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Co3aaHue NOKpbITUIA, NpUaaOLWNX
NOBEPXHOCTAM MeTaN/INYeCKUX n3fenni Hoeble
aHTUDPUKLUNOHHbIE CBONCTBA, HAXOANTCSA B LEeHTpe
BHUMaHWsA MHOIMX nccneposaHuii. B paéote
npuBefeHbl pe3yibTaTbl U3yYeHUS BANSHUSA
coaepXaHua HaHO4YaCTUL, OKCMAaa Mean B cocTaBe
WIMXTbl HA OCHOBE XeJie3a Ha UHTEHCUBHOCTD
M3HALWMBAHNSA N 3aAMPOCTONKOCTb NOKPbITUMA,
NoNy4YeHHbIX 1a3epHOMN HaNlaBKoM.
‘ MeJbl0, MOKHO OTHECTH K aHTHQPHUKIHOH-
HBIM MaTtepHanaM [1-5], OTMedeHO yMeHb-
meHue Ko3poUIIMeHTAa TpPeHHs O/ HH3KOyIje-
pomucToi cTanu [l1] u 4dyryHa [2] mpu BBeJeHUU
B HX COCTaB MenH. Ha cHU>KeHHe Ko3dPUIIHMeHTa
TPeHHs OKa3blBaeT BIMSIHHEe KOHLIEHTPALlUs MeJb-
ColepKallMX YaCTHL, pa3sMepoOM OT HeCKOJBKHX
HAaHOMETPOB [0 [OeCITKOB MHKPOMeTpOB. Takue
YaCTHULB MOTYT 6BITh CHGOPMHPOBAHBI KaK IIPHU
IJIATEeIbHBIX U30TePMHYECKUX OTKHUIAX 3aKaJleH-
HOH cTanu [6-9], Tak U B Ipollecce KPUCTAIH3a-
LIUH JTUTHIX KeJle30yI/epoJHCThIX CII/IaBOB [1-4].
JlernpoBaHHe Me[bIO IPUBOLAUT K U3MeHeHHU M
CTPYKTYPbl B MeXaHHYeCKHX CBOMCTB 3a3BTeKTO-
uaHou ctanu [10]. BBegeHue B cTanp 3 mac.% Cu
COIIPOBOXKJAeTCSI POCTOM MHKPOTBEPAOCTH IIep-
nuTa ¢ 380 mo 430 HV. Ilpu 3TOM TBepAOCTH 10 Bpu-
HeJlII0 yBejuvYuBaercsd ¢ 340 go 390 HB. g criia-
BOB, COJepXKalllMX Me[b, XapaKTepPHBIM SIBJISIeTCS
yBelHu4YeHHe [OUCIePCHOCTH (eppUTOLeMeHTHT-
HOM CMeCH. JIONIOTHUTENBHBIM GaKTOPOM, CIIOCOO-
CTBYIOIIKMM POCTY TBEPLOCTH IIepJaMTa, SBJISETCS
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The creation of coatings that impart new anti-
friction properties to the surfaces of metal
products is the focus of many studies. This paper
presents the results of studying the effect of
copper oxide nano-particles in the iron-based
charge on the intensity of wear and score
resistance of coatings obtained with laser cladding.

attributed to anti-friction materials [1-5]. A

decrease in the coefficient of friction for low-
carbon steel [1] and cast iron [2] was noted when
copper is added. The decrease in the friction
coefficient depend on the concentration of copper-
containing particles ranging in size from several
nanometers to tens of micrometers. Such particles
can be formed, both during prolonged isothermal
annealing of hardened steel [6-9] and during
crystallization of cast iron-carbon alloys [1-4].

Doping with copper leads to changes in the
structure and mechanical properties of the
hypereutectoid steel [10]. Adding of 3 wt.% Cu
to steel is accompanied by an increase in the
microhardness of perlite from 380 to 430 HV.
Moreover, the Brinell hardness increases from
340 to 390 HB. For copper containing alloys, the
dispersion of the ferritic cement mixture is
inherent. An additional factor contributing to the
growth of the perlite hardness is the isolation in
the ferrite gaps of nano-dimensional particles of
the e-phase. In sliding friction with lubrication,
the wear resistance of hypereutectoid steel
containing 8.97% copper is by ~23% higher than
that of antifriction cast iron AYC-1. During laser
cladding alloying elements are introduced into a

I ron-based alloys doped with copper can be
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Bble/leHHe B (QepPUTHBIX IIPOMeXYTKaX HaHO-
pa3sMepHBIX YacTHul £€-¢as3bl. B yC/IOBUAX TpeHUS
CKOJIB)KeHHSI CO CMa3KOM H3HOCOCTOMKOCTb 3a3B-
TeKTOMAHOM CTalH, colepxXallel 8,97% menu, Ha
~23% BBIlIe M3HOCOCTOMKOCTH aHTHPPUKIHOHHOIO
uyryHa AYC-1. Ilpu jasepHOM HaIlJIaBKe JIETHPYIO-
IiKe 3/IeMeHTHl BBOASIT B TOHKHUH C/IOM IOKPBITHS,
He 3aTparuBas Bcero obbema usgenus. IIpu sTom
KOJIMYeCTBO JIETUPYIOLIMX 3JIeMEeHTOB II0 Macce
MOXeT 6bITh yMeHbIIeHO B 100-1000 pas.

