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The processes based on self-propagating high-temperature synthesis (SHS) for
the fabrication of two types of modifying composite materials (MCM) of a
charge containing boron: Ti, B, C, Fe,0;, Al, PT-NA-01, and a charge, in
which silicon (SiO,) and aluminium (Al,O;) oxides in the form of refractory
clay of the PGOSA-0 brand are included instead of expensive boron (B). The
thermodynamic evaluation of the possibility of interplay between the compo-
nents is carried out using the Gibbs energy. The phase compositions of the de-
posited coatings with composite materials (CM) based on PG-10N-01 alloy and
their microhardness are presented. The results of studies of the wear resis-
tance of CM during the friction against fixed abrasive particles show 1.5-2.4
times higher wear resistance compared to the PG-10N-01 alloy. As estab-
lished, the deposited CM modified by the MCM, which contains silicon (SiO,)
and aluminium (Al,0,) oxides instead of boron (B), has higher wear resistance,
when it works in an abrasive environment. This is due to the content of chro-
mium, titanium, silicon, and boron carbides in its structure. The morphology
of the friction surfaces is also in a good agreement with the results of friction
tests upon fixed particles of the deposited coatings PG-10N-01 and CM.
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HocigkeHo mpolecu caMOPO3IIOBCIOAKYBAHOI BICOKOTEMIIEPATYPHOI CUHTe-
3U IJIS OJep:KaHHA JBOX TUIIIB MOAU(MIKYBATbHIUX KOMIIOSUI[IMHUX MATEPisd-
ais (MKM) 3 muxTu, mo mictuts 6op: Ti, B, C, Fe,05, Al, IIT-HA-01, i mux-
TH, B AKi#l 3amicTs gopororo 6opy (B) Bkiioueno okcugu Cuiimiro (SiO,) #
Aurominito (Al,0;) v Burisaai BoruerpusBkoi ramau mapku IITOCA-0. Tepmo-
IUHAMIUHY OIiHKY MOJKJIMBOCTU Iepebiry B3a€eMOUMHY MiK KOMIIOHEHTAMMU
IpoBoAMIH 3 BuKopucranHaM I i66coBoi eneprii. Haseneno gasoBi ckiany Ha-
TOILIEHUX HMOKPUTTIB KoMIo3uliiHuMu Martepisaamu (KM) Ha ocHOBi cromy
IIT-10H-01 Ta ixHI0O MiKpoTBepaicTh. Pe3yabTaTu AOCIiIKeHb 3HOCOCTiMKOC-
1 KM mig uac reprs o6 3sakpimnyieHi abpasuBHi uacTUHKHY Mokasaau y 1,5-2,4
pasu 6inbIlly 3HOCOCTiHiKicTh MopiBHAHO 3i cTrommom IIT-10H-01. BeranosieHo,
1o Hatomaenuit KM, mogudikosaunit MKM, akuii mictuth okcugu Cuiirmiro
(Si0,) 1 Amrominiro (Al,O;) 3amicTs 6opy (B), Mae BuIlly 3HOCOCTIHKiCT i yac
pobotu B ymoBax abpasuBHOro cepemoBuiiia. Ile symoBiaeHO BMicTOM y i10ro
CTPYKTYpi KapbimiB Xpomy, Turany, Curimnito Ta Bopy. Mopdosoria mosep-
XOHBb TEPTS TAKO0K J00pe Y3ToIKyEThCs 3 pe3yabTaTaMu BUIIPOOYBaHb Ha TEp-
T4 00 3aKkpimieni vactku HatomaeHux nokputrtis I[IT-10H-01 i KM.

KarouoBi ciioBa: KOMIIOSUI[IMHUIN MaTepisa, 00pua, caMOPO3IOBCIOIAKYyBaHA
BHCOKOTEMIIepaTypHa CUHTEe3a, HATOIIJIeHH, 3HOCOCTiHKiCTh.

(Received 14 July, 2025; in final version, 10 March, 2026 )

1.INTRODUCTION

To strengthen and restore machine parts, various methods of surfac-
ing have become the most widespread, including arc surfacing with
consumable and non-consumable electrodes, as it has a number of ad-
vantages: low cost of the equipment used, insignificant penetration of
the surfacing surface, which ensures stable properties of the surfacing
layer throughout its thickness.

