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ANNOTATION

Zhang Zhengchuan Technological support of friction unit at commissioning stage
by forming the running-in coatings. - The qualifying scientific work based on the
manuscript.

The dissertation on competition of a scientific degree of the doctor of philosophy
in the field of knowledge 13 - Mechanical engineering on a specialty 133 - Industrial

machinery engineering. - Sumy National Agrarian University, Sumy, 2023.

The dissertation is devoted to the solution of the actual scientific and technical
problem in the field of branch mechanical engineering: development of innovative,
energy efficient and environmentally friendly technology to improve the working
condition of the friction surface to promote running-in conditions, deformation under
high specific load provides automatic adjustment and compensation of bronze bearing
shells for manufacturing errors. Solving this problem will increase the reliability of the
rotary machines, increase the life of their working bodies, and reduce energy
consumption, which is very important for modern Ukraine.

Object of research - Technological process of formation of functional coatings on
the surface of elements of machines with bronze bushes for sliding bearings of rotating
mechanisms.

Subject of research - The running-in coatings on the surface of tin bronze bushes
that was formed by electro-spark deposition (ESD) applying the antifriction material of

silver, copper, Babbitt B83 or graphene oxide (GO).
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The purpose of the study is ensuring the reliability and durability of the rotating
mechanisms friction units by improving the tribosurfaces quality at commissioning
stage the special running-in coating formation.

To achieve this goal, it is necessary to solve the following tasks:

1. To analyze the manufacturing technology and features of the friction units
operation;

2. To analyze structural and technological methods of increasing the reliability and
durability of friction units;

3. Develop a system of directional selection of technological parameters for
forming running-in coatings on various contact surfaces of friction units;

4. Establish correlation dependencies between equipment modes and quality
parameters of the formed coatings;

5. To introduce the results of research into the practice of manufacturing friction
units in the enterprise.

In the introduction, the choice of the topic of the dissertation and scientific tasks
IS substantiated, the purpose and tasks of research are formulated, the scientific novelty
and practical value of the received results are defined, and also the information on
approbation, structure and volume of work is resulted.

In the first chapter, the principle, equipment, detection method, treatment process
and discharge mechanism of the electro-spark deposition technology will be
comprehensively introduced. The effects of various process parameters on the mass
transfer, surface roughness, elemental composition, microstructure and mechanical

properties of the coating will be deeply studied. The effects of this treatment method on



4
the phase composition, material hardness and friction and wear properties of the
coatings will be systematically analyzed. All this allowed to formulate the purpose and
tasks of the dissertation.

In the second chapter, the basic principle of ESD technology is introduced in
detail, the testing methods of surface roughness, surface morphology, element
composition, phase composition, hardness and tribological properties are established,
and the coatings performance index system is constructed, the principle of determining
the weight by entropy method is derived, and the TOPSIS model is used for
comprehensive evaluation. The experimental materials, experimental equipment and
coatings preparation process involved in this paper are introduced.

In the third chapter, the mechanism of low friction coefficient and the formation
process of the coatings are described. The mass transfer, surface roughness,
microstructure and elemental composition of the coatings are studied. The effects of
process parameters on the thickness, phase composition, hardness and tribological
properties of the coatings were studied.

In the fourth chapter, the traditional processing and manufacturing process of
plain bearing bush is briefly introduced, the test results of different running-in coatings
are summarized and analyzed, the entropy method is used to determine the weight of
running-in coatings index, and the TOPSIS model is used to comprehensively evaluate
and sort the running-in coatings, and the best industrial application scheme is
determined. The base material, coating material, processing technology and coating
technology of bearing bush which affect the product quality are analyzed. A new

environmental protection technology of constructing running-in coatings of tin bronze
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bearing bush is put forward, and the technical design, manufacture, processing,
installation and trial operation are described in detail. Finally, some technical
suggestions for the application of running-in coatings process of tin bronze bearing are
put forward.

In the fifth chapter, the full text is summarized, conclusions are drawn, and
suggestions for future research are put forward.

According to the set purpose and tasks in work the following results are received:

1. The soft material coating of silver under the optimal process parameters, the
mass transfer is 25.0 mg, the surface roughness of the Ag coating is 15.46 um and the
thickness is 15 pum. The minimum friction coefficient of the Ag coating is about 0.31.
However, the performance of silver as antifriction material coating needs to be further
improved.

2. Under the optimal process parameters of the soft material coatings of silver and
Babbitt B83, the mass transfer is 125.2 mg, the surface roughness of the composite
coatings is 19.43 um and the maximum thickness of the layers is 80 um. The minimum
friction coefficient of the composite coatings is about 0.177 after running-in stage. The
main wear mechanism of composite coatings prepared under optimal process
parameters is plastic deformation and abrasive wear.

3. Under the optimal process parameters of the soft antifriction material of silver,
copper and Babbitt B83, the mass transfer is 54.4 mg/cm?, the surface roughness of the
composite coatings is 32.3 um. The coatings are dense, metallurgical fusion with the
substrate and under the optimal parameters, the thickness of the coatings is about 100

um and the maximum thickness is 160 um. The hardness distribution from the coatings
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surface to the substrate increases first, then decreases and then increases gradually. The
surface microhardness of the composite coatings is 29 HV 01, which is about 82% lower
than that of tin bronze substrate (161 HVy01). The surface friction coefficient of the
composite coatings is 55.6% of the tin bronze substrate. The main wear mechanism of
composite coatings is plastic deformation accompanied by slight polishing.

4. The running-in coatings on the tin bronze by electro-spark deposition (ESD)
applying the antifriction material of silver, copper, Babbitt B83 and graphene oxide
(GO). The results show that under the optimal process parameters, the mass transfer is
244.2 mg, the surface roughness of is 15.9 um and the thickness of the layers is 160 pum.
The modulus and the hardness of the running-in coatings is 24.9% and 14.2% of the
substrate, and the deformation ratio of the coatings is 10.2% higher than that of the
substrate. The friction coefficient of the running-in coatings is about 0.210 after
running-in stage which is 64.8% of the substrate (0.324). The main wear mechanism of
the running-in coatings is plastic deformation, scratching and slight polishing. The
running-in coatings deformation under action of high specific loads provides parts
automatic adjustment and compensation of manufacturing errors.

5. An evaluation indicator system for the characterization was constructed based on
6 factors including material price, time, mass transfer, roughness, thickness and friction
coefficient of the coatings by electro-spark deposition. An integrated coatings
characterization assessment approach is proposed here by combining a multi-criteria
decision making technique, the technique for order preference by similarity to ideal

solution (TOPSIS), with the Shannon entropy method.



7
6. Technical recommendations for the manufacture of rotary machinery involving
tin bronze bushes for plain bearings have been formulated and implemented, with an
expected economic benefit of 216 thousand UAH for environmentally friendly methods.

Scientific novelty of the obtained results:

1. For the first time, Tin bronze QSn10-1 is selected as the substrate material, and
silver, copper, B83, GO are selected as the coating materials. The substrate and the
coatings have a good metallurgical bonding, a new AgsSn phase is formed, the grain
size is refined, the surface hardness is reduced, and the friction coefficient is greatly
reduced. It is very suitable for running-in coatings.

2. For the first time, according to the selected substrate material and coatings
materials, the process parameters of electro-spark deposition were studied, and the
equipment DZ-4000111 was selected as the deposition equipment to find out the optimal
electro-spark deposition parameters.

3. For the first time, the index evaluation system of electro-spark deposition
coatings was established, the weight of each index was determined by entropy method,
and the TOPSIS model was used to comprehensively evaluate different coatings.

The practical significance of the obtained results is to provide technical
suggestions for the manufacture of tin bronze Bush of sliding bearing in rotating
machinery. Adapt to that technical cycle of sliding bearing in rotating machinery and
the operating conditions of friction unit using tin bronze bushes for the rotating running

of the core components.
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of surfacing, bearing, pump, hardness.

AHOTANIIA

Wxan YxeHuyaHb. TexHosoriuHe 3a0e3nedYeHHs] BXOJUKEHHS BY3J1B TEPTS B
nepioJl HOPMAaJIbHOI eKcIulyaTalii (OpMyBaHHSM MNPUIPALIOBAIBHUX TOKPHTTIB.
Kganidikaiiitna HaykoBa po00Ta 32 pyKOITUCOM.

Hucepraiist Ha 3100yTTsI HAYKOBOTO CTYHEHs HOKTOpa (guiocodii 3 ramdy3l 3HaHb
13 — MexaniyHa iHkeHepis 3a cnerianbHicTio 133 — [any3eBe MammMHOOYyBaHHS. —

CyMmchKkuit HarioHaIBHUM arpapHuil yHiBepcutet, Cymu, 2023.

Jucepraiiisi NpUCBsYEHA BUPIIICHHIO AKTYaJIbHOI HAYKOBO-TEXHIYHOT IPOOJIEMHU B
rajgysi rajay3eBoro MamuHOOYAyBaHHS: po3poOlll 1HHOBAIIIWHOI, eHEproe(EeKTUBHOT Ta
€KOJIOTTYHO O€3MeYHOi TEXHOJIOTI MOKpaIleHHs] poO0YOro CTaHy MOBEpPXHI TepTS s
COpPUSIHHS peXuMaM MpUIIpaloBaHHs, Aedopmallii mijg 4ac poOOTH. BUCOKE MUTOME
HABAHTAKEHHA 3a0e3Meuye aBTOMATUYHE PEryJiloBaHHS 1 KOMIICHCAII0 MOXUOOK
BUTOTOBJICHHSI OPOH30BUX BTYJIOK MIIIUITHUKIB. BupiteHHs 1iei npo6iemMu miBUILIUTh
HAJIHHICTh POTOPHUX MAIIWH, 30UIBIIUTH pecypc iX poOOYMX OpraHiB, 3MEHIIUTH
CIIO’KUBAHHS €HEPrii, 0 Jy>KE BAXKIIMBO JJI Cy4acHOi Y KpaiHH.

006’exT pocaimxkennsa — TexHonoriunuii npoiec GopMyBaHHs (PYHKIIOHATBHUX

MOKPUTTIB HAa TOBEPXHI €JIEMEHTIB MalluH 3 OpPOH30BUMH BTYJKaMHU MiAIIMITHUKIB



KOB3aHHS MEXaH13MIB 00epTaHHS.

Ipenmer pocaimkenuss — IlpunpanboBaHi TMOKPUTTS HAa TMOBEPXHI BTYJIOK
OJIOB'SHOT OpOH3M, YTBOPEHI METOJOM eneKkTpoickpoBoro JeryBanHs (EIJI) 3
HAaHECEHHSIM aHTH(PUKIINHOTO Martepiany cpibna, mimi, 6abity B83 abo okcumy
rpadeny (I'O).

MeToro pociiKeHHs € 3a0e3MeYeHHs] HalIHHOCTI Ta JIOBFOBIYHOCTI BY3JiB TEPTA
MEXaHI3MIB OOepTaHHS MLUISAXOM IIJIBUILIEHHS $KOCTI TPUOOIOBEPXOHb Ha eTarl
BBEJICHHS B €KCIUTYaTalllo IUIIXOM (OpPMYyBaHHS CIEHIAIbHOIO 0OKaTKOBOTO MOKPUTTH.

J171s1 NOCATHEHHS TIOCTaBJIECHOT METH HEOOX1THO BUPIIIUTH TaKl 3aBJIaHHS:

1. [IpoananizyBaTH TEXHOJIOT1I0 BUTOTOBJEHHS Ta OCOOJMBOCTI pOOOTH BY3IIIB
TEpTS;

2. TlpoanamizyBaTh KOHCTPYKTHBHO-TEXHOJIOTIUHI MPUHAOMH  MiABUIICHHSA
HAJIAHOCTI Ta IOBFOBIYHOCTI BY3JIIB TEPTH;

3. Po3pobutu cuctemy crnpsMOBaHOTO BHOOPY TEXHOJOTIYHHX IapameTpiB
(dbopmyBaHHS OOKATYBaHHS MOKPUTTIB HAa PI3HUX KOHTAKTHUX MMOBEPXHSIX BY3JIB TEPTS;

4. BCTaHOBUTM KOPEJSIIHI 3al€eXKHOCTI MK peXuMaMu OOJaJHAaHHA Ta
napameTpaMH SIKOCTI CPOPMOBAHUX MTOKPHUTTIB;

5. BropoBagutu pe3ynbTaTé AOCHIPKEHHS B MPAKTUKY BUTOTOBJIEHHS BY3JiB
TEpTS Ha MiANPUEMCTBI.

Y Berymi oOrpyHTOBaHO BHOIp TEeMHU JHCEpTallii Ta HAyKOBUX 3aBJaHb,
chOpMyJILOBAaHO METY Ta 3aBJaHHS JIOCHIIKEHHS, BHU3HAYEHO HAYKOBY HOBHM3HY Ta
NpaKTUYHE 3HAYEHHS OTPUMAHUX PE3YJbTATIB, a TAaKOX MOAAHO BIJOMOCTI MpPO

anpo0aiiito, CTpyKTypy Ta 00csr poOOTH.
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VY nepmomy po3aii O0yino BceOidHO MPEICTaBICHO MTPUHITUI, O0JIaHAHHS, METO/T
BUSIBJICHHS, TIpOIleC OOpOOKM Ta MEXaHi3M PO3psALy TEXHOJOTIi eIeKTPOiCKPOBOTO
JgeryBaHHS. Byno pociimkeHo BIUTUB PI3HUX MapaMeTpiB MpoOIecy Ha MacooOMiH,
HIOPCTKICTh MOBEPXHI, €IEMEHTHHUH CKJIaJ, MIKPOCTPYKTYPY Ta MEXaHI4H1 BIACTHBOCTI
noKkpuTTA. byno cucreMHO mpoaHani30BaHO BIUIMB IIbOTO METOAY 00poOKH Ha (ha3oBuii
CKJIaJi, TBEP/ICTh MaTepialy Ta BIACTUBOCTI MOKPUTTS Ha TEPTS Ta 3HOIIYBAaHHA. YCe 1€
J03BOJTHIIO C(HOPMYJIIOBATH METY Ta 3aBJIaHHA JUCEpTallii.

VY npyromy po3aiii AeTaibHO MPEICTaBICHO OCHOBHUM NpuHIMN TexHoorii ELJI,
BCTAHOBJIEHO METOAM BHUIPOOYBaHHS IIOPCTKOCTI MOBEPXHI, MOP(OJOrii MOBEPXHI,
€JIEMEHTHOI0 CKJIaay, (pa3oBoro ckiamy, TBEPAOCTI Ta TPUOOJOTIUHUX BIACTUBOCTEH, a
TaKOK MOOYJOBAaHO CUCTEMY 1HAEKCY €(PEKTUBHOCTI MOKPHUTTIB, MPUHLHUII BHUBEICHO
BU3HAUEHHS BarW €HTPOIMIWHUM METOJOM, a JJIsi KOMIUIEKCHOI OIIIHKH BHUKOPHCTAHO
moxaenb TOPSIS. V¥V nmpoMy moKyMeHTI NpeACTaBiICHI €KCIIEpUMEHTAIbHI MaTepiaiu,
eKCIIepUMEHTaJIbHE O0JaAHAHHS Ta MPOLEC MPUTOTYBaHHS TOKPUTTIB.

VY TpeTbomMy pO3iJli ONMMCAHO MEXAHI3M 3HWKEHHS Koe(illieHTa TePTs Ta MpoILieC
YTBOPEHHSI MOKPUTTIB. JlOCH115KEHO MacOOOMiH, IIOPCTKICTh MOBEPXH1, MIKPOCTPYKTYPY
Ta €JIEMEHTHHM CKJIaJl MOKPUTTIB. [[OCHIKEHO BIUIMUB TEXHOJOTIYHUX MAapaMeTpiB Ha
TOBUIMHY, (Da30BUM CKJIad, TBEPAICTb 1 TPUOONOTIYHI BIACTUBOCTI MOKPUTTIB.

VY derBepTOMY PO3/1I1 KOPOTKO MPEJACTABICHO TPAAUIIINHUN TIpoiiec 0OpoOKH Ta
BUTOTOBJICHHS BTYJIKM MIAIIMIIHUKA KOB3aHHSA, Yy3arajlbHEHO Ta MPOaHaTI30BaHO
pe3yabpTaTi BUNIPOOYBaHb PI3HUX MOKPUTTIB AJisi OOKaTKU. BUKoOpHCTaHO eHTpOIiiHMMA
METO/ JIJIsl BU3HAUYECHHS Bark 1HAEKCY OOKATKU MOKPUTTIB, a Takox Moaeias TOPSIS mis

BCEOIYHOI OIIHKM Ta COPTYBaHHS MOKPUTTIB JUIsl MPUIIPALIOBAHHS Ta BU3HAYEHHS
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HaMKpaloi cXxeMHu IPOMHCIOBOrO 3acTocyBaHHs. [IpoaHanizoBaHO OCHOBHHI MaTepia,
MaTepial TMOKPUTTS, TEXHOJIOTI0 OOpOOKHM Ta TEXHOJIOTII0 TOKPHUTTA BTYJKU
MIIUIMHAKA, SKI  BIUIMBAIOTh HA  AKICTh  NPOAYKINi. 3amporloHOBAaHO HOBY
eKOJIOTTYHOOE3MEYHY TEXHOJIOTII0 CTBOPEHHS MPUIPALIOBAIBHUX IMOKPHUTTIB BTYJKH
MIIMIAITHAKA 3 0JIOB’IHOT OPOH3H, I€TaIbHO OMUCAHO TEXHIYHUM MIPOEKT, BATOTOBJIICHHS,
0o0poOKy, MOHT&X 1 [OCHIHY eKCIUTyaTallifo. 3amporlOHOBAaHO pPsAJ TEXHIYHHUX
pEeKOMEHJaliid 00 3acTOCYBaHHS mpouecy (OPMYBAaHHS IPHUIIPALIOBAIBHUX
MOKPUTTIB MIJUIUITHUKIB 3 OJIOB’THOT OpOH3H.

VY m’aromMy po3aull y3araJbHEHO MOBHUM TEKCT, 3p00JE€HO BUCHOBKH Ta HAJaHO
MPOMO3UIIIT MO0 MOJATBIINX JOCIIIKEHb.

BignoBigHo 10 MOCTaBiIE€HOI METH Ta 3aBlJaHb Yy pOOOTI OTpUMAHO HACTYIIHI
pe3yJIbTaTH:

1. M'sxe nmokputT4 31 cpibia 3a ONTUMAJIBHUX MapaMeTpiB MPOLECY HAHECEHHS
Mae wmaconepenady 25,0 Mr, HIOPCTKICTh MOBEPXHI CTAHOBUTH 15,46 MKM, a TOBIIMHA
cTtaHoBUTH 15 MkM. KoedilieHT moBepxHEBOTro TepTs cTaOUTI3y€eThCs Michs 0OKaTKHU, a
MIHIMQJIbHUA KOE(QILUIEHT TepTs MNOKpUTTA Ag craHoBUTh Onu3bko 0,31. OpnHak
XapaKTEPUCTUKU Cpidja sIK MOKPUTTS aHTU(QPUKIIIHOrO Marepiaay HOTpeOyroTh
MOJAJIBIIOTO BIOCKOHAJICHHS.

2. 3a onTUMaJbHUX MapaMeTpiB mpouecy (OpMyBaHHS M’SIKOTO TOKPHUTTS 31
cpibsa ta 06abity b83 macomepenmada cTtaHoOBUTH 125,2 Mr, HIOPCTKICTH IMOBEPXHI
KOMIO3UTHOTO TMOKpUTTS 19,43 MKM 1 MakcuMajibHa TOBIIMHA 1Iapy 80 MKM.
MiHiMalbHUNA KOEPIIEHT TEPTSI KOMIO3UTHUX MOKPUTTIB MICJIsl CTAJIli MPUITPAIIOBAHHS

ctaHOBUTh Oym3bko 0,177. OCHOBHMM MEXaHI3MOM 3HOIIYBaHHS KOMITO3HUIIIMHUX
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MOKPUTTIB, BUTOTOBJIEHUX 32 ONTUMAIbHUX TEXHOJOTIYHUX MapaMmeTpiB, € MIACTUYHA
nedopwmariisi Ta abpa3suBHE 3HOITYBAHHSI.

3. Ilpu onTUManabHUX TEXHOJIOTIYHUX TMapaMmerpax (OpMyBaHHS M SIKOTO
aHTU(GPUKIIITHOTO TTOKPUTTS 31 cpibna, Mimi Ta 6adity b83 macomepenada cTaHOBUTH
54,4 Mr/cm?, MOPCTKICTh IMOBEPXHI KOMIIO3MIIAHUX MOKPHUTTIB 32,3 MKM. IlokpurTs
IIUThHI, METATypriiHe CIUIABJICHHS 3 MITKIAIKOI0 1 MPH ONTUMAIBHUX TapaMeTpax
TOBILMHA TTOKPUTTIB CTAHOBUTH OJin3bko 100 MKM, a MakcuMaibHa TOBIIMHA — 160 MKM.
EnemeHTHHI1 cKnaa TphOX XapaKTepHUX oOnacTel (Iyajgka TIOBEpPXHs, IMIOPCTKa
MOBEPXHS Ta MOPH) HA MOBEPXHI KOMIIO3UTHUX MOKPHUTTIB 3HAYHO 3MIHIOETHCSA Yepe3
pi3HI criocoOM BUPOOHUUTBA. Po3moauT TBEpIOCTI Bl MOBEPXHI MOKPUTTS 1O OCHOBU
CIOYATKy 30UIBIIYETHCS, MOTIM 3MEHIIYETHCS, @ MOTIM MOCTYNOBO 30UIBLIYETHCS.
[ToBepxHEeBa MIKPOTBEPAICTh KOMMIO3ULIWHUX TMOKPUTTIB CTAaHOBUTH 29 HV(g1, 110
npubau3Ho Ha 82% HWKYe, HDK Yy MIKIaAKd 3 oyioB’sHoi Opon3u (161 HVp).
KoedimieHT noOBEpXHEBOro TEepTd KOMIIO3UTHUX MOKPUTTIB CTAaHOBHUTH 55,6%
MIJKJIAJKA OJIOB’siHOT OpoH3u. OCHOBHUM MEXaHI3MOM 3HOIIIYBaHHS KOMITO3UIIIHHUX
MOKPUTTIB, BUTOTOBJICHUX 3a ONTUMAJbHUX TEXHOJOTIYHUX MapaMeTpiB, € IJIACTUYHA
nedopmaiiisi Ta JIETKE MOJTIPyBaHHS.

4. NocnipKeHo TpUNpalioBajibHl MOKPUTTS HA OCHOBI OJIOB’SIHUCTO1 OpOH3H, 1110
oTpuMaHi enekTpoickpoBuM JieryBaHHsM (EIJ[) 3 HaHeceHHsM aHTU(QPUKLIMHOTO
Marepiaiy cpibna, miai, 6adity B83 ta okcuay rpadeny (I'O). PesynapTatu mokasyroTh,
mo OOKAaTKOBI TOKPUTTS € IIUIbBHUMH, 3€PHUCTICTh MOAPIOHEHA, PIBHOMIPHO
PO3MO/IIJIEHa Ta METATYPriiHO CIUIABJICHA 3 MIAKIAAKOI. 3a ONTUMAJIbHUX MMapaMeTpiB

MpoIecy Macomnepegadya CTaHOBUTHh 244,2 Mr, MIOPCTKICTh TMOBEpxHI — 15,9 MkwM,
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ToBIIMHA Tapy — 160 MkM. Moaynb 1 TBEpAICTb MOKPHUTTIB MPU OOKATI CTAHOBUTH
24.9% 1 14,2% migknagku, a koedimieHT aedopmariii mokputtiB Ha 10,2% BuIe, HIK y
nigkiaanku. KoedimieHT TepTst 0OkaTyBaHUX MOKPHUTTIB CTAHOBUTH Osn3bKo 0,210 micns
etanry oOkatku, 1o ckiaamgae 64,8% ocaoBu (0,324). OCHOBHMM MEXaHI3MOM
3HOIIYBAaHHS TMPUIPALBOBAHUX MOKPUTTIB 32 ONTUMAIBHUX MapaMeTpiB MPOLECy €
iacTu4yHa aedopmaiiis, MOAPANUHN Ta Jerke mojiipyBaHHs. Jledopmariisi mOKpUTTIB
npu OOKaTIl MiJ JI€I0 BHUCOKMX MUTOMHX HABAaHTAXKEHb 3a0e3Meuye aBTOMATUYHE
pEryJIIOBaHHs JIeTaJIe 1 KOMITEHCAI[II0 TOXUOOK BUTOTOBJICHHSI.

