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Abstract. Creating a functionally oriented, including nanostructured, anti-friction materials and coatings with qualitatively
new complex of service properties is an important scientific and practical problem. In particular, for the cable industry
it is urgent task of ensuring the high performance properties of fast deteriorating stretching and supporting rollers. Working
surfaces of these parts operate under practically dry friction conditions with constantly updated material of stretching wire.
Plasma spraying is one of the widely used methods of surface engineering to create wear resistant coatings and which is cha-
racterized with process flexibility and the ability to create coatings using various materials and alloys including composite
ones. The installation UPU-3D with the PP-25 plasma torch was used for plasma spraying. The thickness of the sprayed layer
was 0.8-1.1 mm. As a material for the deposition of composite coatings a powder mixture of self-fluxing nickel alloy
PG-HNB80SR4 (system Ni—Fe-Cr-Si-B-C) and a neutral oxide ceramics Al,O; was used. The amount of ceramics varied
from 15 to 33 %. This ceramic oxide was selected due to the desire to reduce coatings’ costs while providing high durability.
Carried out phase and microstructural studies have shown when ceramics was added in an amount more than 20 % a for-
mation of conglomerates formed by not melted alumina particles often was observed. These conglomerates serve as crack
formation centers in the coating. The phase composition of the coatings practically does not depend on the content of ceramics
compounds. Tribological tests have shown that the best results were obtained when the content of the oxide ceramic in the
coating was in the range from 15 to 20 %.
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Pa3pa6oTka H3HOCOCTOMKUX MOKPBHITHI, ¢(POPMUPOBAHHBIX MJIA3MEHHBIM
HanbLieHHeM ciuiaBa cucreMmsbl Ni-Fe—Cr-Si-B-C, ynpounennoro kepamukoii Al,O;

) )

JokTopa TexH. HayK, mpodeccopa A. C. Kamnanuenko?, O. T. I[eBoﬁﬂol , aci. B. B. Memkosa®

1)Ben0pyCCKI/II71 HAIIMOHAJIFHBIN TeXHUYeCKu yHUBepcuTeT (MuHCK, Pecriyonuka benapycs)