Llenpo HacTosImeX PpaboThl SBISETCS oOIpe-
JejleHHe BIHUSHUS CONEPKAaHHUS HAHOYACTHIL]
OKCHJa MeJIH B COCTaBe IIMXTHl Ha OCHOBE >Keje3a
Ha MHTEHCHBHOCTb HM3HALIMBAHUA U 3aJUPO-
CTOMKOCTb IIOKPBITHI, II0JyUeHHBIX Ja3epHOH
HaIlJIaBKOM.

OBOPYAOBAHUE ANSA HAMNJIABKUA
OBPA3LLOB 1 METO/bl UCCNELOBAHUN
B SKCcIlepyMMEHTA/JIbHBIX HCC/IeJOBAHUAX HCIIOIb"
30BaJid J1a3epHBIM KoMIllekc MMAIIL PAH [11].
O6pasibl U3roTaBIWBANIH U3 CTalu 20X pa3MepaMHu
15x20x80 MM. [I/1s1 HaIIaBKH BbIOPAH IIOPOIIOK HA
ocHoBe >keje3a PEX6-2. B mpHUcaZoYHBIU IOPOIIKO-
BBIN MaTepHas A00aB/Is/IM HAaHO MOPOIIOK OKCHIA
MenHu 3-9% oT Macchl [12-13].

B KayecTBe BappHpyeMbIX (aKTOpPOB IIpH IjIa-
HUPOBAHHUHU 3SKCIIePUMEHTOB [14] 6bI1HM BBIOpaHBI
MOIIHOCTh H3ny4dYeHus P=700-1000 BT, cKo-
pocTb obpaboTku V=5-9 MM/C U JUaMeTp Iy4Ka
d=2-3 mMm. OTKJIHKaMH 3KCIepHMeHTa OblIH
BBICOTA HAIlIaBJIeHHOro BajauKa H (MM), mHpuHA
BanuKa B (MM) u raybmHA 30HBI TepMHUYECKOIO
BaugHuga (3TB) Z (MM). B KayecTBe AOIIOIHUTEIIb-
HOTO [AMCKPETHOTro ¢$aKTopa pacCMaTpHUBajIoCh
CKaHHPOBaHHe Jiyda C PUKCHUPOBAHHOH YaCTOTOM
f=220 T.Hcnonp3oBancsi CKaHATOpP Pe30HAHC-
HOTO THIIA C YIOPYLHM 3JIeMEeHTOM, Ha KOTOPOM
3aKpeIlieHo 3epKajio. HammaBka IpoM3BOOMIACH
IIPA MaKCHMaJIbHBIX U MUHHMAaJ/IbHBIX 3HAYeHU IX
ypoBHeN GaKTOPOB, KOTOpble 0603HAUYeHBI COOT-
BeTCTBEHHO Z+ U Z-. BepXxHHUH U HUKHHUU yPOBHU
baKTOpoB BBIOHMpPAMMCh IO pe3yabTaTaM IIpeaBa-
PUTENbHBIX 3KCIIEPUMEHTOB, IIPHU KOTOPBIX BH3Y-
QJILHO OTMedYasoCh YCTOM4YHBOoe (QOpPMHPOBaHHe
HaIlJIaBJIEHHBIX CJI0eB.

MeTannorpapruyeckye HCCAeIOBAHHSA HaIJIaB-
JIeHHBIX MOKPBITUN MPOBOJMJIKChE HAa MHUKPOTBEp-
momepe IIMT-3 mpu Harpyske 0,98 H, metanio-
rpa¢udyeckoMm MHUKpockome AmnpTaMu MET 1C
U UUOPOBOM MHKpOCKoIie AM4I3ML.

CTpPyKTypa M XHMHUYECKHH COCTaB HAaIJIaB-
JIEHHBIX CJI0€B HCC/IeL0BAaJIMCh Ha CKAHHPYIOIEeM
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thin layer of coating, without affecting the entire
volume of the product. In this case, the number
of alloying elements by mass can be reduced by
100-1000 times.

The purpose of this paper is to determine
the effect of the copper oxide nano-particles
in the composition of the iron-based charge on
the intensity of wear and the score resistance of
coatings obtained by laser cladding.

SURFACE TREATMENT EQUIPMENT AND
RESEARCH METHODS

In the experimental studies, the laser complex by
IES of RAS was used [11]. The samples were made
of 20X steel with dimensions of 15x20x80 mm.
Iron-based powder ®b5X6-2 was chosen for cladding.
Copper oxide nano-powder of 3-9% by weight was
added to the welding powder filler [12-13].