Currently, there are many materials available for surfacing machine
parts represented by flux-cored and composite wires, coated elec-
trodes, and surfacing tapes, but the amount of research into the devel-
opment of materials, which work under abrasive wear conditions, is
relatively small.

The resistance of materials to abrasive wear depends significantly
on their structural and phase composition, which is determined not
only by their chemical composition, but also depends on the surfacing
method and mode, weld pool crystallization conditions, and heat
treatment modes of the welded products.

The basis of the structure of wear-resistant alloys is the matrix, in
which there are strengthening phases (carbides, nitrides, borides, etc.).
The alloy matrix performs two functions: it serves as a structural ele-
ment, on which wear resistance depends, and it contributes to the reli-
able retention of the hardening phases to prevent their crumbling un-
der the influence of abrasives and impacts. The type of matrix, its con-
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dition and properties determine the likelihood of crack initiation,
growth and consolidation in the metal under the influence of various
factors and the environment, which affects the wear rate of the alloy.

To achieve high wear resistance of parts operating under abrasive
wear conditions, there are two options for creating wear-resistant al-
loys. The first is to create materials with a metastable structure. Such
materials are capable of absorbing energy introduced from the outside
and dissipating it through structural and phase transformations, pri-
marily through the y —» a transformation. However, such alloys have
little resistance to abrasive wear at temperatures up to 550°C, which is
associated with thermal weakening of the alloy matrix [1]. The second
option is to develop materials that have a thermally stable structure
reinforced with a large amount of solid phase [2]. Materials with such a
structure are the most promising for resisting abrasive wear at ele-
vated temperatures.

In addition, the wear resistance of surfacing materials depends sig-
nificantly on the type and amount of the carbide phase in the alloys.
Most often, the hardening phase should contain the following carbides:
Fe,C, Mn,C, Cr,C, W,C, WC, VC, TiC, B,C, Mo,C, etc., as well as car-
borides, iron nitrides and alloying elements. At present, metal, non-
metallic and composite materials, monolithic and porous, with both
homogeneous and heterogeneous structures, are used in machine fric-
tion units.

To obtain a modifying composite material in the form of a sinter, it
is possible to use traditional methods of powder metallurgy, which in-
clude the stages of preparing a charge of powder components, press-
ing, and sintering [3]. The main disadvantages of powder metallurgy
methods include the use of expensive large-size equipment, the dura-
tion and energy intensity of the production cycle.

A promising method for obtaining new materials, including compos-
ite materials, is self-propagating high-temperature synthesis (SHS),
which is based on the local initiation of highly exothermic reactions
between the starting reagents, which makes it possible to generate a
significant amount of heat to propagate the front of physical and
chemical transformations with the formation of synthesis products
[4-10].

The advantages of SHS technologies over conventional metallurgi-
cal production technologies are minimal material losses during the
synthesis process, simplification and reduction of the number of tech-
nological operations, and energy savings. SHS technologies are based
on three main operations: preparation of the initial charge, the SHS
reaction itself, and processing and analysis of the resulting product.
This method belongs to the in situ methods of obtaining composite ma-
terials and has all the advantages of such methods[11, 12].

The aim of this work is to study the possibility of obtaining a com-
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posite modifying material, using the SHS process to increase the abra-
sive wear resistance of deposited coatings with an alloy of the
Ni—-Cr-B-Si system, using oxides instead of expensive boron in the
charge.

2. MATERIAL AND RESEARCH METHODS

At the beginning of the study of the possibility of obtaining a compos-
ite modifying material (MCM) by the SHS method to increase the abra-
sive wear resistance of deposited coatings with an alloy of the
Ni-Cr-B-Si system, the following powder materials were selected: Ti.
C, B, Al, Fe,0;, PT-NA-01. Titanium reacting with carbon forms tita-
nium carbide (TiC) and generates a large amount of heat (310 kdJ) [13].
As a result of the heat released, the temperature of solid and molten
reaction products reaches 2500-3500 K, so, the reaction does not de-
pend on external heating sources and can propagate as a combustion
wave that generates energy for its propagation. Despite the high tem-
perature, the transition of any of the components of the mixture to the
gas phase is insignificant and can be neglected.