5. Cucrema OIIIHKM TOKAa3HUKIB MJIS XapaKTEPUCTUKH OyJsia moOyjoBaHa Ha
OCHOB1 6 (haKkTOpiB, BKJIIOYAIOYM I[IHY MaTepially, 4ac, Macornepenady, HIOpPCTKICTb,
TOBUIMHY Ta KOE(IUIEHT TEPTS MOKPUTTIB  EJIEKTPOICKPOBUM  JIETYBaHHSM.
3anponoHOBaHO IHTErPAJIBHUM MIJX1J 10 OLIHKM XapaKTEPUCTUK IOKPUTTIB, SKUU
NMOEAHY€E OaraToKpuTepiaauii METOJ MPUUHATTS pillleHb, MAKCUMAJIbHO OJIU3BKUX 0
igeanbHoro pimeHHs (TOPSIS) 1 meron entpomii Illennona. [Insi BpaxyBaHHS
HEOJHOPIAHOCTI 3HAY€Hb IMOKA3HUKIB BUKOPUCTOBYETbCS MeToj eHTpomii llleHHOHa.
Mopens TOPSIS ©Oyno 3acTocoBaHO i y3arajJbHEHOI PEUTHHIOBOI  OLIIHKHU
XapaKTEPUCTHUK MPUIPALIOBAIBHUX MOKPUTTIB, OTPUMAHUX METOJOM EJIEKTPOICKPOBOTO
JIETYBaHHS.

6. Po3poOiieHO Ta BHOPOBA/PKEHO TEXHOJOTIYHI PEKOMEHJAIil  II0A0
BUTOTOBJICHHS POTOPHUX MAIlUH 13 3aCTOCYBaHHSM BTYJIOK OJIOB’SIHOI OpOH3M MJis
H1IIUITHUKIB KOB3aHHS, OTPUMAHUX €KOJIOTIYHO O0€3MEeYHUMH METOJIaMU, 3 O4IKyBaHUM

€KOHOMIYHHUM epeKkToM 216 THC. IpH.



14

HaykoBa HOBH3HA OTPMMAHHUX Pe3yJIbTATIB:

1. Brepime B sKOCTI MaTepiainy MiaKIaaka 00paHo ojioB’ssHucTy Opon3y QSnl0-1,
a cpibio, Miae, b83, OI' — sik matepianu mokpuTTs. OCHOBA 1 MOKPUTTS MAIOTh XOPOIIIE
MeTaJaypriiiHe 3B’s3yBaHHS, YTBOPIOEThCS HOBa (asa AgsSn, po3Mip 3epeH
3MEHIIY€THCS, IMOBEPXHEBA TBEPAICTh 3HUKYETHCSA, a KOE(DILIEHT TEPTS CYTTEBO
3HWXKY€eThes. Jlyxke 1o0pe miIXoauTh sl MPUIPALIOBAIBHUX TTOKPUTTIB.

2. Bmepmie, BiIMmoBiAHO 10 OOpaHUX MaTepialiB MIAKIAIKA Ta MaTepiamiB
NOKPUTTIB, OyJIO BUBYEHO MapaMeTpH NPOLECY EJIEeKTPOICKPOBOrO JIEryBaHHs, a
o0nagnanHs DZ-4000II1 OGymo oOpaHO uisi BU3HAYEHHS ONTHUMAIbHUX MapamMeTpiB
€JICKTPOICKPOBOIO JIETYBaHHS.

3. Bmepme Oyno CTBOpEHO CHCTEMY OIIIHKH I1HJEKCY €JIEKTPOiCKPOBOTO
JIETYBAaHHS TOKPUTTIB, Bary KOXKHOTO 1HJIEKCY OyJ0 BU3HAUEHO EHTPOMIMHUM METOA0M,
a mogenb TOPSIS 6yno BukopucTaHo 117151 KOMIUIEKCHOT OLIHKH Pi3HUX TIOKPHUTTIB.

[IpakTiuHe 3HaYEHHS OTPUMAHUX PE3YJIBTATIB MOJIATAE Y HAJTAHH1 TEXHOJOTIYHUX
MIPOMO3UIIiH III0/I0 BUTOTOBJICHHS 3 OJIOB’ IHUCTO1 OpOH3M BTYJIKH IiIIITUITHUKA KOB3aHHSI
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INTRODUCTION

Justification of the choice of research topic.

Gas turbine works under the conditions of high load, high speed and high
temperature, but it is also affected by corrosive and abrasive working environment.
Sliding bearing is one of the key components of large gas turbine unit, which supports
the weight of the rotor and ensures the high-speed and stable operation of the rotor. The
bearing bush material is used in pairs with the steel journal. The shaft is an important
part, the manufacturing process is complex, the cost is high, and the replacement is
difficult, so in the case of inevitable wear, the shaft should be ensured to be subjected to
minimum wear, and the bearing bush can be replaced if necessary to continue to use the
shaft.

The main requirements for the materials of sliding bearings are mutual material
compatibility, low friction coefficient, high pressure resistance, strong fatigue resistance,
high thermal stability, good corrosion resistance, strong wear resistance, good shock
resistance, low cost, structural stability and recoverability of performance after forced
contact. These materials should be hard enough without excessive wear on the shaft.
They should be relatively easy to plastically deform under the influence of local stresses
and should have the ability to store lubricating oil on the surface. Steam turbine bearing
support rotor is a kind of heavy load and high speed sliding bearing. The material of
bearing is tin-base Babbitt alloy which has small friction coefficient, good wear
resistance and high enough compressive strength. Babbitt alloy is a kind of antifriction
alloy with good performance. Compared with other bearing materials, tin-based bearing

alloy has small expansion coefficient, good embeddability and antifriction, excellent



25
toughness and corrosion resistance, and good adhesion to the back of the bearing. Its
main disadvantage is that its fatigue strength is poor, and its mechanical strength
decreases sharply with the increase of temperature. The maximum operating
temperature should generally be less than 110 °C.

In the actual work of the bearing, tin bronze bearing has good mechanical
properties and thermal conductivity, but the friction is slightly higher, Babbitt alloy
bearing has less friction, but the performance at high temperature is poor, which further
affects the reliability and stability of the bearing. The addition of a small amount of
silver in the Babbitt alloy can play a role in grain refinement, so that the strength and
the hardness of the alloy are improved. Copper can provide the preferential
crystallization center of Babbitt alloy, refine the grain, and improve the microstructure
and mechanical properties of alloy.

Electro-spark deposition technology is a new environmental protection method to
repair and strengthen the surface of metal materials. The method has the advantages of
simple equipment, convenient operation, safety, environmental protection and wide
application range. The alloy coatings have high wear resistance, good corrosion
resistance, good friction performance, high fatigue strength, high temperature resistance
and other special properties, and have good practical value and wide application
prospect. Widely used in mold, agricultural machinery, aerospace, nuclear industry,
ships, turbines, electric drive and other industries, mechanical parts of the surface
strengthening and local material addition manufacturing.

Usually, the surface layer carries the largest load and is affected by the external

environment, so the surface performance directly determines the working life and
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stability of the parts. Machine parts and components are worn from the surface, so to
improve the performance of machines and machinery, it is necessary to improve the
surface quality of parts. Through the application of special coatings, the most effective
surface quality and component handling performance improvements are provided. To a
large extent, the reliability of plain bearings depends on the quality of bearing
manufacturing, coating application, installation and maintenance work. In the
manufacturing process, there are always deviations from the ideal shape geometry;
Additional errors are introduced during part installation, and the reduction of the actual
contact area is the cause of the increased surface layer load, especially during running-in.
With improved conditions and improved friction surface handling during later operation,
it is possible to improve the bearing surface properties by coating with a soft metal by
means of the electro-spark deposition (ESD) technique. Deformation of the soft coating
(Ag, Cu, B83 or composite coating) under high loads provides the possibility of
automatic part adjustment and compensation for manufacturing errors.

Therefore, the purpose of this work is to establish a functional coating of
tin-bronze bearing by using environmental-friendly electro-spark deposition technology,
to improve the surface properties, wear resistance and fatigue resistance of bearings, to
reduce the wear between bearings and bearing bushes, and to improve the
manufacturing quality, stability and durability of tin-bronze bearing bushes of rotating
machines, which is of great significance to the development of the world economy.

Relationship with academic programs, plans, themes.

The dissertation is a fragment of scientific programs of research work of the

Ministry of Education and Science of Ukraine "Scientific methodology of parts working
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surfaces maintenance properties providing by energy-efficient environmentally friendly
methods" (Ne 0116U002756).

The purpose and objectives of the study. Ensuring the reliability and durability
of the rotating mechanisms friction units by improving the tribosurfaces quality at
commissioning stage the special running-in coating formation.

For the purpose were assigned the following tasks:

1. To analyze the manufacturing technology and features of the friction units
operation;

2. To analyze structural and technological methods of increasing the reliability and
durability of friction units;

3. Develop a system of directional selection of technological parameters for
forming running-in coatings on various contact surfaces of friction units;

4. Establish correlation dependencies between equipment modes and quality
parameters of the formed coatings;

5. To introduce the results of research into the practice of manufacturing friction
units in the enterprise.

Object of research - Technological process of formation of functional coatings on
the surface of elements of machines with bronze bushes for sliding bearings of rotating
mechanisms.

Subject of research - The running-in coatings on the surface of tin bronze bushes
that was formed by electro-spark deposition (ESD) applying the antifriction material of

silver, copper, Babbitt B83 or graphene oxide (GO).
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Research methods - The experimental research method is consisted to adapt
existing technology for producing running-in coatings, based on the ESD method, to the
working conditions, design and technological features of FU parts. Thus, there is a need
for complex research aimed at definition the quality parameters of the formed surface
layers (microstructure, microhardness, roughness, composition, nanoindentation and
tribological properties): metallographic, durometer, X-ray structural research; definition
of the surface layer topography; study of residual stresses and fatigue strength; research
of wear resistance.

Scientific novelty of the obtained results.

1. For the first time, Tin bronze QSn10-1 is selected as the substrate material, and
silver, copper, B83, GO are selected as the coating materials. The substrate and the
coatings have a good metallurgical bonding, a new AgsSn phase is formed, the grain
size is refined, the surface hardness is reduced, and the friction coefficient is greatly
reduced. It is very suitable for running-in coatings.

2. For the first time, according to the selected substrate material and coatings
materials, the process parameters of electro-spark deposition were studied, and the
equipment DZ-4000111 was selected as the deposition equipment to find out the optimal
electro-spark deposition parameters.

3. For the first time, the index evaluation system of electro-spark deposition
coatings was established, the weight of each index was determined by entropy method,
and the TOPSIS model was used to comprehensively evaluate different coatings.

The practical significance of the obtained results is to provide technical

suggestions for the manufacture of tin bronze Bush of sliding bearing in rotating
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machinery. Adapt to that technical cycle of sliding bearing in rotating machinery and
the operating conditions of friction unit using tin bronze bushes for the rotating running
of the core components.

Personal contribution of PhD.

Setting goals and objectives, discussing the results, forming conclusions were
carried out together with the scientific supervisor. The author analyzed the literature and
patent search on the topic of dissertation. Conducted experimental studies using modern
methods Co-authors of scientific papers are the supervisor and scientists with whom the
research was carried out. In scientific works published in co-authorship, the dissertation
belongs to the actual material and the main creative work.

Publications. According to the results of research, 19 scientific papers were
published, including: 4 articles in professional editions of Ukraine, 9 conferences, 2
patents; 4 articles - in foreign editions, which is in the Scopus or WOS scientific-metric
publication, 1 methodical recommendation.

Structure and scope of the thesis. The dissertation is set out on 194 pages of
computer text. It consists of an introduction, 4 sections, general conclusions, a list of
sources used and 3 annexes. The main body of the dissertation is 129 pages of printed
text. The work is illustrated with 30 tables, 52 figures. The list of references includes

the name of 197 sources on 29 pages.
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CHAPTER 1. LITERATURE REVIEW, THE PURPOSE AND THE TASKS OF
RESEARCH

The electro-spark deposition (ESD) can be used as a surface strengthening method
to strengthen the surface with the requirements of wear resistance, corrosion resistance
and oxidation resistance, or to repair the surface through deposition, and also to prepare
various special functional coatings [1-3].
1.1 The research on the mechanism of electro-spark deposition

Since the theory of electro-spark deposition was put forward in 1943, the new
technology of electro-spark deposition has been developed rapidly [4-6]. With the
development of the theory of electro-spark deposition, researchers have different views
on the definition of this technology [7-9]. Some scholars believe that electro-spark
deposition is a process of surface strengthening by direct use of high energy density of
electric energy [10-12]. Through spark discharge, conductive materials as electrodes are
infiltrated into the surface of metal workpieces to form alloyed surface deposits, which
can improve the physical, chemical and mechanical properties of workpieces [13-15].
Another part of researchers connect the electric spark deposition with the traditional
electric arc welding, and think that the electric spark deposition is a kind of pulse
electric arc micro-welding technique, which utilizes the short time big electric current
pulse produced by the electric capacity discharge to form the high temperature plasma
arc with the temperature as high as 5000~25000°C, melting or vaporizing the electrode
material and transiting to the work piece [16-18].

Researchers put forward two theories to explain the mechanism of electric spark

deposition discharge. One is the principle of non-contact discharge, the other is the
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principle of contact discharge [19]. The physical process of non-contact discharge is that
the electric field strength increases when the electrodes are close to each other, when the
distance is close enough, the gap between the electrode and the workpiece is broken
down to generate spark discharge, through the discharge channel, the electron beam
bombards the surface of the anode and converts into heat energy, the surface of the
anode is heated and melted to generate metal droplets [20-22]. The droplets move from
the front of the moving anode to the cathode and are heated in the process of separating
from the anode, and the temperature rises until boiling and explosion occur, forming a
large area of particle flow. The molten particles reach the cathode, adhere to the cathode
and partially infiltrate into the surface of the cathode. The electrode moving behind
these particles mechanically strikes the workpiece and moves upward away from the
workpiece, leaving a layer of anode material on the cathode surface.

At the same time, some researchers also questioned the non-contact discharge
theory, thinking that it cannot reasonably explain the discharge mechanism of
electro-spark deposition, they think that under normal conditions, when the discharge
voltage of electro-spark deposition cannot reach the air breakdown voltage, non-contact
discharge mode is difficult to occur. For example, in iron cathode, the minimum
breakdown voltage of air is 270V, while in electro-spark deposition, the bipolar voltage
is less than 100V. Therefore, the theory of contact discharge is put forward, and the
discharge process can be divided into three stages: (1) the formation stage of low
voltage breakdown condition; (2) spark discharge stage; (3) separate that electrode from
the workpiece. The condition of low voltage breakdown is that high current density is

generated instantaneously under the condition of contact resistance discharge and the



32
energy is highly concentrated, so that thermal emission and thermal ionization are
generated, the concentration of free electrons, ions and other charged particles between
electrodes is greatly increased, the number of collisions between electrons and atoms or
molecules meeting the requirement of gas breakdown is realized and the gas low
voltage breakdown condition is formed.

In [23], the formation mechanism of micro-nano coating was described, the main
reason for the improvement of hardness and wear resistance of cladding layer were
analyzed. The addition of nanocrystalline hard phase and focused on the formation
reason of nanocrystalline structure in micro-nano coating. The metal surface layer was
quenched at ultra-high speed in the cladding process of rapid cooling and rapid heating.

In another report [24], the phenomenon of arc drift in spark discharge during the
study of automatic strengthening of electric spark was observed and explained this
phenomenon by using the principle of welding arc. But there are essential differences
between welding arc and electric spark deposition arc. Welding arc is continuous
discharge, but electric spark deposition arc is intermittent discharge controlled by high
frequency pulse.

Single point gap discharge, single point contact discharge and continuous discharge
with rotary electrode tests were conducted in order to study the discharge mechanism of
electro-spark deposition with rotary electrode, as in research [25]. The results show that
the medium between electrode and substrate can be broken down and result in gap
discharge under certain voltage and gap conditions. Contact discharge mainly consists
of two stages: short circuit discharge and gap discharge. During the discharge process,

there exists not only non-contact discharge phenomena, but contact discharge and short
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circuit discharge phenomena. Most of them are contact discharge phenomena.

At present, the research on the mechanism of electro-spark deposition is still
continuing.

1.2 The research on the electro-spark deposition equipment

In 1944, the former Soviet Union made the world's first electric spark perforating
machine according to the deposition process proposed by Lazarenko and his wife. In
1950, the former Soviet Union Central Institute of Electrical Science developed the yHP
series of electro-spark deposition equipment and also developed the series of
electro-spark deposition equipment. In 1964, the Institute of Applied Physics of the
Academy of Sciences of Moldavia of the former Soviet Union developed 3H series
equipment according to the theory of deposition technology of Lazarenko and his wife
and widely used in industrial departments. The Kishinev Experimental Factory of the
Institute of Applied Physics of the Academy of Sciences of Moldavia produced the new
equipment for electro-spark deposition using thyristors and transistors in the 1970s
which has greatly improved the quality of deposited layers and manual operability.
According to records, in 1978 to 1979, the former Soviet Union used 37 such
sedimentation equipment to save about 400000 rubles.

European and American countries began to study and use this deposition process in
the 1950s and mostly used in mould parts while Japan began to study and use it in the
1960s. These devices are typically manually operated devices with a power of within
200W. After entering the 1990s, Japan's electro-spark deposition technology has been
great development, they developed the SparkDepo deposition equipment power is

bigger, can obtain a more uniform coating, coating thickness also increased a lot and the
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current use of SparkDepo Model 300 electro-spark deposition equipment. ASAP
(Advanced Surface and Processes Inc.) of the United States is the authority on the spark
deposition, is the most advanced spark deposition system manufacturers and it has also
the successful applied ESD to the aviation, marine, military, medical, automotive and
food processing industries.

The research of electro-spark deposition technology in China started very early and
the research of electro-spark deposition equipment began in the 1950s, but due to the
theoretical knowledge and technical conditions at that time, this technology was not
applied in a large area. In 1977, Suzhou Electro-machining Machine Tool Research
Institute developed D9 series of deposition equipment which has been widely used in
the deposition strengthening and surface repair of dies, measuring tools and mechanical
parts and achieved good economic benefits. In the 1990s, with the progress of science,
this enhancement technology has been further developed. Xi‘an Qing'an Group Co Ltd
of Auviation First Group has developed the ZS-116 type electro-spark deposition
equipment which is characterized by a wide range of deposition current and can be used
for a variety of electro-spark deposition processes. Some institutions of higher learning
and scientific research units in China have done a great deal of work on the
development of the deposition equipment and have developed a series of new-type
electro-spark deposition equipment. For example, some scientific research units such as
Tsinghua University have developed the pulse electric spark deposition equipment.
Because a set of control circuit is designed on this series equipment, the discharge
energy is greatly increased, thus the quality and thickness of the deposition layer are

improved and the surface roughness is reduced. The Institute of Metal Research of
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Chinese Academy of Sciences has developed the 3H-ES series of electric spark surface
strengthening and repairing machine, high energy micro-arc pulse cold welding
processing equipment which is characterized by small thermal effect, no deformation of
the workpiece, metallurgical bonding between the deposit and the substrate and on-line
surface deposition and repair, thus greatly saving production costs. At present, the
DZ-4000111 electric spark surfacing machine produced by the Institute of Surface
Engineering Technology of China Academy of Agricultural Mechanization Science and
Technology is widely used.
The electro-spark deposition equipment and the parameters (model, power, voltage,
capacitance and frequency) are shown in Table 1.1and Figure 1.1.

Table 1.1 — The parameters of the electro-spark deposition equipment

Model Power \oltage (V) Capacitance (uF) Frequency (Hz)

Elitron22A  500W 15-70 360 ---
Elitron52A 3500W  35-210 120-2040 ---
Depol50  500W  50/100/150 --- 60-1400
Depo300  2000W 50/100/150 --- 60-2000
DZ-4000111 4000w  20-200 30-420 1300-6000
SZ08 1500w 20-100 --- 50-500
SZHCS07 3800W  20-100 --- 50-500
SW1500 1500w  20-100 ~-- 50-500

VC400DHF 1500w  20-100 --- 50-500
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Figure 1.1 — The ESD equipment: a - Elitron22A; b - Elitron52A; ¢ - Depo150; d -

Depo300; e - SZ08; f - SZHCSO07
1.3 The research on the electro-spark deposition process
The equipment and process of electro-spark deposition have a significant impact
on the efficiency and quality of deposition [26-28]. There are many process parameters
affecting the electro-spark deposition which are systematically studied and classified as
follows:

(1) Electrode and its movement. Electrode materials (material composition, density,
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microstructure), manufacturing technology (machining, powder metallurgy, 3D
printing), shape, speed of movement, specific deposition time, contact force, cycle times,
deposition angle and so on [29-31]. According to the application, the electrode materials
used can be divided into three categories [32-34]. The first is wear resistance material
that include hard carbides (carbides of W, Ti, Cr, Ta, Mo, Hf, Zr, Nb, V, etc.), hardfacing
alloys (Stellite, high nickel chromium alloy), Ti, Zr, Ta and other borides, intermetallic
compounds and cermets [35-37]. The second is corrosion resistance material that
include stainless steel, special alloys (Hastelloy, Inconel, etc.), intermetallic compounds
of Fe, Ni and Ti with Al, multicomponent alloys FeCrAlY, NiCrAlY, CoCrAlY [38-40].
The third is repair or modification material that include nickel-based or cobalt-based
superalloy, noble metals such as Au, Ag, Pt, Ir, Pd and Rh, refractory metal such as W,
Mo, Ta, Re, Nb and Hf and alloys thereof and alloys of Fe, Ni, Cr, Co, Al, Ti, Cu, Zr, Zn,
V, Sn and Er [41-43]. Because the electrical resistivity, melting heat, thermal
conductivity, ductility, wetting angle and other characteristics of materials are very
different and considering the instability of the electro-spark deposition process, the
influence of process parameters on the preparation and performance of coatings is
uncertain.

(2) Substrate material. Material, surface roughness, cleanliness, shape, temperature
[44-46].

(3) Power supply. Electric spark energy and frequency, voltage, current,
capacitance, discharge time of electric spark, inductance [47-49].

(4) Environment. Gas or liquid composition, fluid properties, gas flow rate and

mode, temperature [50-52].
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(5) Electro-spark deposition composite process. Sometimes it cannot achieve the
desired effect by using a single electro-spark deposition technology for deposition, some
scholars combine the electro-spark deposition technology with other processes to
achieve better results [53-55]. And other process combined with that electro-spark
deposition technology include magnetron sputter, ultrasonic treatment, laser treatment,
chemical heat treatment, shot peening treatment and rolling treatment [56-58].

The research scope of electro-spark deposition by scholars is narrow and the
thickness of deposition layer is often used as the basis for evaluating performance and
selecting process parameters [59-61]. And the research of electro-spark deposition
mostly focused on how to determine the relationship between process parameters and
deposit thickness and how to increase the deposit thickness, and the research of
deposition process parameters mainly focused on the limited ceramic or cemented
carbide deposition materials, spark capacitance, voltage, frequency and specific
deposition time [62-64]. There are obvious deficiencies in the research of deposition
materials, electrode motion and automatic control.

In [65], NiCrAlY coatings with different Al contents on GH4169 superalloy by
electro-spark deposition were prepared. There was a coating thickness limit for the
NiCrAlY coating with high Al content. The coating thickness could be further increased
by coating again after annealing treatment. The low aluminum content NiCrAlY coating
was not applied to the limit thickness after being applied to the 130 layers. Different
element content of the alloy coating on the thickness of the coating is also a great
impact.

In another paper [66], a new method of ESD is proposed to improve the wear
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resistance of copper alloysurface. The results show that the coating is mainly composed
of TiN hard phase with a thickness of about 85 um. The microhardness of the coating
can reach 890 HVys, which is about 4.8 times of the substrate (185 HV(gs). The
friction coefficient of the coating is 0.125-0.2, which is much smaller than that of the
substrate (0.23-0.35) and the fluctuation is small. The wear rate of the TiN coating is
about 49.6% of that of the substrate.

In other work [67], electro-spark deposition process was used to prepare the
Mo,FeB,-based cermet coatings in Ar and in air. The coating prepared in Ar has better
wear resistance, whose wear mass is about 1/7 that of the coating produced in air. The
abrasion mechanism of the two coatings is fatigue wear and abrasive wear and the
coating produced in Ar is mainly fatigue wear, whereas the coating prepared in air is
primarily abrasive wear.

In [68], In order to investigate the effects of pulse energy on microstructure and
properties of Mo?FeB2-based ceramet coatings, three kinds of coatings were prepared
under different pulse energy (1.35 J, 6.41 J and 17.81 J) by electro-spark deposition.
The results show that all the coatings are consisted of amorphous, martensite and Fe3B.
The coating deposited at pulse energy of 6.41 J has a maximum peak microhardness of
1395 HVy s, the minimum mean friction coefficient (0.313) in the steady state and the
minimum wear mass (0.7mg) after 1h of abrasion, indicating its better friction and wear
performance.