The variable factors in the planning of
experiments [14] were as follows: radiation power
P=700-1000 W, processing speed V=5-9 mm/s
and beam diameter d=2-3 mm. The response of
the experiment was the height of the weld bead
H (mm), the width of the bead B (mm), and the
depth of the heat-affected zone (HAZ) Z (mm). As
an additional discrete factor, the beam scanning
with a fixed frequency f=220 Hz was considered. A
resonance-type scanner was used with an elastic
element with the mirror attached. Cladding was
performed at the maximum and minimum values
of the factor levels, which are designated z+ and
z-, respectively. The upper and lower levels of
the factors were chosen based on preliminary
experiments, where the formation of cladded
layers was visually observed.

The metallographic studies of the cladded
coatings were carried out using microhardness
tester PMT-3 at a load of 0.98 N, metallographic
microscope Altami MET 1C and digital microscope
AM413ML.

The structure and chemical composition of the
cladded layers were studied using TESCAN VEGA 3
SBH scanning electron microscope with an energy-
dispersive analysis system employing the modes of
reflected and secondary electrons.

Todetermine the scoreresistance of the hardened
samples, a universal friction machine MTU-01 was
used. The tests were carried out according to the
"plane-ring"” scheme. A comparative analysis was
carried out between the samples with the ®5X6-2
powder charge cladding and the samples cladded
with copper oxide nano-powder 3-9% additives
into the charge. The ring was made of IIIX-15 steel
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31eKTpoHHOM MHKpocKorne TESCAN VEGA 3 SBH
C CHCTeMOH 53HeproJHCIepCHOHHOr0 aHalu3a
C IpMeHeHHEeM PeXXHMMOB OTPa’keHHBIX U BTOPHUY-
HBIX 3JIeKTPOHOB.

Ons ompeneneHUS 3afHPOCTOMKOCTH YIIPOY-
HeHHBIX 00pa3loB NPHUMeHsIach YHUBepcalbHas
MalirHa TpeHHusa MTVY-01. McrbITaHUS IPOBOAHIH
10 cXeMe 'TIJIOCKOCTb-Kolblo . CpaBHUTEIbHBIM
aHa/IM3 IPOBOAUIMN MeXAy obpasliaMM C HaIlJaB-
KOM muxTou mnopomka OBX6-2 u obpasuamuy,
HaIlJIaBJeHHBIMHU C J00aBKaMHU B IIUXTy HaHO-
IIOpOIIKa OKCHAa Menu 3-9%. KosabLi0 M3rOTABIIH-
Bajau M3 cTanu IIX-15 ¢ BHYTPeHHUM JHAMETPOM
24,5 MM ¥ BHeIIHHUM AuameTpoM 30,5 MM, C TBep-
gocTthio 60-62 HRC. B xayecTBe CMa304YHOIO0 mMaTe-
pHana KCIOOoNb30BalX conupon XX (cMasKy, H3ro-
TOBJICHHYIO U3 CMeCH HePTIHBIX UHAYCTPUAIbHBIX
Maceq CpelHeM BSI3KOCTH). CKOPOCTb CKOJIBXKeHU S
U IaBleHHe Ha obpasel] M3MeHSIIUCh SUCKPETHO
B HHTepBane 0,1-1,1 m/c u 1-4 MIla cooTBeT-
CTBeHHO. BpeMs MCHOBITAHUS COCTaBJsAI0 2 Yaca.
[Tocie HCOBITAHUEN 06pasmel 06e3>KHMpPHUBANTUCH
aneToHoM corinacHo 'OCT 2786-84 u mopBepraauch
CyLIKe B IIeYy npu Temmeparype 70 °C B TedeHHe
30 MHH.

PE3YJIbTATblI DKCINEPUMEHTAJIbHbIX
UCCNENOBAHUN

Jng ydeTra OUCKPETHOTO ¢aKkTopa CKaHHPOBa-
HHUS IIPOM3BOAUIIUCH JIBe CEPHUHU 3KCIIEePHMEHTOB:
CO CKaHHpPOBaHHWeM U Oe3 Hero. YpoBHHU dakTo-
POB, a TakXe 3aBHUCHMOCTH KOJHPOBAaHHBIX Ilepe-
MEeHHBIX OT HaTypa/JbHBIX BeJIHYHUH IHpHUBeIeHBI
B Tabn. 1. CornacHo pekoMeHpzanusm [14], B kaue-
CTBe MaTeMaTH4eCKOM MOJEeNU IPUHAT anrebpau-
YeCKUM JIUHeHNHBIH II0JIMHOM BHIa

y=bo+Dbyx)+ ... +bpxp+Dby HX X, o 4Dy WX X,

Tabnuua 1. YpoBHM GaKTOPOB 3KCMEPUMEHTA
Table 1. Levels of experimental factors

3aBMCMMOCTb YPOBHS dakTopa
3KCMepUMeHTa X;
Dependence of the level of the
experiment factor x;