Pedepar. Co3nanue QpyHKIMOHAIEHO OPHEHTHPOBAHHBIX, B TOM YHCJIE HAHOCTPYKTYPUPOBAHHBIX, aHTU(PHUKIIMOHHBIX MaTe-
pHANIOB M TOKPBHITHH, 0OJMAaJAOIMX KAaueCTBEHHO HOBBIM KOMIUIEKCOM CIIy)KEOHBIX CBOICTB, SIBIACTCS Ba)KHOW HayqHOH
U IPaKTHYeCKOH 3asaveil. B wacTHOCTH, JUIs KabelnbHOrO MPOM3BOJCTBA aKTyalbHA 3a/lada 00ECIIeYeHUs BHICOKUX DKCILTya-
TaIMOHHBIX CBOMCTB OBICTPOM3HANIMBAIONINXCS MPOTATUBAIOMNX H TIOJAEPKHUBAIONINX POJIUKOB KaOEIHHOTO IPOM3BOACTBA.
Paboure MOBEpXHOCTH 3THX AeTajell paboTaloT B YCIOBHSAX MPAKTHUECKU CYXOTO TPEHUS MPH MOCTOSHHO OOHOBISIONIEMCS
MaTepHuaje NpOoTAruBaeMoil mpoBoyioku. OIUH U3 MUPOKO MPUMEHSEMbBIX METOJ0B MH)KCHEPHH ITOBEPXHOCTH JUIS CO3TaHMS
HM3HOCOCTOMKHMX IMOKPHITHH — IUIa3MEHHOE HAIBUICHHE, KOTOPOe XapaKTepHu3yeTcsl THOKOCThIO Mpolecca M BO3MOXHOCTBIO
CO3/1aBaTh MOKPBITUS M3 PA3IMYHBIX MATEPUAIOB U CIUIABOB, BKIIIOYAs KOMIIO3MIMOHHBIE MOKPBHITUS. I IUIa3MEHHOTO
HAITBUICHUS UCHOJb30BaIK ycTaHoBKY YIIY-3]] ¢ mnasmorponom I1I1-25. Tommmaa HameinierHOTo cnnosi cocrasuna 0,8-1,1 mm.
B kauecTBe MaTepuaina JuIs CO3JaHUS KOMIIO3UIIMOHHBIX MOKPBITHI IPUMEHSIN CMECh OPOLIKOB CaMO(IIIOCyIOIerocs HUKe-
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aesoro cruiaa II-XH80CP4 (cucremsr Ni-Fe—Cr—Si—-B—C) u neiitpansHoil okcugnoit kepamuku Al,Oz. KosndgecTso BBoO-
JMMOH KepaMHUKH H3MEHsUIoch OT 15 1o 33 %. Beibop maHHON OKCHIHOI KepaMHUKH 00YCIIOBIIEH CTPEMJIEHHEM CHU3HTH CTO-
UMOCTb TTOKPBITHS IPH 00ECTICYEHHH BBICOKOH H3HOCOCTOMKOCTH. [IpoBe/IeHHbIE MUKPOCTPYKTYPHBIE U (ha30BBIE HCCIIEOBA-
HHS MOKa3allk, YTO TpU BBOJE KepaMHKH B KoiudecTBe Oonee 20 % daime HabmomaeTcss oOpa3oBaHHE KOHITIOMEPATOB U3
HETPOIIaBUBIINXCS YACTHI[ OKCHJA aTIOMHHUS, KOTOPBIE CIIyXaT IEHTpaMH oOpa3oBaHMS TPELIMH B MOKPHITUH. Da30BbIit
COCTaB MOKPHITUH NMPAKTHYECKH HE 3aBHUCEI OT COJAEpKaHUs kKepaMUKH. TpuOOTEXHUYECKHEe UCTIBITAHUS MOKa3aiu, 9To JIyd-
1I1€ Pe3yabTaThl OJIyYaroTCs IIPU COACPKaHUM OKCUIHON KepaMHKH B OKpbITUY 15 1 20 %.

Knw4eBble c10Ba: 11a3MeHHbIE U3HOCOCTOUKHE IIOKPBITHSA, OKCHUIHAsA KEepaMHUKa, MUKPOCTPYKTYpa, (1)33OBBIﬁ CocCTas, TpU-

OOTEXHUYCCKHE CBOMCTBA

Jns unrupoBanms: Kannnnuenko, A. C. Pa3paboTka U3HOCOCTOMKHX MOKPBHITHIL, COPMHPOBAHHBIX IUIA3MEHHBIM HaIlbl-
aenueM cruaBa cucreMsl Ni-Fe—Cr-Si-B—C, ynpounennoro kepamukoit Al,Oz / A. C. Kamunundenko, O. T'. JleBoiiHo,

B. B. Meuukosa // Hayka u mexuuxa. 2016. T. 15, Ne 5. C. 365-370

Introduction

In modern mechanical engineering scientific
and applied studies in the field of developing func-
tionally oriented, including nanostructured, anti-
friction materials and coatings with qualitatively
new service complex of properties are intensively
carried out. This is especially true for new tech-
nical applications.

In this regard, the achievements of surface en-
gineering can provide the creation of new high-
quality materials in a much shorter development
time. Depending on the technological methods and
processing modes, different kinds of surface pro-
perties, such as optical properties and mechanical
properties can be locally improved while maintai-
ning the properties such as the strength of the base
material. The application of these developments
in friction pairs can significantly expand the range
of operation modes, load capacity and service life
of friction units [1].

Currently, plasma spraying process is rather
widespread both for surface hardening and restora-
tion of worn-out surfaces. Advantages of this pro-
cess are flexibility and possibility to deposit diffe-
rent materials including ceramics onto surface of
substrate [2].

