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

This dissertation is dedicated to solving practical scientific and technological
problems in the branch mechanical engineering field: Friction causes a large number of
mechanical products to be damaged.

Human beings have been exploring theories and methods to prolong the life of
mechanical equipment and parts. The research of wear mechanism has positive
significance for improving the life of mechanical parts and repairing parts. Wear is
generated on the surface of mechanical equipment. The failed parts can be repaired by
surface processing technology. Surface processing technology has been used in
remanufacturing engineering. The research of wear and wear-resistant materials has
always been the most active field of tribology research. The development of new
materials and processes has been the hotspot of wear application research. The
application research of surface coating and surface modification has become the most
active field of tribology research.

The present research focuses on wear caused by linear reciprocating motion in an
open environment. It explores the theory and methodology of using remanufacturing

technology to continuously improve the wear resistance and enhance the life of parts.
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One of the difficulties in wear research is the research on the anti-wear and anti-friction
properties of coatings under extreme conditions.

With the rapid development of composite surface coating theory, new coating
theories appear. It is of great significance to redesign the anti-wear and anti-friction
coating by using the new theory.

Since electro-spark deposition (tantamount to electro-spark alloying) has the
characteristics of energy saving and environmental protection, low use cost and
convenient operation, it is of positive significance to combine ESD technology with
composite coating theory to explore new coatings. In this study, high toughness
materials, high wear-resistant materials, and friction-reducing materials are used for
composite, in order to explore new friction-reducing and wear-resistant coatings.

The development of pneumatic impact deposition technology can improve the
traditional deposition process and greatly improve the quality of friction-reducing
coating, which is a new attempt in science.

This new composite coating solution reduces energy consumption and pollution,
which is important for low wear and high service life of mechanical equipment. It has
promotional value for parts with the same wear mechanism. It is also very important to
save a lot of resources and reduce a lot of business money.

The object of research is a technological process for forming functional coatings
on the pin shaft of the locking mechanism for the lifting device.

The subject of research is the regularities of the technological process for
forming a surface with specified performance properties, which ensure the necessary
quality (durability, wear resistance, workability) of the pin shaft surface of the locking

mechanism for the lifting device.
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The purpose of the study is to improve the quality of the surface layers at
manufacturing and remanufacturing the pin shaft of the locking mechanism for the
lifting device of an electric car battery by forming the composite multilayer coatings of
the SKH51+WC+B83 composition on its wear surfaces with the use of the method of
electro-spark deposition.

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

1. To conduct an analysis of the existing modern methods and technologies for
repairing component parts for branch mechanical engineering in accordance with the
ESD characteristics.

2. To conduct an analysis of modern materials for electrode — tools to provide for
a comprehensive assessment of the properties of the surface coatings applied to improve
the overall technical characteristics of the surface.

3. To conduct a research on the formation of wear-resistant composite coatings
and compare various surface properties.

4. To conduct a research of the defects of low-temperature soft metal deposition
and improve the existing repair technology.

5. To investigate the effect of the ESD coating repair technology on the accuracy
of the surface obtained.

6. To introduce the research results into the engineering practice of enterprise
remanufacturing.

In the introduction, the topic and scientific task of the thesis are described, the
aims and tasks of the research are formulated, and the scientific novelty and practical
value of the received results are specified, as well as information on the approval,

structure and scope of work.
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In the First Chapter, the development of remanufacturing engineering was
introduced, and several major remanufacturing common processes were compared.
Because of the cost and convenience, electro-spark deposition technology was
emphasized. This chapter provided an overview of the history of ESD deposition, the
recent research progress and optimization of the ESD process.

In the Second Chapter, the basic theories and research methods were mainly
introduced. The working principle of the ESD deposition method was introduced. Three
different principles of vibrating electrodes were presented. The basic theory of coating
formation by the ESD method was analyzed. It included corrosion mechanism of ESD,
pulse energy theory, the metal melting theory and heat transfer simplified model. Also
in the chapter, there was presented the surface property testing equipment, which could
perform surface morphology, elemental composition, roughness, hardness and
tribological properties. Finally, experimental methods and coating deposition processes
were described.

In the Third Chapter, there were described the methods for increasing surface
abrasion resistance coating, which have been being constantly improved. (1)Graphite
deposited on the surface of 45 steel can improve the abrasion resistance of the material
surface. According to abrasion width, Taguchi orthogonal method was used to find out
the optimum process on the graphite deposition. Thereby, the optimum parameters of
ESD process were determined, which were efficiency, voltage, current frequency and
work time. Since the surface had hard phase FesC, the carburized surface was 59.96%
less abrasion mark width than the non-carburized surface. The surface wear resistance
of the substrate was increased.

(2)The high-speed steel SKH51 was used for electro-spark deposition on the

surface of 45 steel. The SKH51 material has good wear resistance and excellent impact
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toughness, which is better than that of carburized 45 steel. Therefore, the SKH51

material was used as a transition layer, so that the more wear resistant material WC can
be deposited later to form a gradient coating. The normalization method and weighting
factor method were used to evaluate the different performance parameters of the coating,
and the optimal coating deposition process parameters were obtained.

(3)Titanium and titanium alloys, Nb, and Zr were carburized on the surface, and
hard phases such as TiC, ZrC, and NbC were formed in situ. The graphene oxide gel
coatings were obtained by coating materials. By comparing these coatings, it was found
that SKH51+WC+B83 composite coating had better coating performance.

(4) For low-temperature soft metals, a new deposition process was created to
enhance the surface quality. Continuous deposition was carried out with the use of
pneumatic impact deposition and RC low-energy circuits. Considering graphite powder
for lubrication, it tends to come off easily.

(5) GO gel and sodium silicate coatings were utilized. Because graphite power
and sodium silicate composite coatings had the poor abrasion resistance, GO gel coating
had good wear resistance. It can improve surface accuracy and reduce friction.

In the Fourth Chapter, there was described the ESD process, which was applied
in the battery replacement equipment of electric vehicle. The test results of the coating
for the four versions of solutions were summarized and analyzed, and the best industrial
application solution was determined based on the wear resistance test.

Because some of the locking device normal cannot return, a composite coating
solution was proposed on the pin shafts. The formed coating not only met the
requirements of wear resistance, but also had a smaller friction and a certain degree of

corrosion resistance. The solution of SKH51+WC+B83 can effectively reduce the cost,
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reduce the pollution in the electroplating process, and additionally, it can realize the
long life of the parts.

In the Fifth Chapter, the research work of the PhD is summarized, conclusions
are drawn and recommendations for future research are made.

According to the set purpose and tasks in work the following results have been
obtained:

1. When using Taguchi's orthogonal method, according to the abrasion width, the
optimal parameters of the surface carburizing process of steel 45 have been set: the
efficiency of 50%, the voltage of 35 V, the current frequency of 180 Hz, and the
operating time of 360 s. As a result, the average wear width was 268.206 pm, and the
wear depth was 2.999 pm, which is 59.96% less than for steel 45 without carburizing.

2. Using the method of normalization and the method of weighting coefficients to
estimate the operating parameters of the coating at the maximum value of the objective
function of 0.687887, the optimal parameters of the process of electro-spark deposition
of the SKH51 coating on the surface of steel 45, namely, the current frequency of 300
Hz, the voltage of 44 V, the efficiency of 30%, and the rotation speed of 150 rpm have
been determined.

3. While comparing the composite coatings of different composition, as an
optimal solution, there has been recognized the composite coating formed according to
the scheme of SKH51+WC+B83. With the gradient coating of SKH51+ WC, the value
of the coating had a gradient wear resistance, the coating of SKH51 had a better
morphology and lower roughness (Ra = 1,086pum.) The WC coating had the best wear
resistance among all the schemes, and the wear width was 586.12pm. The B83 coating
had a very stable friction coefficient of 0.12, which was 48% lower than that of the WC

coating.
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Coating SKH 51+WC+B83 has a good wear resistance and low coefficient of
friction, long service life and high reliability. Since the material of B83 is the outer layer
of the composite coating of SKH51+ WC+B83, the wear mechanism of the optimal
coating is mainly plastic deformation accompanied by slightly polishing.

4. To obtain a better surface quality when providing for a deposition of a soft
low-temperature metal by the ESD method, it is necessary to use an RC-discharge
circuit and the technology of gas-vibration processing, which makes it possible to
control the discharge energy, not to cool the electrode for a long period of time, and to
carry out a continuous process of applying a deposition. When the discharge energy is
getting greater than the melting energy, the ESD coating would be able to deposit. When
the discharge energy is getting less than the melting energy, the electrode performs
reciprocating friction on the deposited surface. While processing, the air pressure is in
the range of 0.45~0.62MPa, the proper distance of the electrode is to be guaranteed. In
this case, a stable vibration frequency is of 310~350 Hz. The pneumatic impact is more
stable, and a better deposition effect can be obtained. The mechanism of pneumatic
deposition is to control energy through the number of impact discharges per unit time,
which reduces the traditional electrode impact force and reduces the deformation of the
low-temperature soft metal electrodes. In such a manner, it can enhance the quality of
the surface deposition.

5. Graphene oxide gel coating can reduce coating friction and surface roughness.
It has a certain wear resistance. It is a new research to modify the surface of ESD
coatings with Nano-materials. It was low in cost, very effective in improving surface
quality, and easily recognized by the industry. Through the research on the performance

of graphene oxide gel, it has been found that the friction coefficient is 0.17, the grinding
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width is 1283.02um, the surface quality is the lowest, and the bonding force is of
16.57~20.35N.

6. The ESD process has been applied in the automotive industry to discharge
batteries of electric vehicles. Since some locking devices cannot return normally, a
solution of SKH51+WC+B83 composite coating on the pin shaft surface of the locking
mechanism for the lifting device of a battery for an electric car was proposed. It can
effectively reduce costs, reduce pollution during the electro-spark deposition coating
process and to ensure a long service life of the remanufactured parts. This method is
cheap, easy to operate and easy to maintain, and it is recognized by enterprises. This is
expected to save the company 115,000 UAH per year.

Scientific novelty of the obtained results:

1. For the first time, high-speed steel SKH51 was studied as a transitional layer of
the coating. In this case, the high-speed steel SKH51 has both high wear resistance and
impact toughness. During the deposition process, there are almost no micro-cracks on
the surface. At the same time, it has a good compatibility with WC coating and can
increase the thickness of a composite coating.

2. For the first time, abrasion width method was used to research the wear
resistance of ESD coatings. Due to uneven micro-textures of the ESD coating, the
abrasive particles can be easily embedded in the micro-texture, which will bring large
errors to measure the wear quality of the coating. The wear width is measured by the
microscope, which can measure values more conveniently and accurately.

3. For the first time, the evaluation model of normalization method and weighting
factors were used for comprehensive evaluation of ESD coating. Deposition quality,
coating thickness, roughness, Vickers hardness and wear-resistant width were

normalized. Corresponding weighting factors were determined and the total score of
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each candidate solution was obtained. The test solutions were evaluated to arrive at the
optimal solution.

The practical significance of the obtained results is to provide technical
suggestions for remanufacturing of the core parts of the chassis swap battery box. The
given coating scheme solves the technical problem of parts remanufacturing in
mechanical engineering with a lower cost.

This technical solution is expected to save the enterprise 115 thousand UAH
every year.

Keywords: electrospark alloying, coating, combined electro-spark coatings,
surface layer, alloy, steel, bronze, mechanical properties, hardness, microhardness, wear
resistance, coefficient of friction, ecology, technogenic safety, remanufacture ,Taguchi
OA experiment , comprehensive evaluation ,low-temperature soft metal, mechanical

part
AHOTANISA

Hy Cinb.TexHonoriune 3a0e3neyeHHs] MIMHOCTI Ta JOBIOBIYHOCTI TpHU
BUTOTOBJICHHI Ta PEMOHTI JI€Tallel raiay3eBoro MamuHoOynyBaHHsA. — KBamidikaiiiina
HayKoBa poOOTa Ha OCHOBI PYKOITUCY.

Hucepraiiist Ha 3100y TTS HAYKOBOT'O CTyNEHS T0KTOpa pijocodii B rany3i 3HaHb 13
— MammHoOynyBaHHs 3a crerianbHIcTIo 133 — Manmy3eBe MaliMHOOYIyBaHHS.

- CyMchkull HallioHaJIbHUM arpapuuii yHiBepcuteT, Cymu, 2023.

s nucepramis MpUCBAYEHA BUPINIEHHIO MPAKTUYHUX HAyKOBO-TEXHOJIOTIYHUX
3a/lad 'y rainy3l MamuMHOOyayBaHHS. TepTsi BHUKIMKAa€e MOIIKOMKEHHS OaraTtbox
MeXaHIYHUX BUPOOIB. JIfomWHA AOCHIKYE Teopii Ta METOAW TMPOIOBKECHHS TEPMiHY
CIIy’)kKOM MeXaHIYHOro 00JasHaHHS Ta BUPOOIB. JlOCHIIKEHHS MeXaHi3My 3HOLITYBaHHS

CHpUs€ MPOTPECY Y MiIBUILIEHH] TEPMIHY CITY>KOM MEXaHIYHMX JIeTajeil Ta yI0CKOHAIIOE
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ix pemoHT. [ToBepxHiI MeXaHIYHOTO OOJIAHAHHS TAAAIOTHCS 3HOCY. JleTati, o BUAILIIN
3 J1laay, MOXXHa BIAPEMOHTYBAaTH, 3aCTOCOBYIOYM TEXHOJIOT10 OOpPOOKH ITOBEpPXHI.
TexHosoris oOpoOKHM TIOBEpXHI BHUKOPHUCTOBYETBHCS Yy TEXHIIl BIIHOBIIOBAJILHOTO
peMoHTy. JloCHmiJKEHHsT 3HOCY Ta 3HOCOCTIMKHX MaTepiaiiB  3aBkau  OyJo
HaWaKTUBHIIIOK cdeporo TpuOOIOTIYHUX JOCHIIKeHb. Po3poOka HOBHUX MaTepiaiiB i
MPOLIECIB 3aBXKIU 3aJUIIAETHCS Yy IEHTPl yBard HIOCHIKeHb 3HOCY. JlochmimkeHHs
3aCTOCYBaHHS MOBEPXHEBUX MOKPUTTIB 1 MOAMQIKAIllT MOBEPXHI CTAaTd HAHAKTUBHIIIOKO
cheporo TpUOOIOTIYHUX JOCITIKECHb.

JlilicHe  JOCHIJKEHHS 30CEpPeIPKeHO Ha 3HOCI, BHUKJIMKAHOMY JIIHIHHUM
3BOPOTHO-TIOCTYNAJILHUM PYXOM Y BIAKPUTOMY cepenoBuili. BoHO 30cepemxeHe Ha
JOCHIKEHHI Teopii Ta METOAOJOTI BUKOPUCTAHHS TEXHOJOTII BIJHOBIIOBAIHHOTO
PEMOHTY AJI MMOCTIMHOTO MOKPAIIEHHS! 3HOCOCTIMKOCTI Ta 30UIbIIEHHS TEPMIHY CITyKOU
neraneid. ONHIEI0 3 TPYAHONIIB JOCHIIKEHHS 3HOCY € JOCHIKEHHS MPOTU3HOCHUX 1
aHTU(QPUKLIMHUX BIACTUBOCTEW IMOKPUTTIB B E€KCTPEMAJIbHUX YMOBax. 31 MIBHJIKUM
PO3BUTKOM TEOpli KOMITO3UTHUX IMOBEPXHEBUX MOKPUTTIB 3’ ABIAIOTHCS HOBI Teoplii,
NOB’sI3aH1 3 MOKPUTTIMH. Jlyke BaXauBO cPoOpMyBaTH HOBUM MIAXIJ 10 CTBOPEHHS
NPOTU3HOCHUX Ta AHTU(PPUKIIAHUX MOKPUTTIB, CHUPAIOYUCHh HA HOBI TEOPETUYHI
nociimkeHHsa. OCKUIBKH €JIEKTPOICKPOBE OCAKEHHS (T€ K, IO 1 EJIEKTPOICKPOBE
JIETYBaHHS) Ma€ XapaKTEPUCTUKH CHEPro30epeKeHHS Ta 3axXUCTy HAaBKOJIHUIIIHHOTO
CEpeloBHUIIA, HU3bKY BapTICTh BUKOPUCTAHHS Ta 3PYYHICTh €KCIUTyaTallli, OE€IHAHHS
texHosorii ESD 13 Teopi€to KOMIO3UTHUX IMOKPHUTTIB Ma€ IMO3UTHBHE 3HAYCHHS IS
JOCIIJKEHHS HOBHUX IMOKPUTTIB. Y IbOMY JOCIII)KEHH] MaTepiajii 3 BUCOKOIO B’SI3KICTIO,
BHCOKOIO 3HOCOCTIMKICTIO Ta MaTepiayin, 10 3MEHIIYIOTh TePTsI, BAKOPUCTOBYIOTHCS JIJIS
BUTOTOBJICHHSI KOMIIO3UTHOTO MaTtepiaiy, o0 AOCHiIKyBaTd HOBI TMOKPHUTTS, SKi

3MEHUIYIOTh TEPTS Ta € 3HOCOCTINKUMU. PO3BUTOK T€XHOJIOT1i MHEBMAaTUYHOTO YAAPHOTO
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HAMWJIEHHS MOXK€ TOKPALIUTH TPAJAULIAHUN MPOLIEC HANMICHHS Ta 3HAYHO MOKPAIIUTH
AKICTh AaHTU(QPUKIIHHOTO TMOKPUTTS, 110 € HOBUM JOCATHEHHSIM Yy PO3BUTKY HayKOBOT
JTYMKH.

Take HOBE KOMIO3UTHE TMOKPUTTS CIPHUSE€ 3MEHIICHHIO CIIOKMBAHHS €HEprii Ta
3HIKEHHIO 3a0pY/IHEHHSI HABKOJMIITHBOTO CEPEIOBUIIA, 1110 BaXKIUBO JJI 3a0€3MEUCHHS
HU3BKOTO 3HOCY Ta TPUBAJIOTO TEPMIHY CIYX OM MeXaHIYHOro oobnagHaHHs. BoHo wmae
pPEeKJIaMHY I[IHHICTb K ()aKTOp CTUMYJIIOBAHHS Uil JIeTalleld 3 OJHAKOBHUM MEXaH13MOM
3HOCYy. Takox Iyke BaXJIMBUM y IIbOMY BIJHOLIEHHI € MOMKJIMBICTH 3a0IIaJKEHHS
pecypciB Ta 3MEHILICHHS BUTpAT JJ1s1 O13HecCy.

