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Abstract

This study is focused on the development of composite plasma-sprayed coatings with a low coefficient of
friction based on copper alloys with additions of nickel-clad graphite and on the investigation of their
physicomechanical and tribological properties. Composite coatings were produced by atmospheric plasma
spraying (APS) from agglomerated powders of copper alloys with the following compositions: BrONG-30 (70
wt.% BrOF10-1 + 30 wt.% nickel-clad graphite), BrOSNG-30 (70 wt.% BrOCTS5-5-5 + 30 wt.% nickel-clad
graphite), and LNG-30 (70 wt.% L63 + 30 wt.% nickel-clad graphite). The application of graphite in a nickel shell
improves its wettability by the metallic matrix and enhances adhesion. The obtained coatings exhibit high adhesion
strength to the substrate (33—38 MPa) and density (94-97%). Tribological tests demonstrated that the LNG-30 —
steel 45 friction pair showed the best performance. The inclusion of nickel-clad graphite reduced the friction
coefficient by up to 1.5 times and increased wear resistance by up to 3.8 times. Using EDS and Auger spectroscopy,
it was established that during friction in the LNG-30 — steel 45 pair, a film consisting of graphite (16—17 nm thick)
and oxides of copper, zinc, nickel, and iron is formed on the counterbody wear track. The presence of such oxide
films indicates a predominantly oxidative mechanism of friction, with minor adhesive interaction. The proposed
coatings are promising for application in friction units, particularly under conditions where the use of liquid
lubricants is limited or impossible.

Keywords: nickel-clad graphite, copper alloy, composite coatings, thermal spray coatings, friction and
wear

Introduction

In modern mechanical engineering, friction units made of composite materials produced by powder
metallurgy and containing solid lubricants are widely used. Such materials include iron—graphite and bronze—
graphite composites. The areas of application and fabrication technologies of these materials are described in detail
in a number of studies [ 1-3]. Bronze—graphite components are generally produced from tin bronze containing 88—
92 wt.% copper and 8—11 wt.% tin with an addition of 14 wt.% graphite. These types of materials are used in
friction units operating under low loads (3—4 MPa), sliding speeds (1-2 m/s), and temperatures (60—80 °C) in the
presence of lubrication. They are widely used for the production of parts in instrument making, mechanical
engineering, automotive engineering, as well as in equipment for light industry [4]. Impregnation of porous
bronze—graphite products with lubricating oils (up to 2 %) allows the friction coefficient to be reduced to 0.03—
0.06. Research is underway on the possibility of increasing the graphite content in such composites up to 25 % by
powder metallurgy methods without decreasing their strength [5,6]. However, there are a number of engineering
tasks that require components to operate under dry sliding conditions, where the use of conventional bronze—
graphite materials is not feasible due to their low strength and inability to operate at elevated temperatures, loads,
and sliding velocities.
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It is known that for certain high-load and high-speed special friction units, virtually pure copper or tompac
(a copper—zinc alloy containing 10 or 20 % zinc) has been used [7,8]. Tompac is characterized by high corrosion
resistance and increased plasticity, and it can be readily processed by hot and cold deformation. However, it also
has a tendency to adhere to steel, which may lead to an undesirable adhesive wear mechanism and consequently
to rapid wear of the tribocouple. Adhesion during sliding friction can be prevented by forming a composite that
exhibits a low friction coefficient due to the presence of a solid lubricating phase. In the present work, an innovative
approach for extending the service life of friction units is proposed through the use of composite coatings with a
low coefficient of friction based on copper alloys containing nickel-clad graphite. The proposed coatings are
characterized by high run-in ability in friction against steel and by a self-lubricating effect. The use of nickel-clad
graphite as a solid lubricant is justified by the fact that graphite in its pure form is not wetted by copper and its
alloys (wetting angle ® =~ 140°) [9]. Poor adhesion of graphite to the metallic matrix in a composite coating results
in its pull-out during operation and a deterioration of the functional properties of the coating. Moreover, during
thermal spraying, unprotected graphite undergoes high-temperature oxidation and burns out in the plasma jet [10].
This leads to uncontrolled changes in the phase composition of the coating and poor stability and repeatability of
results [11]. The wettability of graphite by nickel ensures the adhesion of the nickel film during cladding, while
nickel, in turn, is well wetted by copper and its alloys [12]. As a result, graphite protected by a nickel shell does
not burn out during spraying and remains well retained in the coating, ensuring a stable and controlled phase
composition.