Boron is one of the most effective and economical microalloying
elements in steel. In most cases, the minimum concentration of boron
in the metal to obtain a positive result is about one thousandth of a per-
cent. The uniqueness of boron lies in the fact that, with such a low con-
tent in steel, it is able to exert an effect on its properties equivalent to
that of a much larger number of alloying elements such as Cr, Mo, Ni,
etc. Therefore, to obtain a composite material, we synthesize titanium
diboride:

Ti+ 2B = TiB, + 295 kJ /mol. (1)

In addition, to increase the thermal effect in the synthesis of tita-
nium carbide and titanium diboride, thermosetting nickel aluminide
powder PT-NA-01, aluminium powder (powder) PAP-1 of GOST 5494-
95, and iron oxide Fe,O; were introduced into the mechanical mixture.
As a result of the thermite reaction, molten iron and aluminium oxide
are formed, a large amount of energy is released, and the temperature
reaches approximately 2500°C[2]:

Fe,0, + 2Al = 2Fe + AL,O, + 752 kJ /mol. (2)

The selected components were mixed, and the resulting powder mix-
ture was subjected to mechanical activation in a ball mill. In the ex-
periments, the volume of the mill drum was of 160 cm?, the diameter of
the balls was of 4—5 mm, and the weight of the balls was of 200 g. The
time of the mechanical activation process varied from 2 to 6 minutes.
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The CM was prepared in two stages: 1) mixing of Ti, B, C, Fe,0,, Al,
PT-NA-01 powders and their joint mechanical activation, addition of
a binder—Metylan glue, cylinder formation and drying, initiation of
the SHS process, during which titanium boride particles, chromium,
etc. are synthesized; 2) crushing the material obtained during sinter-
ing and mixing the resulting powder with the matrix mate-
rial—powder grade PG-10N-01 TUU 322-19-004-96, mechanical acti-
vation of the resulting powder mixture, adding liquid glass of GOST
13078 to the mechanically activated powder mixture until it becomes a
paste[2].

The prepared paste was applied to the surface of the steel plate (steel
20) prepared for surfacing, and, after drying, surfacing was per-
formed with a graphite electrode with a diameter of 10 mm, surfacing
current of 80-120 A, and direct polarity. Arc surfacing was per-
formed, using an inverter power source Paton VDI-200R DC TIG.

In addition, the composition of the initial charge of the second com-
posite-modifying material was studied, which differed from the first
in that instead of expensive boron (B); silicon oxides SiO, and alumin-
ium oxides Al,O; were included in the charge in the form of refractory
clay of the PGOSA-0 brand.

The microstructure was studied using a metallographic microscope.
The microhardness of the coatings was measured by the PMT-3 device
in accordance with DST 9450.

Comparative wear tests of the deposited samples were performed on
a friction machine of the MI type according to the ‘disk—pad’ scheme in
industrial oil of the I-20 grade under the following conditions: average
circumferential sliding speed of 0.42 m/s, specific pressure on the pad
under normal wear of 8.0 MPa, friction surface area of 1.8 cm?. The
wear rate was determined by the formula

U, = G -G [mm?®/(cm?s)], (3)
vFt

where G,, G, are the weights of the sample before and after the test
[mg], v is the density of the material [mg/mm?], F is the sample area
[cm?], t is the test time [s].

The materials were tested for abrasive wear under friction against
fixed abrasive particles in accordance with GOST 17367. The abrasive
particles used were green silicon carbide, grade 64C, with a grain size
of 8 H. The relative wear resistance of the materials was estimated by
the formula

Al, 9
AL /d), (4)

e =

where Al,, Al, are the absolute linear wear of the reference and test
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specimens [mm], d,, d, are their actual diameters [mm], respectively.

The phase composition of the deposited layers was determined using
a DRON-3 diffractometer in monochromatic CukK, radiation in the an-
gular interval 20 = 10-80°. X-ray diffraction patterns were recorded in
a discrete mode. The samples were prepared for analysis by grinding
with abrasive paper and polishing to achieve the required surface
roughness. The data from the ASTM file were used to decipher the dif-
fractograms.