O06’eKkT n0C/iaKeHHs] — TEXHOJIOTTYHUN Mporiec GopMyBaHHS (PYHKIIIOHAIBHUX
MOKPUTTIB HA OBEPXHI Baly IITU(TA 3aMKOBOTO MEXaH13My MIJTAOMHOIO MPUCTPOIO.

IIpenmer gociailkeHHs —  3aKOHOMIPHOCTI — TEXHOJIOTIYHOTO  IPOLIECY
(GOpMOYTBOpPEHHSI TOBEPXHI 13 3aJlaHUMH EKCIUIyaTalliiHUMU BJIACTUBOCTSAMH, IO
3a0e3neuye HEOOX1HY SKICTh (AOBTOBIYHICTh, 3HOCOCTIMKICTh, MpalEe3JaTHICTh)
MOBEPXHI BaJly IITU(]PTA 3aMKOBOTO MEXaHI3MY MIAHOMHOTO MPUCTPOIO.

MeTto10 po0OTH € MiABUIICHHS SKOCTI MOBEPXHEBUX IAPIB MPU BUTOTOBIEHI 1
BIJIHOBJIEH] Bajy WITU(TAa 3aMKOBOTO MEXaHI3My MIJEMHOTO MPUCTPOIO aKyMYISITOPHOI
Oarapei enekTpoMoOLs, NUIIXOM (OPMYBAaHHS Ha MOTO MOBEPXHSX, IO 3HOIIYIOTHCS,
METOJIOM €JIEKTPOICKPOBOTO OCAKEHHS KOMITO3UIIIMHUX OaraTomapoBUX MOKPUTTIB
ckaany SKH51+WC+B83.

JI71s1 JOCSATHEHHS MOCTaBICHOT METU HEOOX1THO BUPIIIUTH HACTYIHI 3a1a4i:

1. IlpoBectn anHaymi3 ICHYIOUMX CyYaCHUX TEXHOJIOTIM pPEMOHTY JAeTalieit

rajy3eBOro MalIMHOOYyBaHHs  BIAMOBIIHO J10 XapakrepucTuk ESD.
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2. IlpoBectn aHami3 Cy4acHMX MaTepiajiiB €JeKTPOMdIB — IHCTPYMEHTIB MJis
KOMIUIEKCHOI ~OIIIHKM BJIACTUBOCTEM TOBEPXHEBUX TMOKPUTTIB, HAHECEHHX JUIs
MOKpAIICHHS 3arajbHOi TEXHIYHOI XapaKTePUCTUKH MOBEPXHI.

3. IlpoBectm gociikeHHS (GOPMYBaHHS  3HOCOCTIMKMX  KOMIIO3UTHHUX
I'paIIEHTHUX MOKPHUTTIB 1 MOPIBHSAHHS PI3HUX BIACTUBOCTEH MOBEPXHI.

4. [lpoanainizyBatu 1e(PEKTH HU3bKOTEMIIEPATYPHOTO HAMMMIICHHS M'SKUX METalliB
Ta BJOCKOHAJIUTH ICHYIOUY TEXHOJIOT1I0 PEMOHTY.

5. JlocniguTy BIUIMB TEXHOJIOTIT PEMOHTY HaHECEHHSAM MOKPUTTA MertogoMm ESD
Ha TOYHICTh OTPUMAHOT MOBEPXHI.

6. 3ampoBajyKkeHHS peE3yNbTaTiB  JOCHIDKEHHS B 1HXKCHEPHY TMPAKTUKY

BIJIHOBJIIOBAJILHOTO PEMOHTY (ITOBHOT MOJIEpHi3allii) Ha MIIPHUEMCTBI.

VY Bertyni BUKIIaJIeHO TEMY Ta HAyKOBE 3aBIaHHs AucepTallii, chopmMynboBaHO 11Tl
Ta 3a4a4i JOCHIIKCHHS, BHU3HAUYEHO HAyKOBY HOBH3HY Ta TMPAKTUYHY IIHHICTh
OTPUMAHUX pPE3ylbTaTiB, a TAaKOXK BIJOMOCTI Mpo ii anpodarlito, CTPYKTypy Ta oOcsr
poOOTH.

Y  nmepmomy po3aiiii  Oygo  NpeACTaBIEHO  PO3BUTOK  IHXKHHIpIHTa
BIIHOBJIIOBAJILHOTO PEMOHTY (MOJEpHi3allii) Ta BHUKOHAHO TMOPIBHSHHSA KUIBKOX
OCHOBHHUX 3araJIbHUX MPOIIECIB BITHOBIIOBAIHLHOTO peMOHTY (MojepHi3ailii). bepyuun no
yBaru BapTICTh 1 3pYy4YHICTh, HAroJOUIYBajoOCsi Ha TEXHOJOTIi eJIeKTPOICKPOBOTO
HanwieHds. HaBeneHo omisan icTopii pO3BUTKY METOAY €IEKTPOICKPOBOTO HAMUIICHHS
ESD, ocrannix gocmikens Ta ontumizaiii ESD mporiecy.

Y napyromy po3aiii, Oynu HaBeleHI OCHOBHI TE€Opli Ta METOIU JIOCIIKEHHS.
[IpencraBneno poGoumit mpuHiun Merony ESD. bynu mokaszani Tpu pi3HOBUAM
GYHKITIOHYBaHHST BIOpYIOYMX €JIEKTponiB. bByno mpoaHami3oBaHO OCHOBHY TEOPIO

dbopmyBaHHs MOKPUTTIB MeTomoM ESD, sika Bkiroyama mexaHism kopo3sii ESD, Teopiro
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eHeprii IMIyJabCy, TEOPII0 TUIABIEHHS METally Ta CIPOIIEHY MOJAENb TeIJIonepeaui.
Takox y po3aiii nmpeacTaBaeHo 00aagHaHHs JIJIs TEPEBIPKHU BIACTUBOCTEN MOBEPXHI, SIKE
MO>Ke BU3HAa4aTH MOP(OJIOTIIO MOBEPXHI, €JIEMEHTHHUM CKIa, (ha30BUI aHaI13, TBEPICTh
1 TpuOOJIOTIYH1 BIACTUBOCTI. HapemTi onucano eKCriepuMeHTaIbHI METOJU Ta MPOIIECH
HAIUJIIOBAHHS TOKPUTTS.

Y TperboMy po3aiJi OmMCaHO TMOCTIHHE BIOCKOHAJIEHHS METOIB, HAaHECEHHS
MOBEPXHEBUX MOKPUTTIB 3 MIABUIIICHOIO CTIMKICTIO 10 cTupanHs (1). I'padit, HaHeceHwmit
Ha IMOBEPXHIO cTalli 45, MOKE TOKPAIIUTH CTIHKICTh TOBEPXHI Marepially 10 CTUpaHHS. Y
BIJIIOBIAHOCTI 3 IIMPUHOIO CTUPAHHS, OPTOTOHAJIBLHUN MeTo Tarydi BUKOPUCTOBYBABCS
JUIsl BU3HAYEHHS ONTUMAJBHOTO NPOLECY BIJIHOCHO HamwieHHs rpadity. Y Takuil
cnoci®0 Bu3HaueHO omnTuMaibHI mapamerpu mpouecy ESD, a came KK], mampyry,
YacTOTy CTpyMy Ta 4Yac poOoTu. OCKUIbKM TOBEpXHS MICTUTh TBepAy ¢azy Fe3C,
LIEMEHTOBaHa IMOBEpXHS Majia Ha 59,96% MeHuly MWMpUHY CHITy CTUpaHHS, HIK HE
eMeHToBaHa noBepxHs. [loBepxHeBa 3HOCOCTIUKICTh MIAKIAAKKA Oyna miaBHUILEeHA (2).
[IBuakopizanbHa ctanb CX51 BUKOpUCTOBYBaiacs Uil €JIEKTPOICKPOBOTO HANMUJICHHS
Ha noBepxHio ctail 45. Marepian CX51 mMae BUCOKY 3HOCOCTIMKICTD 1 BIIMIHHY yAapHY
B'A3KICTh, SKa Kpama, HiK y nemeHToBaHoi crtam 45. Tomy wmarepian CXS51
BUKOPHCTOBYBAIH SIK TIEPEX1AHUM 111ap, 100 011kl 3HOCOCTIHKMM Marepian WC MoxxHa
Oy710 HaHeCTH Mi3HIIIe I PopMyBaHHS TPATIEHTHOTO TMOKPUTTSI. MeToa HopMalizaiii
Ta METOJ BaroBoro koediiieHTa OynM BUKOPHUCTAHI IS OIIHKH PI3HUX POOOUUX
napameTpiB MOKPUTTS, MPU IbOMY Oy OTpUMaHi ONTHMAJIbHI MapaMeTpu MPOIECY
HanuieHAs TOKpUTTS (3). Turan 1 TuTaHoBi craBu, Nb 1 Zr Oynu 1eMeHTOBaHI Ha
noBepxHi, a TBepal ¢asu, Taki sk TiC, ZrC 1 NbC, Oynu chopmoBaHi Ha BUPOOHUUIH
wiomaai in situ. 'emeBi mokputts 3 okcuay rpadeHy Oynu OTpUMaH! IUIIXOM

HaHECEHHS MoyiMepHUX MarepianiB. [lopiBHIOIOUM Pi3HI TOKPUTTS, OyJI0 BUSABIEHO, 110
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rpanienTHe KoMro3uTHe MOKpUTT CX51+WC+B83 mae kparii po6odi XapaKTepUCTHKH.
OckiJIbKH BMICT TBEepAOi a3y B IIbOMY MOKPUTTI OyB BUIIUM, HIXK B IHIIUX PO3YMHAX
(4).Ans HU3bKOTEMIEpATypHUX M SKUX METaJiB OyJ0 pO3pOO0JICHO HOBHM IPOIIEC
HANUJICHHS JJIs1 TIOKPAILEHHsI SIKOCTI MOBEpXHi. be3nepepBHe HANMMUICHHS MPOBOAMIA 13
3aCTOCYBaHHSIM TEXHOJIOT1i THEBMaTUYHOTO yAapHOTO HaIUJICHHS Ta
Hu3bKoeHepretTuuHux cxem RC. BpaxoBytouu Te, 1110 rpadiTOBUI MOPOIIOK JIJIsl MACTUIIA,
K MPaBUIIO, JETKO Bimaiiserbes (5).BukopucToByBamucss caMo3MalyBajibHi TOKPUTTS.
Ockisibku TpadiTOBI €HEPreTUYHl Ta MOJIMEPHI KOMIIO3UTHI MOKPHUTTS Majd HU3BKY
CTIMKICTh JI0 CTHUpPaHHs, OyJlO 3alpONOHOBAHO HAHOMOJIMEpPHE CcaMO3MallyBaJibHE
MOKPUTTS, SIKE SIBIISIIO COOOIO TeTIeBE MOKPUTTS 3 OKCUY Tpadeny.

VY yerBepTOoMy po3aiji onucano npouec ESD, skuii Oyiio 3acTOCOBaHO MpH 3aMiH1
aKyMyJISITOpHUX Oarapeil eleKTpoMoOUTiIB B aroMoOUIbHIM ramy3i. Pesynerartu
BUINPOOYBaHb MOKPUTTS JJI1 YOTUPHOX BapiaHTIB pIIIEHb MpoOJieMU Oyau y3arajJbHEHI Ta
MIPOAHaJII30BaH1, 1 HA OCHOBI BUIIPOOYBaHb HA 3HOCOCTIMKICTH OyJ10 BU3HAYEHO HalKpale
pIlIeHHs ISl IPOMKCIOBOTO 3acTOCyBaHHA. OCKIUIBKH AEAKI IPUCTPOi aBTOMATUYHOTO
OJIOKyBaHHSI HE MOXYTh TOBEPHYTHUCS 0 HOPMAIBHOTO (MEPHEHIUKYISIPHOTO) CTaHy,
OyJI0 3ampONOHOBAHO TPAJIEHTHE KOMIIO3UTHE MOKPUTTS Ha (pikcatopi (Bairy mrudra
3aMKOBOTO MEXaHI13My IiIHOMHOTO TIPUCTPOIO aKyMYJIATOPHOI Oarapei enekTpoMoOiss).
CdopmoBaHe TTOKPUTTSA HE TIIBKH BIJIMOBIIAJIO BUMOTaM 3HOCOCTIHMKOCTI, ajle TaKOXK
MaJio HWXK4YY CTYIIHb TEPTs Ta IEBHY aHTUKOPO31iHY CTIMKICTh. PieHHs, 1o BinoBigae
cxeMi CX51+WC+B83 moxke epeKkTUBHO 3HM3UTH BUTPATH, 3MEHIIUTH 3a0pyTHEHHS
HAaBKOJIMIIIHBOTO  CEPEJIOBUINIA Yy  TPOILeCi  HAHECEHHS  IMOKPUTTS  METOIOM
SJIEKTPOOCATKCHHS Ta 3a0€3MEeYNTH OUIBII TPUBAIHI TEPMIH CITyKOU JeTase.

BiamoBinHO 10 MOCTaBIEHOT METH Ta 3a]1ad, 1110 MiJIATal0Th BUPIIIIEHHIO, Y pOOOTI

OTPUMAHO TaKi Pe3yJIbTaTH:
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1. Ilpu BUKOpHCTaHHI OPTOrOHAJIBHOrO MeToAy Tarydi, BIAMOBIAHO A0 IIWPUHH
CTUpPAHHSI, BCTAHOBJICH] ONTUMaJIbHI TapaMeTPH MPOLIECY MOBEPXHEBOT LIEMEHTAIIi1 cTall
45: edextuBHictb 50%, Hanpyra 35 B, gacrora crpymy 180 I'ry 1 wac pobotu 360 c. ¥V
pe3ylbTaTi CepelHE 3HA4YCHHS MIMPUHU CTHPAaHHS ckiano 268,206 MkMm, a TuMOMHA
ctupanusg — 2,999 mkwm, 1m0 Ha 59,96% MeHIie, Hix 1715 cTai 45 6e3 1eMeHTaIlli.

2. 3a 10mOMOToK METOJy HOpMasi3allii Ta METOIy BaroBUX KOE(QIIIE€HTIB s
OIIIHKHM pOOOYHUX IMapaMeTPiB MOKPUTTS IPU MAaKCUMAJIBHOMY 3HaY€HHI UIbOBOT (PyHKITIT
0,687887, BUu3HaueHH1 ONTUMAaJIbHI APAMETPU MPOIIECY E€IEKTPOICKPOBOTO HAMUIICHHS
nokpuTTst CX51 Ha moBepxHto ctaii 45: yactora ctpymy 300 ', nanpyra 44 B, KKJI 30 %
1 BUAKICTH 00epTanHs 150 00/xB.

3. Ilpu mNOpiBHSHHI KOMIIO3UTHHUX MOKPHUTTIB PI3HOTO CKIJIAIy, ONTUMaJIbHUM
BU3HAHE KOMIIO3UTHE TMOKpUTTH, cdopmoBaHe 3a cxemoro CXS51+WC+BS3.
BuxopuctoBytoun rpagieHTHe TOKpUTTI CX51+ WC, mnoka3HUK TOKPUTTS MaB
IPaJlEHTHY 3HOCOCTIMKICTh, MOKpUTTI CXS51 mano kpamry MOpQoJoriro Ta MEHIIY
mopctkicTh (Ra = 1,086 mkm). Tlokputts WC mano Halikpally 3HOCOCTIMKICTh cepe
yCiX cXeM, a mupHuHa Horo 3Hocy craHoBmia 586,12 mkm. Ilokpurra B83 mano myxe
ctabinbHMi KoedinieHT Tepts 0,12, mo Ha 48% Hmkye, Hixk y TOKpUTT WC. Tlokpurts
CX51+ WC+B83 Mae xopolry 3HOCOCTIHKICTh 1 HU3bKHI KOE(IIIEHT TEPTS, JOBTHMA
TEPMIH CIY)KOW 1 BHUCOKY HamiiHICTh. Ockinbku marepian B83 € 30BHIMIHIM I1apom
KoMIto3uTHOTO MOKpUTTA CXS51+ WC+B83, mexaHi3M 3HOCY ONTUMAJIBHOTO MOKPHUTTS
MOJIATa€ B OCHOBHOMY B TUIACTUYHINA nedopmariii, 1Mo CYMpOBOIKYETHCS HE3HAYHUM
HOJIIpYBaHHSIM.

4. Jlns OTpUMaHHS Kpamioi SKOCTI TOBEPXHI TMPH HAMWIECHHI M’ SKOTO
HU3BKOTEMITepaTypHoro Metainy MmetogoM ESD notpidHo 3acTocoByBaTu RC-po3psauuii

JAHIIOT Ta TEXHOJOTII0 Ta30-BiOpamiiiHOi OOpOOKH, IIO J03BOJSIE  KOHTPOJIIOBATH
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CHEPTII0 PO3psy, HE OXOJIOMKYBATH TPOTATOM TPUBAJIOTO TEPIOAY HYacy eIeKTpon 1
POBOAUTH Oe3nepepBHUM npoliec HanuieHHs. Konu eneprist po3psiay ctae OUIBIIONO 3a
€HEPrilo TUIaBIICHHS, Jli€ npoiiec HanuieHHs: ESD nmokputts, B NpoTHIIE)KHOMY BUMAAKY
CJIEKTPO 3IMCHIOE 3BOPOTHO-TIOCTYNAJIbHE TEPTS MO HamuieHid moBepxHi. [lig yac
3IIMCHEHHS MPOIECY TUCK MOBITPs 3HAXOAUThCS B aiana3oHi 0,45 ~ 0,62 MlIla, nanexxHa
BIJICTaHb €JIEKTPO/a MOBHHHA OyTH TapaHTOBaHA, T'€HEpYBaHHS CTaOLIbHOI YacTOTH
BiOparii ckimamae 310 ~ 350 I'm. MexaHi3M ITHEBMaTUYHOTO HAMMWJICHHS IOJATaE B
YIpaBIIiHHI EHEPTI€I0 Yepe3 KUTbKICTh YIapHUX PO3PSIIIB 32 OUHHUIIIO Yacy, 1110 3MEHIITY€E
TpaAUIIHYy yIapHy CUITy €JIeKTpoj/ia Ta 3MEHIIye JepopMallil0 HU3bKOTEMIIEPATyPHUX
M’SIKUX METAJICBUX €JEKTPOMIB 1 TAKUM YHWHOM MIJABHUIIYE SKICTh IMOBEPXHEBOIO
HaITHUJICHHS.