The aim of this work is to obtain composite plasma anti-friction coatings based on copper alloys with
additions of nickel-clad graphite and to investigate their physico-mechanical and tribological properties.

Materials and equipment

For the purposes of this study, experimental batches of composite agglomerated powders were produced at
the Institute for Problems of Materials Science of the NAS of Ukraine using industrial powders of the following
copper-based alloys:

- tin bronze BrOF10-1 (with composition 89 mas. % Cu; 10 mas % Sn; 1 mas.% P) — agglomerated powder
BrONG-30;

- tin—lead bronze BrOZS5-5-5 (with composition 85 mas. % Cu; 5 mas % Sn; 5 mas.% Zn; 5 mas. % Pb )
— agglomerated powder BrOSNG-30;

- brass L63 (with composition 63 mas. % Cu; 37 mas.% Zn) — agglomerated powder LNG-30.

Each agglomerated composite powder composition contained 30 wt.% nickel-clad graphite powder (NPG-
50). The particle size of the developed composite agglomerated powder materials for plasma spraying was in the
range of —100 +80 pm.

The composite clad powder NPG-50 (produced by “Composite Systems Ltd.”, Zaporizhzhia, Ukraine)
consisted of graphite coated with a nickel shell, the amount of nickel in the powder being 50 wt.%.

To increase adhesion, all coatings were deposited onto samples made of steel 45 (equivalents — AIST 1045,
JIS S45C, DIN C45) through a bond coat formed from the thermoreactive powder material PTUSN containing 95
wt.% Ni and 5 wt.% Al (analogue — Metco 450NS).

Prior to deposition, the surface of the samples was subjected to grit blasting with electrocorundum powder
grade 14A with particle size F22-F24 (ISO 8486-86) in order to clean, activate, and roughen the surface (Rz 63—
Rz 80). The treatment was carried out at a distance of 90—150 mm and an angle of 60°-90°, using compressed air
at a pressure of 0.5-0.7 MPa. The composite coatings of the above compositions were applied by atmospheric
plasma spraying (APS) using an UPU-3D unit in a protective chamber equipped with a 15VB manipulator and an
F4-MB plasma gun (Metco, USA). A mixture of argon and hydrogen was used as the plasma-forming gas. For
comparative assessment of the influence of graphite on the tribological characteristics of the composite coatings,
control test samples of plasma-sprayed L63 brass coatings were also prepared. The microstructure of the obtained
plasma coatings and metallographic analysis were carried out using a REM-106 scanning electron microscope.
Micro-X-ray spectral analysis (EDS) was performed on a JEOL JAMP-9500 microanalyzer.

The porosity of the coatings was determined using the intercept method (Rozival’s linear method). The
principle of this method is that the volume fraction of phases comprising the structure of the material under
examination can be determined from the relative area of the phases in the obtained microstructural images [13].
The adhesion strength of the coatings to the substrate was determined by a pin-test method as the arithmetic mean
of five measurements. Tribological tests were carried out using an M-22M friction machine (designed at the [.M.
Frantsevich Institute for Problems of Materials Science of the NAS of Ukraine) according to the “shaft — partial
bearing” scheme, at a sliding speed of 4 m/s and a specific load of 2.5 kg/cm? (0.25 MPa); the sliding distance was
3 km. The counterbody was a steel 45 roller with a diameter of 40 mm and hardness of HRC 45-48.

The tests were performed at room temperature in open air under dry sliding conditions.

Results and their discussion

To optimize the technological parameters of plasma spraying for the composite powder materials BrONG-
30, BrOSNG-30, LNG-30, as well as the reference coating from L63 brass powder, the argon flow rate, arc voltage
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(U, V) and current (I, A) were used as variable parameters, and the spraying distance was adjusted accordingly.
The powder materials employed in the study exhibit similar physico-mechanical properties, comparable
morphology, granulometric distribution and close melting temperatures; therefore, the optimum spraying
parameters obtained for each powder were found to be similar (Table 1).

Table 1
Modes of sputtering of plasma coatings
. Arc Arc Argon Hydrogen Spraying Coating Adhe- | Poro-
Coating flow : . sion, sity,
No . current, voltage, consum- distance, thickness,
material rate, . . MPa %
A \% . ption, I/min. mm mm
1/min.

1 BrONG -30 450 60 45 7 150 0,4 35 3-5
2 | BrOSNG -30 450 60 45 7 150 0,6 33 4-6
3 LNG -30 450 65 45 9 160 0,6 38 3-5
4 L63 450 65 45 9 160 0,6 40 3-4

The optimum spraying regimes were determined based on the following criteria: microstructure, density,
and adhesion to the substrate. All coatings exhibited a density of 94-97 %, and the adhesion strength to the
substrate was in the range of 33-38 MPa.