From the standpoint of practical realization
plasma spraying could be divided into three groups
depending on the feedstock and its state within
the plasma: plasma spraying CVD, plasma spray-
ing PVD and plasma spraying of powder [3, 4].
New methods of plasma spraying process occur on
a regular basis and, as a result, there are new scien-
tific questions should be solved. For example,
there is a spraying the liquid raw material in the
form of particles of submicron size or chemicals
in a solvent when coating is formed by condensa-
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tion of these materials on the substrate. This rela-
tively new technology makes possible the produc-
tion of thinner coatings compared to air plasma
spraying with the formation of ultrafine or nano-
size microstructures [5]. The new process of tunnel
gas plasma spraying can provide high quality ce-
ramic coatings based on Al,O; and ZrO, on steel
SUS304 substrate as compared with other plasma
method. In particular, coating based on the ZrO,
has high surface hardness and a gradient distribu-
tion of hardness within the deposited layer [6].

Coatings made of self-fluxing alloys are re-
commended for the protection of surfaces from
wear under the simultaneous action of corrosive
environment and high temperatures with moderate
shock loads. These alloys have high performance
properties, but their use is limited by high cost. Self-
fluxing powder materials based on Ni-Cr-B-Si-C
system are rather attractive as they can also be the
basis for deposition of coatings with composite
structure [7]. Classical technology for production
of composite wear-resistant coatings based on self-
fluxing alloy is the addition of tungsten carbide
powder resulting in an additional increase in the
cost of technology. So, it is more attractive to use
materials that can reduce cost of coating while
maintaining a high level of physical, mechanical
and service properties. In particular, alumina pow-
der could be considered as an addition to self-
fluxing alloy to form a composite structure. Thus,
the problems can be solved concerning the tech-
nology cost and improvement of the tribological
properties of coatings. Moreover, the adhesion
component of friction force can be reduced as alu-
mina is chemically neutral to the material of
stretching wire.

This approach to the development of wear-
resistant composite coatings has been applied to
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solve the problem of increasing service life of
stretching rollers used in the cable production.
Working surfaces of these rollers are operated un-
der practically dry friction conditions with con-
stantly updated material of stretching wire. Under
these conditions there is exposure of juvenile sur-
faces which leads to the growth of the adhesive
component of friction force and increased wear of
working surfaces of the rollers resulting in deterio-
ration of rolling wire.

The purpose of this work was to develop a
composition of wear-resistant coatings for spraying
on a working surface of stretching rollers for cable
production, as well as the analysis of their structure
and tribological properties.

Experimental Procedures

Plasma spraying technology for the formation of
wear-resistant coatings was used. A powder mixture
of self-fluxing nickel-basis alloy PG-HN80SR4 (sys-
tem Ni—Fe—Cr-Si—B-C) and a neutral oxide ceramics
Al,O; was applied as a coating material. Selection of
ceramics based on a-Al,O; was due to its considera-
ble practical interest [8], as well as aiming lowering
the processing costs and reduce the interaction be-
tween copper wire and self-fluxing nickel matrix
coating. Powder of neutral oxide ceramics Al,O; was
added in an amount from 15 to 33 %.

The installation UPU-3D with the PP-25 plasma
torch was used for plasma spraying deposi-
tion. As plasma and carrier gas nitrogen was used.
Arc voltage — 80 V, current was 410 A; volume-
ric flow rate of plasma gas (N,) G = 40-50 I/min.
The thickness of the sprayed layer was in the range
from 0.8 to 1.1 mm. To improve the adhesion be-

Max.
Min.

Fig. 1. Microstructure of coating
and X-ray data for non-optimal plasma
spraying conditions
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Spectr. 2
Spectr. 3
Spectr. 4

tween the coating and base material samples were
preliminary coated with a thin layer of self-fluxing
alloy. The coating was formed in cladding mode with
melting (specimens were preheated to 800 °C).