5. I'enieBe MOKPUTTS 3 OKCUAY I'padeHy 3MEHIIY€E TEPTS MOKPUTTS Ta MIOPCTKICTh
noBepxHi. BoHO Mae meBHY 3HOCOCTIHKICTh. Lle HOBe HOCHIKEHHS, COPSIMOBAHE Ha
mMomudikamiro moBepxHi ESD mokpuTTiB modiMEpHMMH HaHOMarepianamu. BoHo
BUSIBUJIOCH JICIICBUM, Ty)Ke €(EKTUBHUM ISl TTOKPAIICHHS SKOCTI TIOBEPXHI Ta JIETKO
OTpUMAJIO BU3HAHHS B Taly3l. 3aBASIKU JOCTIKEHHIO POOOYUX XapaKTEPUCTHUK TEIII0
okcuay rpadeHy, Oyl0 BCTaHOBJIEHO, IO Horo koedimieHT TepTs cTaHoBuTh 0,17,
mpuHa nuridysanHs - 1283,02 MkM, SIKICTh MOBEPXHI - HAWHMIKYA, a CUJIA 3UCTITICHHS -
16,57 ~ 20,35 H.

6. IIpoiec ESD OyB 3acTtocoBaHuWii y aBTOMOOUIBHIM TMPOMHCIOBOCTI st
PO3PSKEHHS aKyMYJISITOPIB €eKTpoMOoOUTiB. OCKUTBKY JIeIKi aBTOMATHYHI 3aMUKar041
MPUCTPOi HE MOXKYTh TMOBEPTATUCS 1O HOPMAJIBHOTO CTaHy, OyJ0 3alpOIOHOBAHO
pIllICHHS 3 TPaJi€HTHUM KOMIIO3UTHUM TMOKPUTTSAM Ha (ikcaropax (Bairy mTudTa
3aMKOBOTO MEXaH13MYy IiIHOMHOTO TIPUCTPOIO0 aKyMYJIATOPHOI O6arapei enekTpoMooiis),

ske Oyno BuroroBieHe 3a cxemoro CX51+WC+B83. Bono moxe eheKTUBHO 3HU3UTHU
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BUTpATH, 3MEHIIUTH 3a0pyqHEHHS TPH TPOBEACHHI MPOIECY HAHECEHHS MOKPHUTTS
CJICKTPOICKPOBHUM OCAJKEHHSM Ta 3a0€3MeYUTH TPUBAIUN TEPMIH CIIYKOM BITHOBICHHUX
neraneil. Lleit Meronm € JnemieBUM, NPOCTUM Yy €KCIUTyaraiii Ta OOCIyroByBaHHI.
OuikyeTbcs, 110 BiH Moke 3aouiaantu komnanii 115 000 rpH. y pik.

HaykoBa HOBH3HA OTPMMAHMX Pe3yJIbTATIB:

1. Bnepiiie B SIKOCTI NMEPEXIAHOTO MIAPY MOKPUTTS JAOCIIIKEHO MIBUIKOPI3AIbHY
crtanb CX51, ska mMae Ik BUCOKY 3HOCOCTIMKICTh, TaK 1 yJapHy B'SI3KICTh. Y mpoleci
HaNUJICHHS MIKPOTPIIIMHA Ha MOBEPXHI MPAKTUYHO BIACYTHI. Y TOM k€ 4ac BOHA Ma€
XOpOIIly CYMICHICTh 3 TMOKpUTTIM WC 1 MOXXe 30UIBIIUTH TOBIIMHY TIPaJi€HTHOTO
TTOKPHUTTSL.

2. Bnepmie meTon IMMpUHHA CTHpPAaHHS OyJa0 3aCTOCOBAHO JJIS JTOCIHIDKEHHS
3HOCcOoCTiiKocTi ESD - mokpurtiB. Yepes HepiBHOMIpHY MikpoTekcTypy ESD - mokputTs,
aOpa3uBHI YaCTUHKU MOXYTb JIETKO BOYIOBYBATHUCSA B MIKPOTEKCTYpY, IO OOOBSI3KOBO
MPU3BEAC J0 BEJIMKUX MOXUOOK IIOAO0 SIKOCTI MOKPUTTSA HA 3HOCOCTIMKICTh. [IlupuHa
3HOCY BUMIPIOETHCSI MIKPOCKOIIOM, SIKAW 3JaTHUI BUMIPIOBATU OUIBII 3pDYYHO Ta TOYHO.

3. Brmepmie asis KOMIUIEKCHOI OIIHKKM ESD - MOKPUTTS BUKOPUCTAHO OI[IHOYHY
MOJIeJIb METOAY HopMasizaiii. byno HOpmai3oBaHO SIKICTh OCAIKEHHS, TOBIIUHY
MOKPUTTSI, HIOPCTKICTh, TBEPIICTH 32 BikkepcoM Ta mupuHy 3HOCOCTINKOI AUISHKHU. byro
BHU3HAUEHO BIJMOBIAHI BaroBi KOE(IIIEHTH Ta OTPUMAHO 3arajbHy OIIIHKY KOXXHOTO
pimeHHs-kaHauaara. JlocmimpkyBaHi pimieHHS Oynu  OIliHEHI JUIsl  JTOCSATHEHHS
ONTUMAJILHOTO PIIICHHSI MIOCTABJICHOT 3a]1a4i.

IlpakTHyHe 3HAYeHHsI OTPUMAHUX Ppe3yJbTaTiB TIOJNATae B HaJaHHI
TEXHOJIOTIYHUX TPOMO3UIIIA IO0 BIJHOBJICHHS OCHOBHHMX J€Tajeil 3MIHHOTO

aKyMyJasiTopHoro Onoky miaci. HaBeneHa cxema MOKPUTTS BHpILIYE TEXHIUHY 3ajady
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BITHOBJICHHS IeTaJIel y MAIlIMHOOY/{yBaHH1 3 MEHITUMH 3aTpaTtaMu. O4iKy€eThCs, 10 TaKe
TEXHIYHE pillieHHs Oy/e MOPIYHO EKOHOMUTH MIAIPUEMCTBY 115 THCSY I'pUBEHB.
Knwuoei cnoea.  eneKkTpoiCKpOBE  JIETyBaHHs, TOKPHUTTS, KOMOIHOBaHi
CJICKTPOICKPOB1 TIOKPUTTS, IOBEPXHEBUM IIap, CIIaB, CTajdb, OpOH3a, MEXaHI4YH1
BJIACTHUBOCTI, TBEPICTh, MIKPOTBEPAICTh, 3HOCOCTIMKICTh, KOS(]IIlIEHT TEPTs, €KOJIOTis,
TEeXHOTeHHa Oe3MeKa, BIIHOBIIEHHS, eKcliepuMeHTr MetoiaMu Tarydi O.A., KOMIUIeKCHA

OIliHKA, M’ SIKUM HU3bKOTEMIIEPATypHHUI MeTall, MeXaHIuyHa JIeTalb.
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INTRODUCTION

Justification of the choice of research topic

Every year, the global economy loses more than 100 billion dollars due to
friction and wear of machine parts. Friction and wear occur on the contacting
surfaces of dynamic equipment parts. When using a special technology, it is
possible to reduce the surface wear of metal materials, which will have a positive
effect on saving energy consumption, reduce material losses, extend the service life
of mechanical equipment, and increase the operation reliability. Under conditions
of sustainable economic development, human beings face a strategic challenge of
preserving resources. In order to extend the service life of machines and equipment,
they need carry out remanufacturing of parts which of service life is expiring.

The problems of wear and increasing the wear resistance of parts have
always been the most important areas of research. At the same time, the research
and development of new composite materials and new technologies have always
been in the focus of wear research.

Remanufactured parts can be classified into restored parts, and upgraded
parts that can increase technological capabilities. Remanufacturing is closely
related to surface repair. In recent years, the theory of composite coatings has been
constantly developing. The theory of nanostructured coating and the theory of
in-situ coating are in focus. A composite coating can implement several coating
functions. High strength and wear resistance of the coating are achieved thanks to
the use of multilayer combinations. An anti-friction material is used to reduce

friction on the surface of the coating. Surface repair technology attracts the main
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attention of remanufacturing engineering and is associated with a large number of
technical problems that need to be solved. Surface repair processes include laser
coating, deposition technology, electric bushplating technology, electro-spark
deposition (ESD) and conventional mechanical surface treatment. Compared with
other methods, ESD technology has a lower cost of use, simple and convenient
equipment, accompanied by a reduction in material waste and less environmental
pollution.

Researching the application of surface coating technologies and surface
modification has become one of the most active areas of tribological research, and
it has achieved rather fruitful results. Thus, the task of many machine-building
enterprises remains the improvement of technologies for repairing mechanical
parts and equipment and further increasing their tribological characteristics in
order to improve protection against wear.

The electro-spark deposition (ESD) technology is important in surface
strengthening. The surfaces of mechanical parts are strengthened to improve
friction reduction, corrosion resistance, wear resistance, and other properties. The
ESD can extend the service life on the surface of parts. The ESD repair process is
environmentally friendly, has the least pollution to the surrounding environment. It
Is low in cost and easy to operate.

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
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working surfaces maintenance properties providing by energy-efficient
environmentally friendly methods" (Ne 0116U002756).

The purpose of the work is to improve the quality of the surface layers at
manufacturing and remanufacturing the pin shaft of the locking mechanism for the
lifting device of an electric car battery by forming the composite multilayer
coatings of the SKH51+WC+B83 composition on its wear surfaces with the use of
the method of electro-spark deposition.

For the purpose were assigned the following tasks:

1. To conduct an analysis of the existing modern methods and technologies
for repairing component parts for branch mechanical engineering in accordance
with the ESD characteristics.

2. To conduct an analysis of modern materials for electrode — tools to
provide for a comprehensive assessment of the properties of the surface coatings
applied to improve the overall technical characteristics of the surface.

3. To conduct a research on the formation of wear-resistant composite
coatings and compare various surface properties.

4. To conduct a research of the defects of low-temperature soft metal
deposition and improve the existing repair technology.

5. To investigate the effect of the ESD coating repair technology on the
accuracy of the surface obtained.

6. Introduce the research results into the engineering practice of enterprise
remanufacturing.

Object of research is a technological process for forming functional

coatings on the pin shaft surface of the locking mechanism for the lifting device.
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Subject of research is the regularities of the technological process for
forming a surface with specified performance properties, which ensure the
necessary quality (durability, wear resistance, workability) of the pin shaft surface
of the locking mechanism.

Research methods - The method of experiment analysis made it possible to
improve surface performance and service life of the important mechanical parts
through surface strengthening method by the ESD process. Because the surface of
metal parts was insufficient surface properties of the material, it often occurred
adhesive wear. This resulted in greater surface roughness and increased friction,
which reduced the life of the parts and leads to damage. ESD method can
effectively repair and enhance surface properties.

The experiments were based on the wear mechanism of the failed part
surface. It has improved wear resistance and friction reduction properties through
the ESD coating process method, which can improve the surface properties of parts
and meet the service life requirements of parts. The experiment continued to
improve the surface properties of parts through the use of electric spark
carbonization processes, composite coating processes and other methods.
Moreover, it was established a mathematical evaluation model of the transition
coating by the normalization method and the weighting factor method. It can
improve the deposited surface quality of friction-reducing materials by pneumatic
deposition process method.

There is a need for complex research aimed at definition the quality

parameters of the formed surface layers (morphology, composition, roughness,



33

micro-hardness, tribology properties). For the analysis of the wear resistance
mechanism, Bruker x-ray qualitative equipment was used to analyze the wear
resistance constituents. The surface distribution of the wear-resistant components
was analyzed with Hitachi Regulus8220 and Bruker X-ray energy spectrometer.
Three-dimensional morphology was observed and measured with a Leica DVM6
super depth of field microscope.

Scientific novelty of the obtained results.

1. For the first time, high-speed steel SKH51 was studied as a transitional
coating. High-speed steel SKH51 has both wear resistance and impact toughness.
During the deposition process, there are almost no microcracks on the surface. At
the same time, it has good compatibility with WC coating and can increase the
thickness of the composite coating.

2. For the first time, abrasion width method was used to research the wear
resistance of ESD coatings. Due to uneven micro-textures of the ESD coating, the
abrasive particles can be easily embedded in the micro-texture, which will bring
large errors to measure the wear quality of the coating. The wear width is measured
by the microscope, which can measure values more conveniently and accurately.

3. For the first time, the evaluation model of normalization method was used
for comprehensive evaluation of ESD coating. Deposition quality, coating
thickness, roughness, Vickers hardness and wear-resistant width were normalized.
Corresponding weighting factors were determined and the total score of each
candidate solution was obtained. The test solutions were evaluated to arrive at the

optimal solution to the task.
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The practical significance of the obtained results is to provide technical
suggestions for remanufacturing of the core parts of the chassis swap battery box.
The given coating scheme solves the technical problem of remanufacturing parts in
mechanical engineering with lower cost. This technical solution is expected to save
the enterprise 115 thousand hryvnia every year.

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.

The author personally conducted experimental studies using modern
methods. Processing of the research results, conclusions and proposals for
industrial implementation were developed by the author personally. The PhD’s
personal contribution to joint scientific publications with co-authors is specified in
the list of publications.

Publications. According to the results of research, 21 scientific papers were
published, including: 4 articles in professional editions of Ukraine, 11 conferences,
2 articles - in foreign editions, 4 articles in the Scopus or WOS scientific-metric
publication, 1 methodical recommendation.

Structure and scope of the thesis. The dissertation is set out on 221 pages
of computer text. It consists of an introduction, 4 sections, general conclusions, a
list of sources used and 2 annexes. The main body of the dissertation is 152 pages
of printed text. The work is illustrated with 40 tables, 70 figures. The list of

references includes the name of 197 sources on 28 pages.
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CHAPTER 1. LITERATURE REVIEW, THE PURPOSE AND THE TASKS

OF RESEARCH

Electro—spark deposition can restore the dimensions and properties of
remanufactured parts and meet the specific requirements of part surface
remanufacturing. ESD technology can strengthen surface properties and repair
wear surfaces.

1.1 Problems of wear in the mechanical parts

Friction consumes 30 % of the world's disposable energy, and about 80 % of
machine parts fail from wear [1, 2] . In developed countries, the annual losses
caused by wear account for 5% to 7% of the gross domestic product (GDP). In
China, annual economic losses due to friction and wear amount to one trillion
UAH [3].

Turbine generators are driven by hot steam to rotate at high speeds. The
shafts are prone to wear [4, 5]. The wear of the shaft is due to the tiny metal
particles and impurities in the oil supply system, which will cause abrasive wear to
the shaft during long-term operation. Tiny metal particles and impurities are
equivalent to abrasive particles, which cause abrasive wear on the surface of parts
and accelerate the rapid damage of the surface of the shaft.

The generator rotor is a vital component of the turbine generator set.
Damage defects of the journal affect the uniformity of the oil film and the vibration
performance of the unit during operation. After the rotor journal was worn and
strained, it affected the safe and stable operation of the unit and brings grave harm

to the safety of the equipment [6].
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In cement machinery, reducer devices play a vital role for major mechanical
equipment. For the reducer, the gears are the main working parts for the equipment
to change the speed. Due to cement production requirements, the machine can’t
stop [7]. Gears are in an overloaded long-term working state in a closed
environment [8]. Micro-pitting and scuffing increase the wear of the gear surface,
which makes more noise and accelerates wear.

Cement production equipment is larger, and the corresponding gears are
larger. In the working process, if gears are damaged, cement solidification may
cause the equipment to scrap. Therefore, enterprises put forward higher life
requirements for gears.

In overhead cranes, the wheel components are often subject to severe wear
[9-11]. When the wheels of the vehicle are moving on the track, the rim of the
wheel at one end contacts the side of the track. It causes the wheel to track friction.
Adhesive wear and abrasive wear occur between the wheel rim and the track. After
the wheel rim is severely worn, the wheel rim will become thinner and scrap.

When the wheels had worn, the wheel components deflected and twisted at
starting and braking. They made abnormal noises, and the running resistance
increased. The crane suddenly derailed while travelling, which caused major
equipment damage and personal casualties.

In the public transport, electric vehicles are gradually becoming the
mainstream. It is gradually replacing traditional fuel vehicles. For example, the
China market is developing rapidly with 160 billion UAH every year [12]. The

power-changing electric vehicles are rapidly developing. The pin shaft of the



37

locking mechanism is an important part in the electric vehicle. It ensures the
reliability of the fixing of the battery box.

When the electric vehicle battery energy storage is low, the chassis battery
box is replaced. When the lifting device lifts the battery box, the pin shaft of the
locking part is moved by the pull of the square push block, and the locking
mechanism is pushed open. Reciprocal sliding friction occurs on the surface of the
pin shaft. After long-term use, the surface of the pin shaft will wear. The friction
between the pin shaft and the orifice plate caused the dimension to be out of
tolerance and the assembly deterioration. The mechanism was in an open
environment, and the grease loss was serious. The surface of the pin shaft
accompanied with adhesive wear and corrosion wear, causing the surface
roughness to increase. The locking device cannot return correctly. The battery box
cannot be securely locked. It is easy to produce abnormal noise when the car is
running. In extreme environments, the battery may easily fall and cause safety
accidents.

Worn parts need to be repaired. The main repair methods include laser
coating, spraying technology, electric brush plating technology, electro-spark
deposition, etc [13]. Laser coating repair technology has higher requirements on
deposited materials. The cost of powder materials is high; super-hard materials
cannot be used for welding wires. Because the equipment maintenance
environment requires high requirements, the repair cost is high [14]. Spraying
technology is used for repair with the following characteristics: high cost of

powder material, large heat-affected zone, more powder waste and high repair cost
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[15]. Brush plating repair technology is more polluting to the environment and it is
suitable for the repair of parts with higher surface accuracy. The ESD deposition
repair technology can strengthen the surface performance [16]; Composite coating
deposition can be achieved easily. It has the small machining allowance and the
simple grinding process.

ESD technology has lower usage costs than other repair methods. The
equipment is simple and convenient for field maintenance [17]. It enhances the
wear resistance, extends the life of mechanical equipment, and improves the
reliability of equipment. It has the least waste of materials and less pollution to the
environment. According to the repair requirements of the pin shaft of the locking
mechanism, electro-spark deposition technology is most suitable.

1.2 Overview of remanufacturing engineering

Protecting the earth's environment, building a circular economy and
maintaining sustainable social development have become topics of common
concern around the world [18-20]. At present, the circular economy model is
strongly advocated to pursue greater economic benefits, save resource
consumption and reduce social pollution.

The remanufacturing engineering is the industrialization of high-tech repair
of waste mechanical and electrical products [21, 22]. The quality and performance
of remanufactured products can reach or even exceed that of new products, and the
cost can save energy by 60%. The negative impact on the environment is

significantly reduced. Remanufacturing engineering is an important element in the
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whole life cycle of products, and remanufacturing engineering runs through every
stage of the whole life cycle of products [23].