In the present study [69], the effects of process parameters (voltage, nitrogen flux
and specific strengthening time) on the microstructure and wear resistance properties of

TIN coatings prepared by electro-spark deposition (ESD) were investigated
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systematically. The results show that the variation of wear mass loss by the variation of
the voltage and nitrogen flux is attributed to the change of wear mechanisms of TiN
coatings. The main wear mechanism of TiN coating prepared under optimal process
parameters is micro-cutting wear accompanied by micro-fracture wear.

The most recently [70], aiming at the defects such as pores, microcracks, loose
surface structure, poor continuity and poor surface quality in the ESD layer, a
machining method of "ESD-remelting and rolling™ was proposed. The results show that
the electrode has great extrusion and rolling effect on the deposited surface during
remelting and rolling. Remelting and rolling can effectively eliminate the defects such
as pores, microcracks and loose microstructure in the sediment layer.

In order to determine the temperature field of WC-12Co coating, mathematical
model of heat conduction was established by utilizing suitable heat source and the
thermal boundary conditions [71]. Numerical simulation was carried out by commercial
finite element code ANSYS, and iso-surface, the temperature distribution curve and
temperature variation curve were derived. The areas of melting and gasification zone
were measured by setting of contour lines of temperature field. Furthermore, the
influence of process parameters on the areas of melting and gasification zone was
researched and the optimized process parameters were predicted. To verify the
prediction, electro spark deposition experiments were carried out and the optimized
process parameters were determined.

Through the optimization of different process parameters, analysis of the various
parameters on the deposition layer quality and deposition efficiency to obtain stable and

reliable process parameters in order to achieve quality and efficiency of double
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excellent is one of the research directions of the electro-spark deposition process
scholars and experts.

1.4 The research on the surface characteristics of electro-spark deposition

Electro-spark deposition technology can effectively improve the physical and
chemical properties, mechanical properties and tribological properties of the surface, so
that the surface has high hardness, high wear resistance, high fatigue strength, high
corrosion resistance and oxidation resistance, high temperature resistance, ablation
resistance and other special properties [72-74].

The composite coatings of the tin bronze surface that was formed by alternately
ESD applying the soft antifriction material of silver, copper and babbitt B83. The
investigation of the tribological properties of the coatings in dry friction show that the
lower resistance is exhibited by the composite coatings deposited using the soft
antifriction material. The surface friction coefficient of the composite coatings is 55.6%
of the tin bronze substrate. The surfaces of wear traces were analysed in order to
understand the friction and wear resistance mechanisms of the coatings. The wear scars
of the tin bronze substrate with and without the soft antifriction composite coatings after
tribological testing are shown in Figure 1.2 and Figure 1.3. It was found from analysis
of wear scars in Figure 1.2 that the wear mechanism of the tin bronze substrate is
dominated by severe ploughing wear and fatigue delamination. A lamellar structure can
be distinguished on the surface of the worn tin bronze substrate. This can be responsible
for low friction under these conditions. However, it can be seen in Figure 1.3 that the
soft antifriction composite coatings may effectively restrain fatigue delamination,

showing plastic deformation and slight polishing. Plastic deformation dominated on the
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relatively soft composite coatings. The initial surface microgeometry was changed
during load application and its surface became smooth with fine shallow scratches
observed after the wear test. After the smooth surface was formed, the friction and wear

stabilized.
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Figure 1.3 —The wear scars of the tin bronze substrate with the composite coatings
after tribological testing
In [75], indium, tin, copper and silver soft wear-resistant coatings were deposited
on the axial surface of Babbitt alloy by electro-spark deposition technology, which can
reduce the requirements for the assembly standards of friction units and reduce the
formation of SnSb crystals on the surface of Babbitt alloy.
In other research [76], a new method was proposed to improve the surface

properties of titanium alloy TC4 by synthesizing TiN coating with flexible titanium
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electrode. In that process, the flexible titanium electrode and the titanium alloy TC4
surface are subjected to electric spark discharge, nitrogen is introduced into a processing
area through the interior of the titanium electrode at the same time, and the TiN coating
IS generated on the surface of a workpiece by utilizing the electro spark discharge
energy. The results show that the TiN strengthening coating is prepared on the surface of
TC4 workpiece and the coating is compact, uniform and continuous.

WC-Cu coating was deposited on the surface of C45 carbon steel by using laser
technology and electro-spark deposition technology and good anti-corrosion effect was
obtained [77].

In another report [78], the tribological properties of electro-spark deposited bronze
were studied, Molybdenum, chromium, composite T15K6 and bronze on C45 steel
under boundary lubrication conditions. The results showed that the molybdenum
coating was the most stable, but the bronze coating had a lower friction coefficient in
low load applications.

In more recent work [79], it was found that a metallic glass coating was uniformly
formed on the stainless steel substrate. The samples with optimized coating were shown
to exert lower cytotoxicity, better cell attachment, and higher blood compatibility than
the stainless steel substrates.

In other work [80], the impact of laser modification on the morphology and
mechanical properties of carbide/copper coatings produced by electro-spark treatment
was analyzed. The laser beam machining of ESD coatings led to the homogenization of
chemical composition, fragmentation of the structure, and elimination of microcracks.

Laser processing proved to have a positive effect on improving the adhesion of coatings
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and reducing their porosity. This paper also presents a simulation model of heat transfer
processes for the case of laser radiation impact on a WC-Cu coating. The developed
numerical model, describing the influence of laser treatment on the distribution of
temperature fields in the heated material (at a given depth) is of significant importance
in the development of treatment technologies. Laser-modified ESD coatings perform
anti-wear and protective functions, which enable their potential application in means of
transport such as rolling stock.

1.5 The future research direction of the ESD deposition technology

The electro-spark deposition technology is a new technology with special
strengthening effect and unique technical value which has great potential in the future.
The application of electro-spark deposition in the prevention, protection and repair of
surface coatings has obvious effect on improving production efficiency and reducing
cost [81-83].

At present, the scientific research worker has done the massive research work in
the electro-spark deposition technology mechanism research, equipment development
and application and has obtained many research results, but along with the modern
industry development of the high speed and heavy load, the mechanical components
service condition is worse, the surface damage form and the degree are complex serious
day by day [84-86]. Electro-spark deposition technology needs to be applied in a wide
range. But the problem of thin deposition layer, large surface roughness, low deposition
efficiency, poor process stability and reliability also need to be solved [87-89]. The
existence of these problems greatly limits the expansion of the application field of this

technology, so the future research direction of electro-spark deposition technology will
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mainly focus on the following aspects:

(1) To strengthen the research on the mechanism of electro-spark deposition
technology which will play an important role in guiding the basic research, equipment
manufacturing and application development of ESD. At present, the existing mechanism
of electro-spark deposition still has great limitations, including the mechanism of
electro-spark deposition discharge and electrode material transfer mechanism. Scholars
have not yet reached a unified conclusion on this which requires researchers to further
overcome the difficulties and form a complete theoretical system as soon as possible to
support the promotion and application of electro-spark deposition technology [90-92].

(2) The new types of electro-spark deposition automatic equipment are needed to
develop and improve the quality and stability of the coating and the deposition
efficiency.

(3) Strengthen the research of ESD process parameters. The strengthening process
of different electrode and matrix materials, multi-electrode strengthening process, the
strengthening process of multi-electrode materials on the same surface and composite
strengthening process were studied [82, 93, 94].

(4) The research of coating materials is mainly focused on cemented carbide and
ceramic materials, but other materials with excellent performance are also worth to be
studied.

(5) Combining other technologies with the electro-spark deposition technology and
developing the composite treatment technology to prepare the deposits with excellent
performance may become the preferred process in the process of the development of

this technology [95-97]. Electro-spark deposition technology combines with ultrasonic
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technology, nano-technology, laser technology, plasma technology, magnetron
sputtering, chemical heat treatment, thermal spraying, electroplating, brush plating,
chemical plating, physical meteorology deposition, ion implantation and other technical
means to deposit coatings with better performance. Electro-spark deposition technology
combines with computer simulation, artificial neural network, fuzzy control, expert
system, intelligent control, pattern recognition, genetic algorithm, ant colony algorithm,
particle swarm algorithm and other advanced technologies to promote the continuous
progress of electro-spark technology.
1.6 The purpose and the tasks of the research

The purpose of the research is ensuring the reliability and durability of the
rotating mechanisms friction units by improving the tribosurfaces quality at
commissioning stage the special running-in coating formation.

To achieve this goal, it is necessary to solve the following tasks:

1. To analyze the manufacturing technology and features of the friction units
operation;

2. To analyze structural and technological methods of increasing the reliability and
durability of friction units;

3. Develop a system of directional selection of technological parameters for
forming running-in coatings on various contact surfaces of friction units;

4. Establish correlation dependencies between equipment modes and quality
parameters of the formed coatings;

5. To introduce the results of research into the practice of manufacturing friction

units in the enterprise.
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CHAPTER 2. BASIC THEORY AND METHODOLOGY OF RESEARCH

The experimental research was consisted of adapt existing technology for
producing coatings, based on the ESD method, to the working conditions, design and
technological features of bearing bush.
2.1 The basic principle of electro-spark deposition (ESD) technology

The electro-spark deposition (ESD) technology is that the material to be deposited
is used as the electrode, the electrode is operated on the surface of the substrate, the
pulse frequency of the power supply is 100Hz-6000Hz and a high-density current
(10°-10°A/cm2) is instantaneously (10° to 107°s) passed through the power supply,
produce high temperature of 5000 ~ 25000°C in a very small scope, make the material
in the discharge area ionize with high energy, the electrode transfers to the surface of the
substrate at a high speed and diffuses to the surface of the substrate, thus forms the
deposit coating with metallurgy combination (Figure 2.1) [98-100]. The process can
really realize the metallurgical bonding of the coating and the substrate and
simultaneously can keep the temperature of the substrate at room temperature and
prevent the thermal deformation of the substrate metal [101-103]. This process can be
used not only for the repair of local areas of parts, but also for surface coating. The
thickness of a single layer of deposited metal is limit, the electro-spark deposition is
carried out again and again on the previous deposited layer, and finally a deposited layer
with a certain thickness is obtained [104-106]. Because the electric spark discharge of
the latter deposit layer will make the former deposit metal re-melt, and the micro-cracks
in its surface layer will also be eliminated, so only the last surface deposit layer has

micro-cracks. At the end of deposition, the deposited layer is slightly higher than the
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required size of the workpiece, and the remaining layer can be grinded to eliminate the

micro-cracks on the surface layer.
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Figure 2.1 — Electro-spark deposition technologies

The electro-spark deposition technology can effectively improve the physical and
chemical properties, mechanical properties and tribological properties of the surface of
mechanical parts, so that the surface of mechanical parts has high hardness, high wear
resistance, high fatigue strength, high corrosion resistance and oxidation resistance, high
temperature resistance, ablation resistance and other special properties. Widely used in
tools, molds, cutting tools, agricultural machinery, military, medicine, automotive, food,
mining, metallurgy, aerospace, nuclear industry, marine vessels, turbines, electric power
generation, electrical transmission and other industries of mechanical parts of the
surface strengthening and the surface repair of failure parts, especially for precision
parts of the surface strengthening and local material addition manufacturing. Compared
with other surface treatment technologies, electro-spark deposition has the following
advantages.

(1) No temperature rise or very low temperature rise in parts, no change in
organizational structure and performance, parts will not anneal and deform.

(2) Fast heating and rapid cooling can easily obtain fine crystal and even
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amorphous structure. When the material is heated and cooled rapidly, it is easy to obtain
fine grain structure, even amorphous structure under high temperature gradient, so as to
improve the mechanical properties, wear resistance and corrosion resistance of the
material surface.

(3) The ESD coating and the substrate are metallurgically bonded and the bonding
strength is high.

(4) The ESD coating is dense and has good uniformity.

(5) Only a small amount of pre-treatment and post-treatment is needed and
sometimes even no need. The final machining allowance of the deposited layer is small
and the subsequent machining cost of a workpiece is saved.

(6) The ESD device is simple and convenient to carry and operate. It is suitable for
online repair (good equipment mobility), which is very important for the repair of large
workpieces or online equipment.

(7) Wide application range, suitable for all conductive, fusible metal and ceramic
materials.

(8) The surface of the deposition layer is orange peel-like with a large number of
tiny pores and pits, which is quite beneficial to the lubrication of the workpiece.

(9) There are some other advantages of electro-spark deposition, such as economic
and practical, safe and environmental protection, easy to automate. It can be used in
places that can't be seen, such as inner holes and grooves of parts.

However, there are also some shortcomings in the process, such as thin surface
layer (generally less than 1 mm), slow deposition rate and low efficiency, so it is not

suitable for large area and complex surface [3, 107, 108].
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The electro-spark deposition technology can make the surface have high hardness,
high wear resistance, high fatigue strength, high corrosion resistance and oxidation
resistance, high temperature resistance, ablation resistance and other special properties
[92, 109, 110]. It is believed that with the development of this new surface treatment
technology, more and more people will devote themselves to the research of this
technology and this technology will be widely used and play an important role in
surface treatment. The research on the new technology of electro-spark deposition is an
innovative and challenging research work which not only enriches the connotation of
electro-spark deposition, but also has great significance for improving the processing
and application level of advanced composite materials [111-113].

2.2 Properties investigation

The mass transfer data were constructed in weighing the specimens on a Mettler
Toledo AL204 balance with an accuracy of 0.1 mg.

Surface roughness and topography measurements were made using 3D optical
profilometers of Bruker Contour GT-K1.

Samples for the microstructural analysis were prepared from the cross sections of
the running-in coatings block and mounted in bakelite. After polishing and cleaning, in
order to reveal elements of the granular structure, the surfaces of the samples were
subjected to etching with 4% nitric acid alcohol and exposure time of 10s. ESD treated
surface morphology, cross section morphology and wear scars of the running-in
coatings were analysed using scanning electron microscopy (SEM) of FEI Quanta 200
and metallographic microscopy LECIA DMi8 M. The element composition on the

surface and the cross section of the coatings were characterized by energy dispersion
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spectrum (EDS) built into SEM.

The phase composition of the coatings under investigation was analyzed by X-ray
diffraction method using a D8 Advance A25 of Bruker X-ray diffractometer in Cu-Ka
radiation.

The micro-hardness of the composite coatings was determined by a VHL
VMH-002V Vickers indenter. The micro-hardness measurements were conducted at a
load of 10g with a dwell time of 12s.

The nanoindentation properties of the running-in coatings were determined by a
Nano Indenter G200 of KLA-Tencor. The nanoindentation measurements were
conducted at a load of 500mN with a dwell time of 1s.

An assessment of tribological properties was performed in the ball-on-plate
reciprocating rig on the MWF-500 tribometer. The study is to investigate tribological
properties of ESD layers under dry friction conditions. The test temperature was 25<C.
The low sliding velocity of 20mm/s was chosen to ensure boundary lubricating
conditions and was maintained constant for all the stripes. The track length was 6 mm.
The 8 mm diameter bearing steel (GCr15) ball was used as counter-face. The applied
loads were 5N, 10N and 15N. For the initial 600 seconds, the applied load was 5N, the
following 600 seconds, have more load of 10N, and then to 15N for the final 600
seconds.

2.3 Evaluation methods

In this research, multi-attribute decision-making methods of Shannon's Entropy

and TOPSIS have been used as quantitative attitude in the assessment of the

characterization of the coatings by electro-spark deposition.
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2.3.1 Construction of the characterization indicators system of the coatings
On the basis of analyzing and sorting out the characterization indicators system of
relevant scholars and institutions, according to the connotation requirements of the
coatings by electro-spark deposition, combined with the availability of data, according
to the four principles of scientific, systematic, practical and operational, 6 indicators are
selected. The indicators system of influencing factors of the characterization of the
coatings by electro-spark deposition is constructed in Table 2.1.
Table 2.1 — The indicator system of the comprehensive evaluation of the

characterization of the coatings

Target Indicators Unit Attribute
T Material price Cy Yuan negative
€ . Time C, min  negative
comprehensive .
Mass Transfer Cs mg  positive
assessment of the .
- Roughness C4 um  negative
characterization of ) .
Thickness Cs um  positive

the coatings . - .
Friction coefficient Ce / negative

It can be seen from Table 2.1 that the factors affecting the characterization of the
coatings by electro-spark deposition include material price, time, mass transfer,
roughness, thickness and friction coefficient, which constitute the six decision-making
of the indicators system. The selection basis of each aspect is described as follows.

(1) Material price

Almost any conductive material can be used as an electrode for electro-spark
deposition, but the price of different materials varies widely. The price of the deposited
material has a great influence on the cost of the deposited coating. Researchers need to
find cheaper materials to achieve better performance.

(2) Time
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A single discharge formed a very small discharge micro area, the material melting
amount is less, and the electro-spark deposition process is accompanied by the erosion
of workpiece material, resulting in a long deposition time, low deposition efficiency. In
addition, current electro-spark deposition equipment is mostly hand-held, and manual
operation under low efficiency increases labor intensity. Therefore, the deposition time
IS a very important factor of electro-spark deposition.

(3) Mass transfer

The electro-spark deposition running-in coatings are the result of gradual

accumulation through multiple discharge and a large number of deposition points. The
mass transfer is usually regarded as an important index to evaluate ESD [114-116]. At
the beginning of deposition, the coating mass increases most obviously. With the
increase of deposition time, the mass transfer of electrode to substrate gradually
decreases. Finally, with the increase of deposition time, the mass of substrate stops
increasing. This is because with the increase of deposition time, the content of oxide or
nitride on the surface of the coating increases, the residual stress on the surface
increases, the binding force decreases, and the material is more likely to splash during
discharge, which impedes the mass transfer in the process of ESD [117-119].

(4) Roughness

Surface roughness has a great influence on the use of parts. Generally speaking,

the surface roughness value is small, will improve the fit quality, reduce wear, prolong
the service life of parts and the rougher the surface, the smaller the effective contact
area between the mating surfaces, the greater the pressure, the greater the friction

resistance, the faster the wear [120-122].
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The surface roughness of the running-in coatings is not only affected by the

deposition parameters, but also affected by the operation technology, the mechanical
accuracy of the welding torch and the properties of the deposited materials.

(5) Thickness

The thickness of the running-in coatings is one the most important index of ESD. If
the coating thickness is too small, the coating is easy to wear off, cannot play a
running-in coating special performance. If the coating thickness is small, in strict
working conditions (high speed and high specific pressure) run-in, bearing face may
appear scratches.

(6) Friction coefficient

Electro-spark deposition technology can effectively change the surface of the
physical and chemical properties, mechanical properties, so that the friction coefficient
of the surface changes [123-125].

The friction coefficient of the deposited layer has an important influence on the
practical application prospect of the workpiece, so a small friction coefficient should be
selected. Material friction resistance should be relatively small, otherwise it will
produce large friction power consumption.

2.3.2 Entropy method

Entropy used to be a thermodynamic concept: it was introduced into information
theory in 1948 by C. E. Shannon who put forward the concept of information entropy to
measure the level of system chaos or disorder [126-128]. Shannon information entropy,
which is an objective and applicable method for the determination of weight value, was

introduced into the comprehensive assessment [129-131]. In the application of the
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Shannon information entropy method, the greater entropy weight indicates greater
variation extent of relevant index, which enables much more information and has a
greater effect [132-134]. The information entropy can clearly reveal the utility of each
indicator and avoid the interference of subjective factors, which ensures that it is more
objective and credible than the subjective methods for comprehensive evaluation of
multivariate index.

The principles of the entropy method are as follows:

(1) Construct the original decision matrix

According to the original data, the indicators are taken as an m>n matrix, where m
is defined as the number of evaluation objects and n indicates the number of indicators.

The performance matrix can be presented as follows:

X X Xy

(2) Data normalization

It denotes that there are schemes and indicators in the research plan. Taking into
account its differences in dimension and magnitude, the original data cannot be directly
used for assessment. After collection of the original data, the process of data
normalization is necessary. Based on appraisal target characteristics, the indicators are
divided into two categories: the positive type and the negative type. The positive type
indicators are the indicators for which bigger values are better. The negative type
indicators refer to the indicators for which smaller values are better.

When xj; is the positive indicator, the normalized value S;j can be calculated as

Equation (2.2):
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Sij = i . (22)

 max X;; —min x;
When x;; is the negative indicator, the normalized value S; can be calculated as

Equation (2.3):

max x;; — %

"' (2.3)

! max x; —minx;

where X;j is the value of the jth indicator of the ith object. maxx; and minx;; denote
the maximum and minimum values of the jth indicator, respectively.

(3) Calculation of the entropy value of the indicators

To calculate the entropy value of each indicator, the standardized value of indicator

J for object i must first be calculated, and is written as Equation (2.4):

S;
P = iSij (2.4)

Then, calculate the entropy value of the indicator by the following Equation (2.5):
e :—ﬁgpijlnpu (2.5)
(4) Calculate the indicator weight
To calculate the weighting value of each indicator, the information utility value of
indicator must first be calculated, and is written as Equation (2.6):

djzl_ej (26)

3, 2.7)

2.3.3 TOPSIS model
The TOPSIS method (Technique for Order Preference by Similarity to an Ideal
Solution) was first proposed by C.L. Hwang and K. Yoon in 1981. It is an ordering

method based on the degree of closeness between limited appraisal objects and
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idealization objects, and it is a kind of relative advantages and disadvantages evaluation
in the existing appraisal objects [135-137]. It is a comprehensive evaluation based on
distance and is widely used for multiple attribute decision making [138-140]. This
model can objectively and comprehensively reflect the characterization of the coatings
by calculating the closeness degree between an evaluation value and its ideal solution.
Specific steps are as follows:

(1) Construct the weighted standardized matrix
The weighted standardized matrix is established as Equation (2.8):
& =wep;(i=12,,m; j=12n) (2.8)
(2) Determine the positive ideal solution and the negative ideal solution
The positive ideal solution and the negative ideal solution are two basic concepts
in the TOPSIS method. The positive ideal solution is supposed as the optimal solution,
all attribute values of which achieve the best value in all schemes. The negative ideal
solution is supposed as the worst solution, all attribute values of which achieve the
worst value.
In the step, the positive ideal solution A" and the negative ideal solution A~ were
obtained.
A ={max Al i=1, 2, ml = (A7 A AT} (2.9)
A ={min Al i=1, 2, ,m}={A A - A (2.10)
(3) Calculate the distance
Calculate the Euclidean distance Di* between the evaluation value and the best
solution A;*, and the Euclidean distance Di between the evaluation value and the worst

solution A;™:
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n

D = [> (A -A) (=12--m) (2.11)

=

D = [ (A —A ) (=12m) (2.12)

(4) Calculate the relative closeness
To compare the distance between the evaluation value and two ideal solutions,

calculate the relative closeness of the object i using Equation (2.13):

TDi (i=L12,-,m) (2.13)

i:D_+

The value of relative closeness reflects the relative superiority of the alternatives.
Larger C; indicates that the alternative i is relatively better, whereas smaller C; indicates
this alternative is relatively poorer.

2.4 The experiment materials

(1) The substrate material

The substrate material is tin bronze QSn10-1 commonly used bearing material
provided by Zhejiang Shenfa Bearing Co., LTD. The material QSn10-1(Cu 89.10%, Sn
9.38%, P 0.72%, Others 0.80%) was cut into size 25mm * 29mm * 4mm as the substrate
by electro-spark CNC wire-cutting machine DK77-40.

The surfaces of the substrates were ground on silicon carbide grinding papers of
different grain size (400, 600, 800, 1200 and 1500 grit) by Rotary swing gravity
grinding and polishing machine ZYP300 and the roughness of the surface is not greater
than 1um (Figure 2.2). Before coatings deposition, the substrates were cleaned in
anhydrous ethanol with an ultrasonic cleaning machine for 20 minutes to remove the oil
and impurities on the surface, and the substrate was dried with a hair dryer, and then the

weight of the substrate was weighed by an electronic balance.
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Figure 2.2 — grinding and polishing

(2) The electrodes materials

Silver (Ag 99.99%), copper (Cu 99.99%) and Babbitt B83 (SnSb11Cu6, Sn
83.10%, Sb 11.02%, Cu 5.83%, Others 0.05%) materials were used to make 3mm in
diameter for electro-spark deposition electrodes, respectively (Figure 2.3). Graphene
oxide was a dispersible solution of 4mg/ml with water as the solvent. The surfaces of
the electrodes were ground on silicon carbide grinding papers of different grain size
(400, 600, 800, 1200 and 1500 grit) and the roughness of the surface is not greater than
lum. Prior to deposition of the coatings, the electrodes were cleaned in anhydrous
ethanol for 20 minutes by ultrasonic cleaner, removed grease and impurities on the

surface, and dry the substrates with a hair dryer.