The obtained composite coatings possess a multiphase lamellar microstructure typical of plasma-sprayed
coatings. In order to increase adhesion to the substrate, the coatings were deposited through an intermediate layer
of Ni + 5 wt.% Al thermoreactive powder. All coatings adhere tightly to the substrate, and no delamination was
observed in any case (Fig. 1).

WD=10.7mm WD=13.6mm 20.00kV___x100 ___ 500um

WD=13.7mm 20.00kV 3 WD=13.8mm 20.00kV_ x100

c) d)

Fig.1. Microstructure of plasma composite coatings at 100x magnification: a — L63; b — BrONG -30; ¢ — BrOSNG-30;
d - LNG-30

The metallic matrix in all composite coatings is homogeneous and consists of Cu—Sn—P alloys (Fig. 2a,
point 2), Cu—Sn—Zn—Pb alloys (Fig. 2b, point 3), and Cu—Zn alloys (Fig. 2c, point 4). Graphite grains are uniformly
distributed within the metallic matrix (Fig. 2, point 1). During preparation of the transverse polished section of the
coating, no pull-out of graphite particles was observed, indicating a high degree of cohesion, which is attributed
to the use of nickel-clad graphite [14].
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The results of the tribological tests of the composite plasma-sprayed coatings were determined as the
arithmetic mean of five samples for each coating. Analysis of the obtained data showed that all composite coatings,
when paired with steel 45, exhibit a coefficient of friction that is 1.6—1.8 times lower than that of the steel 45 —
L63 coating friction pair (Table 2, Fig. 3).

20.00KV
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20.00kV_— x500
c
Fig. 2. Phase composition of composite plasma coatings: a — BrONG -30; b — BrOSNG -30; ¢ — LNG-30
Table 2
Results of tribotechnical tests of plasma composite coatings.
Ne Friction path, Coefticient of Linear wear of Sample
Coating material L, km. friction, f friction pair, I, temperature,
um/km T°C
1 L63 0.3 18.9 100
2 LNG-30 0.20 4.9 86
3 BrONG -30 3 0.24 7.9 92
4 BrOSNG -30 0.27 12.8 120

As can be seen, the wear resistance of the samples with composite coatings is higher than that of the sample
coated with L63. The lowest wear was observed for the LNG-30 coating, whereas the wear of the BrOSNG-30
coating was more than two times higher and the total linear wear of the friction pair reached 12.8 pm/km. Thus, it
can be concluded that the BrOSNG-30 — steel 45 friction pair showed the poorest performance among all the
composite coatings tested.
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Fig. 3. Results of the study of tribotechnical properties of coating samples
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The linear wear of the BrONG-30 — steel 45 friction pair amounted to 7.9 pm/km, while that of the LNG-
30 coating was 4.9 um/km. This is the best result among all the coatings tested. For comparison, the wear of the
L63 — steel 45 pair was 18.9 um/km, which is almost 4 times higher than that of the LNG-30 coating. The highest
temperature in the contact zone was observed for the BrOSNG-30 coating (120 °C), whereas the lowest was
recorded for the LNG-30 coating (86 °C), which correlates well with the friction coefficient values.

No delamination, microcracking or evidence of scuffing/adhesive seizure was observed on the working
surfaces of the composite coatings. However, pores and pits are clearly visible, caused by the pull-out of graphite
particles from the metallic matrix during friction (Fig. 4). Considering the obtained tribological results, it can be
stated that under the given test conditions, the LNG-30 composite plasma coating showed the best functional
performance when paired with steel 45. Therefore, this friction pair was selected for more detailed investigation.

In order to clarify the mechanisms of friction and determine the chemical composition of secondary
structures formed on the working surfaces of the counterbody (Fig. 5), micro-X-ray spectral analysis was carried
out on the wear tracks. The microstructure and composition of the wear track on the counterbody surface indicate
minor transfer of coating material and formation of secondary structures consisting of complex oxides due to
adhesive interaction, which is consistent with the results obtained during tribological tests (Table 2). The results
of the chemical analysis of the wear track surface before ion etching (Table 3) show that the main element covering
the entire surface is carbon. Its content at points 1 and 2 is the highest — 69.2 at.% and 53.2 at.%, respectively.