To analyze the coating microstructure investi-
gations were performed using optical and electron
microscopy. X-ray studies were carried out with an
automated X-ray complex on the basis of diffrac-
tometer DRON-3M in scan mode with step 0.1°
and using Cu-K,-radiation according to conven-
tional methods [9]. Micro-hardness of the sprayed
layers was determined using PMT-3 unit.

Results and Discussion

Studies have shown that it is inappropriate to
increase the content of aluminum oxide powder
above 25 % due to danger of conglomerates for-
mation, porosity and deterioration of the coating
quality [10].

For not optimal conditions of plasma spraying
one can observe in a coating along with dispersed
aluminum oxide particles conglomerates of alumi-
num oxide serving as a source of crack development
during solidification due to different values of ther-
mal expansion coefficients (Fig. 1 and Tabl. 1). Fur-
thermore, in the coating tungsten compounds are ob-
served due to erosion of the plasma torch.

There was a danger of “floating” Al,Os particles
towards the outer surface of the coating due to signi-
ficant difference in the specific density of the oxide
ceramics and self-fluxing nickel matrix. However,
studies of the material structure under optimized
spraying conditions showed that Al,Os particles were
evenly distributed over the volume of the coating for
various ceramics content (Fig. 2, 3).

Table 1
Results of X-ray analysis

Spectrum |Forstat. | Al | Si | Cr | Fe | Ni W Sum
Spectr. 1

40.84 (3.95 |11.16 |2.67 |41.38 100.00
Yes |73.26 8.81|8.74 |2.60 | 6.59 100.00
Yes 4.71|7.29 |3.76 |84.23 100.00
Yes 4.43 |1.54 |120.97 |73.07 | 100.00

73.26 |8.81 |11.16 |3.76 |84.23 |73.07
40.84 |3.95 | 4.43 |1.54 | 6.59 |73.07
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Fig. 2. Microstructure of coating with 15 % Al,Ox:
1 — particle of Al,Os; 2 — matrix
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Fig. 3. Microstructure of coating with 25 % Al,Ox:
1 - particles of Al,O3; 2 — matrix

Analysis of the microstructures showed that all
coatings, regardless of the AIl,O; concentration,
had a similar structure: base — Nickel eutectic with
distributed fine particles of chromium compounds
and rather big particles of aluminium oxide, often
having a lamellar form (a consequence of particles
melting in the plasma jet). Sometimes there were
non-melted Al,O; particles having a spherical
shape as well as conglomerates of the oxide parti-
cles. Chemical interaction of aluminum oxide with
components of self-fluxing alloy was not observed.

Analysis of phase composition showed that all
coatings observed had following phases: a Nickel
matrix, intermetallic compounds Cr;Ni; and (Fe,
Ni), nickel borides NiB, Ni,B, Ni3B; nickel silicide
Ni3Si, chromium borides CrB, Cr,B; chromium
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carbides CrsC,, Cr;Cs, CryCs. All these phases are
classical in plasma coatings made of self-fluxing
alloys on nickel-chromium basis.

The next research step was devoted to tribolo-
gical tests. Counter body was made of tool steel U8
(H, = 810-820 kg/mm?). The tests were performed
at a load P = 1.5 MPa for dry friction mode during
15.360 cycles, which corresponds to the testing
distance 921.6 m.

Weight loss of samples at the end of the tests
was in the range from 3.80 mg to 14.75 mg. Mo-
reover, it was found that the amount of weight loss
depended on the surface roughness, especially for
the running-in stage. Analysis of weight loss de-
pendence on the number of cycles shows that after
the running-in process (2048 cycles for coatings
containing 15; 25 and 33 % of ceramics and 5120 —
for one with 25 % of ceramics) this relation can be
described as linearly dependence with different
inclination (Fig. 4). One can see when ceramic
content is 20 % the tangent of the line is signifi-
cantly higher than for other samples. In our opi-
nion this was due to greater surface roughness of
the coating containing 20 % ceramic.