Figure 2.3 — Electrodes bar
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2.5 Experiment equipment

The experimental equipment: electro-spark CNC wire-cutting machine DK77-40,
Rotary swing gravity grinding and polishing machine ZYP300, Electro-Spark
Deposition machine DZ-4000111, optical microscope Leica DM2500M, ultrasonic
cleaner PS-20, metallographic cutter TQG250 of TIME, pointing machine XQ-1.

The analyses of deposition on mass transfer, roughness, thickness, morphology,
composition, Vickers hardness, nanoindentation and tribological properties of the
coatings were investigated by electronicscales AL204 of Mettler Toledo, 3D optical
profilometers GT-k1, scanning electron microscopy (SEM) with energy dispersion
spectrum (EDS) Quanta 200, metallographic microscopy Lecia DMi8 M, X-ray
diffractometer (XRD) D8 Advance A25, Vickers Microhardness tester VMH-002V of
UHL, Nano Indenter G200 and MWF-500 tribometer.

(1) The Electro-Spark Deposition machine

The Electro-Spark Deposition machine DZ-4000111 has a control panel to change
the electrical parameters including ESD voltage, capacitance and frequency (Figure 2.4).
The ESD machine has the ground attachment, the shielding gas outlet and he applicator
attachment. The rotation speed and direction can be controlled on the applicator,
shielding gas is Argon gas. The parameters range of the Electro-Spark Deposition
machine DZ-4000111 was shown in Table 2.2.

The measurement error of output voltage is +=1%.

The measurement error of discharge frequency is +£1%.
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Figure 2.4 — The ESD machine DZ-4000l11

Table 2.2 — The Electro-Spark Deposition machine DZ-4000111 parameter range

Parameter Power  \oltage Capacitance Frequency rotation speed
Range  4000W 20V-250V  30-420pF  1300Hz-6000Hz 2600r/min

(2) The 3D optical profilometers

The 3D Optical Profilometers model is Bruker Contour GT-k1 (Figure 2.5). The
Contour GT-k1 is a stand-alone optical surface-profiling system in its standard-footprint
configuration. It measures surface topography with high accuracy in a range from
fractions of a nm up to approximately 10mm. The system contains motorized x/y, tip/tilt
and z stages to enable automated production monitoring. Magnification selection is also
motorized so complex measurement sequences can be programmed. Additional
capability is offered to enable continuous calibration, film measurements and
field-of-view stitching (to extend the effective measurement area).

The vertical measurement error of the device is =3nm.

Figure 2.5 — The 3D Optical Profilometers GT-k1

(3) The Metallographic microscope
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The metallographic microscope model is Lecia DMi8 M (Figure 2.6). Leica
Microsystems introduces the modular Leica DMi8 inverted microscope platform for
industrial applications. Sample preparation for the inverted microscope is less
time-consuming as compared to upright microscopes. The microscope’s optics are
located below the stage, which offers the advantage of accommodating large sample
sizes. The stage carries up to 30 kg in weight and sample height is not restricted. Leica
Microsystems’ exclusive macro objective for the Leica DMi8 offer a field of view of 35
mm. This is four times more than a standard objective. To see even more details of the
sample surface in high contrast, users can also use the new Ultra Contrast 3D

Illumination, another Leica Microsystems exclusive technology.

Figure 2.6 — The metallographic microscope
(4) The scanning electron microscopy (SEM)
The Scanning electron microscopy (SEM) model is Quanta 200 of FEI (Figure 2.7).
The Quanta 200 Scanning Electron Microscope is a flexible, general purpose,
simple-to-use instrument that can be operated in either regular high-vacuum or
low-vacuum modes, enabling users to image a wide variety of samples.
The electron beam in this instrument is generated by a conventional tungsten

filament electron source, which, under optimal conditions, is capable of resolving
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features as small as 3 nm. The Quanta is equipped with standard Secondary Electron
(SE) and Back Scatter Electron (BSE) detectors, in addition to an Energy Dispersion

Spectrum (EDS) detector and an internal TV camera.

Figure 2.7 — The SEM equipment

(5) The X-ray diffractometer (XRD)

The X-ray diffractometer (XRD) model is D8 Advance A25 of Bruker (Figure 2.8).
The D8 ADVANCE is based on the unique D8 diffractometer family platform and is
perfectly designed for all X-ray powder diffraction and scattering applications including:
traditional X-ray powder diffraction (XRD), Pair Distribution Function (PDF) analysis,
small and wide angle X-ray scattering. The minimum step angle of the device is
0.0001<

Analysis of thin films and coatings is based on the same principles of XRPD, but
with further beam conditioning and angular control. Typical examples include, but are
not limited to, phase identification, crystalline quality, residual stress, texture analysis,
thickness determination and composition vs strain analysis. Analysis of thin films and
coatings is focusing on properties of layered materials with nm to um thickness, ranging
from amorphous and poly-crystalline coatings to epitaxially grown films. The D8
ADVANCE and the DIFFRAC.SUITE software enable high quality analyses of thin

films including: Grazing incidence diffraction, X-Ray Reflectometry, High resolution
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X-ray diffraction and Reciprocal space mapping.

Figure 2.8 — The X-ray diffractometer (XRD)

(6) The Microhardness tester

The Microhardness tester model is VMH-002V of Walter UHL technische
Mikroskopie (Figure 2.9). The instrument offer 12 steps of test force: 1, 5, 10, 15, 25, 50,
100, 200, 300, 500, 1000, 2000 p (gf) covering the range of test forces required by the
standards ASTM E-384, EN ISO 6507 and EN 1SO 4545. The test force can also be
changed by the computer when running automated measurement cycles and as a
consequence allowing different test forces in the inspection.

For specific applications depending on elastic and plastic properties of the material,
the approach velocity of the indenter can be selected between 25 and 60um/s.

The infinity corrected Leica Plan objectives 10x and 50x are used according to
International Standards, Objectives 2.5X and 100x are optional. The measuring
eyepiece with field of view 16 mm offers an optimized, ergonomic working position.

For each test, the measured diagonal lengths and the hardness value with test force
are given as well as tolerance judgement, statistics (mean value, maximum/minimum,
standard deviation).

The measuring error of distance: #0.01um
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Figure 2.9 — The Microhardness tester

(7) The Nano Indenter

The Nano Indenter model is G200 of KLA-Tencor (Figure 2.10). The Nano
Indenter G200 system is designed for nanoscale measurements during characterization
and development of a wide range of materials.

The G200 measures Young’s modulus and hardness, including measurement of
deformation over six orders of magnitude, from nanometers to millimeters. The Nano
Indenter G200 system can perform scratch and wear testing on a variety of materials.

The Nano Indenter G200 system can accurately perform 1SO standardized
nanoindentation testing and measure elastic modulus and hardness of the coating
without influence from the substrate. The Nano Indenter G200 nanoindenter is also
capable of measuring scratch hardness and wear resistance. In the case of high surface
roughness coatings, the Nano Blitz 3D option can be used to quickly and quantitatively
assess material properties.

Nano Indenter G200 systems can initiate the interfacial fracture and measure the
adhesion and residual stress properties of the multiple-layer thin film.

The measuring errors of the device are:

The measuring error of pressure: 20.001mN
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The measuring error of distance: #0.001nm
The measuring error of modulus: #0.001GPa

The measuring error of hardness: #0.001GPa

Figure 2.10 — Th Nano Indenter

(8) The tribological tester

The tribological tester model is MWF-500 of Ji’nan Huaxing Test Equipment Co.,
Ltd (Figure 2.11). The tester is mainly used for the research of friction performance to
carry out reciprocating friction and wear experiments, with high test accuracy (1%) and
strong reliability. The main machine is composed of reciprocating motion table
reciprocating motion servo system test force automatic loading system and friction
automatic measurement system. The servo driving mechanism drives the friction pair to
carry out linear reciprocating motion. The test force is automatically applied to the
relatively static friction pair sample by the servo system, the size of the test force is
adjusted and set by the servo system and the force sensor to be loaded on the friction
pair sample. The pressure intensity can be arbitrarily set within the range of 5-500N,
and the servo driving mechanism drives the friction pair to carry out reciprocating
motion. A friction process is carried out through a test measurement and control system,

thereby measuring the friction force (1-100 N) under certain conditions of pressure and
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its coefficient of friction. Friction force, friction coefficient, friction time and other test
parameters can be arbitrarily set by the operator on the computer interface and
controlled and displayed by the computer in real time, and the corresponding parameter
curves can be drawn, saved and printed out test reports.

The main machine of the testing machine consists of a reciprocating motion
worktable, a servo mechanism, a reciprocating motion stroke adjusting device, an
automatic test force applying system and a friction force measuring system. The servo
motor rotates through the servo driving mechanism so as to drive the reciprocating
motion worktable to do reciprocating linear motion along the linear motion guide rail.
The test force is applied to the relatively static friction couple by the automatic loading
system. The size of the test force is measured by the force sensor and can be freely set
by an operator through the servo system and control software, and is automatically
loaded. Another friction couple part, namely a reciprocating motion system, is driven by
a servo system to do reciprocating linear motion so as to generate friction force, and that
coefficient of friction can be calculated. The operator can freely set the test time or the
number of times and automatically stop the machine. One cycle of reciprocation is one
time, and the maximum reciprocating stroke is 20mm.

The measuring errors of the equipment are:

the measuring error of test force: 1%

the measuring error of friction force: 1%

the measuring error of friction coefficient: £1%
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Figure 2.11 — Tribological tester

2.6 Coating preparation

(1) Treatment before coating preparation

Before the coatings are deposited by electro-spark, the substrate sample is clamped
by a bench, and the electrode material to be deposited is installed on the welding gun.
Connect the power supply and argon to the electric spark deposition equipment, firmly
connect the cathode power supply to the bench, and adjust the argon flow to prepare for
the deposition of the coating.

(2) Coating preparation methods

Adjust the experimental parameters of ESD machine according to the voltage,
capacitance and specific deposition time designed. The electrode moving speed in both
cases was 2 mm/s, and the electrode moving speed should be uniform when working
(Figure 2.12). Moving according to the small ring track or the broken line network track
can ensure the corresponding pressure, as far as possible to ensure the stability of the
discharge voltage and the arc stability of the workpiece surface, and the excellent
quality of the sediment layer can be obtained (Figure 2.13). The frequency of the first
layer was 3 kHz, the frequency of the second layer was 4 kHz and the frequency of the

third and the fifth layers were 5 kHz. Deposition was carried out using a hand-held gun
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at room temperature with the argon gas (Ar 99%) protection (10 L/min flow rate),
which avoids contamination of the deposit zone by interstitial elements such as oxygen
or nitrogen. And that work angle between the rotary electrode and the substrate is about

45 degrees.

Figure 2.13 — The sample after ESD
(3) Treatment of coatings after preparation
After the base material is deposited, wash it in anhydrous ethanol with an
ultrasonic cleaner for 20 minutes to remove the oil and impurities on the surface (Figure
2.14), dry the base material with a hair dryer, and then weigh the weight after deposition

with an electronic balance (Figure 2.15). The surface morphology, roughness,
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microstructure, phase composition, element distribution and surface hardness of the
electro-spark deposited coatings were measured.

Samples of the electro-spark deposited tin bronze were cut into two pieces by a
metallographic cutting machine TQG250 of TIME, and then ground and cleaned
respectively. One of them was used to detect the phase composition, surface hardness
and friction and wear properties of the coating. And another Sample for the
microstructural analysis were prepared from the cross sections of the running-in
coatings block and mounted in Bakelite by the pointing machine XQ-1 of Shanghai
metallographic machine (Figure 2.16). After polishing and cleaning, in order to reveal
elements of the granular structure, the surfaces of the samples were subjected to etching
with 4% nitric acid alcohol and exposure time of 10 s, clean with anhydrous ethanol and
air dry (Figure 2.17). And that it is used for detecting the cross section morphology, the
microstructure, the element distribution and the cross section hardness distribution of

the coatings.

Figure 2.14 — Ultrasonic cleaning
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Figure 2.16 — inlay

Figure 2.17 — sample

2.7 Summary
In this chapter, the basic principle of electro-spark deposition (ESD), the
application fields of electro-spark deposition in surface strengthening or surface repair,

and the advantages and disadvantages of electro-spark technology are described in
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detail. The methods of performance investigation and research are introduced in detail.
A new method was proposed to construct the evaluation index system of the
comprehensive properties of the electro-spark deposited coatings. The principles of
entropy method and TOPSIS model are introduced, and the calculation method is
derived in detail.

The composition and processing method of the matrix material and the
composition and processing method of the electrode material are introduced in detail.
The types, functions, parameters, characteristics, usage and precautions of the main
experimental equipment are introduced. The preparation work before coatings
preparation, the specific process and operation method of coatings preparation, and the

processing methods after coatings preparation are described.
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CHAPTER 3. EXPERIMENT RESEARCH RESULTS AND ANALYSIS
3.1 The characterization of Ag coatings

The bearing tin bronze based alloys exhibit better mechanical properties as
compared with the Babbitt. Analyzing of their work has shown that the damageability of
the bronze pads is exposed in the form of constrained running, high wear and high
probability of scoring [141-143]. Thus, there is need to provide for the bronze bearing
pads with special coatings improving the running conditions.

Tin bronze has good thermal conductivity and can effectively eliminate the heat
generated by friction as a substrate material [144-146]. Soft metal silver is used in the
design of bearings bearing high loads and high speeds and has good lubrication
performance, mechanical properties and corrosion resistance [147-149]. Silver and
copper have very good wettability, which is conducive to improving the metallurgical
bonding performance between metals during ESD.

There are many methods to prepare the related coatings, but there are few reports
on how to deposit the Ag coatings on the surface of tin-bronze bearing bush by
electro-spark deposition (ESD) technology to improve the operating conditions.

The coatings of the tin bronze surface that was formed by ESD applying the soft
antifriction material of silver. The analysis of morphology, composition and properties
of the coatings were investigated.

3.1.1 Deposition process parameters

The ESD machine HMT-9500 has a control panel to change the electrical
parameters including ESD voltage (20 V - 100 V), duty cycle (20% - 100%), rotation

speed (150 r/min — 880 r/min) and frequency (50 Hz — 500 Hz). The ESD machine has
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the ground attachment, the shielding gas outlet and the applicator attachment. The
rotation direction can be controlled on the applicator.

Travel speed in both cases was 2 mm/s. The rotation speed of the layers was 550
r/min and the frequency was 400 Hz. Deposition was carried out using a hand-held gun
at room temperature with the argon gas (Ar 99%) protection (10 L/min flow rate),
which avoids contamination of the deposit zone by interstitial elements such as oxygen
or nitrogen.

The electro-spark deposition process parameters (electrodes, voltage, duty cycle
and efficiency) are shown in Table 3.1.

Table 3.1 — The ESD parameters of the Ag coatings

Specimens Electrodes Voltage (V) Duty cycle (%) Efficiency (min/cm?)

1# Ag 40 20 1
24 Ag 60 25 1
3t Ag 80 30 1

3.1.2 The mass transfer, roughness and thickness characteristics of the coatings

In this study, the analysis of deposition on mass transfer, roughness, and thickness
of the Ag coatings were investigated, as shown in Table 3.2.

The deposition coatings are the result of gradual accumulation through multiple
discharge and a large number of deposition points [81, 150, 151]. The mass transfer is
usually regarded as an important index to evaluate ESD. At the beginning of deposition,
the coating mass increases most obviously. With the increase of deposition time, the
mass transfer of electrode to substrate gradually decreases. Finally, with the increase of
deposition time, the mass of substrate stops increasing. This is because with the increase
of deposition time, the content of oxide or nitride on the surface of the coating increases,

the residual stress on the surface increases, the binding force decreases, and the material
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iIs more likely to splash during discharge, which impedes the mass transfer in the
process of ESD.

In this study, a precision electronic balance with an accuracy of 0.1mg was used to
measure the samples and calculate the mass added to the substrate after ESD, as shown
in Table 3.2. From the point of spark discharge rule, the larger of the discharge energy,
the mass of the more increase, and Table 3.2 shows that the increase of the mass as the
energy increases. When the voltage is 40 V, the duty cycle is 20%, the efficiency is 1
min/cm?, the minimum value of mass transfer is 16.8 mg. When the voltage is 80 V, the
duty cycle is 30%, the efficiency is 1 min/cm?, the maximum value of mass transfer is
32.3 mg.

The Bruker Contour GT-K1 3D optical profilometers was used to observe the
surface of the deposition layer and measure the surface roughness. As can be seen from
Table 3.2, the roughness increases with the increase of deposition energy. When the
voltage is 40 V, the duty cycle is 20%, the efficiency is 1 min/cm?, the minimum value
of the surface roughness is 11.09 um. When the voltage is 80 V, the duty cycle is 30%,
the efficiency is 1 min/cm?, the maximum value of the surface roughness is 23.84 pm.

The surface roughness of the composite coatings is not only affected by the
deposition parameters, but also affected by the operation technology, the mechanical
accuracy of the welding torch and the properties of the deposited materials.

The measured results of the coating surface topography and profile are shown in
Figure 3.1. It can be seen from the figure that, Figure 3.1(a), Figure 3.1(b) and Figure
3.1(c), the surface topography gradually becomes rough, and the change of surface

profile curve gradually increases.
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The thickness of the composite coatings is the most important index of ESD. As
can be seen from Table 3.2, the coating thickness increases with the increase of
deposition energy. When the voltage is 40 V, the duty cycle is 20%, the efficiency is 1
min/cm?, the minimum value of the thickness is 9 pm. When the voltage is 80 V, the
duty cycle is 30%, the efficiency is 1 min/cm?, the maximum value of the thickness is
21 um.

Table 3.2 — The mass transfer, roughness and thickness characteristics of the Ag

coatings
Specimens Electrodes Mass transfer (mg) Roughness Ra (um) Thickness (pum)
1# Ag 16.8 11.09 9
2# Ag 25.0 15.46 15
3# Ag 32.3 23.84 21

Figure 3.1 — The surface topography and profile of the Ag coatings: a - specimen

1#; b - specimen 2#; c - specimen 3#
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3.1.3 The morphology and element composition of the composite coatings surface

The morphology of the Ag coatings surface is shown in Figure 3.2. It can be seen
from the figure that the surface of the deposited coatings is sputtering stacking, which is
formed by the superposition of many irregular small droplet spots melted by continuous
pulse discharge. There are a few microcracks on the surface of the composite coatings,
which tend to propagate along the direction perpendicular to the surface of the coatings.
This is due to the rapid heating and cooling in the process of spark discharge, the
residual thermal stress in the coatings will exist, leading to the initiation of micro-cracks,
and Ag with good plasticity can play a role in relieving the thermal stress, thus reducing
the number of cracks. The multilayer structure with a low modulus ratio contributed to
reduced stress concentration in harder sub-layer, thereby inhibiting crack initiation.

After deposition, only simple grinding is needed to meet the requirements of
surface roughness. The prepared coatings surface has a small amount of ferrous metal
oxides due to oxidation, which is caused by the oxidation of copper in bronze alloy. It
can also be seen from Figure 3.2 that the surface of specimen 1# in Figure 3.2(a) has
dense discharge spots and more rough surfaces. With the increase of discharge energy,
discharge spots and smooth surfaces increase. That's because the higher the energy, the
more molten the metal at the interface, the more fluid it is.

The element composition on the surface of the Ag coatings was characterized by
energy dispersion spectrum (EDS) in Table 3.3. As can be seen from the table, with the
increase of discharge energy, the content of elements on the surface of the sample
changes little and the copper content is relatively high which indicates that the coatings

thickness is not too thick, and the good wettability between silver and copper can make
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Figure 3.2 — The morphology of the Ag coatings surface: a - specimen 1#; b - specimen
2#; C - specimen 3#

Table 3.3 — The elemental composition of the Ag coatings surface

Specimens P (%) Cu (%) Ag (%) Sn (%)
1# 0.29 40.74 56.46 251
2# 019 3814 59.60 2.06
3# 018 4531 51.09 341

3.1.4 Tribological properties of the Ag coatings

Electro-spark deposition technology can effectively change the surface of the
physical and chemical properties, mechanical properties, so that the tribological
properties of the surface changes, which has special properties [152-154].

Table 3.4 compares the evolution of the coefficient of friction at the applied loaded
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of 5N, 10 N and 15 N of the ESD modified samples sliding against a GCr15 steel ball
in air. For the initial 600 seconds at load of 5 N of specimen 1#, the friction coefficient
with an average value of about 0.33. The following 600 seconds at load of 10 N, the
friction coefficient is about 0.24. And then to 15 N for the final 600 seconds, the friction
coefficient is about 0.35. The friction coefficient of the coatings after running-in is
slightly larger mainly because of the thinner coatings. For the initial 600 seconds at load
of 5 N of specimen 2#, the friction coefficient with an average value of about 0.69. The
following 600 seconds at load of 10 N, the friction coefficient is about 0.36. And then to
15 N for the final 600 seconds, the friction coefficient is about 0.31. The friction
coefficient of the coatings is slightly larger at the beginning of the run-in mainly
because of the increase of the surface roughness of the coatings. For the initial 600
seconds at load of 5 N of specimen 3#, the friction coefficient with an average value of
about 0.20. The following 600 seconds at load of 10 N, the friction coefficient is about
0.22. And then to 15 N for the final 600 seconds, the friction coefficient is about 0.31.
The reason why the friction coefficient of the coating is small at the beginning of run-in
is that the coatings thickness increases and the surface is more prone to plastic
deformation. The investigation of the tribological properties of the coatings in dry
friction show that the lower resistance is exhibited by the coatings deposited using the
soft antifriction material.

From the evolution of the coefficient of friction of the tin bronze substrate with the
Ag coatings, it is clear that wear process indicated is rather complicated because of the
influence of different surface topography and chemical composition during running-in

phase. For ESD layers, at the beginning of steady stage its friction coefficient shows to
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some extent direct response to surface roughness and the coatings thickness. Because
GCr15 with high hardness produce material loss of soft antifriction composite coatings
counterpart (with relative low hardness) through dominant abrasion mechanism. With
the generation of tribofilm, abrasion of coatings-GCr15 sliding couples is transferred to
interfacial sliding. Similar to other sliding couples, the steady-state fiction coefficients
become more or less independent of surface roughness. The friction coefficient
stabilizes after running-in, and becomes stable throughout the test.

The surfaces of wear traces were analyzed in order to understand the friction and
wear resistance mechanisms of the coatings. The wear scars of the tin bronze substrate
with the Ag coatings after tribological testing are shown in Figure 3.3. It was found
from analysis of wear scars in Figure 3.3 (a) that the wear mechanism of the specimen
1# is dominated by abrasive wear and fatigue delamination. The friction surface of
specimen 1# is smooth, the wear marks are fine and shallow, and some materials are
spalling and forming spalling pits. The wear mechanism of the specimen 2# is
dominated by abrasive wear and slight fatigue delamination that was found from
analysis of wear scars in Figure 3.3 (b). However, it can be seen in Figure 3.3 (c) that
the soft antifriction coatings may effectively restrain fatigue delamination, showing
plastic deformation, abrasive wear and slight polishing. Plastic deformation and
abrasive wear dominated on the relatively soft composite coatings. The initial surface
microgeometry was changed during load application and its surface became smooth
with fine shallow scratches observed after the wear test. After the smooth surface was
formed, the friction and wear stabilized.

The elemental composition of the Ag coatings surfaces after tribological testing are
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shown in Table 3.5. By comparing Table 3.3 and Table 3.5, it can be found that copper
content on the surface of specimen 1# decreases from 40.74% to 38.29%, silver content
decreases from 56.46% to 46.52%. The tin content on the surface changed little before
and after the friction test. In addition, carbon and oxygen elements were detected on the
surface, indicating the formation of carbides and oxides after surface wear.

By comparing Table 3.3 and Table 3.5, it can be found that after friction test,
copper content on the surface of specimen 2# increases from 38.14% to 45.45%, silver
content decreases from 59.60% to 46.32%. The tin content on the surface changed little
before and after the friction test. In addition, the low content of carbon and oxygen
detected on the surface indicates that due to the good stability of silver, less carbides
and oxides are produced after surface wear.

By comparing Table 3.3 and Table 3.5, it can be found that copper content on the
surface of specimen 3# decreases from 45.31% to 41.48%, silver content decreases from
51.09% to 34.72%. The contents of tin on the surface of specimen 3# have little change
after friction test. In addition, the higher carbon and oxygen elements content detected
on the surface indicates that due to the poor stability of tin and copper, more oxides are
generated after ESD. However, due to the large surface roughness, the oxides and
carbides on the surface have not been completely removed.