3. RESULTS AND DISCUSSION

The study of the process of producing CMC from a charge consisting of
powders of Ti, B, C, Fe,O5, Al, PT-NA-01, involved the use of reactions
of iron reduction by aluminium from oxide, carbonization, and tita-
nium-boride formation. In other words, this composition of powdered
materials was intended to carry out three combined reactions of the
SHS process:

—thermite reaction

Fe, O3+ 2Al = AL,0;5 + 2Fe + 752 kJ /mol; (5)
— carbonization reaction
Ti+C=TiC + 209 kJ/mol; (6)
—boron-formation reaction
Ti+ 2B =TiB, + 295 kJ/mol. (7

These reactions, which have large thermal effects, can proceed in
the combustion mode independently of each other. The relative content
of components corresponded to stoichiometric Egs. (5)—(7). The com-
bustion of a cylindrical sample formed from a mixture of powders with
the addition of a binding adhesive of the ‘Methylan’ brand was carried
out in air in an open reactor. The initiation of the SHS process was car-
ried out after drying the sample for 72 hours from a heated nichrome
spiral. The combustion front of the powder mixture moved uniformly
along the length of the cylindrical sample from the place of its initia-
tion without emission of powder components and reaction products. As
a result of the SHS process, a sinter was obtained (Fig. 1), which was
easily crushed.

Further, the obtained MCM in the amount of 10 and 20% was added
to the filler powder of PG-10N-01 grade and, according to the above
method, a paste was obtained, which was applied to the surface of the
steel plate (steel 20) prepared for surfacing, and after drying, surfac-
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Fig. 1. A speck.

I . Gec I &Ni a I
i mFe.0,

374
aTiB,
o Ti0

I

|

) - A " |
L N sy

I ANiB %'_1
|

Zob

J
ol

' 2a
TR I WO 6 W e
70 60 50 40 30 80 70 60 50 40
20, degrees 20, degrees
a b c

Fig. 2. X-ray diffractogram of deposited coatings: PG-10N-01 (a); CM (10%
MCM + 90% PG-10N-01) (b); CM (20% MCM + 80% PG-10N-01) (¢).

ing was performed with a graphite electrode with a diameter of 10 mm.

In the previous work [2], the following phase composition was estab-
lished: titanium diboride (TiB,), nickel boride (Ni;B), titanium oxides
(TiO) and iron oxides (Fe;0,) for the CM containing 10% CMC, and ti-
tanium diboride (TiB,), chromium boride (CrB), nickel boride (Ni;B)
and titanium oxide (TiO) for the CM (20% CMC + 80% PG-10H-01).
Aluminium oxide (Al,O5;) and titanium carbide (TiC), which corre-
sponds to Egs. (5) and (6), were not detected (Fig. 2).

The absence of aluminium oxide is explained by a higher tempera-
ture, which reaches 2500°C as a result of a thermite reaction, than, the
melting point of aluminium oxide of 2050°C, that leads to its melting
and removal from the deposited CM in the form of a slag phase. Tita-
nium carbide has a higher melting point of 3260 + 150°C compared to
the temperature of solid and molten products of the titanium carbide
formation reaction, which reaches 2500-3500 K.

However, x-ray phase analysis did not reveal titanium carbide in the
deposited layer, which can be explained by its low percentage in the ini-
tial CM powder mixture and the preparation of the sample surface for
the study. The thermodynamic assessment of the possibility of interac-
tion between the components was carried out using the Gibbs energy,
since any reaction or process is accompanied by a change in the Gibbs
energy (AG) of the system, the value of which is a measure of the ability
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of the reaction to develop in the conditions under consideration: the
greater the decrease in the Gibbs energy, the greater the affinity be-
tween the reacting substances.

The Gibbs energy is calculated according to the expression

AG=AH — TAS [kdJ /mol], 8)
where AH is the enthalpy, T is the temperature, AS is the entropy.