16

12
12 s S
L~
6 j
4
e - —
O T T T
2048 5120 10240 15360

Number of cycles

Fig. 4. Dependence of coatings’ weight loss on number
of cycles for different content of ceramic powder:
—— —25%; -15 —A— -20; —x— -33%

Since the tribological tests require long time
then to estimate expected future behavior of co-
atings it is important to analyze the rate of specific
weight loss (Fig. 5).

Analysis of the specific mass loss defined as
Ami/(l; - li1) shows that when the content of ce-
ramics is 15 % after running-in stage the rate sig-
nificantly reduces for all remaining friction dis-
tance. For coatings with 20 % of oxide powder
stabilization of weight loss rate is also observed.
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For coatings containing 25 % ceramics, there is a
high mass loss rate during running-in stage and
then it sharply decreases. High mass loss rate
during running-in stage can be explained by low
ceramics concentration in upper layer of coa-
ting (Fig. 3). Further reduction of mass loss rate is
due to influence of oxide particles. Due to high
volumetric content oxide particles are not covered
with matrix material and can be mechanically re-
moved out from layer during service. As a result
the tendency shows again the rise of mass loss rate.

0,035

mg/m )\

0,025

0,020 VAR

0,015 . x ‘)

ootof AL L AN IN

0,005 [/ %
0 i
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Fig. 5. Dependence of specific weight loss on friction distance
for different content of ceramic powder:
—o— - 25%; -15 —A— -20; —x— -33%

Coatings with 33 % of alumina are characterized
with similar mass loss behavior but at smaller rate
value during running-in stage. Rate values beco-
me practically equal after 2/3 of friction distance
both for coating with 25 % of ceramics and one
with 33 % of oxide powders with tendency for
growth.

Changes in the coefficient of friction during
the tests for different content of ceramics were de-
termined aiming obtaining additional information
on the tribological properties of composite coa-
tings (Fig. 6). For comparison, the changes of
the friction coefficient for coatings without cera-
mic additions were determined during tests at load
of 1.0 MPa.

The nature of the changes of friction coeffi-
cients shows that all coatings containing ceramics
are characterized with running-in period. Duration
of this period varies from 15 % (coating with 20 %
of ceramics) to 65 % (coating with 33 % of cera-
mics) of total test cycles. At the end of the test
coatings containing above 20 % of ceramics are
characterized with higher coefficient of friction
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than the non-modified coatings (without oxide ce-
ramics). Coatings containing up to 20 % of alumi-
na are characterized with lower coefficient of fric-
tion as compared to coatings of pure self-fluxing
alloy and coatings containing 25 and 33 % of ce-
ramics after 10300 cycles. The best combination of
the tribological properties was obtained for coating
with 15 % of oxide ceramics (Fig. 5, 6).

2,0
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0 2048 5120 10240 14000
Number of cycles

Fig. 6. Dependence of friction coefficient on number of cycles
for coatings with different content of ceramic powder:
—&— —clean SR4; —15%; —A— - 20;
—Xx— =25; —k—-33%

CONCLUSIONS

1. Investigations have established the positive
influence of adding oxide ceramics Al,O; into
spraying mixture on the tribological properties of
the coatings made of self-fluxing alloys due to
formation of composite structure.

2. The study of the phase composition showed
that all coatings observed were characterized with
classical phase composition of the plasma coa-
tings made of self-fluxing nickel-chromium alloys:
Nickel matrix, intermetallic compounds Cr;Ni; and
(Fe, Ni), nickel borides NiB, Ni,B, NizB; nickel
silicide Ni3Si, chromium borides CrB, Cr,B; chro-
mium carbides Cr3C,, Cr;Cs, CryCe.

3. Coatings containing up to 20 % of oxide
ceramics were characterized with lower friction
coefficients compared to coatings formed by pure
self-fluxing alloy or when the ceramic content was
25 % or higher. The best combination of the tribo-
logical properties was obtained for coating with
15 % of oxide ceramics.
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