®dakTop

Factor

CECEEEEEEEEEE e e e e e e e e e e e e e e e e e e e e e e
m TEXHOJIOTMYECKOE OBOPYAOBAHUE U TEXHOJZIOTUA |
CECEEEEEEEEEE e e e e e e e e e e e e e e e e e e e e e e

with an internal diameter of 24.5 mm and an outer
diameter of 30.5 mm, with a hardness of 60-62
HRC. Lubricant grease was used as the lubricant.
The sliding speed and pressure on the sample
varied discretely within 0.1-1.1 m/s and 1-4 MPa,
respectively. The test time was 2 hours. After the
tests, the samples were degreased with acetone in
accordance with GOST 2786-84 and dried in an oven
at 70 °C for 30 minutes.

RESULTS OF EXPERIMENTAL STUDIES

In order to take the discrete scanning factor into
account, the experiments were performed in two
series - with and without scanning. The levels of
factors, as well as the dependence of the coded
variables on the natural quantities, are given in
Table. 1. According to the recommendations [14],
an algebraic linear polynomial was taken as a
mathematical model

y=b0+b1X1+ coe +kak+b1sz1X2... +bk_1,ka_1Xk,

where b; are linear regression coefficients;

y is the system response;

k is the number of factors in the

experiment.

The obtained mathematical models were tested
for adequacy by the Student and Fisher criteria.
The analysis of the equations obtained shows

a directly proportional relationship between the
radiation power and the height of the bead and
the inverse relationship between the velocity of
the beam and the height of the cladded layer. The
width of the bead increases with increasing power
and diameter of the beam and decreases with
increasing processing speed. Scanning leads to an
increase in width with a simultaneous decrease in
the height of the bead and increases the cladding
productivity by 1.3-1.9 times. Analysis of the
equations for the HAZ depth
shows that the radiation power
has the greatest influence on
the HAZ depth. An increase in
the speed of the beam movement
leads to a decrease in the HAZ
depth, which is explained by

P, BT 1000 700 850 150 x;=(P—850)/150 the smaller ‘instantaneous

: ' energy absorbed by the cladded

V, MM/ C 9 5 7 2 x=0,5(V-7) material per unit of time. For

comparison, the surfaces for the

€, il E 2 25 0z x;=(d-25)/0,5 widths of the cladding zones B

£ 1 220 0 _ B _ and By, ={(P, y) are constructed
for d=2 mm (Fig. 1).
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B, MM

a)

Ayyom, b - Hannaska CKaHupyrouwum ay4yom

b -cladding with a scanning ray

Puc. 1. 3aucumocmp WUpUHbI 8AUKA OM MOUYHOCMU U3AYHEHUS U CKOPOCMU 06pa6omKu: d — HANAABKA pacGoKycUpPOBAHHLIM

Fig. 1. Dependence of the width of the bead on the radiation power and the processing speed: a -cladding with a defocused beam;

rae b; - nTuHelHBIe KOIQOUIIHEHTH PerPeCcCUH;

y — OTK/JIHK CHCTEMEI,;

k - konuyecTBO PaKTOPOB B IKCIIEPHMEHTE.

[TonyuyeHHBle MaTeMaTH4YeckKHe MOJENH ObLIH
IIpOBePeHbl Ha aJleKBAaTHOCTD I10 KpUTepusM CThIO-
JeHTa U dumiepa.

AHanMMU3 TONy4YeHHBIX YpaBHeHHM IIOKa3bl-
BaeT IIPAMO IIPOMOPLIMOHATbHYIO 3aBHCHMOCTH
Me K[y MOIIHOCTBIO H3/IyUeHHs K BBICOTOM BaJlHKa
1 o6paTHO MPONOPLHOHANBHYIO 3aBUCHMOCTD
Me>KJy CKOPOCTBIO IlepeMelleHHs 1yda U BBICOTOH
HaIlJlaB/ieHHOro cyos. lluprHa BajJMKa BO3pac-
TaeT C yBeIMYeHHeM MOLIHOCTH M AHaMeTpa ay4a
U yMeHbIIaeTCsl IPU yBeJHMYeHUU CKOPOCTH obpa-
60oTKM. CKaHHPOBAaHHE IPUBOLUT K POCTY LIHPUHBL
C OLHOBpeMEeHHBIM YMeHbIIeHHEM BBICOTHI BajlHKa
Y IIOBBIIIAET IPOM3BOAHTENBHOCTb HAIlJIaBKHU B 1,3~
1,9 pasa. AHanu3 ypaBHeHHUH Ajs raybunst 3TB
IoKa3plBaeT, 4To Haubosbllee BIHSHHE Ha IIIy-
6HHy 3TB okaspiBaeT MOINHOCThH M3Jy4YeHHUs. YBe-
JHUYeHHe CKOPOCTH IlepeMelleHMs iydya [IPUBOSUT
K yMeHblIeHHI0 I1ybuHbl 3TB, 4uTOo 06BsICHSETCS
MeHBIIHUM BKJIaJOM MTHOBEHHOH SHEpPrHH, IOIJIO-
IIeHHOW HaIlJIaB/AsieMbIM MaTepHa/ioM B eJHUHHILY
BpeMeHH. [lid CpaBHEHHUS IIOCTPOEHBI IIOBEPXHO-
CTH AJIS1 IIMPHUHBI 30H HaIlIaBKU B u B, ={(P, V)
npu d=2 MM (puc. 1).