Over the past 50 years, rapid advances in technology and manufacturing
processes have greatly expanded the scope of remanufacturing processes for
products in the automotive sector, agricultural machinery, the power sector,
electromechanical equipment and more[24]. The United States uses
remanufacturing engineering to repair weapons and equipment. Maintenance costs
have been significantly reduced and performance greatly improved. The US
department of defense has also included "new remanufacturing technologies"” as a
new priority for the defense industry after 2010. Remanufacturing in restoring,
maintaining and even improving the technical performance of products, the means
used not only include traditional mechanical processing methods, but also include
surface engineering technology, disassembly technology, cleaning technology and
other process technologies. Among them, surface engineering technology is also a
difficult and key point in remanufacturing engineering [25, 26].

Laser coating: In 1976 the D.S Gnamuthu used a laser to melt a layer of
metal belonging to another layer of the metal matrix of the cladding method. Laser
coating uses a high-energy laser beam to radiate on the metal surface, which will
wire or metal powder, for rapid melting, expansion and rapid solidification, with
less thermal impact, it is a fine solidification organization [27]. A layer of material
with special physical, chemical or mechanical properties is fused to the surface of
the base. It has a surface coating that is heat resistant, corrosion resistant, wear

resistant, oxidation resistant and fatigue resistant[28]. Laser cladding is produced
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automatically, the equipment is not portable and has advantages in the repair of
large shafts and other rotary parts.

Spraying technology: the gas, liquid fuel or electric arc, plasma and other
energy sources was used, so that metal, alloy, metal ceramics, oxide, carbide,
plastic and other metal powder can be sprayed, their composite materials such as
spraying materials were heated to a molten or non-molten state, through
high-speed airflow to make it atomized, and were sprayed. They were deposited to
the surface of the pretreated workpiece so as to form a firmly attachment [29].
Supersonic cold spraying is a fast developing technology that compressed gas
through a scaled lava tube can produce a supersonic air stream that impacts the
surface of the substrate in a completely solid state [30]. It has advantages in
aluminum alloy products, but the repair workshop has a lot of dust [31].

Electric Brush Plating Technology: Electric brush plating technology is a
new development in electroplating technology[32, 33]. It uses special DC power
supply equipment, the positive terminal of the power supply is connected to the
plating pen as the anode for brush plating, and the negative terminal of the power
supply is connected to the workpiece [34]. As the cathode of brush plating, the
plating pen is in contact with the surface of the workpiece and the metal ions in the
plating solution are transferred to the metal surface and deposited and crystallized
to form the plating layer under the action of electric field forces. The equipment is
easy to carry commonly used for on-site maintenance, and is good for repairing

smooth surfaces. The brush plating process has certain requirements for the surface
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quality of the brush plating in the early stage and certain requirements for the
plating solution. It will produce waste liquid.

Electro-spark deposition(ESD): ESD technology can use argon or nitrogen
as the protective gas, and Utilizes the high-density energy of spark discharge
between electrode(connected to the positive end of the pulse power supply) and
substrate(a work piece to be repaired or strengthened , which is connected to the
negative end of the pulse power supply)[35]. The discharge between the electrode
and the substrate coats and infiltrates a conductive material onto the surface of the
substrate to form an alloyed surface layer, which has the effect of surface repair or
strengthen [36-38]. ESD equipment is easy to carry, easy to use, and has minimal
environmental pollution. However, the process parameters are numerous and the
deposition process is rather complex [39].

In a comprehensive comparison, ESD technology has lower operating costs
than other methods, simple and convenient equipment, minimal material waste,
and low environmental pollution [40-42]. Under the current perspective of
environmental protection and sustainable development [43], it is worth renewed
attention in the industry.

1.3 Overview of electro-spark deposition technology

The electro-spark deposition (ESD) technology is widely used in the
preparation of surface coating of parts, remanufacturing and repairing thereof. It
has been used widely in many industrial areas. The surfaces of mechanical parts

are strengthened to improve properties by ESD technology.
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The electro-spark deposition technology is important in surface
strengthening. It is frequently used in the field of surface engineering and
remanufacturing engineering. The ESD technology can improve the performance
of the surfaces of metal materials [44]. It has been reasonably used in navigation,
chemical industry, metallurgy, machinery, medicine, water conservancy and other
industries. The surfaces of mechanical parts are strengthened to improve friction
reduction, provide corrosion resistance, wear resistant, and other properties. The
ESD can extend the service life of the surface of parts. The material is deposited in
multiple layers and processed in a special way to achieve a state that can satisfy the
dimensional requirements of the parts on the surface defective areas of mechanical
parts [45]. The ESD technology can perform micro-arc welding on different kinds
of materials of metal surfaces.

In 1943, Soviet scientists Mr. Lazarenko and Mrs. Lazarenko[46] proposed
the theory of the ESD strengthening process. In1950, the URI series of ESD
surface strengthening machines were developed at the Central Institute of
Electrical Sciences, and electro-spark machines entered the industrial application
stage. Starting in the 1990s, engineers in TechnoCoat Co. Ltd. changed from
vibrating electrodes to rotating electrodes [47].

The power of the equipment was increased to enable the overlay welding
process. ESD is based on its application characteristics. It is also known as
electro-spark alloying (ESA) [48], pulse arc deposition (PAD) [49], pulse electrode
surfacing (PES) [50], electro-spark hardening (ESH) [51] and electro-discharge

deposition [52]. Through the effect of spark discharge, the conductive material of
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the electrode is fused and infiltrated into the surface of the metal substrate or part.
It forms an alloyed surface layer which results in the improvement of surface
properties.

1.4 Features of ESD technology

ESD technology can effectively improve the physical properties, chemical
properties, mechanical properties and tribological properties in the surface of
mechanical parts for dynamic equipment. It can also improve their hardness,
wear-resistance and corrosion resistance. It has the following outstanding
advantages.

(1) Simple process and light equipment quality. The process is simple. ESD
requires only a simple grinding and cleaning of the substrate surface. ESD is
carried out on the surface at a uniform speed subsequently. The ESD equipment
consists of two parts: vibrating power supply and operating handle, sometimes the
process needs protective gas. Because the equipment is simple, it is easy to carry
on-site operation.

(2) Extremely fast solidification and small thermal deformation. It is small in
the heat deformation area of the substrate. The quality of the molten metal droplets
is very small. The droplets cool in a very short time, the heat of the molten droplets
is rapidly diffused, the heat will not be concentrated in the processing part of the
workpiece, which does not change the microstructure and various properties of the
substrate material of the parts, and the impact of thermal deformation on the

workpiece is limited.
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(3) Wide range of applications. ESD technology is not limited by the shape
and size of the component substrate. It can be deposited on the large surface and
complex surface, but also can be applied to parts of local small area of deposition
treatment. It is suitable for all conductive, fusible metals and metal alloy materials.

(4) Low cost for maintenance and environmental protection. ESD
technology consumes less energy, and the processing does not produce material
splash or harmful gas, which fact prolongs the overall life of the machinery.

1.5 The recent research progress of ESD technology

ESD technology is widely used in various fields as a very promising surface
engineering technology. With the development of modern technology, people have
a deeper understanding of the strengthening mechanism of the ESD technology,
and the ESD technology has been further developed. The Researchers have done a
lot of work in the development of the ESD coatings. Based on the conventional
alloy coatings, the specialists dealing with tribology issues have further researched
and prepared new coating materials with better performance, improved surface
quality and optimized the process for coating. Discoveries and new theories in
materials provide greater scope for exploration in ESD research.

1.5.1 Electro-spark deposition of metal ceramic layer

The ESD coatings of metal ceramic layer have the advantages of high
hardness, high strength, wear resistance, corrosion resistance, oxidation resistance,
and low expansion coefficient. It is widely used in cutting tools, gauges, metal

molds, extractive tools, etc. The ESD can rapidly deposit carbide materials on the
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metal surface and form metal ceramic alloys and ultrafine crystalline alloys to
improve surface properties.

Jianzheng Wang deposited WC-4Co ceramic carbide on cast steel material
and used the surface wettability theory which combined with the microstructure of
the surface[53]. It was found that the surface generated tiny particles of Fe,C,
Si,W, Fe;W5C, Co;W;C, and deposited into a thickness of 20um. Professor
Tarelnyk V. B. used EG-4 graphite electrode to deposit on the surface of steel
R6Mb5,and he found in situ reaction phenomena[54]. You Tao used graphite
electrode to deposit on the substrate surface of titanium alloy and generate in situ
TiC coating [55]. Its Vickers hardness was 5 times that of the substrate and
reached 16 700MPa HV, 5. Ping Zhang used TC4 as the electrode and 45 steel as
the substrate[56]. The deposition layer of TiN was generated by in situ reaction at
a high temperature when nitrogen was used as the protective gas. The surface
nano-hardness was 4 times higher than the nanohardness of the substrate.

1.5.2 Electro-spark deposition of composite coatings

ESD technology has high discharge temperature and fast cooling, but it also
has its shortcomings, such as the limited thickness of the deposited layer, the low
surface quality of the deposited layer. In order to overcome these shortcomings, the
method of multi-layer metal deposition is usually used to achieve the effect of
improving the surface properties[57-59]. Alternatively, several materials are
compounded into electrodes and deposited to improve the deposition efficiency.

Maryam Kazemi used HA/TIN dual-layer deposited on Ti-6AI-4V material

to utilize the corrosion behavior and biocompatibility in dental and orthopedic
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implants [60]. Bing Chen deposited two kinds of materials [61], Ti-6Al-4V and
YG10, as electrode materials on the surface of H13 steel alternatively, and the
microhardness and thickness of each deposited layer were significantly increased
compared to the substrate. Jingming Tang deposited Ti and B4C powder on 40Cr
steel substrate by ESD to generate TiC-TiB2 composite coating [62]. The coating
has better tribological properties, which of wear resistance is five times that of the
substrate.

1.5.3 Electro-spark deposition of high entropy alloys

High entropy alloys are new alloy systems with five or more primary
elements. A simple solid solution is formed in each principal element, and its
lattice distortion leads to strong solid solution strengthening, which results in high
strength, high hardness, and high corrosion resistance[63, 64]. The ESD
preparation of high entropy alloy coatings play with the high mixed entropy effect
of multiple primary elements. Due to the fast solidification characteristics of ESD,
it is easier to form simple face-centered cubic (FCC) or body-centered cubic (BCC)
solid solution phases [65]. In this case, a fine-grained structural organization is
formed. It plays the role of solid solution strengthening and fine grained
strengthening, which is the benefit to obtain excellent performance coatings.

Li [66]prepared a multi-element high entropy alloy coating AlCoCrFeNi on
AISI 1045 carbon steel substrate using ESD technique, and the substrate obtained
has a simple BCC structure, the microhardness of the coating is 2 times higher than
that of the substrate material. The corrosion resistance of the coating is better than

that of the substrate. Sigrun N. Karlsdottir [67] used CoCrFeNiMo high entropy
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alloys electrode to generate the coating on the surface of the steel substrate. The
surface of Vickers hardness is 593HV, and it had relatively high wear and corrosion
resistance. Yanfang Wang [68] prepared the deposited layer of FeCoCrNiCu
high-entropy alloys electrode on the surface of 45Mn2 alloy steel. The deposited
layer had good corrosion resistance.

1.5.4 Electro-spark deposition of nanostructured coatings

The liquid metal is rapidly cooled above the crystallization temperature to
below the crystallization temperature, which forms the amorphous alloy tissues.
Some of the tissues reach ultrafine nano-crystals. Due to the significant increase in
the number of grain boundaries, it emerges that some excellent new tissues and
structures with good mechanical properties.

E.l. Zamulaeva [69] utilized WC (8% Co) nanopowder deposited on Armco
iron surface. The upper layer of coatings deposited with nanostructured material,
which exhibit a uniform amorphous structure, higher wear resistance and reduced
friction coefficient. Yuxin Gao [70] utilized Ni-Cr alloy electrode to deposit on
3Cr2Mo (P20) steel substrate. The nano-crystalline structure in the upper part of
the coating was found, and it increased the substrate wear resistance and corrosion
resistance. Xiang Wei [71] used coarse-grained Fe,B electrode to generate
nanocrystalline Fe,B coating on the surface of the substrate of AISI 1045 steel.
The toughness of the coating was increased. Yi Zhang [72] utilized Chromium
carbide cermet (Cr;C,20%Ni5%Cr) powder alloy electrode deposited on
Cr12MoV steel. In the nanocrystalline microstructure, the coating surface was

strengthened.
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1.5.5 Electro-spark deposition of biological coatings

The ESD has used materials with good biocompatibility and corrosion
resistance for medical applications, such as titanium alloy and stainless steel. It is
required that environmental protection, non-toxic and non-allergic reactions in
blood and tissue fluids. It has high strength and hardness. It is commonly used in
healing bone defects and injuries. Currently, titanium alloys and ceramic materials
based on calcium phosphate compounds are used in medicine, such as
hydroxyapatite (HA).

Tao Jiang [73] used silicon as an electrode material to prepare an
intermediate layer in TA2 material, which prevented oxidation of titanium plates
and ensured the bond strength of cast titanium porcelain. NV Boshitskaya [74]
deposited TiAL; or TiN-3AIN layer on VT-6 titanium alloy. Then, laser fusion
of a subsequent hydroxyapatite layer was used to create biocoating. which had high
corrosion resistance and biocompatibility. Salih Durdu [75] utilized Ti6Al4V
material deposited on the surface of St35 steel and then after MAO treatment to
generate hydroxyapatite (HA). HA-based bioceramic coatings were formed.
Afsaneh Esmaeili [76] utilized Fes;CrisM0,B,6C7Nb3SisAgMn;. It was used as the
electrode, which deposited bioceramic coatings on the surface of 316 stainless steel
by ESD technology. The biocompatibility of the coatings was analyzed.

1.6 Optimization of the ESD process

Researchers optimized the machining process to improve the surface quality

of ESD, reduce micro-cracking and improve surface wear resistance. In particular,

many researches have been conducted on the ESD voltage, pulse frequency,
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discharge capacitance, deposition time, duty cycle, protective gas flow and metal
surface wetting angle. At present, the research hotspots are in the ESD of the
subsequent treatment process and the study of the composite process. These studies
provide new ideas for ESD automation processing to obtain better surface quality.

1.6.1 Composite coating of laser processing

The ESD deposition produces such a problem as surface micro cracking. It is
useful that Laser processing improved other properties such as tribological
properties of ESD coatings. Norbert Radek, et al. [77] used the WC-Co-Al,O4
electrode which was made of nanostructured powder and deposited on the surface
of C45 carbon steel. Then, laser surface melting was performed. There could be
obtained a better surface quality. The micro-cracks or pores of the laser-modified
outer layer could not be observed. The surface micro-hardness increased from 784
HV, 04 to 843 HV, 4, the critical force adhesion of the coating increased from
6.33 N t0 8.94 N.

Gao [78] used an alloy powder of a nickel-based alloy to deposit it on the
surface of P20(3Cr2Mo) steel substrate, and the surface was melted by a
JHM-1GY-300D type pulsed laser welding machine to obtain a uniform
distribution of ultrafine grains. The surface quality and surface hardness were
improved, and the wear resistance had been nearly doubled. The surface wear was

analyzed mainly as an abrasive wear process.
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1.6.2 Composite processing in view of ultrasonic machining and ESD
machining

The ESD coupled with ultrasound can yield a better surface quality of the
coating. The discharge gap was effectively improved, so the coating grain size was
refined, cracks in the coating, and bubbles inside the coating were reduced.

According to [79], the electrode was incorporated into ultrasonic device.
Chen used die steel 718 as the electrode to deposit on the surface of H13 substrate.
The effect of processing process parameters on the surface deposition thickness
was studied.

Hang Zhao [80]used copper-based NiCrBSi powder electrodes to generate
coatings on ASTM 1045 steel, which has good continuity and few defects. The
coating also has a good continuity and few defects, and the introduction of
ultrasound makes the metal powder to uniformly disperse and melt, which results
in better coating quality. The ultrasonic technology puts forward strict
requirements for the size and material of electrode. Although remanufacturing of
the surface of the mold is more restricted, it has good performance in surface
fine-machining.

Electro-spark deposition technology has been developed for more than 70
years and has received a lot of attention from researchers and scholars because of
its small investment, easy operation, and remarkable effect. The technology has
made great progress, but there is still a need to solve the problems, such as the

limited thickness of deposited layer, large surface roughness, relatively low
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productivity, unstable strengthening process, reliability needs to be improved, etc.
These problems has limited the promotion and application of the technology.

ESD is one of the hot spots in remanufacturing engineering, which has a great
prospect of development and application. To reduce the problems of ESD
technology and further improve the performance of deposited coatings, its future
development may be carried out in the following aspects: (1) Strengthening the
research on the mechanism of ESD deposition; (2) Researching the process to
improve the thickness and surface finishing of ESD deposition; (3) Researching
the process to improve coating performance and developing multifunctional
coatings for various purposes; (4) Exploring more application areas of ESD.

1.7 The purpose and the tasks of the research

The purpose of the work is to improve the quality of the surface layers at
manufacturing and remanufacturing the pin shaft of the locking mechanism for the
lifting device of an electric car battery by forming the composite multilayer
coatings.

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

1. To conduct an analysis of the existing modern methods and technologies
for repairing component parts for branch mechanical engineering in accordance
with the ESD characteristics.

2. To conduct an analysis of modern materials for electrode — tools to
provide for a comprehensive assessment of the properties of the surface coatings

applied to improve the overall technical characteristics of the surface.
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3. To conduct a research on the formation of wear-resistant composite
coatings and compare various surface properties.

4. To conduct a research of the defects of low-temperature soft metal
deposition and improve the existing repair technology.

5. To investigate the effect of the ESD coating repair technology on the
accuracy of the surface obtained.

6. Introduce the research results into the engineering practice of enterprise

remanufacturing.
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CHAPTER 2. BASIC THEORY AND METHODOLOGY OF RESEARCH

2.1 The working principle of ESD

At a certain distance between the electrode and the substrate, the electric
field strength produces electric sparks. When the electrode and the substrate reach
a certain distance, the electric field strength generates electric sparks [81, 82]. The
electrode discharges instantaneously to the substrate in the form of a micro-arc,
they form a discharge loop. While the discharge is highly concentrated in time and
space, the arc generates high surface temperatures in the tiny area of the contact
point, causing localized material melting or vaporization in the area. Liquid molten
droplets are formed and deposited excessively at the contact point. The pressure
generated during the discharge causes parts of the materials to be thrown away
from the contact area and sputtered around to form long sparks. In short durations,
pulsed currents deposit electrode material onto the surface of some base metal or
alloy in the area. One of the main advantages of the ESD process is that it uses
very low heat transfer into the base metal[83]. The coating is applied to the metal
surface in a metallurgical bond by bringing the electrode into contact with it and
melting it at close to ambient temperature. ESD is completed in a very short period
of time, and it consists of three processes. (1) Physicochemical process at high
temperature and pressure. (2) High temperature diffusion process. (3) Rapid phase
change process.