Table 3.4 — The friction coefficient during coatings tests at loads of 5N, 10 N, and 15 N

Specimens 5N 10N 15N
1# 0.33 024 0.35
2t 0.69 036 0.31
3# 020 0.22 0.31
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Figure 3.3 — The wear scars of the tin bronze substrate with the coatings after
tribological testing: a - specimen 1#; b - specimen 2#; ¢ - specimen 3#

Table 3.5 — The elemental composition of the Ag coatings surface after tribological

testing
Specimens C (%) O (%) Cu (%) Ag (%) Sn (%)
1# 763 476 3829 4652 281
2# 1.03 552 4545 4632 168

3# 11.27 11.05 4148 3472 1.48

3.2 The characterization of Ag+B83 composite coatings

Most responsible parts and assembly units of centrifugal compressors, pumps,
turbines and other machines work under conditions of heavy loads, high speeds, high
temperatures, and also of corrosive, abrasive and other types of influence of working

environments [155-157]. With the large variety of the operation conditions of the parts,
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their surface layers are considered as the most loaded portions [158-160]. Therefore, the
real working resource of the machine operation directly depends on the part surface
bearing capacity being determined by the quality of its surface layer [161-163]. The
bearing materials operate in pairs with steel or cast iron shaft journals. The cost of a
shaft is usually higher than the cost of bearing pads, so they should wear less than the
bearing pads [164-166]. The main general requirements to the materials of sliding
bearings are as follows: mutual materials compatibility, low coefficient of friction, high
pressure properties, high thermal stability, high corrosion and erosion resistance,
resistance toleration, low cost, high dimensional and structural stability, conformability,
and recoverability of properties after forced contact [167-169]. These materials should
have sufficient hardness, but not as high as to cause excessive wear of the shaft; they
should be relatively easy to form under the influence of local stresses and also they
should keep the lubricant on the surface. The bearing copper based alloys exhibit better
mechanical properties as compared with the Babbitt and also the alloys on the base of
zinc and aluminum [170-172]. Babbitt B83 could not withstand a short term rise in
temperature up to 250<C and the B83 bearings were replaced by the bearings wherein
there was used bronze [173-175]. Analyzing of their work has shown that the
damageability of the bronze pads is exposed in the form of constrained running, high
wear and high probability of scoring. Thus, there is need to provide for the bronze
bearing pads with special coatings improving the running conditions.

Tin bronze has good thermal conductivity and can effectively eliminate the heat
generated by friction as a substrate material. Soft metal silver is used in the design of

bearings bearing high loads and high speeds and has good lubrication performance,



84
mechanical properties and corrosion resistance. Silver and copper have very good
wettability, which is conducive to improving the metallurgical bonding performance
between metals during ESD. However, the performance of silver as anti-wear metal
coating needs to be further improved. Therefore, based on the above factors, silver is
suitable as the transition coating. Tin-base Babbitt B83 has good embedding and
compliance, and plays the role of anti-friction and anti-bite in actual working conditions
which is particularly beneficial to the running-in at the early stage of operation, and is
very suitable for operation as the coating. In the actual work of bearing bush, tin bronze
bearing bush has good thermal conductivity but slightly higher friction force, while
Babbitt alloy bearing bush has small friction force but poor mechanical performance at
high temperature, which further affects the reliability and stability of bearing bush.
There are many methods to prepare the related coatings, but there are few reports on
how to deposit the Ag+B83 composite coatings on the surface of tin-bronze bearing
bush by electro-spark deposition (ESD) technology to improve the operating conditions.

The composite coatings of the tin bronze surface that was formed by alternately
ESD applying the soft antifriction material of silver and Babbitt B83. The analysis of
morphology, composition and properties of the coatings were investigated.

3.2.1 Deposition process parameters

The ESD machine HMT-9500 has a control panel to change the electrical
parameters including ESD voltage (20 V — 100 V), duty cycle (20% - 100%), rotation
speed (150 r/min — 880 r/min) and frequency (50 Hz — 500 Hz).

Travel speed in both cases was 2 mm/s. The rotation speed of the layers was 550

r/min and the frequency was 400 Hz. Deposition was carried out using a hand-held gun
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at room temperature with the argon gas (Ar 99%) protection (15 L/min flow rate),
which avoids contamination of the deposit zone by interstitial elements such as oxygen
or nitrogen.

The electro-spark deposition process parameters (electrodes, voltage, duty cycle
and efficiency) are shown in Table 3.6.

Table 3.6 — The ESD parameters of the Ag+B83 composite coatings

Specimens Electrodes Voltage (V) Duty cycle (%) Efficiency (min/cm?)

1# Ag-B83 40/20 20/20 1/3
2# Ag-B83 50/25 25/25 1/3
3# Ag-B83 60/30 30/30 1/3

3.2.2 The mass transfer, roughness and thickness characteristics of the composite
coatings

In this study, the analysis of deposition on mass transfer, roughness, and thickness
of the Ag+B83 composite coatings were investigated, as shown in Table 3.7.

The electro-spark deposition composite coatings are the result of gradual
accumulation through multiple discharge and a large number of deposition points
[176-178]. The mass transfer is usually regarded as an important index to evaluate ESD.
At the beginning of deposition, the coating mass increases most obviously. With the
increase of deposition time, the mass transfer of electrode to substrate gradually
decreases. Finally, with the increase of deposition time, the mass of substrate stops
increasing. This is because with the increase of deposition time, the content of oxide or
nitride on the surface of the coating increases, the residual stress on the surface
increases, the binding force decreases, and the material is more likely to splash during
discharge, which impedes the mass transfer in the process of ESD.

In this study, a precision electronic balance with an accuracy of 0.1 mg was used to
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measure the samples and calculate the mass added to the substrate after ESD, as shown
in Table 3.7. From the point of spark discharge rule, the larger of the discharge energy,
the mass of the more increase, and Table 3.7 shows that the increase of the mass as the
energy increases. When the voltage is 40 V and 20 V, the duty cycle is 20% and 20%,
the efficiency is 1 min/cm? and 3 min/cm?, the minimum value of mass transfer is 27.6
mg. When the voltage is 60 V and 30 V, the duty cycle is 30% and 30%, the efficiency
is 1 min/cm? and 3 min/cm?, the maximum value of mass transfer is 125.2 mg.

The Bruker Contour GT-K1 3D optical profilometers was used to observe the
surface of the deposition layer and measure the surface roughness. The surface
roughness of the Ag+B83 composite coatings are shown in Table 3.7. As can be seen
from Table 3.7, the roughness increases with the increase of deposition energy. When
the voltage is 40 V and 20 V, the duty cycle is 20% and 20%, the efficiency is 1 min/cm?
and 3 min/cm?, the minimum value of the surface roughness is 5.97 um. When the
voltage is 60 V and 30 V, the duty cycle is 30% and 30%, the efficiency is 1 min/cm?
and 3 min/cm?, the maximum value of the surface roughness is 19.43 um.

The measured results of the coating surface topography and profile are shown in
Figure 3.4. It can be seen from the figure that, Figure 3.4 (a), Figure 3.4 (b) and Figure
3.4 (c), the surface topography gradually becomes rough, and the change of surface
profile curve gradually increases.

The thickness of the composite coatings is the most important index of ESD,
followed by the surface roughness of the coatings, and the mass of the coatings directly
affects the thickness of the coatings. The thicknesses of the Ag+B83 composite coatings

are shown in Table 3.7. As can be seen from Table 3.7, the coating thickness increases
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with the increase of deposition energy. When the voltage is 40 V and 20 V, the duty
cycle is 20% and 20%, the efficiency is 1 min/cm? and 3 min/cm?, the minimum value
of the thickness is 30 um. When the voltage is 60 V and 30 V, the duty cycle is 30% and
30%, the efficiency is 1 min/cm? and 3 min/cm?, the maximum value of the thickness is
80 pm.

Table 3.7 — The mass transfer, roughness and thickness characteristics of the Ag+B83

composite coatings

Specimens Electrodes Mass transfer (mg) Roughness Ra (um) Thickness (pum)

1# Ag-B83 27.6 5.97 30
24 Ag-B83 73.2 6.66 50
3# Ag-B83 125.2 19.43 80
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Figure 3.4 — The surface topography and profile of the Ag+B83 coatings: a -

specimen 1#; b - specimen 2#; ¢ - specimen 3#

3.2.3 The morphology and element composition of the composite coatings surface

The morphology of the Ag+B83 composite coatings surface is shown in Figure 3.5.
It can be seen from the figure that the surface of the deposited coatings is sputtering
stacking, which is formed by the superposition of many irregular small droplet spots
melted by continuous pulse discharge. There are a few microcracks on the surface of the
composite coatings, which tend to propagate along the direction perpendicular to the
surface of the coatings. This is due to the rapid heating and cooling in the process of
spark discharge, the residual thermal stress in the coatings will exist, leading to the
initiation of micro-cracks, and the transition layer of Ag with good plasticity can play a
role in relieving the thermal stress, thus reducing the number of cracks. The multilayer

structure with a low modulus ratio contributed to reduced stress concentration in harder
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sub-layer, thereby inhibiting crack initiation.

The microtexture on the surface of the polished composite coatings is conducive to
the storage of abrasive particles and lubricating oil during the operation of the bearing
bush, reducing the wear of abrasive particles on the surface of the bearing bush,
reducing the friction coefficient and improving the self-lubricating performance. The
prepared coatings surface has a small amount of ferrous metal oxides due to oxidation,
which is caused by the oxidation of tin in Babbitt alloy. It can also be seen from Figure
3.5 that the surface of Specimen 1# in Figure 3.5 (a) has dense discharge spots and more
rough surfaces. With the increase of discharge energy, discharge spots and smooth
surfaces increase. That's because the higher the energy, the more molten the metal at the
interface, the more fluid it is.

The element composition on the surface of the Ag+B83 composite coatings was
characterized by energy dispersion spectrum (EDS) in Table 3.8. As can be seen from
the table, with the increase of discharge energy, the content of copper on the sample
surface gradually decreases, while the content of tin and antimony gradually increases,

which also indicates that the composite coating gradually thickens.
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Figure 3.5 — The morphology of the Ag+B83 composite coatings surface: a - specimen
1#; b - specimen 2#; c - specimen 3#

Table 3.8 — The elemental composition of the Ag+B83 composite coatings surface

Specimens Cu (%) Ag (%) Sn (%) Sb (%)

1# 2858 2415 4414 313
2# 20.14 2710 4427 8.49
3# 9.67 10.24 64.61 1548

3.2.4 The cross section morphology of the composite coatings

The Ag+B83 ESD treated cross section morphology of the composite coatings was
analyzed using metallographic microscopy LECIA DMi8 M. Figure 3.6 (a), Figure 3.6
(b) and Figure 3.6(c) shows the cross section morphology of the Ag+B83 ESD
composite coatings. It can be seen that the composite coatings have a good metallurgical
combination with the substrate, the microstructure of the deposition layer is compact,
and the continuous interface is formed at the joint. The thickness of the composite
coatings is about 30 um in Figure 3.6 (a), 50 um in Figure 3.6 (b) and 80 um in Figure
3.6 (c), but there are some defects such as micro-cracks and holes in some places. The
composite coatings are tin-base Babbitt B83 and silver from the surface to the substrate.
However, because the wettability of silver and copper is very good, the silver-white

silver coating can rarely be observed and the coating is completely fused together


javascript:;

91
during the electro-spark deposition, forming the alloy layer. Since the ESD is a process
of continuous superposition of the deposited materials, the thickness of the deposited
layer increases with the increase of the electrode materials deposited on the surface.
During ESD, the instantaneous high temperature generated by high frequency pulse
discharge melts and vaporizes the materials in the discharge area, and melts, diffuses
and alloys occur on the deposited surface. Then the substrate surface is rapidly cooled
and solidified, resulting in large cyclic thermal stress and microstructure stress in the
deposited layer, resulting in micro-cracks or pores on the surface of the deposition. In
the process of layer by layer covering, a small number of micro-cracks or pores on the
surface of the coating cannot be completely filled by the molten material, forming holes.

Figure 3.6 (d) is the metallographic diagram of electrode material B83, from which
it can be seen that the square or rectangle with bright color is SnSb, the dark color is
a-Sn, and the chain or elongated needle is CusSns. However, we can see from Figure 3.6
(@), Figure 3.6 (b) and Figure 3.6 (c) that the grains in the deposition layer are very
dense, refined and uniformly distributed which is due to the rapid heating and cooling of

the electrode and substrate by ESD technology.

(b)
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Figure 3.6 — The cross section morphology of the composite coatings and electrode B83:
a - specimen 1#; b - specimen 2#; ¢ - specimen 3#; d - electrode B83

3.2.5 Tribological properties of the composite coatings

Electro-spark deposition technology can effectively change the surface of the
physical and chemical properties, mechanical properties, so that the tribological
properties of the surface changes, which has special properties [179-181].

Table 3.9 compares the evolution of the coefficient of friction at the applied loaded
of 5N, 10 N and 15 N of the ESD modified samples sliding against a GCr15 steel ball
in air. For the initial 600 seconds at load of 5 N of specimen 1#, the friction coefficient
with an average value of about 0.341. The following 600 seconds at load of 10 N, the
friction coefficient is about 0.344. And then to 15 N for the final 600 seconds, the
friction coefficient is about 0.265. For the initial 600 seconds at load of 5 N of specimen
2#, the friction coefficient with an average value of about 0.324. The following 600
seconds at load of 10 N, the friction coefficient is about 0.245. And then to 15 N for the
final 600 seconds, the friction coefficient is about 0.288. For the initial 600 seconds at
load of 5 N of specimen 3#, the friction coefficient with an average value of about 0.340.
The following 600 seconds at load of 10 N, the friction coefficient is about 0.167. And

then to 15 N for the final 600 seconds, the friction coefficient is about 0.177. The
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investigation of the tribological properties of the coatings in dry friction show that the
lower resistance is exhibited by the composite coatings deposited using the soft
antifriction material. The surface friction coefficient of the specimen 3# is the minimum
of the composite coatings after running-in stage.

From the evolution of the coefficient of friction of the tin bronze substrate with the
Ag+B83 composite coatings of the specimen 3#, it is clear that wear process indicated is
rather complicated because of the influence of different surface topography and
chemical composition during running-in phase. For ESD layers, at the beginning of
steady stage its friction coefficient shows to some extent direct response to surface
roughness. And for the initial 600 seconds at load of 5 N, the friction coefficient is about
0.340 influenced by the surface roughness. Because GCr15 with high hardness produce
material loss of soft antifriction composite coatings counterpart (with relative low
hardness) through dominant abrasion mechanism. With the generation of tribofilm,
abrasion of composite coatings-GCrl15 sliding couples is transferred to interfacial
sliding. Similar to other sliding couples, the steady-state fiction coefficients become
more or less independent of surface roughness. After the first running-in stage, the soft
antifriction composite coatings demonstrated a relatively stable friction coefficient with
an average value of about 0.167 after the following 600 seconds at load of 10 N. After
the second running-in stage, the friction coefficient with an average value of about
0.177 at load of 15 N. The friction coefficient stabilizes after running-in, and becomes
stable throughout the test.

The surfaces of wear traces were analyzed in order to understand the friction and

wear resistance mechanisms of the coatings. The wear scars of the tin bronze substrate
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with the Ag+B83 composite coatings after tribological testing are shown in Figure 3.7.
It was found from analysis of wear scars in Figure 3.7 (a) that the wear mechanism of
the specimen 1# is dominated by severe ploughing wear and fatigue delamination. A
lamellar structure can be distinguished on the surface of the worn specimen 1#. This can
be responsible for low friction under these conditions. The wear mechanism of the
specimen 2# is dominated by abrasive wear and slight plastic deformation that was
found from analysis of wear scars in Figure 3.7 (b). However, it can be seen in Figure
3.7 (c) that the soft antifriction composite coatings may effectively restrain fatigue
delamination, showing plastic deformation, abrasive wear and slight polishing. Plastic
deformation and abrasive wear dominated on the relatively soft composite coatings. The
initial surface microgeometry was changed during load application and its surface
became smooth with fine shallow scratches observed after the wear test. After the
smooth surface was formed, the friction and wear stabilized.

The elemental composition of the Ag+B83 composite coatings surfaces after
tribological testing are shown in Table 3.10. By comparing Table 3.8 and Table 3.10, it
can be found that copper content on the surface of specimen 1# increases from 28.58%
to 74.31%, silver content decreases from 24.15% to 4.14%, tin content decreases from
44.14% to 4.75%, and antimony content decreases from 3.13% to O after friction test.
This indicates that the composite coating on the surface of specimen 1# has been almost
completely worn away, exposing the tin bronze substrate. In addition, carbon and
oxygen elements were detected on the surface, indicating the formation of carbides and
oxides after surface wear. By comparing Table 3.8 and Table 3.10, it can be found that

after friction test, copper content on the surface of specimen 2# increases from 20.14%



95
to 50.19%, silver content decreases from 27.10% to 20.92%, tin content decreases from
44.27% to 16.71%, and antimony content decreases from 8.49% to 0. This indicates
that the B83 coating on the surface of specimen 2# has been almost completely worn
away, exposing the silver coating or substrate. In addition, the low content of carbon
and oxygen detected on the surface indicates that due to the good stability of silver, less
carbides and oxides are produced after surface wear. By comparing Table 3.8 and Table
3.10, it can be found that the contents of copper, silver, tin and antimony on the surface
of specimen 3# have little change after friction test. This indicates that the composite
coatings on the surface of specimen 3# are thick and stable. In addition, the higher
oxygen content detected on the surface indicates that due to the poor stability of tin,
more oxides are generated after surface wear.

Table 3.9 — The friction coefficient during composite coatings tests at loads of 5 N, 10 N,

and 15 N

Specimens 5N 10N 15N
1# 0.341 0.344 0.265
2# 0.324 0.245 0.288
3# 0.340 0.167 0.177
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Figure 3.7 — The wear scars of the tin bronze substrate with the composite coatings after
tribological testing: a - specimen 1#; b - specimen 2#; ¢ - specimen 3#
Table 3.10 — The elemental composition of the Ag+B83 composite coatings surface

after tribological testing

Specimens C (%) O (%) Cu (%) Ag (%) Sn (%) Sb (%)
1# 12.27 454 7431 4.14 4,75 0
2# 357 861 5019 2092 16.71 0
3 271 2148 8.03 7.74 5180 824

3.3 The characterization of Ag+Cu+B83 composite coatings

Silver and copper have very good wettability, which is conducive to improving the
metallurgical bonding performance between metals during ESD. However, the
performance of silver as anti-wear metal coating needs to be further improved.
Therefore, based on the above factors, silver is suitable as the first transition coating.
Pure copper is soft and has better wettability with silver. The copper in the coating can
form e-phase (CugSns) with the tin in the Sn-based Babbitt alloy, which is conducive to
ensuring the metal bonding of the coating, so the copper is suitable for the second layer
of transition coating. Tin-base Babbitt B83 has good embedding and compliance, and
plays the role of anti-friction and anti-bite in actual working conditions, which is

particularly beneficial to the running-in at the early stage of operation, and is very
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suitable for operation as the coating [182, 183].

The combined coatings of the tin bronze surface that was formed by alternately
ESD applying the soft antifriction material of silver, copper and Babbitt B83. The

analysis of morphology, composition and properties of the coatings were investigated.

3.3.1 Deposition process parameters

The ESD machine DZ-40001I1 has a control panel to change the electrical
parameters including ESD voltage (20 V — 250 V), capacitance (30 pF — 420 |F) and
frequency (1300 Hz — 6000 Hz).

Travel speed in both cases was 2 mm/s. The frequency of the first layer is 3 kHz,
the frequency of the second layer is 4 kHz and the frequency of the third layer is 5 kHz.
Deposition was carried out using a hand-held gun at room temperature with the argon
gas (Ar 99%) protection (10 L/min flow rate), which avoids contamination of the
deposit zone by interstitial elements such as oxygen or nitrogen.

The electro-spark deposition process parameters (electrodes, voltage, capacitance
and efficiency) are shown in Table 3.11.

Table 3.11 — The ESD parameters of the Ag-Cu-B83 composite coatings

Specimens Electrodes \oltage (V) Capacitance (uF) Efficiency (min/cm?)

1# Ag-Cu-B83  40/40/20 90/90/30 1/1/2
2# Ag-Cu-B83  40/40/20 150/150/90 21213
3# Ag-Cu-B83  40/40/20 240/240/150 3/3/4
4# Ag-Cu-B83  60/60/30 90/90/30 21213
S# Ag-Cu-B83  60/60/30 150/150/90 3/3/4
6# Ag-Cu-B83  60/60/30 240/240/150 1/1/2
# Ag-Cu-B83  50/50/25 90/90/30 3/3/4
8# Ag-Cu-B83  50/50/25 150/150/90 1/1/2
o# Ag-Cu-B83  50/50/25 240/240/150 21213

3.3.2 Analysis of orthogonal test results

The electro-spark deposition composite coatings are the result of gradual
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accumulation through multiple discharge and a large number of deposition points. Mass
transfer is usually regarded as an important index to evaluate ESD.

At the beginning of deposition, the coating mass increases most obviously. With
the increase of deposition time, the mass transfer of electrode to substrate gradually
decreases. Finally, with the increase of deposition time, the mass of substrate stops
increasing. This is because with the increase of deposition time, the content of oxide or
nitride on the surface of the coating increases, the residual stress on the surface
increases, the binding force decreases, and the material is more likely to splash during
discharge, which impedes the mass transfer in the process of ESD. In this study, a
precision electronic balance with an accuracy of 0.1 mg was used to measure the
samples and calculate the mass added to the substrate after ESD, as shown in Table
3.12.

Table 3.12 — The mass added of substrate after ESD

Specimens 1# 2# 3% A# S5# 6# T# B8# O#
mg/cm? 115 10.2 12.7 341 544 162 239 100 154

Orthogonal analysis shows that voltage has the greatest effect on the mass of the
coatings, followed by specific deposition time, and capacitance has the least effect on
the mass of the coatings. When the voltage is 60 V, 60 V, 30 V, capacitance is 150 uF,
150 pF, 90 pF, efficiency is 3 min/cm?, 3 min/cm?, 4 min/cm?, the optimal value of unit
coating weight is 54.4 mg/cm?.

The energy of ESD discharge is shown in Formula (3.1):

W=k & (3.1)

In the formula, W is the discharge energy, the unit is J. k is the circuit loss
coefficient (k is 0.6-0.7), C is the capacity of the energy storage capacitor in F, U is the
voltage in V. It can be seen from the energy formula of ESD discharge that the higher of
the voltage, the higher of the energy and the higher of the capacitance, the higher of the

energy.
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From the point of spark discharge rule, the larger of the discharge energy, the mass
of the more increase, but the experiment shows that the increase of the quality and not
as the capacitance increases, this is mainly because the bigger the voltage, the easier to
discharge, thereby affect the discharge frequency, increased the influence of the voltage,
the influence of the capacitance is too small and concealed by the test error.

The Bruker Contour GT-K1 3D optical profilometers was used to observe the
surface of the deposition layer and measure the surface roughness. The surface
roughness of the Ag+Cu+B83 composite coatings is shown in Table 3.13:

Table 3.13 — The surface roughness of the Ag+Cu+B83 composite coatings

Specimens 1# 2# 3# A# S5# 6# T# 8# O#
Ra/um 148 135 26.3 326 323 36.6 235 200 312

The orthogonal analysis shows that the effects of voltage, capacitance and
efficiency on the surface roughness of the composite coatings are in descending order.
The optimal value was obtained when the voltage was 40 V, 40 V, 20 V, capacitance was
150 pF, 150 pF, 90 uF, and efficiency was 1 min/cm?, 1 min/cm?, 2 min/cm?,
respectively.

Through the analysis can also be found in the parameter of capacitance was 150 pF,
150 pF, 90 pF and capacitance was 90 pF, 90 uF, 30 uF, there is little difference in
coating surface roughness, so the voltage respectively, 40 V, 40 V, 20 V, capacitance
respectively 90 pF, 90 uF, 30 pF, and efficiency was 1 min/cm?, 1 min/cm?, 2 min/cm?,
respectively. And composite coatings surface roughness 14.8 um as the optimal values.
The surface roughness of the composite coatings is not only affected by the deposition
parameters, but also affected by the operation technology, the mechanical accuracy of

the welding torch and the properties of the deposited materials.
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The thicknesses of the composite coatings are shown in Table 3.14. The thickness

of the composite coatings is the most important index of ESD, followed by the surface

roughness of the coatings, and the mass of the coatings directly affects the thickness of

the coatings. Therefore, the optimal process parameters of ESD are determined by

comprehensive analysis: the voltage was 60 V, 60 V, 30 V, capacitance was 150 pF, 150
uF, 90 uF, and efficiency was 3 min/cm?, 3 min/cm?, 4 min/cm?, respectively.

