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The authors conducted a comparative analysis of the effectiveness of frictional treatment with a sliding indenter of a NiCrBSi
coating and a composite coating formed by laser cladding of a powder mixture of 85 wt.% NiCrBSi and 15 wt.% Cr,C,.
The criteria were intensive strain hardening, favorable compressive stresses, and low surface roughness. Frictional treatment
with an indenter made of cubic boron nitride at a load of 350 N provides less intense deformational hardening of the
NiCrBSi-Cr,C, coating (microhardness growth from 900 to 940 HV 0.025) than the NiCrBSi coating (from 570 to
850 HV 0.025). This is due to the significantly higher initial hardness of the composite coating, because its structure, in
addition to the phases characteristic of the NiCrBSi coating, contains large primary Cr,C, carbides, which did not dissolve
during cladding, as well as elongated Cr,,C, carbides, precipitated during cooling from a solid solution supersaturated with
chromium as a result of the partial dissolution of Cr,C, carbides during cladding. Frictional treatment also results in a lower
level of compressive residual stresses (-250 MPa) on the composite coating surface than on the NiCrBSi coating surface
(=390 MPa). In contrast to frictional treatment of the NiCrBSi coating, when a smoothed surface with a nano-roughness is
formed (R, =60 nm), frictional treatment of the composite coating forms a surface with a higher roughness (R =310 nm) due
to the creation on the surface of supporting “island frame” of large Cr,C, chromium carbides protruding 2 -5 um.
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ITpoBenieH CpaBHUTENbHBI aHaMU3 3PQPEKTUBHOCTI (PPUKIMOHHON 0OPabOTKM CKOMB3AMIMM MHJEHTOPOM IIOKPBITYS
NiCrBSi 1 KOMIIOSMIIMOHHOTO IOKPBITHA, CHOPMMPOBAHHOIO Ta30NOPOIIKOBON Ta3ePHOI HAIUIABKOJ CMeCH HOPOIIKOB
85 macc.% NiCrBSi n 15 macc.% Cr,C,, 0 KpUTepuAM MHTEHCUBHOTO 7lepOPMAIMOHHOTO YIPOYHEeHNsA, CO3fanus 6rma-
TONPMATHBIX CXKVMMAIOIIVX OCTATOYHBIX HAIIPsDKEHUI U JOCTVDKEHMS HU3KOJ LIepOX0BaTOCTY NoBepxHOCTH. IIpu ¢ppuk-
IMOHHOI 06paboTKe MHIEHTOPOM U3 Kybudeckoro Hmtpupa 6opa mpu Harpyske 350 H y moxperrua NiCrBSi-Cr,C,
YCTAHOBJIEHO MeHee MHTeHCUBHOE le(OpMalYIOHHOE YIIPOYHEeHNe — MUKPOTBEPHOCTb Bodpocia oT 900 no 940 HV 0.025,

yeM y nokpbituA NiCrBSi — ot 570 go 850 HV 0.025. 9T0 06yc/I0OB/IEHO CYLIeCTBEHHO OOJIbIIEN NCXOTHOM TBEPHLOCTDIO
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KOMIIO3VI[IOHHOTO IOKPBITUSA, B CTPYKTYpe KOTOPOro, KpoMme a3, xapakrepHbix s mokpsitus NiCrBSi, copepskarcs
KpymnHble mepsuyHble Kap6umpl Cr,C,, He pacTBOpMBIIMECS TPV HAIIaBKe, a Takke BBITAHYTble Kapbumer Cr,,C,
BBI/Ie/IMBILECS TIPY OX/TAXK/JEHNI 13 TBEPAOTO PaCTBOPA, EePEeChILIEHHOTO XPOMOM B pe3y/bTaTe YacTUYHOIO PaCTBOPEHNS
kap6uyos Cr,C, mpyu HammaBke. OpuKIMOHHasA 06paboTKa MPUBOAMNT TAKKE K IOCTVKEHNIO MEHbIIIEr0 YPOBHS CKMMAIOTINX
0CTaTOYHbIX HampspKeHuit (—250 MIla) Ha MOBEPXHOCTM KOMITO3MIIMOHHOTO HOKPBITHS, YeM Ha IIOBEPXHOCTY ITOKPBITIS
NiCrBSi (-390 MIIa). B ormune ot ppuxuyonHoit o6paborkyu NiCrBSi mokpsiTus, Korma 06pasyeTcsi poBHas BbIITTa)KeHHAS
TIOBEPXHOCTD C HAHOMIEPOXOBATOCThIO (R =60 HM), GppuUKIMOHHAA 06pabOTKa KOMIIO3UITMOHHOTO TIOKPBITHSA GOpMUpyeT

TIOBEPXHOCTD € Gonbluedi 1mepoxoBatocTbio (R =310 HM) BenencTBue GopMupoBaHusa Ha MOBEPXHOCTU CBOEOOPA3HOTO

OTOPHOTO «OCTPOBKOBKOBOTO KapKaca» 13 BBICTYTAOIMUX Ha 2 —5 MKM KpynHbIX kap6unos xpoma Cr,C,.