AI{reaction = ZAHI?roducts - ZAHI?eacta.nts [kJ/ mOI]' (9)

Using the reference data of the standard enthalpies of substances,
given that the enthalpies of formation of simple substances are zero,
we find:

AH, . =AH>. —AHS — AHS = -209 -0 -0 =-209 kJ/mol. (10)

A'Sreaction = Z ASgroducts - Z A'Sr(‘)eactants [J/(mOIK)] * (1 1)

Using the reference data of the standard entropies of substances, we
find:
=AS°

TiC

AS

reaction

— AS% —AS? =24.7-30.63—5.74 = -11.67J/(mol - K) .
12)

AG=AH -TAS=-209+ 298 (11.67/1000) =-205.52 kJ/mol. (13)

At T =298°C, AG<0, and the reaction is spontaneous, i.e., the reac-
tion will proceed in the forward direction. Thus, the thermodynamic
calculation of the change in the Gibbs energy confirms the possibility
of the formation of titanium carbide TiC.

The average microhardness of the CM coating (10% MCM + 90% PG-
10N-01) is of 740 HV, and, for the CM coating (20% MCM + 80% PG-
10N-01), it is of 978 HV that exceeds the average microhardness of the
PG-10N-01 coating, which is of 520 HV. The microhardness distribu-
tion of the CM containing 20% CMC is more stable compared to the
coating containing 10% CMC. This can be explained by a more uniform
distribution of solid particles in the matrix material PG-10N-01 with
an increase in their concentration [2].

The second composite modifying material was investigated, which
was obtained from a charge consisting of powders of Ti, C, Fe,O;, Al,
PT-NA-01, silicon oxide SiO, and aluminium oxide Al,O; in the form of
refractory clay of the PGOSA-0 brand. This composition, unlike the
previous one, instead of expensive boron (B), includes aluminium and
silicon oxides, which are solid refractory substances (a-Al,0; with
20.6-29.4 HV, 2050°C, and SiO, with 8 HV, 1710°C) with high wear
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and corrosion resistance. Such a composition of powder materials pro-
vided for the implementation of two combined reactions of the SHS
process: a thermite reaction (5) and a carbonization reaction (6).

As a result, the following phase composition was determined by
XRD analysis: y-Ni, nickel boride (NizB), titanium carbides (TiC), bo-
ron (B,C), chromium (Cr;C,), and silicon (SiC) for the CM containing
10% of MCM [5]. Figure 3 shows the microstructure of the deposited
CM coating (10% MCM-90% PG-10N-01).

The obtained results confirm the possibility of the formation of ti-
tanium carbide TiC during the SHS process. In addition, the deposited
coating contains carbides of boron (B,C), chromium (Cr;C,), and silicon
(SiC) formed during the arc surfacing of CM from the matrix material
of the self-fluxing alloy PG-10N-01 TUU 322-19-004-96 (chemical
composition: Cr—14-20%, B—2.8-4.2%, Si—4.0-4.5%, Fe—3-7%,
C—0.6-1.0%, Ni—base).

It should also be noted that the deposited coating does not contain
aluminium and silicon oxides, which are part of the original composi-
tion of the charge. This can be explained by the self-fluxing effect of
the PG-10N-01 matrix material, since the boron and silicon included in
its composition form fusible eutectics with nickel with a melting point
of 950-1080°C during heating, and also restore oxide films on the sur-
face of the sample to form borosilicate slags that float to the surface of
the deposited layer. Taking into account the high melting point of
aluminium oxide (2054°C) and silicon oxide (1710°C), as well as their
low density of 3.99 and 2.65 g/cm?, respectively, it can be concluded
that most of them float to the surface in the form of a slag phase.

The average microhardness of the deposited CM layer (10%
MCM + 90% PG-10N-01) is of 660 HV, and that of the CM layer (20%

Fig. 3. Microstructure and phase composition (wt.%) of deposited coatings:
PG-10N-01 (a); 10% MCM + 90% PG-10N-01 (b).



712 S. 0. LUZAN

MCM +80% PG-10N-01) is of 720 HV, which also exceeds the average
microhardness of the PG-10N-01 coating, which is of 510 HV.

The combustion of the CMC compositions of the first and second
types occurred evenly, with no emissions of the initial components and
reaction products, and the addition of CMC up to 10% improves the
technological properties of the arc surfacing process and contributes to
a better formation of the deposited layer[14].