Table 3.14 — The thicknesses of the Ag+Cu+B83 composite coatings

Thickness 1# 2# 3# A4# 5S# O# T# B8# O#
pum 50 60 50 160 160 60 100 60 60

Orthogonal analysis shows that voltage has the greatest effect on the mass transfer
of the coatings, followed by efficiency, and capacitance has the least effect on the mass
transfer of the coatings. When the voltage is 60 V, 60 V, 30 V, capacitance is 150 pF,
150 pF, 90 uF, efficiency is 3 min/cm?, 3 min/cm?, 4 min/cm?, the optimal value of mass
transfer is 54.4 mg/cm?. Under the optimal process parameters, the surface roughness of
the composite coatings is 32.3 um, and the maximum thickness is 160 pm.

The measured results of the coating surface roughness are shown in Figure 3.8.
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Figure 3.8 — The roughness of the Ag+Cu+B83 ESD coatings
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3.3.3 The morphology of the surface and the cross section of the combined
coatings
The morphology of the Ag+Cu+B83 ESD combined coatings surface is shown in
Figure 3.9. It can be seen from the figure that the surface of the deposited coatings is
sputtering stacking, which is formed by the superposition of many irregular small
droplet spots melted by continuous pulse discharge. There are a few micro cracks on the
surface of the composite coatings, which tend to propagate along the direction
perpendicular to the surface of the coatings. This is due to the rapid heating and cooling
in the process of spark discharge, the residual thermal stress in the coatings will exist,
leading to the initiation of micro-cracks, and the transition layer of Ag and Cu with
good plasticity can play a role in relieving the thermal stress, thus reducing the number
of cracks [184]. The multilayer structure with a low modulus ratio contributed to
reduced stress concentration in harder sub-layer, thereby inhibiting crack initiation.
Figure 3.10 shows the cross section morphology of the Ag+Cu+B83 ESD
composite coatings. It can be seen that the composite coatings have a good metallurgical
combination with the substrate, the microstructure of the sedimentary layer is compact,
and the continuous interface is formed at the joint. The thickness of the composite
coatings is about 100 um, but there are some defects such as micro-cracks and holes in
some places. The composite coatings are tin-base Babbitt B83, copper and silver from
the surface to the substrate. However, because the wettability of silver and copper is
very good, the silver-white silver coating can rarely be observed. In some areas, the
copper coating is not obvious, because the coating is completely fused together during

the electro-spark deposition, forming the alloy layer. Since the ESD is a process of
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continuous superposition of the deposited materials, the thickness of the deposited layer
increases with the increase of the electrode materials deposited on the surface. During
ESD, the instantaneous high temperature generated by high frequency pulse discharge
melts and vaporizes the materials in the discharge area, and melts, diffuses and alloys
occur on the deposited surface. Then the substrate surface is rapidly cooled and
solidified, resulting in large cyclic thermal stress and microstructure stress in the
sedimentary layer, resulting in micro-cracks or pores on the surface of the deposition. In
the process of layer by layer covering, a small number of micro-cracks or pores on the
surface of the coating can not be completely filled by the molten material, forming

holes.

Figure 3.9 — The morphology of the Ag+Cu+B83 composite coatings surface

Figure 3.10 — The cross section morphology of the Ag+Cu+B83 composite coatings
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3.3.4 The region elemental composition of the surface and the cross section of the
combined coatings

By observing the surface morphology of the composite coatings, three
characteristic regions (smooth surface, rough surface and pore) can be selected on the
coating surface, and the element composition of each characteristic region and a whole
surface can be measured. The detection position of the element composition on the
surface of the Ag+Cu+B83 composite coatings deposited by electric spark is shown in
Figure 3.11. The elemental composition on the surface of the Ag+Cu+B83 composite
coatings detected in different characteristic areas is shown in Table 3.15. As can be seen
from Table 3.15, in addition to Sn, Sb and Cu elements, there are also some Ag and O
elements in the surface coating, in which Cu content is also relatively high. This
indicates that the ESD is not a simple process of transfer of the electrode material, but a
dramatic diffusion and re-alloying of the atoms of the electrode and matrix material
occurs during the deposition of each element, which makes the deposition layer and
matrix realize metallurgical bonding. In spite of the argon protection, the surface of the
composite coatings was oxidized by some air during the deposition of silver, copper and
tin-base Babbitt alloy by electric spark. It can also be seen from Table 3.15 that the
smooth surface coating has a low copper content, a high oxygen content and a certain
oxidation phenomenon on the surface. The content of silver, copper and oxygen in the
rough surface is relatively high, while the content of tin and antimony is relatively low,
indicating that the B83 coating is relatively thin and oxidation phenomenon is more
obvious. The content of copper and oxygen in the pores is relatively low, and the

content of tin and antimony is relatively high, indicating that the pores may be left by
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material splashing outward at high temperature. In the overall elemental composition of
the surface, oxygen content is relatively low, copper content is relatively high, and there
IS a certain amount of silver, which indicates that the overall surface oxidation is less,
and the diffusion is intense during deposition.

In the process of electro-spark deposition, between the electrode and substrate
instantaneous discharge of high temperature enough to contact with the metal melting
liquid metal molten pool formation, the liquid metal in the spark discharge of local
physical explosion and the effect of rotating electrode, splash around and then cool and
solidify sharply, in the process of solidification edge retained part of its flow marks, it
also makes the sedimentary surface roughness is larger. Sn and Sb content of smooth
surface area was obviously higher than that of rough surface area, but smooth surface
area of Cu content is significantly lower than the rough surface area, the smooth surface
area does not contain Ag element, while the rough surface area contains Ag element. the
smooth surface area is due to the molten material in the electrode under the effect of
rotating centrifugal force, splash from the electrode surface, because there is a certain
Kinetic energy, is deposited on the workpiece surface, after before completely frozen,
due to the role of its kinetic energy, the surface flow in the sedimentary formation.
Rough surface area is the high temperature generated by the spark discharge between
the electrode and the matrix that melts the electrode and the matrix in the contact
micro-area to form a liquid metal molten pool. These liquid metals splash around under
the action of the local physical explosion and the rotating electrode, and the deposited
surface metal molten pool area is left after the liquid metal splashes outward. The O

content of the smooth surface region is obviously higher than that of the pore region,
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but the content of Sn, Sb and Cu elements in the smooth surface region is basically the
same as that in the pore region, and there is no Ag element in the smooth and pore
regions, and the pores mainly exist on the smooth surface, which shows that the pore
region is due to the rapid cooling and solidification of liquid metal melt at high
temperature. Formed by the outward splashing of internally generated gases or
refractory substances, And the outward splashing of the high temperature material
impedes the oxidation of the nearby metal melt.

By scanning the Ag+Cu+B83 composite coatings surface to the substrate for many
times, the element composition is analyzed in the composite coatings section, as shown
in Figure 3.12. Table 3.16 shows the measured elemental composition at each position
of the composite coatings section. From the SEM morphology of the composite coatings
section in Figure 3.12, it can be seen that the internal structure of the Ag+Cu+B83
composite coatings deposited by electric spark is compact, the metallurgical bonding
between the coatings and the substrate is good, and three different metal alloys can be
distinguished. As can be seen from Table 3.16, from the surface of the composite
coatings to the substrate, the content of the copper element gradually increases, the
content of the tin element gradually decreases, only a relatively large amount of
antimony is contained near the surface layer, a relatively large amount of silver is
contained in the middle layer, and the phosphorus is contained near the substrate, which
indicates that the thickness of the Ag+Cu+B83 composite coating is about 100 um. In
addition, no oxygen element was detected from the surface of the composite coatings to
the substrate, indicating that the composite coating was not oxidized. It can also be seen

from Table 3.16 that the contents of Sn, Sb and Cu in positions 1 to 4 of the cross
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section of the composite coatings are close to the contents of Sn, Sb and Cu in the
tin-based Babbitt alloy B83 electrode, indicating that this area is a Babbitt alloy B83
coating. The content of Cu element increases and the content of Sn element decreases
from the position 5 to the position 8 of the cross section of the composite coatings, and
the composite coatings contains the Ag element but does not contain the Sb element,
which indicates that the metal copper and silver have very good wettability in the area,
violent diffusion and re-alloying occur during electro-spark deposition, and the metal
copper and silver coating form an alloy layer. The Cu, Sn and P elements in the position
9 of the composite coatings section are close to the contents of the Cu, Sn and P
elements in the tin bronze substrate, but do not contain the Sb, Ag and O elements,

which indicates that the area is the tin bronze substrate.

Electron Image 1

(b)

400pm Electron Image 1

Electron Image 1

(©) (d)

Figure 3.11 — The detection position of elemental composition of the Ag+Cu+B83
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ESD composite coatings surface: a - smooth surfaces; b - rough surface; c - pore; d -

whole surface

Table 3.15 — The elemental composition of the Ag+Cu+B83 ESD composite coatings

surface

Research Area O (%)

Cu (%) Ag (%) Sn(%) Sb (%)

a

b
c
d

12.23
14.98
5.48
3.22

11.27
22.66
11.18
21.19

0 62.79 13.70
781 47,67 6.88
0 71.33 1201
6.67 58,58 10.35

2%
3
4
5
6
7
8
9

| det
m| ETD

Figure 3.12 — The cross section SEM morphology of the Ag+Cu+B83 ESD

composite coatings at different position

Table 3.16 — The elemental composition of cross section of the Ag+Cu+B83 composite

coatings

Research Area O (%) P (%) Cu (%)

Ag (%) Sn (%) Sb (%)

1

©O© 00 NOoO Ol wdN

0

O OO OO oo Oo

o

b OO OO0 oo o

0

6.41
4.30
4.27
4.71
44.25
93.92
94.20
93.08

1 9243

0 75.22 18.37
0 7856 17.13
0 83.16 12.58
0 79.62 15.67
45.37 10.38 0
0 6.08 0
0.97 4.83 0
0.69 6.23 0
0 7.46 0
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3.3.5 The line scan elemental composition of the cross section of composite
coatings

By scanning the soft antifriction composite coatings surface to the substrate, the
element composition is analyzed in the composite coatings section, as shown in Figure
3.13 (a). Figure 3.13 (b) shows the measured elemental composition at the line scanning
position of the composite coatings section. From the SEM morphology of the composite
coatings section in Figure 3.13 (a), it can be seen that the internal structure of the soft
antifriction composite coatings deposited by electric spark is compact, the metallurgical
bonding between the coatings and the substrate is good, and three different metal alloys
can be distinguished. As can be seen from Figure 3.13 (b), from the surface of the
composite coatings to the substrate, the content of the copper element gradually
increases, the content of the tin element and the antimony element gradually decreases,
a relatively large amount of the silver is contained in the middle layer, and a small
amount of the phosphorus is contained, which indicates that the thickness of the soft
antifriction composite coatings is about 160 um. In addition, no oxygen element was
detected from the surface of the composite coatings to the substrate, indicating that the
composite coatings were not oxidized. It can also be seen from Figure 3.13 (b) that the
contents of Sn, Sb and Cu in the surface to 70 um of the cross section of the composite
coatings are close to the contents of Sn, Sb and Cu in the babbitt B83 electrode,
indicating that this area is the babbitt B83 coating. The content of Cu element and Ag
element increases, the content of Sn element and Sb element decreases from 70 um to
160 um of the cross section of the composite coatings, which indicates that the metal

copper and silver have very good wettability in the area, violent diffusion and
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re-alloying occur during electro-spark deposition, and the metal copper and silver
coatings form the alloy layer. The Cu, Sn and P elements in the depth over 160 um of
the composite coatings section are close to the contents of the Cu, Sn and P elements in

the QSn10-1, which indicates that the area is the tin bronze substrate.

200

Fhosphorus Kal, Atimony Lat, Copper Kal

Figure 3.13 — The line scan elemental composition of the cross section of

100um

composite coatings: a - Line scanning position; b - All the elemental composition

3.3.6 The morphology and phase composition of the combined coatings surface
after grind

After deposition, only simple grinding is needed to meet the requirements of
surface roughness. The morphology of the soft antifriction composite coatings surface
after grind is shown in Figure 3.14. The micro-texture on the surface of the polished
composite coatings is conducive to the storage of abrasive particles and lubricating oil
during the operation of the bearing bush, reducing the wear of abrasive particles on the
surface of the bearing bush, reducing the friction coefficient and improving the
self-lubricating performance. The prepared coatings surface has a small amount of
ferrous metal oxides due to oxidation, which is caused by the oxidation of tin in babbitt

alloy.
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After alloying surfaces were grinded with 1000 grits sandpaper, the X-ray
diffraction (XRD) analysis of the composite coatings surface was carried out. Figure
3.15 shows the X-ray diffractogram patterns of the soft antifriction composite coatings
surface. The diffraction peaks observed for composite coatings surface in Figure 3.15
clearly indicate the phases corresponding to Sn, SbSn, CusSns and Cu. The Sn phase
shows strong diffraction intensity, suggest the content of Sn is relatively high of
composite coatings. Moreover, in the case of soft antifriction composite coatings in
addition a phase of AgsSn was appeared which is conducive to ensuring the metal
bonding of the coatings [185]. It is noted that oxide peaks, nitride peaks and carbide
peaks were not observed. Maybe the content of these constitutions is too little to be

detected by XRD.
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M | 2 1D

Figure 3.14 — The morphology of the Ag+Cu+B83 ESD composite coatings surface

after grind
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Figure 3.15 — The X-ray diffraction patterns of the Ag+Cu+B83 ESD composite
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coatings surface

3.3.7 The cross section microhardness distribution of the composite coatings

Electro-spark deposition technology can effectively change the surface of the
physical and chemical properties, mechanical properties, so that the hardness of the
surface changes, which has special properties. Figure 3.16 (a) is the cross section
microhardness indentation of the composite coatings. Figure 3.16 (b) is the
microhardness change curve from the surface of the composite coatings to the substrate,
and the whole hardness curve presents obvious gradient distribution, which can be
divided into four parts in turn: the tin-based Babbitt alloy B83 coatings area, the copper
transition area, the silver transition area and the substrate. The material deposited on the
surface of the composite coatings is tin-based Babbitt alloy B83, the thickness of the
coating is about 50 micrometers, the coating is relatively soft, and the microhardness is
29 HVoo01; The thickness of copper transition zone is about 25 pm, and the
microhardness of the coating is 157 HV01; The thickness of Ag transition zone is about
25 pum, and the microhardness of the coating is about 95 HV01; And then the hardness
of the composite coatings gradually increases and transits to the substrate, and the
microhardness of the substrate is 161 HVg0:. The microhardness of that composite
coatings is gradually transferred from the surface to the substrate, which is beneficial to
improve the bonding strength between metals and reducing crack. From the surface of
the composite coatings to the substrate, the hardness of the composite coatings first
increases, then decreases, and finally increases. The hardness of composite coatings is

82% lower than that of bronze substrate.
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Figure 3.16 — The cross section microhardness distribution of the Ag+Cu+B83

ESD composite coatings: a - indentation; b - the microhardness change curve

3.3.8 Tribological properties of the combined coatings

Figure 3.17 compares the evolution of the friction coefficient variation during
uncoating tests at loads of 5 N, 10 N and 15 N. For the initial 600 seconds at load of 5 N,
the friction coefficient with an average value of about 0.333. The following 600 seconds
at load of 10 N, the friction coefficient is about 0.330. And then to 15 N for the final 600
seconds, the friction coefficient is about 0.324.

Figure 3.18 compares the evolution of the coefficient of friction at the applied
loaded of 5 N, 10 N and 15 N of the ESD modified samples sliding against a GCr15
steel ball in air. For the initial 600 seconds at load of 5 N, the friction coefficient with an
average value of about 0.399. The following 600 seconds at load of 10 N, the friction
coefficient is about 0.244. And then to 15 N for the final 600 seconds, the friction
coefficient is about 0.180. The investigation of the tribological properties of the coatings
in dry friction show that the lower resistance is exhibited by the composite coatings
deposited using the soft antifriction material. The surface friction coefficient of the

composite coatings is 55.6% of the tin bronze substrate.



113

From the evolution of the coefficient of friction of the tin bronze substrate with and
without soft antifriction composite coatings, it is clear that wear process indicated is
rather complicated because of the influence of different surface topography and
chemical composition during running-in phase. For ESD layers, at the beginning of
steady stage its friction coefficient shows to some extent direct response to surface
roughness. And for the initial 600 seconds at load of 5 N, the friction coefficient is about
0.399 influenced by the surface roughness (Figure 3.18 (a)). Because GCr15 with high
hardness produce material loss of soft antifriction composite coatings counterpart (with
relative low hardness) through dominant abrasion mechanism. With the generation of
tribofilm, abrasion of composite coatings-GCrl15 sliding couples is transferred to
interfacial sliding. Similar to other sliding couples, the steady-state fiction coefficients
become more or less independent of surface roughness. After the first running-in stage,
the soft antifriction composite coatings demonstrated a relatively stable friction
coefficient with an average value of about 0.244 after the following 600 seconds at load
of 10 N (Figure 3.18 (b)), after which it decreased to the level of 0.180 at load of 15 N
(Figure 3.18 (c)). The friction coefficient stabilizes after running-in, and becomes stable
throughout the test.

The surfaces of wear traces were analyzed in order to understand the friction and
wear resistance mechanisms of the coatings. The wear scars of the tin bronze substrate
with and without the soft antifriction composite coatings after tribological testing are
shown in Figure 3.19.

It was found from analysis of wear scars in Figure 3.19 (a) that the wear

mechanism of the tin bronze substrate is dominated by severe ploughing wear and
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fatigue delamination. A lamellar structure can be distinguished on the surface of the
worn tin bronze substrate. This can be responsible for low friction under these
conditions.

However, it can be seen in Figure 3.19 (b) that the soft antifriction composite
coatings may effectively restrain fatigue delamination, showing plastic deformation,
abrasive wear and slight polishing. Plastic deformation and abrasive wear dominated on
the relatively soft composite coatings. The initial surface microgeometry was changed
during load application and its surface became smooth with fine shallow scratches
observed after the wear test. After the smooth surface was formed, the friction and wear

stabilized.
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Figure 3.19 — The wear scars of the tin bronze substrate with and without the composite

coatings after tribological testing: a - Tin bronze; b - Tin bronze with the composite

coatings

3.4 The characterization of Ag+Cu+B83+G0O+B83 composite coatings

With the large variety of the operation conditions of the parts, their surface layers
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are considered as the most loaded portions. Therefore, the real working resource of the
machine operation directly depends on the part surface bearing capacity being
determined by the quality of its surface layer. Wear and breakdown of the machine
components and mechanisms as a rule commence from a surface, and therefore in order
to improve the operating properties of machines and mechanisms it is necessary to
improve component surface quality. One of the most effective improvements of surface
quality and component operating properties is provided by application of special
coatings [186-188]. A functional coating for the friction units (FU) is used on
curvilinear and flat surfaces various mechanisms, such as turbo-compressor units,
electric motors, power engineering units, power transmission systems, etc. To a
significant extent FU reliability depends on the quality of bearing manufacture, coating
application quality, and assembly and repair work. During manufacture of FU there are
always deviations from ideal shape geometry; additional errors are contributed during
parts installation, which in combination a reduction in actual contact area is a reason an
increased load on an antifriction layer, especially in the running-in period. Facilitation
of running-in conditions and improvement of friction surface operating regime in the
post running-in period may be provided by improving the FU and more close fitting to
“beds” by applying to contact surfaces a layer of soft metals by electric-spark deposition
(ESD). Soft coating (Ag, Cu, B83 or combined coating) deformation under action of
high specific loads makes it possible to provide parts automatic adjustment and
compensation of manufacturing errors [189].

Graphene has been used to improve tribological property due to its extraordinary

properties [190-192]. Graphene oxide (GO) is considered as a promising material for
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reducing friction and wear, owing to its structural features [193]. Therefore, adding the
GO to the coatings is beneficial to improve the friction and wear properties of the
surface.

The running-in coatings of the tin bronze surface that were formed by alternately
electro-spark deposition applying the antifriction material of silver, copper, Babbitt B83
and graphene oxide. The analysis of morphology, composition and properties of the
coatings were investigated.

3.4.1 Deposition process parameters

The ESD machine DZ-40001I1 has a control panel to change the electrical
parameters including ESD voltage (20 V- 250 V), capacitance (30 pF — 420 F) and
frequency (1300 Hz — 6000 Hz).

Travel speed in both cases was 2 mm/s. The frequency of the first layer was 3 kHz,
the frequency of the second layer was 4 kHz and the frequency of the third and the fifth
layers were 5 kHz. Deposition was carried out using a hand-held gun at room
temperature with the argon gas (Ar 99%) protection (10 L/min flow rate), which avoids
contamination of the deposit zone by interstitial elements such as oxygen or nitrogen.

The GO solution was applied to the surface of the specimens by manual
pre-coating method, and then the specimens was dried by natural air, followed by the
fifth layers with B83 electrode.

The electro-spark deposition process parameters (electrodes, voltage, capacitance

and efficiency) are shown in Table 3.17.
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Table 3.17 — The ESD parameters of the running-in coatings

Specimens Coatings Voltage (V) Capacitance (uF) Efficiency (min/cm?)

14 Ag+Cu+B83+  60/40/30 90/90/30 2/1/1
GO+B83 --/20 --/30 -2

i Ag+Cu+B83+  60/40/30 150/90/30 2/1/1
GO +B83 -125 --/90 -2

34 Ag+Cu+B83+  60/40/30 150/150/90 2/1/1
GO +B83 -/30 --/150 --[2

3.4.2 The mass transfer, roughness and thickness characteristics of the running-in
coatings

In this study, the analysis of deposition on mass transfer, roughness, and thickness
of the running-in coatings were investigated, as shown in Table 3.18.

The electro-spark deposition running-in coatings are the result of gradual
accumulation through multiple discharge and a large number of deposition points. The
mass transfer is usually regarded as an important index to evaluate ESD. At the
beginning of deposition, the coating mass increases most obviously. With the increase of
deposition time, the mass transfer of electrode to substrate gradually decreases. Finally,
with the increase of deposition time, the mass of substrate stops increasing. This is
because with the increase of deposition time, the content of oxide or nitride on the
surface of the coating increases, the residual stress on the surface increases, the binding
force decreases, and the material is more likely to splash during discharge, which
impedes the mass transfer in the process of ESD.

In this study, a precision electronic balance with an accuracy of 0.1mg was used to
measure the samples and calculate the mass added to the substrate after ESD, as shown
in Table 3.18.

As can be observed in Table 3.18 that increasing the pulse energy in the ESD

process promotes the transfer of the mass. The minimum value of mass transfer is 90.8
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mg of specimen 1# and the maximum value of mass transfer is 550.1 mg of specimen
3#.

The Bruker Contour GT-K1 3D optical profilometers was used to observe the
surface of the composite coatings and measure the surface roughness. The surface
roughness of the running-in coatings is shown in Table 3.18. As can be seen from Table
3.18, the minimum value of the surface roughness is 15.9 um of specimen 2#. The
measured results of the coatings surface topography and profile of specimen 2# are
shown in Figure 3.20.

The surface roughness of the running-in coatings is not only affected by the
deposition parameters, but also affected by the operation technology, the mechanical
accuracy of the welding torch and the properties of the deposited materials.

The thickness of the running-in coatings is the most important index of ESD,
followed by the surface roughness of the coatings, and the mass of the coatings directly
affects the thickness of the coatings. The thicknesses of the running-in coatings are
shown in Table 3.18. As can be indicated from Table 3.18, the coatings thickness tends
to increase with increasing pulse energy. The minimum value of the thickness is 50 um
and the maximum value of the thickness is 200 um.

Table 3.18 — The mass transfer, roughness and thickness characteristics of the

running-in coatings

Specimens Coatings Mass Transfer (mg) Roughness Ra (um) Thickness (um)

Ag+Cu+B83+

1# Ative 90.8 175 50
Ag+Cu+B83+

24 Ative 244.2 15.9 160

gy A9rCu+B83+ 550.1 24.6 200

GO+B83
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Figure 3.20 — The surface topography and profile of the running-in coatings

3.4.3 The morphology, element composition and phase composition of the
running-in coatings surface

The morphology of the running-in coatings surface of specimen 2# is shown in
Figure 3.21. It can be seen from the figure that the surface of the running-in coatings is
sputtering stacking, which is formed by the superposition of many irregular small
droplet spots melted by continuous pulse discharge. There are a few microcracks on the
surface of the running-in coatings, which tend to propagate along the direction
perpendicular to the surface of the coatings. This is due to the rapid heating and cooling
in the process of spark discharge, the residual thermal stress in the coatings will exist,
leading to the initiation of micro-cracks, and the transition layers of Ag and Cu with
good plasticity can play a role in relieving the thermal stress, thus reducing the number
of cracks. The multilayer structure with a low modulus ratio contributed to reduced

stress concentration in harder sub-layer, thereby inhibiting crack initiation.
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After deposition, only simple grinding is needed to meet the requirements of
surface roughness. The microtexture on the surface of the polished running-in coatings
Is conducive to the storage of abrasive particles and lubricating oil during the operation
of the bearing bush, reducing the wear of abrasive particles on the surface of the bearing
bush, reducing the friction coefficient and improving the self-lubricating performance.
The prepared coatings surface has a small amount of ferrous metal oxides due to
oxidation, which is caused by the oxidation of tin in Babbitt B83.