Knrouesple cnoBa: masepnas Hanaska, kommnosunuonnoe NiCrBSi-Cr,C, nokpeitue, dpukinontas 06paboTka, MUKPOCTPYKTypa,

OnTMYeCKas IpOUIOMeTPHSL.

1. Introduction

The formation of coatings with high-performance properties
on the surface of machine parts and tools is an effective
method for increasing their durability [1]. The deposition of
NiCrBSi coatings is widely used for parts exposed to wear or
corrosion [1-3].

The addition of hard particles during cladding/spraying
further improves the performance of NiCrBSi coatings by
creating metal-matrix composite coatings based on NiCrBSi
with undissolved particles during the formation of coatings
[1,4,5]. Additives WC/W_C, SiC, TaC, VC, TiC can be used
as strengthening carbide particles when creating composite
coatings based on NiCrBSi [6 - 8].

Composite NiCrBSi-Cr,C, coatings are of particular
interest because they are suitable for the aviation industry
due to their high wear resistance and resistance to corrosion
and oxidation at high temperatures [9,10].

There are various ways to apply NiCrBSi coatings and
composite coatings based on them. Laser cladding, the use
of which makes it possible to obtain homogeneous layers
with low mixing with the substrate, is a modern way of their
formation [1,11,12].

The surface of coatings after laser cladding has a
significant roughness and, as a rule, an undulated relief [13].
In the case of deposition of coatings on parts of precision
friction units, when asperities and undulations of the surface
are unacceptable, grinding of the clad surface with abrasive
wheels is usually carried out.

In [14-16], an effective method for obtaining surface-
hardened NiCrBSi coatings on metal parts is proposed. It
includes gas-powder laser cladding followed by frictional
treatment with a sliding hemispherical indenter made of
cubic boron nitride. It is important to note that frictional
treatment should be considered as a finishing technological
operation, which should provide not only effective
deformational hardening but also the formation of favorable
compressive residual stresses in the surface layer as well as
obtaining a surface with low roughness [17]. Consideration
of the features of frictional treatment of composite coatings
containing large particles of high-strength phases in the
structure is of scientificand practical interest.

The aim of the study is to investigate the effectiveness of
frictional treatment of a high-strength laser clad composite
NiCrBSi-Cr,C, coating according to the criteria of additional
deformational hardening, the formation of a favorable stress
state and creation of a functional surface profile.

2. Materials and Experimental procedure

NiCrBSi powder (chemical composition, wt.%: 0.48 C;
14.8 Cr; 2.6 Fe; 2.9 Si; 2.1 B; the rest is Ni) and a mixture of
powders: 85 wt.% of NiCrBSi powder and 15 wt.% of Cr,C,
powder was used as coating materials. The particle size of
NiCrBSi powder was 40-160 microns, and Cr,C, powder
was 50-150 microns. The substrate was a low-carbon steel
plate with 0.2% C.

The radiation source for the deposition of coatings was a
continuous CO, laser with a radiation power of 1.4-1.6 kW.
The cladding was performed in two passes at a speed of
160 -200 mm/min, powder consumption of 2.9 -3.8 g/min,
the size of the laser spot on the surface of 6 x2 mm, and a
shift of 4.0-4.5 mm. After cladding, the surface of the clad
plates was subjected to grinding on a circular grinding
machine with intensive cooling and additional polishing.
After grinding and polishing, the coating thickness was
0.7-1.1 mm.

Frictional treatment was carried out on a laboratory
setup in the air with a five-fold scan of the surface of
NiCrBSi and NiCrBSi-Cr,C, coatings with a hemispherical
indenter made of dense cubic boron nitride DBN.
The indenter moved reciprocally along the surface of
the samples under a load of 350 N at an average speed of
0.013 m/s, with a stroke length of 18 mm and a transverse
displacement of the indenter of 0.1 mm per double stroke.
During frictional treatment, the friction force was
continuously recorded. The coefficient of friction f was
defined as the ratio of the friction force to the load on the
indenter.