IIpy HMCIONB30BAHUMU KPYIJIOIO JIa3epHOIo
OATHA A/ YIPOYHEHMS MM HaIlJIaBKU BpeMs
BO3/IEMICTBHSl B €ro ILeHTpe OIlpeJessieTcs OTHO-
HIeHHeM AHaMeTpa jJyda K CKOPOCTH ero Iiepe-
MeIlleHHs, a 10 KPasgM ISATHA BpeMs BO3JEeUCTBUS

When using a round laser spot for hardening
or cladding, the exposure time at its center is
determined by the ratio of the beam diameter to
the speed of its movement, and at the edges of the
spot the exposure time tends to zero. In this case,
only a part of the energy of 30-60% is effectively
used for hardening or cladding, depending on the
degree of defocusing of the laser beam, and the
remaining energy is consumed for useless heating
of the zones near the hardened or fused path. In
high-frequency oscillations of the beam along the
normal to the vector of its displacement, this
lost energy participates in the cladding process,
affecting the productivity of the process.

This can be clearly seen from the graphs of the
surfaces obtained by the results of experiments
for the width of the beads. Since the height of the
beads varies insignificantly, it is also possible
to visually determine the effectiveness of the
process.

According to the data obtained, the nature of
the linear dependence obtained in the calculations
is the same as for the experimental values, however,
the calculated function grows somewhat faster.
The maximum deviation of the calculated data
from the experimental values was 3%.

The cladded layer 0.8 mm thick has a high
hardness, of the order of 762-806 HV, with
underlying HAZ with a hardness of 540-720 HV,
the thickness of this layer is 0.8 mm, below are
the zones of troostite and sorbitol. The base metal
is sorbitol-like perlite and ferrite with a hardness
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CTPeMHUTCS K Hyawo. IIpyu 3TOM A1 YIPOYHEHHS
WU HAaIlJIABKU 3PPEeKTHBHO HCIIONb3yeTCS TOIbKO
4acTh sHepruu (30-60% B 3aBUCHMOCTH OT CTe-
IeHU JePOKYCHPOBKU JIa3€pHOIO Jy4a), a O0CTalb-
Hasl SHeprus pacxofyetcs Ha becIone3HBIN Harpes
30H PpALOM C YIPOYHEHHOH M/IM HallJaBJIeHHOHN
OOPOKKOM. IIpH BBICOKOYACTOTHBIX KoJebaHUSIX
JAy4ya [0 HOPMajau K BEKTOPy ero IepemelneHHs
3Ta IOTepsSHHAas JHEpPrus ydacTByeT B IIpolecce
HaIlJIaBKH, OKa3blBas BJIMSIHHE HA [IPOU3BOLUTE/Ib"
HOCTB ITpoliecca.

JTO MOATBEPKAAIT pe3yJbTaThl MOJEJIHUPOBa-
HUS IIMPHUHBI BaJHKOB. IIOCKOJIBKY BBICOTA BaJIM-
KOB MEHSeTCs He3HauyHTeJbHO, TO II0 HUM MOKHO
BH3yaJIbHO OIIpeNeauTh M IIPOU3BOAMTEIBHOCTD
npouecca. IlosydyeHHas 3KCIIepUMeHTaJIbHAs 3aBU-
CHUMOCTH IIPOSIBHJIA XOpolllee COBIaleHHe C MOJe/Ib-
Holl ¢yHKIMeH. OJHAKO CKOPOCTb ee HM3MeHeHUs
OT/IIMYaeTcss OT MNpeAcKa3’aHUM Mofenn. Makcu-
MaJjibHOe OTKJ/IOHeHHEe PACYEeTHBIX JaHHBIX OT 3KC-
[IepHUMeHTaJIbHBIX 3Ha4eHH I COCTaBUIIO 3%.