When the positive side of the power supply is connected to the substrate, the
melting of the substrate is stronger than that of the electrode [84]. It causes the

removal of the substrate material. When the cathode of the power supply is
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connected to the substrate, it causes the electrode material to be deposited on the
surface of the substrate. The electrode material is melting on the metal surface and
tends to adhere to the surface. In order to avoid electrode material sticking and
Improve deposition efficiency, electrodes with different vibration sources were
invented successively, as shown in Fig. 2.1: (1)Vibrating electrode: 0~100 times
per second vibration frequency; (2)Rotating electrode: no more than 2000r/min; (3)

Ultrasonic vibration electrode: 20,000~30,000 times per minute.
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Fig.2.1 — Process diagram of electro-spark deposition: a- Vibrating electrode;

b- Rotating electrode; c-Ultrasonic vibration electrode.
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2.2 Corrosion mechanism of electro-spark deposition

Electrical corrosion can be broadly classified into two main categories, that
IS, the doctrine of thermal action and the doctrine of non-thermal action. The
mechanism of corrosion by electro-spark deposition is mainly based on the theory
of thermal action, which is agreed by most scholars. The thermal processes in ESD
can be divided into two types: volumetric heat sources and surface heat sources.

A current passed through the discharge channel and the electrode. It heats
the electrode by generating Joule-flute heat. Due to the uneven current density
within the electrode, the heating and temperature distribution within the electrode
is also uneven. The current is highest in the surface part of the electrode. The
further inside the electrode, the more the current spreads out, the current density
decreases, and the temperature also decreases greatly. Joule-flute heat is an internal
heat source for the electrode, and this heat source is released within the electrode
volume, so it is called volumetric heat source. In addition to Joule-flute heat, the
electrode also obtains heat from the discharge channel, the current through the
discharge channel also emits a large amount of heat, the temperature inside the
channel is very high, through the contact surface, the heat of the discharge channel
is transferred to the electrode, and spreads inside the electrode due to heat
conduction. For the electrode, this heat source is external and surface, so it is called
surface heat source. These two sources of heat to the electrode heating law and
effect is not the same.

(1) Volumetric heat source theory (C.B.JebeneB)
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This theory was put forward by C.B.JebeneB in 1950, who believed that the
thermal process of galvanic corrosion was mainly due to the action of the
Joule-flute volumetric heat source. When the discharge current passes through the
channel, a high current density was formed on the contact surface with the
electrode, which heated up and melts the electrode material. It was assumed that at
the beginning the current density on the contact surface was sufficiently high that
the effect of heat conduction can be neglected due to Joule-flute heat.

Instantaneous high-temperature Joule-flute heat made this small part of the
metal melt and explodes, leaving a corrosion trace, and then the tiny channel
moved to another place along the electrode contact surface, leaving another
corrosion trace, and in this way, during the whole pulse discharge time, the tiny
channel kept moving, melting and exploding many times. The area of the small pit
was composed of many unit corrosion traces.

Calculation of the melting volume: To find the melting volume V, it is
necessary to know the surface shape S, with respect to the discharge
characteristic S,(t). As the ratio of the current density to the surface shape S,/S,
increases, then S, becomes deeper. V becomes closer to a hemisphere. V can be

expressed as follows

1 (s D )
_ e 2.1
Y 3\/272'(80](A+Bj (21)
In Equation (2.1), S,-Surface shape of the melted layer; S,-Discharge layer

surface shape; D-Current heat function, D :j;I ?(t)dt.

(2) The surface heat source theory (b.H.30510TbIX)
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The theory was first formally proposed by Bb.H.3omoteix in 1953 and
supported by A.C.3unrepman and others. Due to thermal conduction, heat is
transferred from the discharge channels to the electrodes through their contact
surfaces. Therefore, the length of the discharge channel is small in comparison
with its diameter, so the heat source can be regarded as a plane equal to the area of
the contact surfaces, so it was also called a planar heat source. The electrical
processes on the electrodes and contact surfaces in the gap can be described as a
plane transient heat source of finite size. The unstable propagation of heat from
these heat sources constrained the process of evaporation (gasification) and
melting of a portion of the metal confined to one place during the pulse. From the
mathematical-physical point of view, the studied case was typical of unsteady
processes. The thermophysical constants were determined by the temperature,
since the action of the heat source was transient. The solution of this problem
encountered practically insurmountable difficulties. However, using certain
reasonable assumptions and studying two problems: the temperature field and the
transfer of the phase transition boundary (melting). All deductions can be made to
solve the linear heat conduction equation. This expression of the problem and its
solution are undoubtedly approximate, but they still offer the possibility of drawing
valuable conclusions.

Heat flow in a heat source was described by a Gaussian distribution.

Temperature field equation (2.2) is:

8 k u 2 2
St | S (LSS S P (2.2)
Cp(4za)”? ' ot J(4akt+1)  (dakt+1 4at

T(r,z,t)=
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The expression for the depth of a small pit was obtained for this problem:

Using the solution of Stefan's problem, the approximate expression of the

volume of the funnel is:

1 W
V=20t ft, — _
i 8a "Wa (2.3)

In Equation (2.3), a-value determined by the solution of the Stefan's
problem; W, -energy transferred by the heat source; a-the coefficient of
temperature transfer; W,-energy density at the center of the heat source.

In summary, a mathematical description of the thermal process of galvanic
corrosion based on solving the Stefan's problem is the closest to the actual
situation.

(3) The theory of surface heat sources (A.C.3 uHrepman)

A.C.3 unarepman and others supported the doctrine of thermal action. They
carried out experimental studies of volumetric and surface heat sources. It was
concluded that surface heat sources played the main role in thermal processes.
\Volumetric heat source melted the metal with high electrical resistance only in
short pulses and within 4% of the time of the pulse discharge. However, the
volume of the melted metal was only 1 to 2 percent of the volume of the funnel,
and gasification of the metal is difficult to achieve. It should also be noted that it
was difficult to explain the polarity effect by the volumetric heat source theory,
according to which the cathodic and anodic corrosion should be equal, which was

not consistent with the experiment.
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The expansion of the discharge channel was due to hydrodynamic reasons.
Therefore, the diameter of the heat source increased rapidly. The increase in the
diameter of the funnel was due to heat conduction and was a slower process.
Therefore, the diameter of the pit was not larger than the diameter of the heat
source. This conclusion has been proved by experiments. The theoretical
calculations and the experimental results are in good agreement and further show
that irrespective of the size of the thermal conductivity of the metal, irrespective of
the pulse width and energy, the melting of the metal is the result of heat entering
the electrode from the discharge channel and propagating due to heat conduction.

Electrode corrosion volume:

2
VZ%{ Iz”‘.2+4b4+2b2J TS (2.4)
7]

7 i m

In Equation (2.4), V-the volume of the small funnel; I_-the instantaneous
action current; j_-the instantaneous action current density; b-the radius of the
contact area.

Since the heat generated from the electrical corrosion of heat source,
whether it is Joule-Lenz heat or the heat generated by the discharge channel,
indicates that the current density is uneven and the temperature distribution is
uneven, it results in uneven energy on the electrode surface. The corroded area is
formed by the accumulation of cell corrosion of multiple pulses. This explains the
main reason for the inhomogeneous deposition on the surface. Therefore, the

analysis of electro-spark energy, corrosion volume and energy diffusion by heat

source is relatively complicated. The accurate real values cannot be obtained.
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Corrosion mechanism of electro-spark deposition can be explained the
mechanism of electric spark discharge. However, it is still not possible to
quantitatively study all materials. The single pulse discharge energy cannot be
collected during work, and the measurement of corrosion is still in the hypothetical
setting of the experiment.

2.3 Pulse energy theory

(1) Pulse energy

The pulse discharge waveform and parameters have a great influence on the
electrical corrosion process of the material, which determines the size of the
discharge trace formed by each discharge, and then affects the processing
technology index. The main parameter determining the size of the discharge trace
is the individual pulse energy. Individual pulse energy is a function of discharge
voltage, discharge current and pulse time width. According to different energy
storage elements[85]:

a. If the spark is caused by a capacitor, then as Equation (2.5):

W =Pt =%CU2 (2.5)

In Equation (2.5): C -capacitance;U -power supply voltage.
b. If the electro-spark is caused by an electromagnetic accumulator with

inductance L and current I, then as Equation (2.6)

W:Pct=%L|2 (2.6)
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c. When the discharge circuit is more complex, it depends on the physical
constants of the electrode material and the composition of the medium, as Equation
(2.7):

W = [ Pdt=Pt = [ u@i()d 2.7)

d. The group of sparks passing through successively over a constant time T,
when T>t, determines the average value of energy, as Equation (2.8):

P =Wf =W/T=Pt/T (2.8)

WhenP, is constant, due to T>t, the pulsed power P, can generate several
kilowatts per unit of pulsed impact to achieve an increase in energy. It is the key
point of the ESD theory.

(2) Discharge parameters

a. ESD sputtering amount

The amount of metal thrown by the electro-spark pulse can be obtained from
the following relationship:

7 =KEn (2.9)

In Equation (2.9), y-the metal thrown mass of electric spark; K -the
proportionality constant; E-the energy per unit pulse; n-the pulse frequency

b. Discharge mark size

According to the theory of discharge thermology, the volume of the
discharge funnel is determined by the amount of heat accumulated in the discharge
funnel. That is, it is determined by the difference between the heat transferred to
the discharge funnel and the heat lost to the electrode body due to heat conduction.

The volume of the discharge funnel is:
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v.2_5(¢-¢) (2.10)
g g

In Equation (2.10), Q-the heat accumulated in the pulse discharge area on
the electrode; g- the total heat of phase change per unit volume; ¢-the unit heat
flow into the electrode surface, ¢=f(4,r,,W,);¢ - the heat flow lost by the unit
surface in the electrode body due to heat conduction, ¢’ = f (4,7, ) ;S-the surface area
of the discharge trace; A-Thermal Conductivity;w, -Single pulse discharge energy.

c. The time constant of the RC circuit

Charging time refers to the time required to store the charge in the capacitor
as a certain amount of electricity. In actual production, it is often necessary to use
this parameter to calculate the time for charging or discharging the capacitor[86,
87]. The calculation method of the capacitor charging time depends on the
capacitance value in the circuit and the resistance value of the circuit, and can be
calculated using the following formula:

r=RC (2.11)

In Equation (2.11), 7is the time required to charge the capacitor; R is the
resistance value of the circuit; C is the capacitance value of the capacitor.

The equation is derived from the basic laws that capacitor charging follows.
In a DC circuit, a capacitor will start charging when it is connected to a power
source. The rate of charging depends on the resistance and capacitance values in
the circuit because charging a capacitor consumes the potential difference that
exists between the capacitor and the circuit. And the resistance of the circuit will

limit the rate of flow of charge. Therefore, by adjusting the resistance values of the
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capacitor and the circuit, it can be controlled that the charging rate and charging
time of the capacitor. This formula is only applicable under ideal conditions, and
the influence of other factors needs to be considered in practical applications, such
as the internal resistance of the power supply and the internal resistance of the
capacitor.
U =U —Ue% =U (1—e_£) (2.12)
In Equation (2.12), u.-Capacitor voltage; U - Supply voltage, when t=r,
the capacitor voltage u. can reach 63.2% of the charging voltage U; whent=37
the capacitor voltage u. can reach 95% of the charging voltage U; when =57,
the capacitor voltage u. can reach 99.3% of the charging voltage U. To ensure
that according to the capacitor charging and discharging, the RC circuit time
constant is reasonably designed.
d. Calculation model for heat of melting of metals:
Q=C,smeAt (2.13)
In the formula (2.13), Q- the heat of melting of the metal (J); m- the mass of
the metal (g); and C,-the specific heat capacity (J/g), At-temperature variation
interval.
2.4 Heat conduction
(1) Transient heat transfer equation
The ESD deposition was considered as a transient nonlinear temperature
field. It was a dynamic heat conduction process, and the temperature field changed

sharply with time. According to the classical theory of heat conduction to establish
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the transient heat conduction equation under the right-angle coordinate system, as

Equation (2.14):

ar o or o, or o
cpo———|k— |-——|k— |-—]k
ot ox\  ox) oy\ oJy) 0oz

(2) Heat source distribution function

¥

j: f(x,y,z,t) (2.14)

Gaussian heat source model mainly contains two elements: heat source
distribution of energy in the action space, the radius of the action of the heat source,
that is, the radius of the discharge channel. The mathematical function of Gaussian
heat source distribution is:

r.2

=0 (2.15)

q(r) =9, exp(-k

In Equation (2.15): q(r) - heat flow density at r from the center of the
discharge;q, - peak heat flow density;k - energy concentration coefficient; R(t) -
radius of heat source at time.

Due to the extremely short discharge time and concentrated heat source, the

influence of Gaussian heat source at infinity is close to zero. Therefore, it is

assumed that when q(r) <0.05¢, , the influence of Gaussian heat source is not

considered. This leads to the Equation (2.16):
q[R(t)]=0.05q,, (2.16)

Then the energy concentration factor Kk is:
k=4n0.05

Carried forward into eq. (2.15):

r2

n2 (t)) =0, exp(-3) (2.17)

q(r) =g, exp(-3
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2.5 Electro-spark deposition equipment

ESD equipment has evolved from the earliest analog circuit to the current
digital control circuit, and the power is getting bigger and bigger. The power of the
early ESD equipment was 100W~300W in Fig. 2.2, and the power of the later
development ESD equipment gradually increased, generally 500W~1500W in Fig.
2.3. The improvement of pulse power supply performance and the expansion of
functions have not only significantly improved a number of performance indicators
of ESD, as shown in Table 2.1. Large power electro-spark deposition equipment
was also used in Fig. 2.4. But even the traditional processing technology was

changed some applications, and the processing of some new materials had been

achieved.
Table 2.1 — Parameters of ESD equipment
Model Power  Voltage (V) Capacitance (uF)  Frequency (Hz)
HL-D9110A 100W 35 50
HL-D9130A 300w 70 50
Stanley-720 153W 50
Elitron22A 500W 15-70 360
Elitron52A 3500W 35-210 120-2040
Depo50 200w 50/100/150 52.2 60-1400
Depo150 500W 50/100/150 152.2 60-1400
SparkDepo500  2500W  50/100/150 502.2 60-2000
Zhongxiang 3000w  120/130/165 30-150 50-500
SZ-Jy2800 2800W 130/260 100 50-2100
TLB—III 2100W 75-170 20-100 50-700
SZ-HMT9500  1200W 20-100 50-500
SZ08 1500W 20-100 50-500
HS-BDS07 3800W 20-100 50-500

DZ-400011 4000W 20-200 30-420 1300-6000
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(d)
Fig. 2.2 — Small electro-spark deposition equipments:a-HL-D9110A;
b-HL-D9130A;c- Stanley-720;d-Depo50.

(d) ()
Fig. 2.3 — Medium electro-spark deposition equipment: a- SZ-HMT9500;b-
SZ08;c- Elitron22A;d- Zhongxiang; e-TLB—III.
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Fig. 2.4 — Large power electro-spark deposition equipment:
a- Sparkdepo500;b-DZ-4000111;c-HS-BDS07.

2.6 Experimental materials

(1) Substrate material
The substrate material is 45 steel plates with 2mm. This material is relatively
common in the market, and its composition is shown in Table 2.2.

Table 2.2 — Basic properties of No. 45 steel

Steel  Density Component Elements Properties
C Si Mn P S Fe
45  7.85g/cm3 0.035 0.035
0.17-0.23 0.17-0.37 0.35-0.65 Other
MAX MAX

(2) Electrode materials
a. Wear-resistant electrode
SKH-51 is a tungsten-molybdenum powder high-speed steel. The steel has
fine and uniform carbide particles. It has the characteristics of high toughness,
good thermo-plasticity, etc. It also has good toughness and wear resistance, and is

used as a transition coating. The 3mm electrode made by Zhejiang Jinxin Co., Ltd.
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IS used in the test. It is made of SKH51 material from Japan, as shown in Table 2.3

and Table 2.4,
Table 2.3 — Basic properties of SKH51 alloy steel
Steel Component Elements Properties
C Si Mn P S Cr Mo V w
SKH31 045 040 003 003 38 47 17 59
0.8-0.88
Max max  max max -4.5 52 21 67
Table 2.4 — Grades of steel in different countries
JIS SAE/AISI DIN GB
(Japan) (USA) (Germany) (China)
S6-5-2
SKH51 M2 (1.3343) W6Mo05Cr4v?2

The electrode material consists of 90 percent WC carbide with 10 percent
cobalt. WC is the most representative refractory material for cemented carbides.
Industry attaches great importance to this type of material. It is characterized by a
high melting point, high hardness and good wear resistance.

The 3mm electrodes were made of HF10 material (Sandvik Co., Ltd.) is
used in the test. Its composition is shown in Table 2.5.

Table 2.5 — the Component Elements properties of HF10 Carbide Steel (Sandvik)

Hardness, Rockwell

Name  Density A

Component Elements Properties

WC Cobalt, Co

HF10 14.45g/cm? 92.1HRA
90% 10%

b. Self-lubricating electrode
Graphite electrode is a high-temperature conductive material formed by

sintering natural graphite as the main body and coal pitch additive as the binder[88,
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89]. At normal temperature, it has a certain degree of lubricity [90, 91], and its
composition is as follows (Table 2.6). At high temperatures it can form carbides
with molybdenum, vanadium, titanium, zirconium and niobium, thus increasing
the wear resistance of the material.