The structure and surfaces of the coatings were studied
using a VEGA II XMU Tescan scanning electron microscope
(SEM). To determine the roughness parameters and obtain
2-d and 3-d surface profiles, we used a Veeco WYKO NT
1100 non-contact optical profiling system, operating on the
principle of an interferometric microscope [18]. Residual
stresses were determined by the tilt method along the line
(220)y using a Shimadzu XRD-7000 diffractometer. The
values of the Young’s modulus and Poisson’s ratio for nickel
(250 GPa and 0.33, respectively) were used.

Microhardness was measured using restored indentation
method on a Shimadzu HMV-G21ST microhardness tester
at aload of 0.245 N on a Vickers indenter. The measurement
error of microhardness characteristics for 10 measurements
was determined by the value of the standard deviation with a
confidence level of 0.95.
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3. Results and Discussion

Fig. 1a shows a general view of the cross-section of a sample
with NiCrBSi-Cr,C, laser clad coating, which shows that
large randomly located particles are present in a relatively
uniform coating.

Based on the complex use of X-ray diffraction analysis
and energy-dispersive X-ray microanalysis of individual
structural constituents of the NiCrBSi-Cr,C, coating, its
phase composition is established and shown in Fig. 1b. It can
be seen that the structure contains phases characteristic of the
NiCrBSi coating structure [19]: the matrix is a nickel-based
y-solid solution, y+Ni,B eutectic, and relatively dispersed
Cr,,C, (A) chromium carbides. A distinctive feature of the
microstructure of the NiCrBSi-Cr,C, coating is the presence
of large Cr,C, carbides that did not dissolve during cladding,
the melting point of which (1810°C [20]) significantly exceeds
the melting point of the NiCrBSi alloy (about 1100°C). The
presence in the structure of these large high-strength carbide
particles with a clear interface with the surrounding matrix
makes it possible to classify the NiCrBSi-Cr,C, coating as a
composite coating.

Fig. 1b also shows that elongated Cr C, (B) carbides
precipitate from the chromium-supersaturated matrix near
some primary Cr,C, chromium carbides partially dissolved
during cladding. Cr,,C, (B) carbides are larger than fine
Cr,,C, (A) carbides, which are the main strengthening phase
of the NiCrBSi coating, which is not related to composite
coatings [19]. The complete or partial decomposition of the
primary Cr,C, chromium carbides during the deposition
process with the formation of secondary Cr,,C. or Cr.C,

carbides is known from the literature [20,21]. Previously,
using Electron Backscatter Diffraction Analysis, we
showed [22] that in the studied composite NiCrBSi-Cr,C,
laser clad coating, elongated large particles observed near
partially dissolved primary Cr,C, carbides are chromium
carbides of the Cr,,C, type.

The level of the initial (before frictional treatment)
hardness of the NiCrBSi coating (570 HV 0.025, Table 1)
is due to the presence in its structure, along with a
relatively low-strength y-solid solution (with a hardness
of 300-380 HV), of the y+Ni,B eutectic with a hardness
of 550-790 HV and the strengthening phase Cr,,C,_ with
a hardness of 1000-1150 HV [23]. Frictional treatment
intensively hardens the surface of the NiCrBSi coating — up
to 850 HV 0.025 (Table 1), that is, by 50%. Such intensive
hardening is caused by the formation in a thin (5-7 um)
surface layer during frictional treatment of a highly dispersed
structure of a Ni-based y-solid solution, which is enriched
with boron, chromium, and carbon due to the deformation
dissolution of nickel borides and chromium carbides, and
also contains dispersed and not completely dissolved Cr,,C,
carbide particles [24]. The results of the works [25,26,27]
also indicate the possibility of dispersion (fragmentation)
and dissolution of the carbide phases under the action of
frictional treatment with a sliding indenter. Along with the
enhancement of the grain-boundary hardening mechanism,
this leads to the activation of dispersion and solid-solution
hardening mechanisms.

Table 1 also shows that in the polished state, the
composite NiCrBSi-Cr,C, coating is characterized by an
even higher hardness (900 HV 0.025). This is due to the

Table 1. Microhardness HV 0.025, residual stress RS and arithmetic average roughness R roughness of the area 43 x 56 um for the laser clad
coatings after different treatments.

Coating Treatment HV 0.025 RS, MPa R, nm
NiCrBSi Polishing 570+10 -120 255
iCrBSi
Frictional treatment 850+20 -390 60
Polishing 900100 -70 275
NiCrBSi-Cr.C
PSR, Frictional treatment 940+ 70 250 310

Fig. 1. Cross-sectional view (a) and microstructure (b) of the NiCrBSi-Cr,C, laser clad coating (SEM).
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presence in the coating structure of the high-strength Cr,C,
phase, the hardness of which, according to the measurement
results, reaches 2220 HV 0.1, as well as an additional amount
of large elongated Cr,,C, carbides (see Fig. 1b). As a result
of frictional treatment, the microhardness on the surface
of the NiCrBSi-Cr,C, coating increases to 940 HV 0.025.
Consequently, frictional treatment leads only to a slight
(about 5%) deformational hardening of the composite
coating, whose structure contains a large quantity of high-
strength carbides, which are not hardened by frictional
treatment.