According to the results of tests for wear resistance of materials de-
posited by the arc method (Fig. 4), the abrasive wear resistance of CM
(10% MCM + 90% PG-10N-01) of the first type is 1.5 times higher than
that of CM (10% MCM +90% PG-10N-01) of the second type, and
1.8 times higher than that of the self-fluxing alloy PG-10N-01.

With an increase in the content of CMC in the CM, the wear resis-
tance of the deposited coatings during operation in an abrasive envi-
ronment increase. Thus, at a content of 20% MCM, the wear resistance
of the deposited layer of the first type of the deposited CM increases by
1.7 times, and the second type by 2.4 times.

The morphology of the friction surfaces is also in a good agreement
with the results of friction tests on the fixed abrasive particles of the
deposited coatings PG-10N-01 and CM (Fig. 5).

During wear under the influence of fixed abrasive particles, quite
deep parallel grooves were found on the coating made of PG-10N-01
alloy (Fig. 5, a). The relief of the wear surface is uneven. Shallow,
small, and evenly spaced friction scratches are observed on the sur-
faces of the deposited coatings made of CM (Fig. 5, b and ¢). This is ex-
plained by the introduction of CMCs, which contribute to the forma-

2.5 -
2.0 1
1.5 1
1.0 1

0.5 1

Relative wear resistance, ¢

1 2 3 4 &5

Fig. 4. Wear resistance of materials deposited by the arc method in the proc-
ess of friction under the influence of fixed abrasive particles: I—PG-10N-01
alloy, 2—CM (10% CMC +90% PG-10N-01) of the first type, 3—CM (20%
CMC + 80% PG-10N-01) of the first type, 4—CM (10% CMC + 90% PG-10N-
01) of the second type, 5—CM (20% CMC +80% PG-10N-01) of the second
type.
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Fig. 5. Morphology of friction surfaces during wear against fixed abrasive
particles of deposited coatings: PG-10N-01 (a), CM (10% MCM + 90% PG-
10N-01) of the first type (), CM (10% MCM + 90% PG-10N-01) of the second

type (c).

tion of new crystallization centres during surfacing and, as a result,
leads to the grinding of the structure. The plastic matrix based on
nickel PG-10N-01 redistributes stresses, providing conditions in
which solid components occupy a favourable position. This eliminates
the local increase in contact pressure and reduces the conditions for the
detachment of hardwearing particles.

4. CONCLUSIONS

The results of studies of the wear resistance of CM consisting of the
matrix material of the nickel-based alloy PG-10N-01, modified CMC of
the first and second types, which differ in that the second type, instead
of the boron component, introduced silicon oxides SiO, and aluminium
oxides Al,O; in the form of refractory clay, showed increased wear re-
sistance during operation in an abrasive environment compared to the
coating with PG-10N-01 alloy. CM of the first type contains solid in-
clusions in the structure in the form of titanium diboride (TiB,), nickel
borides (NisB) and chromium (CrB), titanium oxides (TiO) and iron
(Fe;0,), which provides an average microhardness of 740-978 HV and
increased wear resistance in an abrasive environment. The wear resis-
tance of the deposited layer of the first type of CM (10% MCM + 90%
PG-10N-01) at friction against fixed abrasive particles is 1.5 times
higher, and that of the first type of CM (20% MCM + 80% PG-10N-01)
is 1.7 times higher compared to the PG-10N-01 alloy.

The second type of CMC contains Cr;C,, B,C, TiC, SiC, and nickel
boride (NizB) carbides in its structure. The average microhardness of
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the deposited layer of 10% MCM + 90% PG-10N-01 is of 660 HV, and
that of 20% MCM + 80% PG-10N-01 is of 720 HV. The wear resistance
of the deposited layer of 10% MCM + 90% PG-10N-01 composition is
1.8 times higher, and that of 20% MCM + 80% PG-10N-01 composition
is 2.4 times higher in comparison with the layer deposited with self-
fluxing alloy PG-10N-01.

The second type of welded cermets has higher wear resistance, when
operating in abrasive environments. This is due to the content of
chromium, titanium, silicon, and boron carbides in its structure.

Thus, the research results indicate the expediency of using oxides in
the charge instead of expensive boron, when using the SHS process for
producing CMC.
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