20.00kV _ x100

20.00kV

c) d)
Fig.4. Microstructure of the friction surfaces of plasma coating samples: a — L63, b — LNG-30, ¢ - BrONG-30, d —
BrOSNG-30

WD=18.0mm 20.00kV _ x100

JAMP-9500F COMPO 100KV~ X4,000 WD 21.4

a) b)

Fig. 5. Microstructure of the surface of the friction track of the counterbody (aand the places of analysis of the
chemical composition of the transfer products from the composite coating sample LNG-30 (b)
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This indicates that, during friction, graphite is transferred from the composite coating to the surface of the
counterbody, which explains the significant reduction in the coefficient of friction (Table 2, Fig. 3). The small
number of adhesive seizure areas and the presence on the surface of elements such as oxygen, copper, zinc, nickel,
and iron suggest the formation of oxide films of complex chemical composition on the counterbody surface. This
fact indicates that, in the steel 45 — LNG-30 coating friction pair, the oxidative wear mechanism prevails over the
adhesive one.

Table 3
The content of friction track elements on the surface of the counter-body before ion etching
Analysis Chemical composition, at.%
area C N 0O Fe Ni Cu Zn S
1 69.3 1.6 13.8 2.8 1.3 9.6 1.2 0.4
2 534 2.1 253 12.9 1.1 4.0 0.8 0.4

After ion etching for two minutes at a rate of 8 nm/min, the carbon content on the surface of the wear track
decreases to 2.4-3.4 at.% (zones 1 and 2, respectively) (Table 4). Thus, the thickness of the graphite film is 16—17
nm.

Table 4
The content of friction track elements on the surface of the counter-body after ion etching.
Analysis Chemical composition, at.%
area C N 0] Fe Ni Cu Zn S
1 2.4 1.5 45.8 22.5 8.7 13.8 53 0.0
2 34 0.9 1.8 933 0.2 0.2 0.2 0.0

The chemical composition of the secondary structure consists of complex oxides of copper, zinc, and nickel.
The significant increase in iron (22.5 at.%) can be explained by the background from the substrate of the steel 45
counterbody. These oxides are absent on the surface of the counterbody (zone 2, Fig. 5a, Table 4).

Conclusions

The results of this study show that the introduction of a solid lubricant into copper-based antifriction alloys
in the form of nickel-clad graphite makes it possible to obtain plasma-sprayed composite coatings with high
functional performance. The microstructure of the composite coatings consists of a metallic copper-based matrix
with uniformly distributed graphite grains. Graphite protected by a nickel shell does not oxidise or burn out in the
high-temperature plasma jet during spraying and participates in the formation of the coating. Even with a nickel-
clad graphite content of 30 wt.%, the coating exhibits a high adhesion strength to the substrate (33—38 MPa) and
a high density (94-97 %).

All three composite coating compositions (BrONG-30, BrOSNG-30 and LNG-30) demonstrated better
tribological properties in friction against steel 45 compared with the coating deposited from L63 brass powder.
The best results were observed for the LNG-30 — steel 45 friction pair. The friction coefficient in this pair was
0.20, and the linear wear was 4.9 um/km, which is 1.5 and 3.8 times lower, respectively, than in the L63 friction
pair.

XPS and Auger spectroscopy confirmed that, during friction of the LNG-30 — steel 45 pair, a film consisting
of graphite (16—17 nm thick) and oxides of copper, zinc, nickel and iron is formed on the wear track of the
counterbody. The presence of solid lubricant in the form of graphite in the contact area promotes a reduction in
the coefficient of friction and the linear wear of the friction pair. The presence of oxide films of metals originating
from both the coating and the counterbody indicates the prevalence of an oxidative wear mechanism in this friction
pair.

It was also established that there are local adhesion spots on the wear track surface of the counterbody,
where secondary structures containing oxides of copper, zinc, nickel and iron are formed. The presence of such
adhesion spots indicates that an adhesive wear mechanism is also present in this pair. However, the small number
of these areas and the significant improvement in the tribological performance of the coating allow the conclusion
that the dominant wear mechanism in the LNG-30 — steel 45 pair is oxidative.

Based on the results of the conducted research, the composite coatings BrONG-30, BrOSNG-30 and LNG-
30 can be recommended for use in friction units of various mechanisms operating under extreme conditions. One
of the possible applications of the LNG-30 composite coating is as an antifriction coating for the driving bands of
artillery shells in order to extend the service life of gun barrels.