The element composition on the surface of the running-in coatings was
characterized by energy dispersion spectrum in Table 3.19. As can be seen from the
table, with the increase of discharge energy, the content of copper and silver on the
specimens surface gradually decreases, while the content of tin gradually increases,
which also indicates that the running-in coating gradually thickens. But with the
increase of discharge energy, the content of antimony on the sample surface gradually
decreases, possibly because high temperatures increase antimony loss.

After alloying, surfaces were grinded with 1000 grits sandpaper, the X-ray
diffraction analysis of the running-in coatings surface was carried out. Figure 3.22
shows the X-ray diffraction patterns of the substrate, Babbitt B83 and the running-in
coatings surfaces.

The diffraction peaks observed for the substrate surface in Figure 3.22 (a) clearly
indicate the phases corresponding to Cu and (Cu, Sn). The Cu phase shows strong
diffraction intensity, suggest the content of Cu is relatively high of the substrate.

As shown in Figure 3.22 (b) the diffraction peaks for Babbitt B83 surface clearly

indicate the phases corresponding to a-Sn, SbSn and CugSns. The a-Sn phase shows
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strong diffraction intensity, suggest the content of a-Sn is relatively high of Babbitt B83.

The diffraction peaks observed for running-in coatings surface in Figure 3.22 (c)
clearly indicate the phases corresponding to a-Sn, SbSn, CusSns and Cu. The a-Sn
phase shows strong diffraction intensity, suggest the content of a-Sn is relatively high of
the running-in coatings. Moreover, in the case of running-in coatings in addition a phase
of AgsSn was appeared which is conducive to ensuring the metal bonding of the
coatings. It is noted that oxide peaks, nitride peaks and carbide peaks were not observed.
Maybe the content of these constitutions is too little to be detected by XRD. The silver
can play a role in grain refinement, so that the strength and the hardness of the alloy are

improved. Copper provides the preferential crystallization center, refines the grain size,

and improves the microstructure and mechanical properties of the alloy.

R oA ~

Figure 3.21 — The morphology of the running-in coatings surface

Table 3.19 — The elemental composition of the running-in coatings surface

Specimens Cu (%) Ag (%) Sn (%) Sb (%)
1# 9.48 154 7721 16.78
2# 7.08 151 77.01 1441
3# 7.09 052 8332 9.08
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Figure 3.22 — The X-ray diffraction patterns: a - the substrate; b - Babbitt B83; ¢ - the

running-in coatings

3.4.4 The cross section morphology of the running-in coatings

The cross section morphology of the ESD treated running-in coatings and Babbitt
B83 were analyzed using scanning electron microscopy and metallographic microscopy.

Figure 3.23 (a) shows the cross section morphology of the ESD running-in
coatings. As can be seen in the cross-sectional image of the sample with the
electro-spark running-in coatings, it has a very good cohesion with the substrate, the
microstructure of the deposition layer is compact and the boundary between the coating
and the substrate material is clear, but there are a few defects such as micro-cracks and
holes in some places. The running-in coatings are Babbitt B83, GO, Cu and silver from
the surface to the substrate. However, because the wettability of silver and copper is

very good, the silver-white silver coating can rarely be observed and the coatings are
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completely fused together during the electro-spark deposition, forming the alloy layer.
Since the ESD is a process of continuous superposition of the antifriction materials, the
thickness of the deposited layer increases with the increase of the antifriction materials
deposited on the surface.

During ESD, the instantaneous high temperature generated by high frequency
pulse discharge melts and vaporizes the materials in the discharge area, and melts,
diffuses and alloys occur on the deposited surface. Then the substrate surface is rapidly
cooled and solidified, resulting in large cyclic thermal stress and microstructure stress in
the running-in coatings, resulting in micro-cracks or pores on the surface of the
deposition. In the process of layer by layer covering, a small number of micro-cracks or
pores on the surface of the coating cannot be completely filled by the molten material,
forming holes. Moreover, the high viscosity of the molten metal may prevent it to flow
into the valleys even if metal were ejected in its direction prior to its solidification. As a
result, a void is left where the valleys once were.

Figure 3.23 (b) presents the metallographic diagram of the material Babbitt B83. It
indicates that the square or rectangle with bright color is SnSb, the dark color is a-Sn,
and the chain or elongated needle is CusSns. However, as can be seen from Fig. 3.23(a)
that the grains in the running-in coatings are very dense, refined and uniformly
distributed which is due to the rapid heating and cooling of the antifriction materials by

ESD technology.
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Figure 3.23 — The cross section morphology: a - the running-in coatings; b - Babbitt
B83

3.4.5 The nanoindentation properties of the running-in coatings

Electro-spark deposition technology can effectively change the modulus, the
hardness and the deformation rate of the nanoindentation properties of the treated
material.

Figure 3.24 shows the nanoindentation curve of the substrate, Babbitt B83 and the
running-in coatings. The nanoindentation curve of the substrate is shown in Figure
3.24 (a), and the curve is the change of displacement into surface with load on sample,
which can be divided into three segments in turn: load segment type, hold segment type
and unload from peak segment type. At the maximum load on the substrate, the
modulus is 77.1 GPa, the hardness is 1.93 GPa, and the displacement into surface is
3445.8 nm. When completely unloaded, the displacement into surface is 2980.1 nm and
the deformation rate of the substrate is 86.49%. The nanoindentation curve of Babbitt
B83 in Figure 3.24 (b) shows the change of displacement into surface with load on
sample, which can be divided into three segments: load segment type, hold segment

type and unload from peak segment type. At the maximum load on the Babbitt B83, the
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modulus is 52.8 GPa, the hardness is 0.352 GPa, and the displacement into surface is
7754.9 nm. When completely unloaded, the displacement into surface is 7249.2 nm and
the deformation rate of the Babbitt B83 is 93.48%. The nanoindentation curve of the
running-in coatings is the change of displacement into surface with load on sample in
Figure 3.24 (c), which can be divided into: load segment type, hold segment type and
unload from peak segment type. At the maximum load on the running-in coatings, the
modulus is 19.2 GPa, the hardness is 0.281 GPa, and the displacement into surface is
8901.0 nm. When completely unloaded, the displacement into surface is 8482.9 nm and
the deformation rate of the substrate is 95.30%.

The modulus, hardness and deformation ratio of the substrate, Babbitt B83 and
running-in coatings are shown in Table 3.20. The modulus of the running-in coatings is
36.4% of Babbitt B83 and 24.9% of the tin bronze substrate. The hardness of the
running-in coatings is 79.8% of Babbitt B83 and 14.2% of the bronze substrate. The
deformation ratio of the running-in coatings is 1.9% higher than that of Babbitt B83 and
10.2% higher than that of the substrate. The application of the electro-spark deposited
running-in coatings led to a considerable decrease in modulus and hardness in relation

to the substrate material.
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Table 3.20 — The modulus, hardness and deformation ratio of the substrate, Babbitt B83

and the running-in coatings

Specimens Modulus (GPa) Hardness (GPa) Deformation Ratio (%)

substrate 77.1 1.983 86.49
B83 52.8 0.352 93.48
coatings 19.2 0.281 95.30

3.4.6 Tribological properties of the running-in coatings

Table 3.21 shows the evolution of the coefficient of friction at the applied loaded of
5N, 10 N and 15 N of the specimens sliding against a GCr15 steel ball in air. For the
initial 600 seconds at load of 5 N of the substrate, the friction coefficient with an
average value of about 0.333. The following 600 seconds at load of 10 N, the friction
coefficient is about 0.330. And then to 15 N for the final 600 seconds, the friction
coefficient is about 0.324. For the initial 600 seconds at load of 5 N of Babbitt B83, the
friction coefficient with an average value of about 0.206. The following 600 seconds at
load of 10 N, the friction coefficient is about 0.188. And then to 15 N for the final 600
seconds, the friction coefficient is about 0.192,

The investigation of the tribological properties of the coatings in dry friction show
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that the lower resistance is exhibited by the running-in coatings deposited using the
antifriction material. The surface friction coefficient of the specimen 1# is the minimum
of the composite coatings after running-in stage, but the value of the coatings thickness
of the Specimen 1# is 50 um. Due to the small coatings thickness, the bearing bush
surface may be scratched when running in under different working conditions.
Therefore, specimen 2# is the best choice.

From the evolution of the coefficient of friction of the tin bronze substrate with the
running-in coatings of the specimen 2# in Figure 3.25, it is clear that wear process
indicated is rather complicated because of the influence of different surface topography
and chemical composition during running-in phase. For ESD coatings, at the beginning
of steady stage its friction coefficient shows to some extent direct response to surface
roughness. And for the initial 600 seconds at load of 5 N, the friction coefficient is about
0.287 influenced by the surface roughness in Figure 3.25 (a). GCr15 with high hardness
produces material loss of running-in coatings counterpart (with relative low hardness)
through dominant abrasion mechanism. With the generation of tribofilm, abrasion of
running-in coatings-GCr15 sliding couples is transferred to interfacial sliding. Similar to
other sliding couples, the steady-state fiction coefficients become more or less
independent of surface roughness. After the first running-in stage, the soft antifriction
composite coatings demonstrated a relatively stable friction coefficient with an average
value of about 0.227 after the following 600 seconds at load of 10 N in Figure 3.25 (b).
After the second running-in stage, Figure 3.25 (c) presents the friction coefficient with
an average value of about 0.210 at load of 15 N. The friction coefficient stabilizes after

running-in, and becomes stable throughout the test. After running-in, the friction
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coefficient of specimen 2# is 64.8% of the substrate, which is similar to that of Babbitt
B83.

The surfaces of wear traces were analyzed in order to understand the friction and
wear resistance mechanisms of the coatings. The wear scars of the tin bronze substrate
with and without the running-in coatings after tribological testing are shown in Figure
3.26.

It was found from analysis of wear scars in Figure 3.26(a) that the wear mechanism
of the tin bronze substrate is dominated by severe ploughing wear and fatigue
delamination. A lamellar structure can be distinguished on the surface of the worn
substrate. This can be responsible for low friction under these conditions.

However, it can be seen from Figure 3.26 (b) that the running-in coatings may
effectively restrain fatigue delamination, showing plastic deformation, abrasive wear
and slight polishing. Plastic deformation dominated on the relatively soft antifriction
coatings. The initial surface microgeometry was changed during load application and its
surface became smooth with fine shallow scratches observed after the wear test. After
the smooth surface was formed, the friction and wear stabilized.

The elemental compositions of the running-in coatings surfaces after tribological
testing are shown in Table 3.22. Table 3.19 and Table 3.22 show that copper content on
the surface of specimen 1# increases from 9.48% to 23.14%, silver content increases
from 1.54% to 2.75%, tin content decreases from 77.21% to 54.35%, and antimony
content decreases from 16.78% to 5.89 after friction test. It indicates that the running-in
coatings on the surface of specimen 1# has been severely worn away and part of the tin

bronze substrate is exposed. In addition, oxygen elements were detected on the surface,
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indicating the formation of oxides after surface wear. Table 3.19 and Table 3.22 show
that the contents of copper, silver, tin and antimony on the surface of specimen 2# and
specimen 3# have little change after friction test. This indicates that the running-in
coatings on the surface of specimen 2# and specimen 3# is thick and stable. In addition,
the oxygen content detected on the surface indicates that due to the poor stability of tin,
the oxides are generated after surface wear.

The surface profile of the substrate, Babbitt B83 and running-in coatings after
tribological testing is shown in Figure 3.27.

It was found from analysis of surface profile in Figure 3.27 (a) that the surface of
the tin bronze substrate is severely worn, and the wear depth is up to 30 um. It can be
seen from Figure 3.27 (b) that Babbitt B83 is deformed to both sides by extrusion, and
the wear depth is 25 um. Figure 3.27 (c) shows that the running-in coatings deform in
the direction of extrusion force, and the wear deformation depth reaches 40 pum.

Facilitation of running-in conditions and improvement of friction surface operating
regime in the post running-in period are provided by improving the bearing bush by
applying to the composite coatings by ESD. The running-in coatings deformation under
action of high specific loads provides parts automatic adjustment and compensation of
manufacturing errors.

Table 3.21 — The friction coefficient during the substrate, Babbitt B83 and the

running-in coatings tests at loads of 5 N, 10 N, and 15 N

Specimens 5N 10N 15N
substrate  0.333 0.330 0.324
B83 0.206 0.188 0.192
1# 0.265 0.175 0.208
2# 0.287 0.227 0.210
3# 0.374 0.326 0.217
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Figure 3.25 — Friction coefficient variation during the running-in coatings tests at

loads: a-5N;b-10N;c-15N

Figure 3.26 — The wear scars after tribological testing: a - the tin bronze substrate; b -

the tin bronze substrate with the running-in coatings
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Table 3.22 — The elemental composition of the running-in coatings surface after

tribological testing

Specimens O (%) Cu (%) Ag (%) Sn (%) Sb (%)
1# 13.88 23.14 275 5435 589
2# 22.10 6.07 0 62.04 9.78
3# 1277 454 0 71.21 11.49
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Figure 3.27 — The surface profile after tribological testing: a - the substrate; b - Babbitt

B83; ¢ - the running-in coatings
3.5 Summary

In this chapter, the fabrication methods and process parameters of the silver
coatings, Ag+B83 coatings, Ag+Cu+B83 coatings and Ag+Cu+B83+G0O+B83 coatings
are introduced, and the properties of different coatings are tested and analyzed.

(1) Under the optimal process parameters of the Ag coatings, the minimum friction
coefficient of the Ag coatings is about 0.31. However, the performance of silver as
antifriction material coatings needs to be further improved.

(2) The minimum friction coefficient of the Ag+B83 composite coatings is about
0.177 after running-in stage. The wear mechanism of the Ag+B83 composite coatings is
dominated by plastic deformation and abrasive wear.

(3) Under the optimal process parameters, from the surface of the Ag+Cu+B83
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composite coatings to the substrate, the hardness of the composite coatings first
increases, then decreases, and finally increases. The surface microhardness of the
composite coatings is 29 HVyo1, Which is 82% lower than that of the tin bronze
substrate (161 HVo1).

The surface friction coefficient of the composite coatings (0.180) is 55.6% of the
tin bronze substrate (0.324). The wear mechanism of the tin bronze substrate is
dominated by severe ploughing wear and fatigue delamination. However, the soft
antifriction composite coatings may effectively restrain fatigue delamination, showing
plastic deformation accompanied by slight polishing.

(4) Under the optimal process parameters of the Ag+Cu+B83+GO+B83 coatings,
the modulus of the running-in coatings is 36.4% of Babbitt B83 and 24.9% of the tin
bronze substrate. The hardness of the running-in coatings is 79.8% of Babbitt B83 and
14.2% of the bronze substrate. The deformation ratio of the running-in coatings is 1.9%
higher than that of Babbitt B83 and 10.2% higher than that of the substrate.

The friction coefficient of the running-in coatings (0.210) is 64.8% of the substrate
(0.324), which is similar to that of Babbitt B83 (0.192). The wear mechanism of the
running-in coatings is dominated by plastic deformation, scratching, and slight
polishing.

The running-in coatings deformation under action of high specific loads provides

parts automatic adjustment and compensation of manufacturing errors.



134

CHAPTER 4. INDUSTRY APPLICATION OF THE OBTAINED SCIENTIFIC
RESULTS
4.1 The traditional technology of bearing bush machining

Bearing is made of copper alloy casting after machining, in order to improve its
friction performance, often in the inner surface of the bearing pouring a layer of Babbitt
alloy, pouring and then machining. Usually, the traditional pouring process of Babbitt
alloy bearing Bush is divided into five processes: cleaning of Bush tire, protection of
Bush tire, hanging tin, alloy melting and pouring.

(1) Cleaning of Bush tire

The Bush tire must be cleaned according to the following steps: before the tile tire
is hung with tin, the oxide on the tin hanging surface must be checked, and the oxide
must be eliminated. The rust can be removed by brushing with 10% hydrochloric acid,
and then immersed in hot water at 75°C for cleaning after pickling. If oil or other dirt is
found on the surface of the tile tire before hanging tin, it can be scrubbed with acetone
solution, mechanical processing or electric furnace heating to ensure that the tin plating
surface is clean. The surface to be hung with tin shall be evenly coated with a layer of
zinc chloride solution before hanging tin to prevent oxidation.

(2) Protection of Bush tire

Attention should be paid to the protection of the bushing: use asbestos mud to plug
the process hole on the bushing to prevent the invasion of tin liquid when hanging tin
and alloy liquid when pouring. A uniform layer of protective agent is coated on the
surface which does not need tinning.

(3) Hanging Tin
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Tin is applied to the bronze bushing to ensure that the Babbitt adheres reliably to
the bronze substrate. After the tile body is cleaned and protected, it shall be tin-hung
immediately.

(4) Alloy melting

And preheat that crucible to about 200°C before smelting the Babbitt alloy.
Removing dirt on the surface of the alloy ingot, putting the alloy ingot into a crucible,
and carrying out slag removal treatment after the alloy is completely melted. Heat to
about 420°C and refining with dehydrate ammonium chloride. The dosage of the
ammonium chloride is 0.1% to 0.15% of the alloy liquid. If continuous pouring, it can
be treated every 1 hour. Before pouring, that alloy liquid is evenly stirred for 5 minutes,
and then the slag is removed.

(5) Pouring

There are two casting methods: static casting and centrifugal casting. Only the
centrifugal casting process is described here. Before centrifugal casting, first check
whether the centrifuge and its auxiliary equipment are in good condition. Place the
bearing Bush between the driving and driven chucks with a preheated clamp, fasten it
with bolts, and clamp it on the centrifuge. Seal the gap between the Chuck and the
bearing shell with asbestos. The Bush shall be clamped and installed quickly to ensure
that the temperature of the Bush body is not lower than 280°C before pouring,
otherwise it is necessary to re-tin. The pouring temperature is about 420°C. And select
that speed change grade of the centrifugal casting machine accord to the inner diameter
of the bearing Bush. Install the runner, start the centrifuge, and pour a certain amount of

alloy solution after the specified speed is reached. The alloy solution shall be injected
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smoothly, evenly and continuously. After that poured alloy is pour completely, the
pouring is stopped for a while, then water is spray to the outer surface of the bearing
Bush for cooling, and when the temperature is reduced to below 200°C, the water
spraying is stopped and the machine is shut down. Carefully remove the bearing Bush,
lightly hoist it in a furnace at about 100°C, and slowly cool it to room temperature.

The metallographic structure of Babbitt alloy should distribute uniform, dispersed
and fine SnSb cubic crystals, and a small amount of rod-shaped, needle-shaped or
punctiform crystals are allowed to exist. If the SnSb hard particles are large or unevenly
distributed, the pressure borne by a single crystal in the alloy is too large, and the crystal
is cracked to cause the bearing Bush to be damaged. The reason is that the interfacial
area of single SnSb crystal increases and the matrix is fragmented, which reduces the
strength and impact toughness. The larger the crystal is, the more uneven the
distribution of the crystal is, and the larger the force applied on a single crystal, the
more deformation and slip occur in the crystal, and the grain boundary is destroyed, so
that the fatigue strength of the alloy is reduced and the alloy is ruptured. Only when the
crystal of SnSb is fine and evenly distributed, can it have better carrying capacity. This
IS because the SnSb crystals on the matrix cause the distortion of the matrix lattice and
increase the deformation resistance. The finer the crystal, the more the grain boundaries
and the more disordered the atomic arrangement, which can increase the deformation
resistance and provide the strength and impact toughness of the alloy. The distribution
of CusSns is also similar. Therefore, in order to improve the mechanical properties of

the bearing, it is necessary to refine the crystal and make it distribute evenly.
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4.2 Optimum industrial application scheme of running-in coatings

Wear and breakdown of the machine components and mechanisms as a rule
commence from a surface, and therefore in order to improve the operating properties of
machines and mechanisms it is necessary to improve component surface quality. One of
the most effective improvements of surface quality and component operating properties
is provided by application of special coatings.

The coatings of the tin bronze surface that were formed by alternately electro-spark
deposition applying the antifriction material of silver, copper, Babbitt B83 and graphene
oxide. The analysis of morphology, composition and properties of the coatings were
investigated. The comprehensive assessment results from different researchers are
always full of uncertainty [194-196]. Therefore, we have to find an effective
comprehensive method for the assessment of the characterization of the coatings by
electro-spark deposition, which has the characteristics of objectivity, simple operation
and little interference.

Here, the entropy method and the TOPSIS model were employed to the
comprehensive evaluation of the characterization of the coatings by electro-spark
deposition. Shannon information entropy, which is an objective and applicable method
for the determination of weight value, was introduced into the comprehensive
assessment. The TOPSIS model can calculate the ordering of each object more
effectively in the comprehensive assessment of the characterization of the coatings by
electro-spark deposition.

4.2.1 Deposition process parameters

The ESD machine DZ-4000111 has a control panel to change the electrical
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parameters including ESD voltage (20 V — 250 V), capacitance (30 pF — 420 |F) and
frequency (1300 Hz — 6000 Hz). The ESD machine has the ground attachment, the
shielding gas outlet and the applicator attachment. The rotation speed (2600 r/min) and
direction can be controlled on the applicator.

Travel speed in both cases was 2 mm/s. The frequency of the first layer was 3 kHz,
the frequency of the second layer was 4 kHz and the frequency of the third and the fifth
layers were 5 kHz. Deposition was carried out using a hand-held gun at room
temperature with the argon gas (Ar 99%) protection (10 L/min flow rate), which avoids
contamination of the deposit zone by interstitial elements such as oxygen or nitrogen.

The GO solution was applied to the surface of the specimens by manual
pre-coating method, and then the specimens was dried by natural air, followed by the
fifth layers with B83 electrode.

The electro-spark deposition process parameters (electrodes, voltage, capacitance
and efficiency) are shown in Table 4.1,

Table 4.1 — The ESD parameters of the coatings

Coatings Voltage (V)  Capacitance (uF) Efficiency (min/cm?)
Ag 60 90 1
Ag+B83 60/30 90/90 1/3
Ag+Cu+B83 60/60/30 150/150/90 3/3/4
Ag+Cu+B83+GO +B83 60/40/30/-/25  150/90/30/-/90 2/1/1/-12

4.2.2 The experiment results and analysis of the running-in coatings

In this study, the analysis of the experiment results of the running-in coatings were
investigated, as shown in Table 4.2.

The material prices of the running-in coatings are shown as C;. With the increase
of the number of layers, the kinds of coating materials increase, and the comprehensive

price of coating materials increases. The lowest price of silver coating is 60 Yuan, and
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the highest price of Ag+Cu+B83+GO+B83 composite coating is 165 Yuan.

The coatings deposition time is shown in Table 4.2 in C,. The minimum
deposition time is 5 minutes for silver coatings and the maximum deposition time is 50
minutes for Ag+Cu+B83 coatings.

In this study, a precision electronic balance with an accuracy of 0.1 mg was used to
measure the samples and calculate the mass transfer C; to the substrate after ESD. As
can be observed in Table 4.2 that the minimum value of mass transfer is 25.0 mg of Ag
coatings and the maximum value of mass transfer is 394.2 mg of Ag+Cu+B83 coatings.

The Bruker Contour GT-K1 3D optical profilometers was used to observe the
surface of the composite coatings and measure the surface roughness. The surface
roughness of the running-in coatings is shown as C,4. As can be seen from Table 4.2, the
minimum value of the surface roughness is 15.46 um of Ag coatings and the maximum
value of the surface roughness is 32.30 um of Ag+Cu+B83 coatings.

The thicknesses of the running-in coatings are shown as Cs. As can be indicated
from Table 4.2, the thickness of the coatings increases gradually with the increase of the
number of layers. The minimum value of the thickness is 15 um and the maximum
value of the thickness is 160 pum.