Table 2.6 — Basic properties of Graphite Electrodes

. Compression Bending Ash . Thermgl
Name Density Resistivity expansion
strength Strength  content .
coefficient
Graphite 3 0 ' 70
Electrode 1.6g/cm® 30Mpa 13.5MPa 0.3% ouQ-m 2.5x107/°C

Babbitt alloy B83 (SnSh11Cu6) contains 83% tin. It is a low temperature
soft metal. It has good compliance and anti-friction characteristics, not easy to rust
and good anti-corrosion function. It is suitable for low speed and heavy load.
Tin-based Babbitt alloy is more widely used, often used in parts such as bearings,
and its composition is shown in Table 2.7:

Table 2.7 — the basic composition of Babbitt alloy B83(wt. %)

Material Sn Sb Cu Pb Other

SnSh11Cu6
(B83)

Balance 10.0-12.0 5.5-6.5 0.35 0.80

2.7 Experiment equipment

(1) Scanning electron microscope

Surface topographies are examined using scanning electron microscopy
(SEM). SEM uses the method of photography and imaging, and uses the various
physical signals excited by the finely focused electron beam to scan the surface of
the sample to perform modulation imaging. The depth of field of the scanning

electron microscope is much larger than that of the optical microscope, which can
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analyze the morphology of the microscopic surface. Since the scanning electron
microscope observes the microstructure, the sample can be directly observed
without copying. Japan's Hitachi Regulus8220 has a high-resolution scanning
electron microscope in Fig. 2.5. The field emission scanning electron microscope
IS equipped with a cold-field electron gun suitable for low-acceleration voltage and
high-resolution observation with extremely small chromatic aberration. The
maximum magnification has also increased from the previous 1 million times to 2
million times. The energy analysis energy spectrometer Bruker X-ray energy
spectrometer EDS. QUANTAX can measure and analyze the X-ray photon energy
of all elements on the sample surface. The energy spectrometer does not need to be

focused, and can analyze various samples with different precision.

Fig. 2.5 — Hitachi Regulus8220 (SEM)
(2)X-ray diffraction phase analysis
X-ray qualitative analyses make use of the different atomic structures of
substances and diffract specific patterns, which can be mechanically superimposed.
Substances are analyzed using standard diffraction sample pdf cards. XRD
equipment (Broker D8 Advance A25, Germany) has with maximum output power

> 2.2 kW; current and voltage stability better than & 0.005 %; ray dose < 0.2 uSv/h.
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Goniophotometer radius > 200 mm, 26 rotation range -10 <~ 168 < can be read in
the smallest step of 0.0001 < It can be used for testing and analyzing samples such
as powders, lumps and thin films in Fig. 2.6. The file generated by scanning can be

compared and analyzed with XRD related software.

Fig. 2.6 — XRD equipment
(3) Vickers hardness tester
Vickers hardness test method was proposed in 1924. It is the use of the face
angle of 136<diamond vertebrae as an indenter. The indenter pressed into the
surface of the metal sample and held for a particular period of time under a certain
static force. It is the fastest and most economical method of testing material

properties.

. i
Fig. 2.7 — Vickers hardness tester
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The specimen preparation is simple. The surface is basically undamaged.
However, the method requires low surface roughness and flatness, which is
suitable for metal materials. When multilayer films are used, metal corrosion
solutions can be used for delamination. Walter UHL's VMH-002VM has a 12-level
hardness test force for all hardness of metallic materials, as shown in Fig. 2.7. The
measuring objective has two stops, 10X and 50X, and it has a resolution of 0.01um.
It can be operated with a color display touch screen.

(4) Linear reciprocating friction wear machine

MWEF-500 reciprocating friction and wear machine was manufactured by
Jinan Huaxing Test Equipment Co., Ltd, as shown in Fig. 2.8. The size of the test
force is controlled by the servo system and force sensor, and the pressurized
strength is within the range of 5-500N. The servo drive mechanism drives the
friction vice to carry out reciprocating motion, and the friction force and its friction
coefficient of friction are determined through the test measurement and control
system during the friction test. Reciprocating test stroke: 1~20 mm, friction force
measurement range: 1~100 N, measurement accuracy: 1%, maximum

reciprocating speed: 1~300 times/min.

Fig. 2.8 — Linear reciprocating friction wear machine
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(5) Ultra-depth-of-field microscopy

Leica DVM6 Super Depth of Field Microscope can measure and
quantitatively characterize the 2D surface morphology and 3D height value of
coatings, as shown in Fig. 2.9. It has a maximum working distance of 60mm, a
motorized focusing range of 60mm, and a focusing accuracy of 0.25um, a large
field of view of 43.75mm?, and a highly dynamic color resolution with a maximum
physical pixel count of 3664 X 2778dpi. Using LAS X software, 2D images can be
reconstructed in 3D to obtain 2D super depth of field images and 3D surface

morphology. The 2D and 3D morphology of wear can be effectively measured.

Fig. 2.9 — Super depth of field microscope
2.8 Experimental method
(1) Pre-treatment of coating surface
The substrate material was selected according to the research object. Using
wire or laser cutting equipment, the specimen was made into 25*30mm size. The
surface of the specimen was ground with sandpaper, 240, 400, 800, 1000
sandpaper was selected for grinding. Then ultrasonic cleaning was carried out for

10 minutes. The surface was blown dry by hairdryer. With anhydrous ethanol, the
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specimen surface was wiped to remove oil and water stains. When the anhydrous
ethanol surface evaporated, it was weighed using a balance. Thus, the experimental
specimens were prepared.

(2) Coating preparation method

Drying oven was utilized to dry the electrodes at 100<C for 30 minutes. The
ESD deposition equipment was selected according to the process requirements.
Pre-experimentation was carried out to rationally select and adopt frequency,
voltage, duty cycle, electrode steering and rotational speed as processing parameter
intervals. The electrodes were required to move in small circles or zigzag lines on
the surface of the substrate. Depending on the temperature of the electrode head, a
certain speed of movement is carried out. The electrode was maintained at a certain
electric spark discharge distance from the metal surface. Excessive pressure makes
the discharge distance smaller, the discharge energy of the arc becomes smaller,
and the head of the electrode is easy to become bent after heating, which can not
ensure normal processing. During processing, the electrode should be kept about
45< from the substrate to reduce the frictional resistance during processing. In
order to ensure the quality of the deposited layer, argon is usually selected as the
protective gas, and 10-15 L/min flow rate is selected for processing.

(3) Post-coating treatment

After the coating is completed, the surface is cooled waiting for room
temperature. By a brush the surface metal dust is wiped. Using 130W ultrasonic
cleaning machine, it was cleaned in anhydrous ethanol for 10min. Then, it was

weighed and recorded by using a balance. The surface was then tested for
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morphological observation, tissue composition and friction and wear properties.
The specimens were cut using a low speed cutter. The metal coating was inlaid
using an inlay machine. The specimens were graded for grinding using a grinder,
400, 800, 1200, 1500 grit sandpaper was selected and grinding was carried out
under aqueous environment. Polishing paste of W3.5 was selected and polished
using polishing machine. Then 3% nitric acid was selected as the etching solution
to etch the test surface. From there, the delamination of the substrate and coating
was observed. Using a Vickers hardness tester, the load was applied by selecting
the appropriate range according to the thickness and hardness of the coating, and
the indentation was measured using software.
2.9 Gradient deposition process

In 1987, the concept of gradient structure was first proposed by Japanese
scholars Masyuhi NINO, Shuhei MAED, and Ryuzo WATANBE, and was
subsequently valued by researchers in many countries[92]. Today it is still valued
by industry and researchers, and combined with various processing techniques[93,
94]. It can form functional coatings that meet special requirements. The gradient
structure refers to the material whose elements that make up the material change
continuously along a certain dimension, so that the material properties have a
corresponding gradient change in space. With the understanding of the natural
gradient structure, people have also developed many new gradient structure
materials. It mainly includes surface modification and overall layered structure.
Surface modification is mainly to form a single-layer, multi-layer or continuous

gradient structure on the metal substrate through physical or chemical methods to
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improve the performance of the material. The overall layered structure mainly
distributes two or more materials layer by layer, so that the new structure has a
variety of material properties. Surface modification is divided into chemical and
physical principles[95]. Chemical modification is to introduce new elements on the
metal surface, such as carburizing, nitriding[96], sulfurizing[97], nitrocarburisation
[98], etc.; Physical modification is to use the method of coating to form a
single-layer or multi-layer structure on the surface of the metal material to achieve
various properties of the material.

The traditional ESD process deposits mainly a single material on the
substrate. If the hardness difference between the electrode material and the base
material is too large, the coating has poor impact resistance. The ESD deposition is
used on the metal substrate to form a multi-layer gradient structure to achieve
hardness continuity[99], avoid excessive hardness difference, improve coating
toughness and reduce coating brittleness and the surface quality is improved. The
SKH51 material itself has less thermal cracking, and the iron matrix has good
compatibility with WC and cobalt. The SKH51 material was first coated on the
substrate of No. 45 steel material, and then the WC coating was deposited. It
achieved a hardness gradient, reduced the maximum crack width on the surface,
and increased deposit thickness. Since WC alloys will undergo corrosion and wear
in the course of practical application, once corrosion occurs, the surface will
deteriorate rapidly, resulting in a decrease in the mechanical properties of the alloy.
The element cobalt in WC Cemented Carbide is a binder, and it is also a

corrosion-prone metal. In order to avoid the corrosion of the WC coating in a wet
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environment, the B83 material is deposited on the surface of the WC coating to
reduce corrosion, reduce the coefficient of friction, and reduce friction. Thus, the
anti-friction coating is formed. This technology was applied to the battery box of
electric vehicles to ensure that the pin shaft can enter the slot smoothly. For the
supporting gasket, it was remanufactured and carburized by electric spark to
remove the oxidized corrosion layer on the surface, reduce surface corrosion and
improve surface hardness. Graphite powder on the surface can reduce the friction
between the spring and the washer, reduce the contact surface, and reduce the
corrosion of the spring to the washer.
2.10 In situ reaction process

The wear resistance of the surface layer is enhanced by synthesizing hard
particles on the surface[100-102]. According to the source of reinforcing particles,
the method of preparing the kind of composite strengthening layer can be divided
into adding particle method and in-situ synthesis method[103]. The process of in
situ synthesis refers to the method in which reinforcing materials are generated or
grown by themselves in the matrix during the material manufacturing process. The
basic principle of in situ synthesis technology is to generate one or several ceramic
or intermetallic compounds with high hardness and high elastic modulus in situ in
the matrix as the reinforcing phase to strengthen the matrix properties through the
chemical reaction between elements or between elements and compounds under
certain conditions. Elements that have a strong affinity with carbon, such as
titanium, zirconium, niobium, etc., can form carbides in situ with graphite in the

ESD process. These strong carbide-forming elements are an important part of
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improving the wear resistance of metal surfaces. The carburizing process is used.
The surface hardness of titanium, zirconium, niobium and other coatings is
enhanced by electrospark carburizing process. The surface-cured graphite powder
can also reduce friction.

2.11 Summary

(1) An analysis of equipment for performing the electric spark deposition by
vibrating electrodes with different design features of the operation has been carried
out.

(2) Based on the theoretical studies of galvanic corrosion, a theoretical
calculation of three types of corrosion parameters has been obtained.

(3) It has been proposed to introduce the concept of the theoretical value of
pulse energy. The energy of an individual pulse was determined for ESD pulses of
various formations. The scattering magnitude and ESD discharge parameters were
obtained. The time constant of the RC circuit and an empirical calculation model for
the heat of metal melting were determined, which makes it possible to establish the
energy necessary for melting the electrode material.

(4) Based on the analytical dependence of the distribution of the heat source
thermal conductivity, the amount of heat, which provides deposition, has been
determined.

(5) A classification of ESD equipment according to discharge power has been
proposed. Depending on the specified quality parameters of the surface layer of the

part, the criteria for choosing equipment were formulated.
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(6) The substrate materials and alloying electrode materials were selected to
form a multilayer coating: steel 45+graphite+steel CX51+WC+B83.

(7) There has been analyzed modern equipment and justified the choice
thereof to determine the structure, geometric parameters of the surface, analysis of
the elemental composition, phase analysis, mechanical and tribological properties of

the formed coatings.
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CHAPTER 3. EXPERIMENT RESEARCH RESULTS AND ANALYSIS

3.1 The characterization of graphite coatings

The electro-spark deposition is used as a traditional surface enhancement
method. Viacheslav investigated the carbonating process though discharge energy
and graphite powder [104]. Karavaev studied surface wear resistance with the
current and the number of machining cycles in ESD [105]. Shevchenko analyzed
the ultrasound method in the carburizing process [106].

The 45 steel had low cost and good overall mechanical properties but had
poor wear resistance [107]. The carburizing process was carried out by adding
carbon to the surface layer of the metal, which formed a high-strength carbide[108].
The carburizing furnace was used by adding gas, liquid, or solid in the traditional
carburizing process[109]. The metal was heated to a certain temperature,
maintained a particular time to achieve, and carburized[110]. For large mechanical
parts, carburizing required special large equipment and high costs. For some
specific structures, it was even hard to be carburized. Carburizing process of ESD
can be carried out on the surface of large machinery and equipment outdoors
without the special carburizing furnace. The carburizing process was studied using
graphite electrodes to improve the wear resistance of No. 45 steel [111-113]. It is
particularly advantageous for agricultural machinery, pumps and mechanical tools.
These machines are often made from 45 steel, which has cost performance and is

used as the base material.
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3.1.1 Material Process and Deposition Parameters

Fig. 3.1 — The high-speed ESD repair machine (HMT9500)

Table 3.1 — The ESD carburizing process parameters

current

No. EfficiEj:cy(%) Voltaé]e(V) frequengy (H2) Timg (s)
1 20(1) 25(1) 100(1) 120(1)
2 30(2) 35(2) 180(2) 240(2)
3 40(3) 45(3) 260(3) 360(3)
4 50(4) 55(4) 340(4) 480(4)

()-Level values in brackets

First, there was prepared a sample made of No. 45 steel with a size of
25*30mm and 2mm thick. Then, the surface was sanded separately using 600-grit
sandpaper to remove the oxidized layer and impurities. The surface was cleaned
with 99% ethanol. Finally, a high-speed ESD repair machine (Fig. 3.1, Huimite
HMT9500, China) was used for carburizing on the 45 steel surface. The 3mm
diameter graphite rod was used as an electrode, and argon was used as the
shielding gas. A 4-factor and 4-level tests were carried out by a Taguchi OA
factorial design [114]. The process parameters were shown in Table 3.1.

3.1.2 Materials testing methods

Graphite powder was wiped from the machined surface with a brush. The

composition of the deposited surface was analyzed by the X-ray diffraction (XRD)

method (Bruker D8, Germany). The experiments were carried out with a linear
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reciprocating friction wear machine (Huaxin MWF-500, China). The sample was
fixed through a special fixture. A 6mm diameter friction ball (ZrO2, G10 accuracy)
was used for the surface abrasion test, as shown in Fig. 3.2. The motor rotated at
100r/min, and the reciprocating distance was 6mm. Thus, the motor performed two
times movements per 1 cycle. The experimental time was 15 minutes for the
reciprocal dry friction experiment. The temperature of the experimental
environment was 25, and the humidity was 53%. Abrasion debris was produced
on the surface of the friction samples. A brush removed the surface powder. The
surface was scratched with alcohol and dried naturally. Then, the samples were
weighed on a balance (Sartorius BSA224S-CW, China). Finally, the abrasions were

measured with the microscope (Leica DVM®6, Germany).

(b)
Fig. 3.2 — Schematic diagram of the friction ball: a-parameter diagram of

abrasion marks; b-movement diagram of the friction ball

Viw = L X (2Lay * Lpc/3 + 813, /15Lpc) (3.1)

Lay = Ro — JROZ ~ (Lpc/2)? (3.2)

In Equation (3.1): V;-Wear volume of the sample, mm®. L-Length of
abrasion, mm. L,;,-Depth of abrasion, mm. Lz~ -Width of abrasion, mm. In
Equation (3.2): R,-Radius of the friction ball, mm. Three abrasion mark

experiments were carried out, and the relevant parameters were measured.
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3.1.3 Abrasion morphology of the carbonized and non-carbonized experimental
specimens.

Carburization deposition of No. 45 surfaces was carried out according to the
experimental parameters in Table 3.1. Analysis of wear resistance can be done
depending on the deposition quality. [115, 116]. Because the carburized surface
had graphite powder, this study did not use abrasion mass but abrasion marks for
the analysis [117].

The wear resistance was tested by the linear reciprocal friction and wear
machine on the metal surfaces. There were free-form graphite powder and
sintered-form graphite powder on the carburized surface. Then, free-form graphite
powder on the surface was gently scrubbed with a soft brush. The machine adopted
ZrO, rubbing ball as counter-abrasive material on a steady pressure of 15N. Each
friction test was conducted three times. The width of the middle part of the
abrasion was measured five times. The maximum value, minimum value, and
middle values were measured (Fig. 3.3). At the edges of the abrasions, there were
clear spalled areas of the material which were not smooth (Fig. 3.3a). The
distinctive scratches appeared at the upper edge of the abrasion mark. When
carbide powder with hard phases on the underside was broken off by the force of
the friction ball, it moved toward the outside of the scratch. The abrasions
gradually grew in size under the reciprocal rubbing process. The apparent oxidized
sheet appeared at the bottom of the abrasion, which indicated that the friction force
increased during the sliding process. These led to increase surface roughness and

plastic deformation of the micro-protrusions. It caused an increase in local
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temperature and accelerated oxidation of the surface. There were tiny scratches at
the bottom of the abrasion, hard spot burnishing on the bottom, and craters on the
surface. Through the experimental comparison group, it was found that the
abrasion width was smaller than that of the sample without carbonization (Fig.
3.3b). Because of the generation of hard particles on the worn surface, increased
surface friction resulted in the formation of an oxidized layer. It can be seen from
Fig. 3.3 that the wear mechanisms are mainly adhesive wear and abrasive wear.

There is also a small amount of oxide layer on the surface due to adhesive wear.

(a) (b)
Fig. 3.3 — The 500X morphology of abrasion: a-Abrasion in carbonized materials;

b-Abrasion in non-carbonized materials.
3.1.4 Results of orthogonal carbonization experiments
The deposition experiments were carried out by 4 levels and 4 factors
factorial design. Four factors included efficiency (duty cycle), discharge voltage,
current frequency and time[118]. Moreover, the average values and the average
variances of the abrasion width were plotted, respectively. The samples without

surface carbonization were also analyzed for comparison. It can be seen from Table
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3.2 that the average value of sample 6 was the smallest, and the abrasion width of

samples 3, 7, and 15 were smaller (Fig. 3.4). In the three samples, the variance of
sample 15 was better than that of sample 3 and sample 7(Fig. 3.5). In contrast,
sample 9 had the widest wear masks. Corresponding parameters such as efficiency
(duty cycle), discharge voltage, current frequency and time were all small. The

carburizing effect was not good, and the wear resistance was poor.