This work was carried out with the support of the National Research Foundation of Ukraine within the
framework of project No. 2023.04/0066.
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Tepentbes O.€., Ymancoknii O.I1., Kymes A.B., Bapuenko B.T., Konosau B.II., Bonnapenko O.A.,
Koctionik P.€., KypinoBuu B./I. Po3poOka mia3sMoBHX KOMITO3HIIHHUX MOKPHTTIB CUCTEMH MiTHHHA CILIaB-
TUTAKOBAHUH TpadiT 3 MiIBUIICHHNM PiBHEM TPHOOTEXHIYHUX BIIACTHBOCTEN

JlarHa poGoTa MpUCBAYEHA PO3POOI KOMITO3UIIIIHNX ITa3MOBHX MOKPHUTTIB 3 HU3BKUM KOE(IIliEeHTOM
TEPTsI Ha OCHOBI CIIaBiB MiJli 3 JoOaBKamu rpadiTy, IIaKOBAHOTO HIiKEJIeM 1 TOCTIHKEHHS 1X (i3UKO-MeXaHIYHUX
Ta TPUOOJIOTIYHUX BIACTHBOCTEH. Bimmpaiib0BaHO TEXHOIOTI0 HAHECEHHS KOMIIO3UIIIITHUX MOKPUTHIA METOIOM
ruia3MoBoro HammieHHs! (APS) 3 KOHIJIOMepoBaHMX MOPOIIKIB Ha OCHOBI MiZIHUX CILIaBiB HACTYIHHX CKJIAMIB:
BpOHI™-30 (70 mac.% bpO®10-1 + 30 mac.% rpadiry, miakoBanoro HikereMm); BpOCHI'-30 (70 mac.% BpOLIC5-
5-5 + 30 mac.% rpadiry, mmakoBanoro Hikenem); JIHI-30 (70 mac.% J163 + 30 mac.% rpadiry, miakoBaHoro
HikeneMm). 3acTocyBaHHS rpadirTy y HikeneBi 000JOHHI BHpimIye MpoOJieMy IMiABUIIYESHHS 3MOYYBaHICTh
rpagitoBoi (a3 MeTareBOI0 MaTpPHUIE0, a TAKOX IOKpallye aaresito. OTpuMaHi MOKPUTTS MalOTh BUCOKHH
aAre3iiHu 3B'130K 3 0cHOBOIO (33 - 38 MIlIa) i Bucoky minbHICTh (94 - 97%).

B pesynpraTi mpoBeAeHHX TPUOOJIOTHYHHMX BHUIPOOYyBaHb BCTaHOBIICHO, 1Mo Halikpami pesynbraTh
cnocrepiranucs B napi tepts JIHI-30 - crans 45 mokpuTTa. BrurroueHHS 10 CKiIaay KOMITO3UIIHHUX TIOKPHUTTIB
Ha OCHOBI MiJTHHX CIUIaBiB IJTAKOBAHOTO HiKeseM rpadity, 3ade3nedye 3HIKEeHH KoedilieHTa TepTs y Tpudbomnapi
1o 1,5 pa3iB Ta miaBumIye i 3HOCOCTIHKICTE — 10 3,8 pasiB.

Metomamu MPCA Tta Oske-CeKTpOCKOMii BCTAHOBJICHO, IO Ha MOBEPXHI JOPIKKH TEPTSA KOHTPTLIA MapH
JIHT"-30 — ctans 45 y nporieci TepTst GopMyeThCs MTiBKa 3 rpadiTy (3aBTOBIIKH 16 — 17 HM) Ta OKCHIIB Miji,
MHKY, HIKeJto Ta 3aji3a. [[pUcyTHICTh OKMCHMX TUTIBOK METAIIB 31 CKJI/y MMOKPHUTTS Ta KOHTPTLIA CBITYUTH PO
MepeBaYKHO OKMCHUIM MEXaHI3M TepTs y Wil mapi TepTsi.

OTKe, 3aIpOIOHOBaHI MOKPHUTTS MOXYTh OyTH TEpCHEKTHBHHMH ISl 3aCTOCYBAaHHS y BY3JaX TEpTS
0co0JINBO B YMOBaX, /ie BUKOPHCTAHHS PiIKUX 3MallyBILHUX MaTepiaiiB € 00MeKeHUM ab0 HEMOXKIIHBUM.

KurouoBi cioBa: 1urakoBaHMd HikeleM TpadiT, MiTHUHA CIDIaB, KOMIIO3UTHI TOKPHUTTS, Ta30TECPMIdHI
MOKPHUTTS, TEPTS Ta 3HOIIYBAaHHS