HamnaBiaeHHBIM CJIOM TOMINMHOM 0,8 MM HMeeT
BBICOKYIO TBEPAOCTh mopsifka 762-806 HV, mom HUM
pacnionaraetcs 3TB c TBepmocThio 540-720 HV (Ton-
mKHa cjos 0,8 MM), HHKe C/IelyIOT 30HBl TPOOCTHUTA
1 copbuTa. OCHOBHOM MeTaJl/1 - COp6ruTO0Opa3HBII
IepIUT U GeppuUT C TBepaocThio 190-210 HV. Hanwu-
YKe 30HBI OIIABJIEHHUSI OCHOBBI Ha Inyb6unHy 50-100
MKM TOBOPHT O BBICOKOM IIPOYHOCTH CLeIJIeHHS
MeXJY IOKPLITHEM M OCHOBHBIM MeETajjioM. B mpo-
Llecce HAIlJIABKM IOKPBITMH Ha OCHOBe IIOPOIIKa
®b5X6-2 Ha Ppa3IU4YHBIX PpeXHMaX BO3HUKAIOT
JePexkTsl THIA TPeIuH. IS UCKIIOYeHUS TPellu-
Hoobpa3oBaHHs OoTpaboTaHa TeXHOJOTHs IpejBa-
PHUTEJIBHOIO IIOAOrpeBa 00pasloB HpPH TeMIlepa-
Type 350 °C B TeUueHHe [ABYX YaCOB C IIOC/IeAYIOLIUM
OIlJIaB/IeHHEeM JIy4OM Jla3epa U BBIAEPKKOU B IIeUU
B TeyeHHe IBYX 4YacoB. [Ipy HamaBKe IIOKPHITHS,
colepsKalllero HaHOIIOPOLIOK OKCHJA MeAH, IIpo-
HCXOJHUT BOCCTAHOBJIEHHE OKCHJA MeJH 10 YUCTOH
MeIH C BBIFOpAaHHEM KHCJIopozaa. Beibop okcuia
MeIH BBI3BAH €ro HHM3KOHM OTpa’kaTeJbHOH CIIO-
COOHOCTBIO JIa3epPHOr0 U3/yueHHUsl. BBefeHHe MST-
Kor ¢asml (Al, Cu, V 1 mp.) MHPOKO UCIIONB3yeTCs
IIPH JIa3epHOM U MJIa3MeHHOM HaIlIaBKe. JTH 3Jle-
MeHTHI CIIOCOOCTBYIOT peslaKCallMy HaTpsIKeHHH,
BO3HHUKAIOUIUX B HAallJIaB/ISIeMbIX [IOKPBITHAX.

Ha puc.2 npenacTaBiieHbl 3aBUCHMMOCTH CKOPOCTH
CKOJIbKEHU S OT HaBjleHMUs Ha obpasell IMPU HCIIbI-
TaHUHK Ha MallkMHe TpeHusa MTVY-0l. BBenmeHue
B IIKUXTYy mopomka $EX6-2 HAHOIOPOIIKA OKCHIA
Me[H IIPUBOAUT K IOBBIIIEHUIO 3aJUPOCTOMKOCTH
IIOKPHITUA B 1,5-2 pa3a IpU CTyHeHYaTOM H3MeHe-
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of 190-210 HV. The presence of a flashing zone of
the base at a depth of 50-100 pm indicates a high
adhesion strength between the coating and the
base metal. In the process of coating cladding
based on ®BX6-2 powder, the defects in the form of
cracks appear in different modes. To exclude crack
formation, the technology of preliminary heating
of samples at a temperature of 350 °C for 2 hours
was developed, followed by laser beam flashing
and holding in the furnace for 2 hours. When
cladding a coating containing copper oxide nano-
powder, copper oxide is reduced to pure copper with
oxygen burnup. Copper oxide was chosen because
of the low reflectivity of the laser radiation. The
introduction of a soft phase (Al, Cu, V, etc.) is
widely used in laser and plasma cladding. These
elements contribute to the relaxation of stresses
arising in the cladded coatings.

Fig. 2 shows the dependence of the sliding
speed on the pressure on the sample when tested
on a friction machine MTU-01. The introduction
of ®BX6-2 copper oxide nano-powder into the
charge leads to a 1.5 to 2-fold increase in the score
resistance of the coating with a gradual change
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Puc. 2. 3asucumocmsb Hazpy3ku 3aedarus (P, MIMa) om cko-
pocmu (V, M/ c) cKoAbXKeHUs 8 nape mpeHus (HanaasneH-
Hbill cAoli Ha cmaau 20 — cmanb LLUXT5): 1- uemenmauus;
2-ObX6-2; 3 - DPbX6-2+3% CuO; 4 - PbX6-2+5% CuO;
5-®bX6-2+7% CuO; 6 - PbX6-2+9% CuO

Fig. 2. Dependence of the jamming load (P, MPa) on the speed
(V, m/s) of sliding in the friction pair (cladded layer on steel
20 - steel LLIX15): 1- cementation; 2 - ®5X6-2; 3 - D6X6-2
+3% CUuO; 4-DObX6-2+ 5% CuO; 5-DbX6-2+ 7% CuO;

6 -PbX6-2+ 9% CuO
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Puc. 3. 3asucumocmu UHMeHCUBHOCMU U3HALUUBAHUS

U Ha2py3Ku 3aedaHust om KOHUeHmpayuu okcuda medu npu
cKopocmu cKoAbXKeHUs1 0,5 M/ ¢:1— UHMEHCUBHOCMb U3HAWU-
8aHUS, 2 - HA2pYy3Ka 3ae0aHusl

Fig. 3. Dependence of wear rate and jamming load on the
concentration of copper oxide at sliding speed 0.5m/s:1-
wear rate, 2 - jamming load

HHUHU CKOPOCTHU CKoIbXeHHS 0,1-1,1 M/C U faB/IeHUS
B mpenenax 1-4 MIla.