T Min~Max T Min~Max
800+ A Average Value 900+ A Average Value
£ 7004 £ 800 l
< % < 3
35 6001 3 700+ } i
S } } pot S
= 5001 } = 6001
g ] I } S
[+ ©
& 4004 f % % : ; % & 5004
300 L-————F——————————— 400 . . ; ;
12345678 910111213141516 1 2 3 4
Sample Number Uncarburized Sample Number
(a) (b)

Fig. 3.4 — The Average Value of Abrasion Width: a-Experimental groups of
Taguchi OA; b-Uncarbonized experimental groups
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Fig. 3.5 — The Variance of Abrasion Width: a- Experimental groups of Taguchi OA;

b- Uncarbonized experimental groups
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Table 3.2 — The ESD carburizing process parameters

Factorl Factor2 Factor3 Factor4 Abrasion width
A B C D
No  Efficienc Volt Current Time Average Average )
: ’ frequency, ’ value ,(um)  variance,(um®)
(%) V) (Hz) (s)

1 20 45 260 360 460.38 290.58
2 30 25 180 360 510.61 982.07
3 40 55 180 120 414.52 5360.59
4 40 35 340 360 424.84 1272.93
5 50 55 100 360 493.33 4780.89
6 20 55 340 480 387.93 921.12
7 50 35 260 120 414.88 2273.91
8 30 35 100 480 500.09 769.31
9 20 25 100 120 631.11 126.59
10 20 35 180 240 527.41 113.30
11 50 45 180 480 467.29 6410.23
12 30 55 260 240 546.79 1552.33
13 40 25 260 480 437.15 1053.56
14 50 25 340 240 419.06 949.52
15 30 45 340 120 414.47 526.93
16 40 45 100 240 439.39 891.23

Because of the accumulation effect of continuous current pulses, sample 11
had a significant duty cycle value and voltage value, but the electrode graphite was
significantly ablated at the head of the electrode, and the surface deposited was not
the highest value for wear resistance. It showed that the abrasion width was smaller,
and the wear resistance was better. The variance was also small, indicating that the
surface uniformity was good. The average values and the average variances of the
abrasion width should be considered comprehensively.

According to the comparison group, it was found that non-carbonized

samples had a larger width of abrasion marks than the carburized ones (Fig. 3.4b).
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Their mean variances were smaller than that of the carburized group, which
indicated that the material properties were close (Fig. 3.5b). However, carburized
samples had been altered material properties due to the different carburizing
process parameters. Because the hard phase was unevenly formed on the surface of
the carburized sample, it would cause a sizeable average variance.

3.1.5 XRD analysis of carbonized surface
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Fig. 3.6 — XRD patterns of the carbonized surface on 45 steel

XRD analyses were carried out on the deposited samples. The surface of 45
steel was found to be mainly graphite and FesC. And Fe;C generated on the surface
of 45 steel [119-121]was the hard phase that increased wear resistance[122]. In the
friction and wear test, the surface produced a mixture of Fe;C hard particles and
graphite, which weakened the lubrication effect of graphite in dry friction. Ferrum
was not detected on the surface (Fig. 3.6), indicating that the surface was
completely carbonized.
3.1.6 Data Analysis of Orthogonal Experiment

Orthogonal experimental calculation about deposition data was carried out

on 4-factors and 4-levels by Taguchi theory[123-125]. As the value of the abrasion
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width was smaller, the wear resistance was better [126]. It was selected that the
minimum value corresponded to the four factors. It can be seen from Fig. 3.7 that a
smaller extreme R meant a more significant factor. According to extreme R, the
effect on wear resistance was found to be time D > efficiency A> frequency C >

voltage B.

Al A2 A3 A4 Bl B2 B3 B4 Cl C2 €3 (4 DI D2 D3 D4
Factor

Fig. 3.7 — Variation trend of the width of the abrasion marks
with process parameters

It was found that the longer time did not mean better deposition but that
there were essential links in the four factors. In the experiments, the electrode
temperature rose too quickly when the duty cycle, voltage, and frequency were
large. The graphite ablation was serious. So the deposition process could not obtain
optimal results (Fig. 3.7). Therefore, reasonable process parameters were the key to
the carburizing process.

In Table 3.3, A4B2C1D3 was chosen as optimal parameters. Among the
experimental samples, A1B4C1D3 (sample 6), A3B4C4D1 (sample 15), and
A4B2C3D1 (sample 7) have better wear resistance and surface uniformity. They
can also be used as an alternative in industrial applications.

Table 3.3 — Orthogonal experimental calculation

No. A B C D Value
1 1 3 3 3 460.38
2 2 1 2 3 510.61
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3 3 4 2 1 414.52
4 3 2 4 3 424.84
5 4 4 1 3 493.33
6 1 4 4 4 387.93
7 4 2 3 1 414.88
8 2 2 1 4 500.09
9 1 1 1 1 631.11
10 1 2 2 2 527.41
11 4 3 2 4 467.29
12 2 4 3 2 546.79
13 3 1 3 4 437.15
14 4 1 4 2 419.06
15 2 3 4 1 414.47
16 3 3 1 2 439.39
kij 501.71 492.99 428.98 448.64

k2j 499.48 466.81 445.38 460.64

k3j 515.98 479.96 464.80 411.58

k4j 468.75 483.16 472.29 448.12

QJ 1985.92 1922.92 1811.45 1768.97

MIN 468.75 466.81 428.98 411.58

R(N:':I\;(-M 47.24 26.19 43.32 49.07
OPTIMAL
VALUE A4 B2 C1 D3

3.1.7 Surface abrasion morphology and parameters of the optimal process

The optimal process parameters were selected for deposition (Table 3.4). It
showed finer abrasion marks. It indicated that the material had better wear
resistance. Although the solidified graphite was deposited on the surface, it had a
small brown oxidized layer in the middle of the abrasion marks on the surface. The
mass of wear powder was smaller, and the abrasion width was narrower. So the
surface wear resistance was better. The average abrasion width of sample 2 (Fig.
3.8) was 756.441 um. According to Equation 3.2, the depth of abrasion was 23.937
um, which was substituted into Equation 3.1 to obtain the volume of 85.484 x 10
mm?®. The density of Ferrum was 7.87g/cm3, and the wear quality was calculated

as 6.73x10™g.
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Table 3.4 — Optimal process parameters for surface carbonization

deposition on No. 45 steel

A4 B2 C1 D3
Efficiency, \oltage, Current frequency;, Work Time,

(%) V) (Hz) (s)

50 35 180 360

Similarly, in the optimal process, the average value of the abrasion width
was 268.206um, and the depth of abrasion was 2.999 um according to Equation
3.2, which was substituted into Equation 3.1 to give a volume of 3.217 < 10%cm®.
Because the density of FesC was 7.694 g/cm®[127], the abrasion mass was 2.47 x
10°g. The balance is difficult to guarantee the measurement accuracy of the
surface quality. Due to the rough texture of the abrasive surface (Fig. 3.8) [117],
the actual wear quality should be smaller than the theoretical calculation. The wear
resistance was compared by the abrasion width, and the width of the wear scar has
excellent accuracy compared to the quality on the carburized surface of No. 45

Z

steel. Optimization of the carburizing parameters results in better wear resistance.

Fig. 3. 8 — Surface abrasion morphology of the optimal process: a-2D Shape;

b-3D super depth of field morphology.
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3.1.8 Conclusions

Metal surfaces can be easily carbonized by the graphite electrode. On the
basis of the obtained test results, ESD can increase the wear resistance of the
material surface. The wear mechanisms of carburized coatings are mainly adhesive
wear and abrasive wear. Process parameters are essential in electro-spark
deposition.

(1) It was used to comprehensively evaluate the wear resistance with better
results that average width and average variance of abrasion marks when the
graphite powder and the grinding dust were small in mass.

(2) It was used Taguchi's factorial method and calculation to find out the
optimal process to guide graphite deposition. The deposition parameter values
were larger, but the abrasion width was not necessarily smaller, and the wear
resistance was not necessarily the best. An optimal process parameter and three
industrial alternatives were found by experimental design.

(3) Free graphite powder and sintered graphite powder are produced on the
carbonized surface. If the wear resistance is analyzed according to the quality of
the deposition, graphite powder on the surface is susceptible to treatment methods
and humidity. These can then cause significant errors in the statistical results.
Therefore, the abrasion marks method can accurately evaluate wear resistance. It
can be used in powder composites.

(4) The graphite powder on the surface reduced friction in the early stages of
friction, but it had a limited effect with the hard abrasive powder on the reduction

of friction. There even was an oxidized layer on the deposition of the surface.
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3.2 The characterization of SKH51 coatings
3.2.1 Introduction

(1) High Toughness and Wear Resistance Materials

Metal materials are subjected to impact loads during service. The load has a
short duration of action and a certain speed of impact. The ability of the material to
resist the impact load in this case is called the toughness of the material. When the
coating material is brittle, it is easily dislodged by the impact. In the ESD
deposition process, the coating material is more brittle and needs to increase the
coating toughness. The usual solution is to refine the grain, strengthen and toughen
the composite, and alloy. In the alloy method, SKH51 was selected as the electrode
material. SKH51 is a tungsten-molybdenum tough high-speed steel. The carbide
particles in this steel are fine and uniform. The presence of molybdenum can
reduce carbide segregation. Vanadium can make the steel form a higher stability
when heated. It is 2 times more wear resistant and 1.5 times tougher than high
chromium high carbon steel. Therefore, it has good toughness and wear resistance,
was mostly used in mould industry and cutting tool industry. Bai proposed to use
gradient coatings, layered structure coatings and multi-scale structure coatings to
obtain high hardness and high toughness wear-resistant coatings[93]. G. Rolland
proposed that cobalt-based Stellite 6 has good toughness and hardness[128]. Liu
modified the toughness of AICrSIN coatings by increasing the nickel content[129].
SKH51 materials use the element of iron to ensure sufficient toughness, which can
be well balanced for the relationship between hardness and toughness[130, 131].

(2)Wear Resistant Coating
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SKH51 has fine tungsten carbide particles, which can guarantee a certain
wear resistance. Metal hard compounds have higher hardness and better wear
resistance. The carbide and nitride of metal elements are used to enhance the
surface hardness of the coating. Hossein deposited WC/TiC/Co/Ni coating on the
surface of St52 steel with a maximum hardness of 710HV[132]. Yusuf Kayali
deposited WC coating on AISI 5140 to obtain better wear resistance [133]. Wang
used the ESD process to deposit Ni and Mo as transition layers on the surface of
H13 steel, and deposited a WC-Ni composite coating [134]. Wang deposited a
WC-10%Co coating at TC11, comprehensively evaluated the coating quality and
determined the process parameters for repairing coating defects[135]. Mert Onan
used ESD technology to deposit two layers of WC (tungsten carbide) and WC + SS
(tungsten carbide and stainless steel) coatings on the surface of CK45 die steel to
change the surface properties of the die[136].

3.2.2 Experimental method

A 45 steel plate with 2mm thickness was cut into 25*30mm size samples
with laser cutting. The specimen was cleaned by ultrasonic cleaner, and the surface
of the specimen was blown dry by a hair dryer. Then, 240, 400, 800, and 1200 grit
sandpaper was selected in turn to grind the surface to remove the oxide layer and
impurities. The specimens were again cleaned using an ultrasonic cleaner and were
blown dry. The surface of the specimen was wiped with 99% anhydrous ethanol
and weighed using a balance (OHAUS AR1140, 0.0001g analytical balance).
HMT9500 (Shengzao Co., Ltd., China) was used for ESD equipment. A SKH51

rod with 3mm diameter was used as an electrode and argon was used as the
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protective gas. Electro-spark deposition was conducted on the 45-steel surface. The
process parameters were shown in Table 3.5. Four factors and four levels of
experiments were carried out by Taguchi OA factorial design, and the deposition
time was 5 minutes, as shown in Table 3.6.

Table 3.5 — The ESD carburizing process parameters

No. freqil:cr;nt( H2) \oltage(V) Efficiency(%) Spe;0t?:fmin)
A B C D
1 100(1) 20(1) 25(1) 150(1)
2 200(2) 28(2) 30(2) 225(1)
3 300(3) 36(3) 35(3) 300(1)
4 400(4) 44(4) 40(4) 375(1)

()-Level values in brackets

Table 3.6 — Taguchi OA experimental parameters for SKH51 deposition

experiments

Current

- Rotate
Sample Frequency \oltage(V) Efficiency(%) Speed (r/min)
(Hz)
1 100 20 25 150
2 100 28 30 225
3 100 36 35 300
4 100 44 40 375
5 200 20 30 300
6 200 28 25 375
7 200 36 40 150
8 200 44 35 225
9 300 20 35 375
10 300 28 40 300
11 300 36 25 225
12 300 44 30 150
13 400 20 40 225
14 400 28 35 150
15 400 36 30 375
16 400 44 25 300
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After the deposition, a brush was used to remove the metal powder and the
specimens were weighed by a balance (OHAUS AR1140, 0.0001g analytical
balance). A coating thickness meter (Aicevoos, AS-x6) was used to measure the
coating. XRD physical examination of the surface was conducted. The surface
morphology of the samples were observed by SEM. The experiment was carried
out using a ball-disc friction and wear tester (MS-T300, Lanzhou Huahui Co., Ltd.,
China), in which the test parameters were set: load 5N, test time 10min, spindle
speed 600r/min, test radius 3.5mm.The 5mm friction balls (ZrO,, G10 precision)
were used to carry out the surface abrasion test. After the test, the powder
generated on the abraded surface of the parts was removed by a brush, wiped with
alcohol scratches and dried naturally. The abrasion marks were measured by a
super depth of field microscope (Leica DM6, Germany).

3.2.3 Discussion of results on SKH51 coating

(1) Coating Quality

According to the experimental parameters in Table 3.6, SKH51 material was
deposited on the 45 steel surfaces. Using a balance, the weight of the sample was
measured 4 times before the experiment, and the average value was taken. After
deposition, remove free metal shavings on the surface, wait for cooling to normal
temperature, carry out weighing 4 times, and take the average value. After
deposition, the free metal chips were removed from the surface and weighed four
times when it was cooled to room temperature and the average value was taken.
The two average values were subtracted to obtain the coating quality. The range of

process parameters was first selected based on pre-testing SKH51 on the 45 steel
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plates. According to Table 3.7 of the orthogonal experiment of coating deposition
quality, it was found that the sequence of deposition factors is: Current
Frequency>Rotate Speed>\oltage>Efficiency. Under the selected range of process
parameters, Current Frequency had a greater impact on deposition quality than
other parameters, while efficiency had little impact on deposition quality. Under
the condition that the three process parameters of Efficiency, Voltage, and Current
Frequency were fixed, a small rotation speed can improve the deposition quality.
Excessive rotation speed does not bring about the improvement of deposition
quality. Due to the rapid increase in temperature, the metal contact points melt, the
spark sputtering is increased and the deposition is deteriorated. Higher speeds have
a greater impact on the quality of the deposited surface. In the machining process,
the electrode speed is too large resulting in the electrode temperature raises too
quickly, the handle temperature results in the inability to machine. In the
machining process, the electrode speed is too large resulting in the electrode
temperature rise too quickly, the handle rises, resulting in the inability to machine.
Duty cycle and voltage have the following effect on ESD. It is found from the data
that the process parameter data presents nonlinear changes. Sample 15 has the
largest deposition mass. Sample 1 deposition quality is minimum. When the
parameters of current frequency, voltage and rotate speed increase, the deposition
quality tends to increase. Among them, Samples 4, 8, 10, 12, 14, 15, and 16 are all
alternative feasible solutions in Table 3.7.

Table 3.7 — Taguchi OA Experiments on Coating Quality

Coating

Sample A B C D Quality (pig)
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(2) Coating Thickness
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The thickness of the deposited surface was measured. To eliminate

measurement errors, the surface was measured at five different places and the

average value was taken. According to the orthogonal experiment Table 3.8, it was

found to be basically consistent with mass deposition. The extreme value R in the

orthogonal Table 3.8 was discovered that in a certain energy range, the deposition

factors role is: Rotate Speed > Current Frequency > Voltage > Efficiency, which is

basically consistent with the quality of the deposition. Rotate Speed process

parameter has a greater effect on the thickness of the deposited layer, and

Efficiency has a lesser effect on the deposited thickness. The greater the deposition

quality is, the greater the thickness of the deposited coating is. However, the
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surface deposition process becomes less uniform due to the high electrode rotate

speed. In Fig. 3.9, samples 10, 12, 14, 15 and 16 are alternative feasible solutions.

