKO, V. V. KHARCHENKO et al.

ing filler with a size of 100 um, when the ratio of the areas of the single
contact spot and the area of the solid inclusion coincides with the rela-
tive contact area. On the friction surface, there are traces of abrasive
wear by free or fixed (embedded in the counter-body) filler particles. For
compositions with the optimal SiC particle size (28 um), the processes of
seizure and abrasive or brittle fracture are non-characteristic; here a
normal mechanical-oxidative wear process occurs (Fig. 5, b).

Since the stress—strain state depends on the coating structure, it
was reasonable to study the influence of the structure gradient along
the depth of the multilayer coating on its wear resistance. As known,
in order to increase the wear resistance of machine parts, it is advisable
to form wear-resistant gradient layers on the surface of parts made of
structural materials, having a heterogeneous structure of the matrix-
filled or the skeletal type [11-16].

Multilayer gradient coatings were obtained by successively forming
layers, which had different sizes of inclusions. Two options for the ar-
rangement of layers depending on the particle size of the filler were
studied: 1)from course to fine inclusions, base —> 100/80 pm —
— 28/20 pym — 5/3 pm — 50 nm (Fig. 6, a); from fine to course inclu-
sions: base - 5/3 ym — 28/20 ym — 100/80 ym — 50 nm (Fig. 6, b).

Tribological studies of multilayer coatings showed that their wear
resistance is higher than that of single-layer ones (Table 2).

Thus, single-layer coatings with nanoparticles are characterized by

a b

Fig. 6. Microstructure of multilayer gradient CEC containing SiC inclusions
in a Ni matrix, x 100.
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TABLE 2. Results of friction and wear tests of coatings with fillers of differ-
ent sizes.

Filler Load. N Friqtipn Wear, Liner wear of friction
’ coefficient | mg/km pair, pm/km

20 1.3 32.4 47
SiCNiso 40 0.8 33.9 48
60 0.7 36.6 50
20 1.15 3.8 40
pourse 40 0.82 9.3 49
60 0.75 6.2 38
. 20 1.3 4.0 48
coume > 40 0.91 9.8 55
60 0.75 6.5 45
20 1.1 2.7 11
SiCas 40 0.9 4.4 22
60 0.73 9,0 30
20 1.52 1.8 16
Course — fine —» 28 40 0.86 3.2 20
60 0.84 2.1 27
. 20 1.36 2.5 18
e g 40 0.85 4.0 27
60 0.82 7.8 29

low wear resistance. However, if the coating with nanoparticles was
applied to a gradient on-base layer, its wear resistance increased by an
order of magnitude. At the same time, coatings with the order of layers
arrangement by coarse-to-fine inclusions have greater wear resistance.
This can be explained by the increase in the dissipative properties of
such a composite, due to the sequence scheme from the base to the coat-
ing layers in the order of decreasing plastic and increasing elastic
characteristics of their materials[17]. When a gradient coating is used
as an on-base layer for a composition with the optimal size of inclu-
sions, an increase in the wear resistance of the coating can be observed
in the entire range of loads in the case of placing layers with inclusions
from coarse to fine, whereas coatings with the order of layer arrange-
ment from fine to coarse inclusions have somewhat greater wear.

4. CONCLUSION

The studies have established that the stress—strain state of the materi-
al loaded by friction forces has a significant impact on the wear re-
sistance of the CEC. The value of the stresses and their distribution in
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the coating determine the coating resistance to wear.

It has been established that the optimal volume content of the
strengthening phase in terms of wear resistance is within 25-40%,
which is related to the ratios of the physical and mechanical properties
of the filler and the matrix. Such a volume content corresponds to the
ratio of the intercentre distance of the particles L to their size d
L/d >> 3. This ratio imposes significant restrictions on plastic defor-
mation and, as a result, strengthens the matrix. At L/d <3, a signifi-
cant local strengthening of the matrix occurs due to a decrease in the
distance between the particles (§>40%), which leads to a decrease in
the strength of the composition as a whole because of the formation of
cracks at the weakened particle-particle interface. When L/d >> 3,
such strengthening is not significant, and (c,) / (c,), approaches 1.

The positive influence of the gradient on-base layer on the wear re-
sistance of multilayer coatings has been revealed, which is related to
the stress—strain state of the composition, the distribution of stresses,
and their damping properties. Herein, preference should be given to
the order of arrangement of its layers by the sizes of inclusions
from coarse-to-fine ones. With such a structure, the wear resistance of
the whole coating will be the highest in given friction conditions.
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