YCTaHOBJIEHO, YTO AJs1 06paslioB, Ha KOTOPEIe
HaHeCeHBI IOKPBITHU S C fo6aBIeHeM HaHOIIOPOIIKa
OKCHOa MenH, IIpefebHasi CKOPOCTh CKOJIbKEHUS,
[P KOTOPOM HACTyIlaeT 3aefaHHe, OKa3blBaeTCs
BrIlle B 1,2-3,3 pasa, yem [OJig LIeMEHTOBAaHHOTIO
obpasna. KoHKpeTHBle 3HA4YeHHUS K3 YKa3aHHOIO
Jualna3oHa CBSI3aHBl C KOHLIEHTpallMeHd OKCHJIa
MeAu B IIHXTe M BeJIHYHHOH
KOHTAKTHOTO OAaBJIeHUS.

3HayeHU HUHTEeHCUBHO- COCHOBOM
CTH H3HAUNIMBAaHHUS 06pa3ios,
HaIlJIaBJIeHHBIX IIOPOIIKOM the base

®BX6-2 c ;obaBKOM OKCUAA MeaU

Pa3HON KOHLEHTpalKH, Ipen-

CTaBJIeHbIl B Tab.2.
YCTaHOBJIIEHO, YTO C POCTOM

Howmep cnekTpa

Number of the
spectrum

i g

Tabnuua 2. VIHTEHCMBHOCTb M3HALWLMBAHMS 06pa3LoB
Table 2. Intensity of wear of the samples

MIHTEHCMBHOCTb M3HaLWMBaHUS |

Mccneayembin obpasel

Test sample Wear intensity |
peuerraus
Mr-obX6-2 6,97-107°
Mr-®bXx6-2+3% CuO 6,45-107°
M-®BX6-2+5% CuO 5,25-107°
N-®BX6-2+7 %CuO 511-1079
Mr-®b6X6-2+9 %CuO 6,07-107°

in the sliding speed of 0.1-1.1 m/s and pressure
within the range of 1-4 MPa.

For coating with addition copper oxide nano-
powder, the sliding speed at which the jamming
occurs is by 1.2-2.3 times higher than for the
cemented sample depending on the concentration
of copper oxide in the charge and the contact
pressure.

The wear rates for the samples cladded with
®BbX6-2 powder with various concentrations of
copper oxide are shown in Table 2.

It has been established that with increase in
the concentration of copper oxide in the charge,
the score resistance increases and the wear rate to
a copper oxide concentration of 7% decreases and
increases at a concentration of 9%.

Tabnuua 3. 2/1eMeHTHbI CoCcTaB 30HbI criaBaeHus Mr-ebxXe6-2+5% CuO

Table 3. Elemental composition of the fusion zone of MIM-®5X6-2+5% CuO with

Copep>xaHue 3fieMeHTa, Bec. %
Element content, wt. %

@ O Si Cr

KOHIEHTpPAallUKW OKCHAAa MeJIH
B IIMXTE 3aUPOCTOMKOCTD yBe- 38 4,14 2,45 0,64 1,04 4,49 15,56 | 71,67
JIUYHBaeTCHA. HpI/I 35TOM HHTEH-
39 4,42 0,84 0,26 2,35 3,01 5,21 83,9
CHUBHOCTDb U3HAIIIMBAHU A CHaYaJla
CHUXaeTcst (MpU  yBeTHYCHUH 40 464 | 149 | 0,33 2,48 354 | 426 | 81,26
KOHLLEHTpaLII/II/I OKCHOa MenoHu
0 7% ), a 3aTeM HauMHaeT pactu 41 4,78 1,12 1,26 34,21 1,79 53,44 3,4
C MOMEHTa OOCTHU KeHHU s KOHILeH~
TpaLMeri BeTUTHHbL 9%, 42 4,87 1,15 113 19,77 | 1,38 67.9 3.8
3aBUCHMMOCTH HHTEHCHBHO™ | 43 021 09 073 024 057 9787 012
CTHU HU3HAUIIUBAHHUA U Harpy31<u
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E—
100 MKM
a) 6)