The friction coefficient of the coatings is denoted by Cs in Table 4.2. The silver
coating has a maximum coefficient of friction of 0.31. There is little difference in the
coefficient of friction of the other three coatings as the surface coating is B83. The

minimum friction coefficient of Ag+B83 coating is 0.177.
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Table 4.2 — The experiment results of the running-in coatings

Coatings Ci C GCs Cs GCs GCs
Ag 60 5 250 1546 15 0.31
Ag+B83 90 20 125.2 1943 80 0.177
Ag+Cu+B83 105 50 394.2 32.30 100 0.18

Ag+Cu+B83+GO+B83 165 30 244.2 1590 160 0.21

4.2.3 The entropy weight of the indicators of the running-in coatings
In order to facilitate comprehensive evaluation and comparative analysis of
characteristics of ESD coatings, normalized and standardized original data were
processed, and entropy method was adopted to calculate the entropy value, information
utility value and weighting value corresponding to the six indicators of ESD coatings, as
shown in Table 4.3.
Table 4.3 — The entropy value, information utility value and weighting value of the

indicators of the running-in coatings

Indicators €j d; Wi
C: 0.8059 0.1941 15.67%
C 0.7886 0.2114 17.07%
Cs 0.7437 0.2563 20.69%
Cs 0.8193 0.1807 14.58%
Cs 0.7851 0.2149 17.35%
Ce 0.8187 0.1813 14.64%

The smaller the entropy value is, the larger the information utility value is and the
larger the entropy weight is, indicating that the indicator is more important and contains
more information, which should be paid more attention to.

According to the weight of indicators in Table 4.3, in order of importance, firstly of
all the indicators is mass transfer (Cs), secondly is thicknesses (Cs), then is time (C,),
then is material prices (C,), then is friction coefficient (Cs) and finally is roughness (C,).

The weight of indicator mass transfer (C3) is as high as 20.69%, which can not be
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underestimated in the performance evaluation of ESD coatings. This is mainly because
the special properties of the coatings can be realized only when the effective mass
transfer of the deposited material from electrode to substrate is completed.

Among all the indicators, the average weight of 6 indicators is 16.67%, and 3
indicators higher than the average weight are respectively mass transfer (Cs),
thicknesses (Cs), and time (C,). It shows that these three indicators are more important.

Although the weight values of material prices (C), friction coefficient (Cs) and
roughness (C,) are lower than the average weight of 16.67% of these six indicators, but
the material price directly affects the economic benefit, the friction coefficient directly
reflects the friction reduction performance, and the surface roughness of the coatings
directly affects the post-processing process. And the effects of material prices (C,),
friction coefficient (Cg) and roughness (C,4) should still be concerned.

4.2.4 The comprehensive evaluation ranking of the running-in coatings

In order to compare the characteristics of all electro-spark deposition coatings, the
Euclidean distance, relative closeness and the comprehensive evaluation ranking of
ESD coatings was obtained by using experimental data, as shown in Table 4.4.

Table 4.4 — The Euclidean distance, relative closeness and ranking of the running-in

coatings
Coatings Di" Dy Ci  Ranking
Ag 0.150 0.119 0.442 4
Ag+B83 0.100 0.110 0.525 3
Ag+Cu+B83 0.107 0.138 0.563 2
Ag+Cu+B83+GO+B83 0.094 0.131 0.581 1

According to the calculated Euclidean distance, the relative closeness of different
evaluation objects is calculated. The schemes are ranked according to the relative

closeness. The larger the relative closeness is, the better the scheme is. In order of



142
relative closeness, they are Ag+Cu+B83+GO+B83 coatings, Ag+Cu+B83 coatings,
Ag+B83 coatings and Ag coatings. It can be indicated in the Table 4.4 that with the
increase of coating materials species, the comprehensive evaluation of the coating is
getting better and better.

4.3 New technology of constructing running-in coatings on tin bronze bearing surface

(1) Influence of material on product quality

A. Bearing base material

Engineering and structural cast carbon steel, with high strength, plasticity and
toughness, and low cost, suitable for heavy machinery used in the manufacture of parts
to withstand heavy loads. The matrix material of the cast steel bearing shell is easy to be
worn due to the adoption of a thin coating, and the bearing capacity is reduced due to
the adoption of a thick coating, so that the cast steel bearing shell is easy to be fatigued
and is suitable for light load and medium load.

In the actual work of the bearing, tin bronze bearing has good mechanical
properties and thermal conductivity but slightly higher friction force. Tin bronze can
effectively eliminate the heat generated by friction as a substrate material. Thus, there is
need to provide for the bronze bearing pads with special coatings improving the running
conditions. In the case of coating failure, the tin bronze substrate can continue to be
used as a bearing with excellent performance, which is conducive to improving the
stability and reliability of the system.

The Bearing base material is tin bronze QSn10-1 commonly used as Plain bearing
material provided by Zhejiang Shenfa Bearing Co., LTD. The composition of the

material QSn10-1 is Cu 89.10%, Sn 9.38%, P 0.72%, Others 0.80%.
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B. Coating materials

Soft metal silver is used in the design of bearings bearing high loads and high
speeds and has good lubrication performance, mechanical properties and corrosion
resistance. Silver and copper have very good wettability, which is conducive to
improving the metallurgical bonding performance between metals during ESD. The
silver can play a role in grain refinement, so that the strength and the hardness of the
Babbitt alloy are improved. However, the performance of silver as anti-wear metal
coating needs to be further improved. Therefore, based on the above factors, silver (Ag
99.99%) is suitable as the first transition coating material.

Pure copper is soft and has better wettability with silver. The copper in the coating
can form e-phase (CusSns) with the tin in the Sn-based Babbitt alloy, which is
conducive to ensuring the metal bonding of the coating. Copper provides the
preferential crystallization center, refines the grain size, and improves the
microstructure and mechanical properties of the Babbitt alloy. And the copper (Cu
99.99%) is suitable for the second layer of transition coating material.

The overall performance of tin-based alloy is better than that of lead-based alloy,
because the strength, hardness and corrosion resistance of tin-based alloy are obviously
superior to that of lead-based alloy. Tin-based Babbitt is characterized in that hard phase
particles are uniformly distributed on a soft phase matrix, the soft phase matrix enables
the Babbitt to have very good embedding property, compliance and anti-seizure property,
and after running-in, the soft matrix is concave inwards and the hard phase particles are
convex upwards to play a supporting role, so that a micro gap is formed between sliding

surfaces, and an oil storage space and a lubricating oil channel are formed which is



144
particularly beneficial to the running-in at the early stage of operation, and Babbitt B83
(SnSb11Cu6, Sn 83.10%, Sb 11.02%, Cu 5.83%, Others 0.05%) is very suitable for
operation as the coating material.

Graphene has been used to improve tribological property due to its extraordinary
properties. Graphene oxide (GO) is considered as a promising material for reducing
friction and wear, owing to its structural features. Therefore, adding the GO to the
coatings is beneficial to improve the friction and wear properties of the surface.
Graphene oxide was a dispersible solution of 4mg/ml with water as the solvent.

(2) Influence of process on product quality

A. Processing technology of bearing bush

Because the inner surface of the bearing Bush and the journal are in clearance fit,
when the shaft rotates at high speed, a pressure oil film is generated through the
clearance between the two matched surfaces, so that the machine can work normally.
The fit clearance and the inner surface roughness of the bearing shell are two important
factors for the formation of the pressure oil film. Therefore, the roughness of the inner
surface of the bearing Bush is required to be very high (Ra 0.1 um). It is difficult to
obtain high precision inner diameter surface of the bearing.

Usually, the grinding and polishing process can be used for the machining of the
inner arc surface with the surface roughness value of 0.1 um, but the inner surface
material of the bearing Bush is a soft composite coating, and the abrasive particles will
be embedded in the surface layer of the coating during polishing and grinding, which
will not only fail to achieve the polishing effect, but also reduce the surface quality. If

high-speed turning is used, residual area will be left on the machined surface, and high
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precision surface quality can not be obtained. By adopt that scraping process technology,
the scraper blade scrapes the inner surface of the bear Bush alloy in one step in the
width direction of the bearing Bush, theoretically, no residual area exists on the
machined surface, and meanwhile, in the scraping process, the scraping cutter has an
extrusion effect on the machined surface, so that the surface quality can be further
improved. Therefore, for the processing of bearing running-in coating, the scraping
process can be used to obtain high-quality surface roughness.

The inner and outer surfaces of the bearing Bush are roughly machined, and then
the inner surface is finely machined, and then a running-in coating is deposited on the
inner surface by electric spark, and the thickness of the composite coating is more than
200 pum in order to provide enough machining allowance for subsequent processes. And
then carry out fine grinding process on that outer diameter of the bearing Bush to
achieve the surface roughness of Ra 0.8 um. The semi-finish machining of the Bush
coating is carried out by turning to remove the uneven surface layer and leave a
finishing allowance. The finish machining (scraping machining) of the bearing Bush
running-in coating is carried out on a special scraping machine tool. In order to ensure
the precision requirement of the scraped surface, the secondary machining of rough and
finish scraping is adopted. The purpose of rough scraping is to ensure the machining
allowance of fine scraping to be uniform, and the appropriate thickness of alloy layer
for rough scraping is about 50 um, so as to avoid leaving chatter marks on the scraping
surface due to the large scraping thickness; And that thickness of the fine scrape is
generally controlled to be 30 um. According to the above analysis, the processing route

of the bearing shell is as follows: rough machining of the bearing shell, finish
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machining of the inner surface of the bearing, electric spark deposition of running-in
coating, finish machining of outer diameter of bearing shell, semi-finish machining
(turning) of bearing and finish machining (rough and finish scraping) of running-in
coatings.

B. Coatings process

The coating process of electro-spark deposition technology has an important
impact on the deposition efficiency, cost, mass transfer, coating surface roughness,
coating thickness, coating surface friction coefficient and so on. There are many process
parameters of electro-spark deposition, which can be summarized as follows:

Electrode material composition, density, microstructure, manufacture technique,
shape, moving speed, specific deposition time, contact force, cycle numb, deposition
angle and other process parameter. Because of the great difference of resistivity, melting
heat, thermal conductivity, ductility, wetting angle and other characteristics of materials,
and considering the instability of electro-spark deposition process, the influence of
process parameters on the preparation and performance of coatings is uncertain.

Tin bronze plain bearing pad surface roughness, cleanliness, shape, temperature.

Electrical discharge voltage, pulse current, energy storage capacitor, energy,
frequency, discharge time, inductance and other power supply parameters.

The composition of gas environment and liquid environment, fluid properties, gas
flow and mode, temperature and other environmental atmosphere of electric spark
discharge.

(3) New environmental protection technology for bearing bush running-in coatings

A. Design, manufacture and preliminary machining of bearing bush
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According to the actual operating conditions of industrial machinery design
bearing size. Bearing bore diameter, length and initial radius clearance are very critical
parameters in bearing design, which directly affect the bearing capacity, stiffness,
bearing temperature rise and other aspects of performance [197].

The tin bronze bearing Bush blank is made by casting. After that tin bronze bearing
Bush is roughly machine, the inner hole is left with 0. 5 mm of machining allowance,
and the inner hole is turning on a lathe within two hours before the electric spark
deposition, wherein the rotating speed is about 120 r/min, the feed amount is about 0.9
mm, and the turning depth is 0.5 mm. Before turning, the used tools, measuring tools
and fixtures should be washed with alkali to remove oil stains, no lubricating oil or
coolant should be added during turning, and the inner surface of tin bronze after
low-speed processing should not contact with other objects. The inner hole of the tin
bronze sliding bearing Bush blank shall be designed according to the drawing
requirements, and the excircle shall be reserved with a machining allowance of 3 mm ~
5 mm. Figure 4.1 is the manufactured and preliminarily machined of tin bronze bearing

bush.

Figure 4.1 — Manufactured and preliminarily machined of bearing bush

B. Construction of running-in coatings on bearing bush surface
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Before the coatings are deposited by electro-spark, the Tin bronze plain bearing
bush is clamped by a bench, and the electrode material to be deposited is installed on
the welding gun. Connect the power supply and argon to the electric spark deposition
equipment, firmly connect the cathode power supply to the bench, and adjust the argon
flow to prepare for the deposition of the coating.

The running-in coatings of the tin bronze bearing bush that were formed by
alternately electro-spark deposition applying the antifriction material of silver, copper,
Babbitt B83 and graphene oxide. Operate the control panel of the electro-spark
deposition equipment, and adjust the electrical parameters such as discharge voltage,
energy storage capacitor and discharge frequency according to the parameters in Table
4.5. Adjust the rotating speed on the applicator to 2600 r/min. The discharge time of
each coating is in accordance with the parameters in Table 4.5.

Travel speed in both cases was about 2 mm/s, moving according to the small ring
track or the broken line network track can ensure the corresponding pressure, as far as
possible to ensure the stability of the discharge voltage and the arc stability of the
workpiece surface, and the excellent quality of the sediment layer can be obtained.
Deposition was carried out using a hand-held gun at room temperature with the argon
gas (Ar 99%) protection (10 L/min flow rate), which avoids contamination of the
deposit zone by interstitial elements such as oxygen or nitrogen. And that work angle
between the rotary electrode and the substrate is about 45 degrees.

The GO solution was applied to the surface of the specimens by manual
pre-coating method, and then the specimens was dried by natural air, followed by the

fifth layers with B83 electrode. Tin bronze plain bearing bush after electro-spark
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deposition of the running-in coatings is shown in Fig. 4.2.

Table 4.5 — The ESD parameters of the running-in coatings

Coatings Voltage (V)  Capacitance (uF) Efficiency (min/cm?) frequency (kHz)

Ag+Cu+B83+GO +B83 60/40/30/-/25  150/90/30/-/90 2/1/1/-12 3/4/5/-15

Figure 4.2 — Construction of running-in coatings on bearing bush surface

C. Post processing and treatment of bearing shell

The running-in coatings of the bearing bush is processed by scraping, namely the
machined surface is finished by scraping on the whole width of the bearing bush at one
time; and as the main deflection angle and the auxiliary deflection angle of a scraping
cutter are both 0 deg during processing, theoretically, no residual area exists on the
machined surface, and the influence of the main deflection angle and the auxiliary
deflection angle of the cutter on the surface roughness is eliminated. At this time, the
factors that affect the surface roughness of the bearing inner surface are the vibration in
the scraping process, the straightness error of the blade and so on. If the stiffness of the
scraping machine and the geometric parameters of the scraping tool are solved, the
surface roughness of the Bush coatings after scraping can meet the mirror quality
requirements.

Bear bush scraping process is completed by scraping once in that width direction

of the bearing bush, the scrape force is large, in order to prevent vibration generated
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during scraping and influence the roughness of the scraping surface, in addition to
sufficient rigidity of the arbor shaft, the fit clearance between the arbor shaft and the
sliding bearing in the supporting seat is also very important. Before scrape, that bearing
bush is place in a semicircular arc fixture for positioning and clamping, the extending
amount of the scrape blade (namely the depth of the scraper) is adjusted, the machine
tool is started, the cutter bar shaft rotates, and the scraper blade finishes scraping and
machining the inner surface in one step in the width direction of the bearing bush. And
when that scrape is finished, the brake has brake effect on the motor, so that the blade is
stopped above the fixture seat, the bearing bush is taken out, and the scraping process is
finished. In order to improve the scraping surface roughness, the bush scraping process
is divided into two processes of rough scraping and fine scraping, and the corresponding
cutter is also divided into rough scraper and fine scraper. The rough skiving tool and the
fine skiving tool are different in material, geometry angle and so on.

D. Installation and commissioning of bearing shell

Clean it up during installation, and there should be no sundries, so as not to affect
the surface of bearing bush or lubrication system. The installation standard shall be
strictly implemented in the installation process of the bearing bush, so that the
installation measurement dimensions shall meet the specification requirements. Special
attention shall be paid to the assembly clearance between the journal and the bearing
bush shall meet the requirements.

After filling the lubricating oil into the machined bearing Bush, the commissioning
test with light load of 10 N and rotating speed of 700 r/min is carried out for 3 hours in

total, and the external temperature of the bearing Bush is detected at any time. After the
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light load commissioning test, carry out the commissioning test for 8 hours with the
load of 30 N and the rotating speed of 700 r/min, and check the external temperature of
the bearing Bush at any time.

According to the analysis of the test data, the tin bronze bearing bush without
running-in coatings runs stably, and the external temperature of the bearing bush
increases by 12°C; The running-in coated tin bronze bearing bush runs stably, and the
external temperature of the bearing bush only increases by 8°C. After the
commissioning test, it was found that the surface of the bearing Bush without
running-in coatings was burnt and blackened, and the surface was seriously worn
(Figure 4.3). There is no burning phenomenon on the surface of the bearing Bush with
running-in coatings, the scratch is not obvious, and the wear is slight (Figure 4.4). The
bearing shells without running-in coatings showed burning on the journal part, while the
bearing shells with running-in coatings showed no burning on the journal part (Fig. 4.5).
From the overall situation, that temperature rise of the slide bearing Bush with the
running-in coatings is small, the operation is stable and reliable, and the durability is
good.

The operating characteristics of the running-in coatings are such that it can
withstand short term damage under lubricating oil dynamic conditions without seizure
and at relatively high temperatures, and it has very good fatigue properties under rated

load conditions.
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Figure 4.3 —Uncoated tin bronze bearing bush after commissioning

Figure 4.5 — Bearing journal after commissioning: a - The position of tin bronze bearing
bush; b - The position of tin bronze bearing bush with running-in coatings

4.4 Technical suggestion on application of running-in coatings technology for tin

bronze bearings

(1) Guarantee the coatings quality of bearing bush
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The coatings quality of the bearing directly affects the service life of the bearing.
Before the deposition of bearing bush, clean the oil stain and oxide skin on the surface
of the Bush tire, and carry out acid washing. The deposition should be careful and
serious. The deposition process parameters should be well controlled to ensure that the
coating is closely combined with the tile tire and the alloy grains are uniform and
meticulous.

(2) Ensure the machining accuracy of bearing bush

In the aspect of machining, it is necessary to properly formulate the processing
technology, use high-precision processing machine tools, select the clamping position,
and control the coaxiality of the bearing bush and the dimensional accuracy of the
working surface.

(3) Improving the installation quality of bearing bush

The bearing Bush needs to be scraped manually when it is installed. The quality of
the bush scraping affects the installation accuracy of the shaft, and also affects the
service life of the bearing Bush. The top clearance, side clearance and bush mouth
clearance of the bearing bush shall meet the installation technical requirements. The
side clearance and tile mouth clearance can be measured with a feeler gauge. The top
clearance must be measured by the method of encapsulating and pressing lead. The
accuracy of the measured data can be ensured only by tightening the screw of the tile
cover. If these three parameters can not meet the requirements of installation technical
conditions, the bearing bush may be glued during the test run.

(4) Ensure reliable lubrication of bearing bush
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Lubrication is the key in the process of using bearing Bush, and the lubricating oil
should be selected reasonably. The viscosity of lubricating oil should be matched with
the clearance of bearing Bush, and it is not appropriate to change the viscosity of
lubricating oil casually when the clearance of bearing bush is unchanged. The
temperature and flow of lubricating oil should meet the needs of heat dissipation of
bearing bush, which can take away the heat generated by bearing bush and ensure the
stability of bearing bush temperature. The lubricating oil shall be clean to avoid
impurity blocking the oil way or scratching the surface of the bearing bush.
4.5 Summary

In this chapter, the traditional processing and manufacturing process of plain
bearing bush is briefly introduced, the test results of different running-in coatings are
summarized and analyzed, the entropy method is used to determine the weight of
running-in coatings index, and the TOPSIS model is used to comprehensively evaluate
and sort the running-in coatings, and the best industrial application scheme is
determined. The base material, coating material, processing technology and coating
technology of bearing bush which affect the product quality are analyzed. A new
environmental protection technology of constructing running-in coatings of tin bronze
bearing bush is put forward, and the technical design, manufacture, processing,
installation and trial operation are described in detail. Finally, some technical
suggestions for the application of running-in coatings process of tin bronze bearing are

put forward.
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CHAPTER 5. SCIENTIFIC CONCLUSIONS AND RECOMMENDATIONS
5.1 Scientific conclusions

On the basis of the obtained results and their interpretation, the following
conclusions can be drawn:

(1) The coatings of silver were deposited on the surface of tin bronze by
electro-spark deposition. Under the optimal process parameters of the Ag coatings, the
mass transfer is 25.0 mg, the surface roughness of the composite coatings is 15.46 um
and the thickness is 15 um. The minimum friction coefficient of the Ag coatings is
about 0.31. However, the performance of silver as antifriction material coatings needs to
be further improved.

(2) The soft antifriction composite coatings of silver and Babbitt B83 were
deposited on the surface of tin bronze by electro-spark deposition. Under the optimal
process parameters, the mass transfer is 125.2 mg, the surface roughness of the
composite coatings is 19.43 um and the thickness is 80 pwm. The minimum friction
coefficient of the composite coatings is about 0.177. The wear mechanism of the
Ag+B83 composite coatings is dominated by plastic deformation and abrasive wear.

(3) The soft antifriction composite coatings of silver, copper and babbitt B83 were
deposited on the surface of tin bronze by electro-spark deposition. Under the optimal
process parameters, the mass transfer is 54.4 mg/cm?, the surface roughness of the
composite coatings is 32.3 um. The thickness of the composite coatings is about 100 um
under the optimal parameters and the maximum thickness is 160 pum.

From the surface of the composite coatings to the substrate, the hardness of the

composite coatings first increases, then decreases, and finally increases. The surface



156
microhardness of the composite coatings is 29 HV( 0, which is 82% lower than that of
the tin bronze substrate (161 HV01).

The surface friction coefficient of the composite coatings (0.180) is 55.6% of the
tin bronze substrate (0.324). The wear mechanism of the tin bronze substrate is
dominated by severe ploughing wear and fatigue delamination. However, the soft
antifriction composite coatings may effectively restrain fatigue delamination, showing
plastic deformation accompanied by slight polishing.

(4) The running-in coatings of silver, copper, Babbitt B83 and graphene oxide were
deposited on the surface of tin bronze by electro-spark deposition. Under the optimal
process parameters, the mass transfer is 244.2 mg, the surface roughness of the
composite coatings is 15.9 um and the thickness is 160 um.

The modulus of the running-in coatings is 36.4% of Babbitt B83 and 24.9% of the
tin bronze substrate. The hardness of the running-in coatings is 79.8% of Babbitt B83
and 14.2% of the bronze substrate. The deformation ratio of the running-in coatings is
1.9% higher than that of Babbitt B83 and 10.2% higher than that of the substrate.

The friction coefficient of the running-in coatings (0.210) is 64.8% of the substrate
(0.324), which is similar to that of Babbitt B83 (0.192). The wear mechanism of the
running-in coatings is dominated by plastic deformation, scratching, and slight
polishing.

The running-in coatings deformation under action of high specific loads provides
parts automatic adjustment and compensation of manufacturing errors.

(5) Constructed a new indicators system of the electro-spark deposition coatings.

The entropy method and the TOPSIS model were employed to the comprehensive
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evaluation ranking of the characterization of the running-in coatings by electro-spark
deposition. Ag+Cu+B83+GO+B83 coatings have the highest comprehensive score and
the best comprehensive characteristics.

The practical application of the running-in coatings of tin bronze bearing bush on
industrial equipment has been completed in the enterprise. The working temperature of
the running-in coatings of tin bronze bearing bushing is lower, and the stability and
reliability of the bearing bush are obviously improved. Scientific results are valuable to
industry.

5.2 Recommendations

In this paper, the running-in coatings were prepared on the surface of tin bronze by
electro-spark deposition technology, which reduced the surface hardness and friction
coefficient, and the experimental results were analyzed and discussed. The research
work has achieved some results, but due to the limitation of conditions, there are still
many works to be further improved and studied.

(1) In the study of running-in coatings, the effects of different coating materials,
such as In, Sn, Nb, TiN, TiC, WC, WS,, MoS; and so on, on the properties of the
coatings need to be studied, and the quantitative relationship between the deposition
process parameters and the properties of the coatings still to be established for further
application. The working angle between the rotating electrode and the substrate, the
rotating speed of the electrode, the argon flow rate and the discharge frequency can be
further studied.

(2) Digital storage oscilloscope needs to be used to collect the voltage and current

signals between the two electrodes in the process of electro-spark deposition of
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running-in coatings, which is conducive to better explore the discharge mechanism.
(3) The calculation of residual stress, the measurement of electrical conductivity,
the determination of the binding force between the substrate and the coatings, and the
detection of the corrosion resistance of the coatings need to be carried out to explore

other properties of the coatings, which is conducive to better application in enterprises.
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APPENDIX C. Documents on the implementation of the results of the dissertation

Certification
Zhang Zhengchuan completed the industry practical application

of the running-in coatings of tin bronze bearing Bush in the
industrial equipment. The new environmental protection technology
of running-in coatings of tin bronze bearing Bush was implemented,
and the process design, manufacture, processing, installation and
commissioning were carried out, The running-in coatings of tin
bronze bearing Bush has low operation temperature, and the stability
and reliability of the bearing Bush are obviously improved. The
scientific results are valuable for industry.
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