According to Table 1, frictional treatment generates a lower
level of favorable (contributing to increasing the durability
of products) compressive residual stresses (—250 MPa) in
the surface layer of the NiCrBSi-Cr,C, coating than on the
surface of the NiCrBSi coating (-390 MPa). This may be due
to the greater deformation during frictional treatment of the
NiCrBSi coating containing a larger proportion of the metal
base than the composite NiCrBSi-Cr,C, coating containing
hard-to-deform large primary chromium carbides in the
structure.

Table 1 also shows that the surface roughness of the
NiCrBSi coating as a result of frictional treatment decreases
to the level of nano-roughness (R =60 nm). However,
the surface of the composite NiCrBSi-Cr,C, coating after
frictional treatment has significantly (5 times) higher values
of the roughness parameter (R =310 nm).

Studies of surfaces after frictional treatment using
scanning electron microscopy show that the NiCrBSi coating,
which does not contain large strengthening phases in the
structure, is characterized by a uniformly smoothed surface
(Fig. 2a), while the surface of the NiCrBSi-Cr,C, coating
has non-uniform (discontinuous) areas of a rounded shape
(Fig. 2b). According to the elemental mapping data (Fig. 2 ¢),
these areas contain an increased concentration of chromium
and, consequently, are large Cr,C, chromium carbides, which
are present in the structure of the composite coating (Fig. 1b)
and have significantly higher hardness compared to the
hardness of elongated Cr,,C, chromium carbides.

The profilometry results show (Fig.3a,b) that after
frictional treatment according to the used technological
modes, large hard-to-deform Cr,C, chromium carbides

remain on the surface of the NiCrBSi-Cr,C, coating,
protruding above the smoothed surface. This is due to the
predominant deformation of the less strong and more
plastic coating matrix. A similar effect of the formation
of a protruding wear-resistant frame of solid particles of
strengthening phases on the abrasive wear surface of a
Ni-based laser clad coating was observed in [23]. The analysis
shows that Cr,C, particles protrude above the smoothed
surface of the composite coating to a height of 2-5 pm (see
Fig. 3¢), forming a profile with a supporting “island frame”
of high-strength particles (see Fig. 3a). The observed slight
undulation (with a step of 0.1 mm) of the coating surface in
the area that does not contain large chromium carbides is
associated with a transverse displacement of the indenter by
0.1 mm for each double longitudinal stroke during frictional
treatment (Fig. 3d).

4. Conclusion

In contrast to the NiCrBSi laser clad coating, which as a result
of frictional treatment with a sliding indenter made of cubic
boron nitride in air at a load of 350 N is intensively hardened
(microhardness increases from 570 to 850 HV 0.025,
i.e. by 50%), the composite NiCrBSi-Cr,C, coating is
characterized by only a slight (up to 5%) hardening during
frictional treatment in a similar mode. The established low
ability to deformational hardening of the NiCrBSi-Cr,C,
coating is a consequence of the extremely high initial level
of its hardness (900 HV 0.025). This is due to the presence in
the structure of hard (hardness up to 2220 HV 0.1) primary
Cr,C, chromium carbides and large elongated secondary
Cr,,C, chromium carbides, precipitated near some partially
dissolved Cr,C, carbides during cooling from a solid solution
supersaturated with chromium in the process of cladding.
Frictional treatment forms favorable compressive

residual stresses in the surface layer of the composite coating.
However, a lower stress level (=250 MPa) is achieved than in
the case of the frictional treated NiCrBSi coating (-390 MPa).

Animportant distinctive feature of the frictional treatment
of the composite NiCrBSi-Cr,C, coating is obtaining a
smoothed surface with Cr,C, chromium carbides protruding
2-5 pum. The formation on the surface of the composite

Fig. 2. Surfaces of the NiCrBSi (a) and NiCrBSi-Cr,C, (b) laser clad coatings after frictional treatment and the chromium distribution at the

“b” area (c) (SEM).
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Fig. 3. (Color online) 3-d (a, b) and 2-d (c, d) surface profiles of the NiCrBSi-Cr,C, laser clad coatings after frictional treatment.

coating of such a profile with a specific supporting “island
frame” of protruding high-strength particles is accompanied
by a significantly higher roughness (R =310 nm) compared
to the nano-roughness (R =60 nm), which is characterized
by the surface of the NiCrBSi coating, uniformly smoothed
by frictional treatment.
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