Puc. 4. Mukpo-
cmpykmypbl (COM)
HANAABAEHHO20 CAOSI
®bX6-2+5% CuO:
a - eepxHuli Hannae-
AEHHBbIl cAoli;

b - 30Ha cnnaene-
HUSI C OCHOBHbIM
memanaom

Fig. 4.
Microstructures
(SEM) of the cladded
layer ®6X6-2+5%
CuO: a-theupper
cladded layer, b - the
fusion zone with the
base metal

100 MKM

3aelaHUS OT KOHLIEHTPALlMK OKCHUAA MeOH Ipef-
CTaBJeHBl Ha puc.3. Ha pwuc.4 mpencraB/ieHB
SEM-dpoTorpadpuu MHUKpPOIWIKUPOB HaIlJIaBJIeH-
HBIX c10eB mopomkom III[-PBX6-2 c nobaBieHUeM
HaHOIIOPOILIKA OKCHAA MeOHU. YCTAaHOBJIEH 3JIe-
MEHTHBIH COCTaB BepXHeH 4YaCTH HallJaBAeHHOIO
cnost (puc. 4a): Fe - 50,13%; Cr - 33,66%; C - 8,46%;
Cu-3,63%; Mn-1,89%; Si-1,21%; O-1,02%. B cocTaBe
CTPYKTYPHI 6eible 30HBI IPeCTAB/SIOT arJIOMePaTh
Meny pasmepoM oT 1 1o 10 MKM, U 0b1ee UX comep-
SKaHUe cocTaBisierT 1,4% ot oburero ob6beMa MIMXTHL.
J7eMeHTHBIM COCTaB 30HBI CIIJIABJIE€HUSI C OCHOB-
HBIM MeTasioM (puc. 4b) mpencrasien B Tabi. 3.
Bensle 30HB (cmekTpsl 38-40) IpeACTaBISIOT
arjioMeparsl Megd pasMmepomM o0 10 MKM. 30Ha
CILIaB/IeHHSI C OCHOBHBIM MeTa/lJIoM (CHeKTp 42)
COIepXKHUT 3,4% Me[u, YTO CBUIETE/JILCTBYET O paB-
HOMEDHOM paclpefeleHUH MeAUd II0 I1ybuHe
obpasiia OT IIOBePXHOCTH [0 OCHOBHOTO MeTaJlla.

BbIBO/ bl

YCTaHOB/IEHO, YTO IPUCYTCTBHMEe MeIX B HaIlJaB-
JIeHHBIX CJIOSX IOBHIIIAeT B 3,3 pa3a 3HauyeHHe
CKOPOCTHU CKOJIbKeHUS, HPH KOTOPOM BO3HHKAIOT
yCJIOBUSL Pa3BUTHA 3aJHMpa, U Oo 30% 1o cpas-
HEHHIO C I[eMeHTOBAHHBIM 06pPa3loM IIOBBIIIAIOT
BeJIMUMHY MHT@HCHUBHOCTH U3HAIIHUBAHU.

IIpy BBICOKOYACTOTHOM CKAaHHPOBAHHUH Jiyya
IIpOH3BOSUTEIBHOCTD IIPOLlecca HalljlaBKu B 1,3-1,9
pasa Bhlle, 4eM 6e3 CKAaHHUPOBAHHS Jlyda. Beege-
HMe HaHOIIOPOIIKAa OKCHAA MeOH B COCTAB IIMXTHI
Ha ocHoBe ®BX6-2 mMoBBHIIAET 3aJHUPOCTOMKOCTD
HaIlIaBJIeHHBIX IIOKPBITHUH B 1,5-2 pasa.
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The wear rate and the jamming load on the
copper oxide concentration are shown in Fig. 3. Fig.
4 shows photographs of microsections of the welded
layers of III-®BX6-2 powder with the addition of
copper oxide nano-powder, obtained with the help
of a scanning electron microscope (SEM).

The elemental composition in the upper part
of the cladded layer is Fe - 50,13%, Cr - 33,66%,
C - 8,46%, Cu - 3,63%, Mn - 1,89%, Si - 1,21%,
O - 1.02% (Fig. 4a). As part of the structure, the
white zones represent copper agglomerates with
a size of 1 to 10 um, and their total content is
1.4% of the content in the charge. The elemental
composition of the fusion zone with the basic
metal (Fig. 4b) is shown in Table 3.

White zones (spectra 38, 39, 40) represent copper
agglomerates of up to 10 pm in size. The fusion
zone with the basic metal (spectrum 42) contains
3.4% copper, indicating a uniform distribution of
copper from the surface to the basic metal.

CONCLUSIONS
It was found that the presence of copper in the
cladded layers increases the sliding speed at which
a score develops up to 3.3 times and the wear rate
is up to 30% compared to the cemented sample.
With high-frequency scanning of the beam,
the effectiveness of the cladding process is 1.3-1.9
times higher than without scanning the beam.
The introduction of a copper oxide nano-powder
into the charge on the basis of ®bX6-2 powder
improves the hardiness of the cladded coatings 1.5
to 2-fold.
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