Table 3.8 — Taguchi OA Experiments on Coating Thickness

Coating

Samples A B C D Thickness(uum)
1 1 1 1 1 11.1
2 1 2 2 2 12.4
3 1 3 3 3 16.6
4 1 4 4 4 24.1
5 2 1 2 3 10
6 2 2 1 4 15.6
7 2 3 4 1 20.9
8 2 4 3 2 20.2
9 3 1 3 4 18.7
10 3 2 4 3 36.9
11 3 3 1 2 17.2
12 3 4 2 1 34.1
13 4 1 4 2 26.7
14 4 2 3 1 40.6
15 4 3 2 4 45.9
16 4 4 1 3 40.3

K1j 16.05 16.675  26.725  38.375
K2j 16.625  26.375 25.15 29.675
K3j 21.05 25.6 24.025 27.15
K4j 26.675  19.125 25.95 26.075
R 10.625 9.7 2.7 12.3

Fig. 3.9 — Deposition quality and coating thickness of SKH51 coating
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(3) Coating roughness

The ESD surface was measured by Mitutoyo SJ-210 roughness meter. The
ISO 1997 standard was selected to measure the surface over a length of 3mm, and
the standards selected were shown in Table 3.9.The roughness measurements were
carried out on the ESD surfaces, three measurements were carried out on the
surface of each specimen, and the mean and standard deviation of the Ra of the
samples were counted and calculated in Fig. 3.10. The results were analyzed
through orthogonal experiments. According to the extreme value of R in the
orthogonal Table 3.10, it was found that rotate speed has a significant effect on the
surface roughness than other process parameters in terms of roughness averages.
At the certain energy, too much and too little rotate speed will cause an increase in
the surface roughness. When the energy is greater, the three process parameters of
current frequency, voltage and efficiency are increased; when the energy is
increased, the coating quality and thickness are increased, and the surface
roughness value is increased. The three process parameters also affect the
uniformity of the surface roughness values, which can be seen from the extreme
deviation of the standard deviation in the orthogonal table. This is not favourable
for the deposition of other materials on the transition layer. For example, samples
14, 15 and 16 have large roughness as shown in Table 3.10. There is a tendency for
the surface roughness to decrease as the deposition thickness decreases, as shown
in Fig. 3.11. Smaller thicknesses have better roughness and are not conducive to

the deposition of the transition layer. Specimens 4, 12, 10 are suitable solutions.
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Table 3.9 — Mitutoyo SJ-210 roughness setting parameters
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Standard

Profile AS

Evaluation

Length

Cut-Off

Filter

ISO 1997

R

2.51m

2.92mm

0.08mm

GAUSS

Table 3.10 — Taguchi OA Experiments for mean values of coating roughness

Mean Standard

Values of  Deviation

Sample A B C D Coating of Coating

Roughness  Roughness

() G

1 1 1 1 1 1.108 0.0786
2 1 2 2 2 1.016 0.0724
3 1 3 3 3 0.922 0.1897
4 1 4 4 4 0.917 0.0474
5 2 1 2 3 0.939 0.1265
6 2 2 1 4 1.04 0.2397
7 2 3 4 1 0.825 0.2147
8 2 4 3 2 0.871 0.1306
9 3 1 3 4 0.845 0.0897
10 3 2 4 3 1.162 0.1449
11 3 3 1 2 1.103 0.1775
12 3 4 2 1 0.962 0.1079
13 4 1 4 2 1.222 0.0363
14 4 2 3 1 1.347 0.2455
15 4 3 2 4 1.457 0.221
16 4 4 1 3 1.127 0.1438
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K1j 0.99075  0.91875 1.018 1.28825

K2j 1.0285 1.14125 1.07675 0.96925
K3j 1.0945 1.0935 0.99625 1.0315
K4j 1.0605 1.053 1.0375 1.06475
R 0.10375 0.2225 0.0805 0.319
R, 0.0789  0.073675 0.070725 0.054225
2.0

[l The Average of Surface
Roughness)
Standard Deviation

=
ol
1

Surface Roughness(Ra m)

0.0 1
0123456 7 8 910111213141516

Sample Number
Fig. 3.11 — Mean and Standard Deviation of Roughness

(4) The XRD analysis of SKH51 coating
The XRD was analyzed on the deposited surfaces. It was found that the
SKH51 coating surface was mainly composed of Fe. Fe;C;and (Cr,Fe,W,Mo),3Fe
(W,Mo) ,C1,[137, 138]. The main element of SKH51 coating is Fe, which has
good toughness. It contains a certain amount of other metal carbides, so that the
surface has a certain wear resistance. Its performance is better than that of No.45
steel. As SKH51 can be better compatible with the composition of 45 steel, it is
easy to form an excessive layer. The main peak of Fe is high in the XRD diagram,
so that the carbides such as Cr, Mo, V, W, etc. are not observed, as shown in Fig.

3.12.
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Fig. 3.12 — the XRD diagram of SKH51 coating

(5) The SEM analysis of SKH51 coating

The surface morphology of the specimen was observed by SEM, as shown in
Fig. 3.13[139, 140]. The surface was relatively flat, with many small irregular
droplet points of fusion. No obvious microcracks were found, indicating that
SKH51 material can be well deposited on the 45 steel. The two material
organisations don’t create a large number of cracks compared to high hardness
carbide materials. During the rapid heating and cooling of the spark discharge
process, the residual thermal stress in the SKH51 coating will not cause large
deformation and cracks. There are many small holes on the surface of the coating,
which can effectively release the thermal stress, reduce the expansion of cracks,
and have a better surface morphology. In Fig. 3.13, the deposited surface has small
protrusions due to the hardness of the material. The deposition sites between the
small protrusions have large pores, reducing the expansion caused by thermal
stress. At the same time, during the deposition process, the electrode sputtering
droplets can be well bonded to the surface of such protrusions, and the surface is

constantly thickened.
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Fig. 3.13 — SEM image of SKH5 coating

Through the energy spectrum analysis (EDS), it was found that the electrode
material was able to deposit uniformly onto the surface of the substrate in the
distribution of elements deposited on the surface, as shown in Fig. 3.14[141, 142].
For some elements that could not be observed by XRD, their distribution on the
surface could easily be observed by EDS, as shown in Fig. 3.14 and Table 3.11. As
shown in Fig. 3.15, it was found that W, Cr, Mo and V were able to be deposited
uniformly on the surface of the coating. There are high content of carbon elements
on the surface. During the deposition process, the content of W, Cr, Mo and V
declined during the deposition process, which led to a reduction in the surface
hardness. High carbon ensured the stability of the surface content of carbides such
as W and Cr during the deposition process. The carbide material in the electrode

can ensure the hardness and the wear resistance.
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Fig. 3.14 — EDS elemental analysis diagrams of SKH51 coatings
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Table 3.11 — Element content on SKH51 coating surface

Element Fe C W Mo Cr Mn V S
Atomic 26 6 74 42 24 25 23 16
Number
wt%  91.86 4.8 1.21 0.96 0.80 0.55 0.26 0.08
at% 8021  17.38 0.32 0.49 0.75 0.49 0.25 0.12
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Fig. 3.15 — Elements Distribution on the Coating Surface: a-distribution of

elements; b-Fe; c-C; d-W; e-Mo; f-Cr; g-V; h-Mn; m-S.

(6) The Vickers hardness of SKH51 coating
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Specimens were cut by a low speed cutter. During the cutting process, the
samples were cooled by a water bath, which prevented the coating from
undergoing organizational changes because of excessive heat during cutting. Then
the specimens were set with 22mm hot setting machine (XQ-2B, Weiyi Co., Ltd).
Experimental specimens were carried out by mechanical grinding, and the particle
sizes P400, P600, P800, and P1200 were respectively selected for grinding in
sequence. In order to avoid coating shedding, the coating direction was consistent
with the tangential direction of the rotation of the grinding disc, and each rotation
was 180 degrees for grinding. W2.5 diamond abrasive paste was selected for
polishing. When the surface was smooth, the specimens were blown dry by a
hairdryer. The surface was wiped with anhydrous alcohol to remove polishing
paste and water stains. Since there was no clear boundary between 45 steel and
SKH51 coating, the metallurgical surface was etched by 3% dilute nitric acid.
After 10~15 seconds, a corrosion layer appeared on the surface of 45 steel, which
need be quickly rinsed with water. Because of the good corrosion resistance of
SKH51 material, the coating gloss was not affected. It can clearly distinguish the
boundary between the coating and the substrate, as shown in Fig. 3.16a. A 10 g
force was used to test the coating cross-section by a Vickers hardness tester, as
shown in Fig. 3.16b. Four experiments for each coating were perform, the mean
and standard deviation were taken. The data were statistically presented as shown
in Fig. 3.17. It was found that the Vickers hardness of sample 10 was maximum,
followed by samples 11, 5, 4 and 14 of Vickers hardness values were larger. The

thicker the coating, the less uniform the quality of the coating deposition. The
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thermal influence of processing heat was smaller on the coating. The surface
hardness of the coating was closer to the electrode material. Considering SKH51 as

a transition layer, the surface hardness did not need too high.

(b)
Fig. 3.16 — The cross section morphology of SKH51 coating: a-Cross-sectional
corrosion morphology of SKH51 coating; b- Vickers hardness morphology of
SKH51 coating section
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Fig. 3.17 — The Vickers hardness of SKH51 coating

(7) Abrasion resistance tests of SKH51 coating
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The abrasion resistance of metal surfaces was tested by a rotary friction wear
machine ( MS-T300 ,Lanzhou Huahui Instrument Technology Co., Ltd., China)
with a load of 5N, as shown in Fig. 3.18a. The maximum width of the wear scar
was measured by ultra-depth-of-field microscope in Fig. 3.18b. The maximum
width of the wear scar was measured by ultra-depth of field microscope. Due to the
influence of the surface roughness of the coating, the wear scar was uneven, and its
friction force and friction coefficient cannot truly reflect the degree of wear
resistance.

0.85 0.30

—— Frictional Force
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Fig. 3.18 — Experimental results of friction and wear of SKH51 coating: a-
Coefficient of friction and friction of SKH51 coating; b- Friction wear morphology
of SKH51 coating; c-500X surface wear morphology

The maximum width of the wear scar was used to eliminate the influence of
surface roughness and surface topography. The experimental environment

temperature was 25°C, and humidity was 53%. Three experiments were conducted
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for each sample. The maximum width values were measured separately and the
average values were taken for analysis. According to the orthogonal experiment, it
was hoped that the maximum abrasion width was as small as possible. Current
frequency and efficiency had a greater influence relative to other ESD parameters.
In Fig. 3.18c, there were obvious scratches on the wear surface.The wear
mechanism of SKH51 coating was mainly abrasive wear.

From Table 3.12 and Fig. 3.19, sample 15 had the largest width which means
the worst abrasion resistance. Samples 15, 8, 4, 3, 7 and 10 had larger width of
abrasion marks and poorer abrasion resistance. Due to the effect of surface
morphology and roughness, the surface wear resistance of the coating was not
completely consistent with the Vickers hardness. However, in SKH51 coatings, the
higher the Vickers hardness value was, the better the wear resistance was, such as
samples 10, 11 and 5.

Table 3.12 — Taguchi OA Tests for mean values of the maximum abrasion width

Mean values of
abrasion width
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14 4 2 3 1 590.41
15 4 3 2 4 956.54
16 4 4 3 713.58
K1j 726.9575 730.5825 708.575 716.82
K2j 615.7775 675.2475 798.9875 792.9225
K3j 628.96 741.04 759.7325 753.2025
K4j 652.7425 722.76 726.9725 780.46
R 111.18 65.7925 90.4125 76.1025
g 11004 | w:arAxirgtghe of Maximum
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Fig. 3.19 — The maximum abrasion width of SKH51 coating

(8) Comprehensive performance evaluation model

The transitional coatings can be comprehensively evaluated according to

deposition quality, coating thickness, roughness, Vickers hardness and abrasion

width. Coatings should be favoured in terms of coating thickness and roughness to

ensure the transition coatings. In the optimization design, the problem that requires

two or more design indicators to be optimal at the same time is called a

multi-objective optimization design problem. It is difficult to make comparisons if

there is no unified measurement standard among the various sub-goals among the

goals. The function error of each sub-objective function value increases during the

minimization process. In 1772 Franklin proposed the multi-objective problem. By
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now multi-objective optimization problems have a variety of well-established
optimization theories and have been used in optimal engineering design. This
model used the weighted factor method and the normalization method to transform
multiple evaluation factors into a single objective method. The numerical intervals
were determined for each factor from the best to the worst; different efficacy
coefficient functions were selected according to the physical significance of the
numerical magnitude of the factors. Thereby, the effect of different units of each
factor was eliminated by the normalization method[143, 144]. The normalised
values in each factor were multiplied by the corresponding weight factors[145,
146]. The total score of each candidate scheme was obtained as Equation (3.1). The
experimental schemes were evaluated to reach the optimal scheme.

Weighting factor objective function, as Equation (3.1):
f(X):Zajfj(X) (Zaj=lai20) (3.1)
j=1 j=1

The factors were normalized due to the different units of the factors:

(1) If the value of f,(x) is large, the value of d; is also large. The efficacy

j

coefficient function (Equation 3.2) is:

0 f,(x)<q,
d, =1(f,(0)-a)(B,-a,)  a,<f(x)<p (3.2)
1 £,00> 5,

(2) If the value of f (x) is small, the value of d,

; Is large inversely. The

efficacy coefficient function (Equation 3.3) is.

1 f,(x)<ea,
d, ={1-(f,(0)-a)(B-a)  a;<f,()<p, (3.3)
0 £,(x)> B,
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(3) If the value of f,(x) increases firstly and then decreases, both d;, will

change. The efficacy coefficient function (Equation 3.4) is:

0 f,(x)<a; orf,(x)=p
_ (fj(x)—aj)/(fi—aj) aj<fj(x)<f (3.4)
P (f,00- 0B 1) f<f;(0<p,
1 fj(x):f
Substituting d, into the objective function (Equation 3.1) gives:
n n
f(X)=> ad, (> a=12a>0) (3.5)
j=1 i=1
Table 3.13 — Performance parameters of SKH51 coatings
Standard Avera
. Coating The deviation 9 Standard . Standard
Coating - . . Vickers .
. thick- maximum of deviation deviation
NO. quality . . roughn . hardness .
ness abrasion maximum of coating of Vickers
(ug) . . ess of (HV0.0l)
(um)  width(um) abrasion coatin roughness hardness
width g

1 5.53 11.1 543.67 40.13 1.108 0.0786 562.13 45.98
2 12.60 12.4 713.91 79.04 1.016 0.0724 509.98 13.01
3 36.27 16.6 810.84 123.81 0.922 0.1897 555.65 23.85
4 64.05 24.1 839.41 46.52 0.917 0.0474 635.30 75.88
5 10.60 10.0 600.24 38.36 1.533 0.8466 643.38 60.44
6 17.95 15.6 613.44 62.62 1.040 0.2397 587.85 14.91
7 35.67 20.9 783.42 90.91 0.825 0.2147 547.65 31.38
8 57.53 20.2 925.23 110.42 0.871 0.1306 586.35 41.70
9 23.53 18.7 712.45 84.06 0.845 0.0897 464.98 80.06
10 100.57 36.9 783.23 75.31 1.162 0.1449 838.38 39.31
11 32.55 17.2 645.15 11.85 1.103 0.1775 732.53 49.18
12 66.93 34.1 693.47 108.41 0.962 0.1079 588.90 61.20
13 47.92 26.7 606.75 109.67 1.222 0.0363 576.73 28.94
14 80.58 40.6 590.41 93.35 1.347 0.2455 624.95 19.77
15 12438 459 956.54 119.56 1.457 0.2210 557.13 42.43
16 77.40 40.3 713.58 34.94 1.127 0.1438 566.63 49.01




Table 3.14 — Normalized data for coating parameters
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) Standard
. Coating The L Standard i Standard
Coating . . deviation of  Average L Vickers .

. thick- maximum . deviation deviation

NO. quality . maximum  roughness . hardness .
(ng) ness abrasion abrasion of coating of coating (HVoo) of Vickers
He (um) width(um) . roughness oo hardness

width

1 0.00000 0.03064 1.00000 0.74741 0.60028 0.94780 0.71952 0.50828
2 0.05949 0.06685 0.58767 0.39987 0.73023 0.95545 0.33328 1.00000
3 0.25865 0.18384 0.35290 0.00000 0.86299 0.81069 0.67153 0.83833
4 049239 0.39276 0.28370 0.69034 0.87006 0.98630 0.85192 0.06234
5 0.04266 0.00000 0.86298 0.76322  0.00000 0.00000 0.81802 0.29262
6 0.10450 0.15599 0.83101 0.54653 0.69633 0.74898 0.91001 0.97166
7 0.25360 0.30362 0.41931 0.29385 1.00000 0.77983 0.61228 0.72603
8 0.43753 0.28412 0.07584  0.11960 0.93503 0.88362 0.89890 0.57211
9 0.15145 0.24234 0.59120 0.35504 0.97175 0.93410 0.00000 0.00000
10 0.79966 0.74930 0.41977 0.43319 052401 0.86598 0.00000 0.60776
11 0.22735 0.20056 0.75421 1.00000 0.60734 0.82574 0.44404 0.46055
12 051662 0.67131 0.63717 0.13755 0.80650 0.91164 0.91779 0.28128
13 0.35667 0.46518 0.84722 0.12630 0.43927 1.00000 0.91779 0.76242
14 0.63147 0.85237 0.88679 0.27206 0.26271 0.74182 0.89534 0.89918
15 1.00000 1.00000 0.00000 0.03796 0.10734 0.77206 0.68249 0.56122
16 0.60471 0.84401 0.58847 0.79377 057345 0.86733 0.75285 0.46309

Higher values of coating quality and average coating thickness represent

better performance, which is treated according to the increasing function of the

coefficient of efficacy (Equation 3.2). The smaller the average width of the

maximum wear scar and the average roughness and standard deviation, the better

the performance. It was processed according to the decreasing function of the

efficiency coefficient (Equation 3.3). The mean Vickers hardness values were
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normalized according to the decreasing efficacy coefficient increasing decreasing
function (Equation 3.4). The normalized data were shown in Table 3.14.
SKH51coating was used as a transition coating and required a good surface
quality to facilitate the deposition of subsequent coatings. Transitional coatings
require a good surface quality to make the deposition of subsequent coatings easier.
Secondly, it was considered to have a certain coating thickness and coating quality,
and it has a certain wear resistance compared to the substrate requirements. Finally,
it is avoided to anneal severely during the deposition process, it is required that the
hardness should not be too high or too low to ensure the continuity of the hardness
of the gradient coating. Therefore, the selection of parameters should take into
account the characteristics of the transitional coating. Selection factors: coating
roughness > coating thickness > coating quality > wear resistance > coating
hardness. Because of the influence of surface topography, the standard deviation of
the maximum abrasion mark width and average roughness and Vickers hardness
reflect the surface unevenness. Also, the effect of standard deviation on the data
was taken into account, and the weighting factor was taken as 20 per cent of this
factor. Therefore, according to the above factors, the weighting factors were

selected according to the table, as shown in Table 3.15.

Table 3.15 — Weighting factors of coatings performance parameters

Average Standard Average df\:?ant(ijgrzdof Average Standard
Coating Coating rou hngss deviation of  maximum maximum Vickers deviation
Quality  Thickness ghne coating abrasion . hardness  of Vickers
of coating . abrasion
roughness width : (HV0.01) hardness
width
0.35 0.2 0.1
0.15 0.2 0.28 0.07 0.16 0.04 0.08 0.02

(80%) (20%) (80%) (20%) (80%) (20%)
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Data in Table 3.14 were substituted into Equation (3.5), and the maximum
value of the objective function were calculated (Equation 3.6). The result of the
objective function was shown in Fig. 3.20. By comparing the values of the
objective function, the objective function of sample 12 was the maximum value,
which was 0.687887, and the comprehensive evaluation of the transition coating
was optimal. The deposition process parameters were as follows: Current
Frequency was 300Hz; Voltage was 44V, Efficiency was 30%; Rotate Speed was
150r/min, as shown in Table 3.16. In addition, samples 16 and 14 can be used as an
alternative for industrial production.

MAX  T(X)=Yad, (3.6)

10

1 Objective Function f(X)
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Fig. 3.20 —Objective function of SKH51 coating
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Table 3.16 — Optimal deposition process parameters of SKH51 coating

Current - Rotate
0,
Sample Frequency (Hz) \oltage(V) Efficiency(%) Speed (r/min)
12 300 44 30 150

3.2.4 Conclusion of SKH51 coating
Deposition experiments of SKH51 coatings on 45 steel surfaces were carried

out by ESD. The orthogonal design of experiments method was used. The effects
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of ESD parameters on coating quality, average coating thickness, average width of
maximum abrasion marks, average roughness, and Vickers hardness were
discussed separately. The coating properties as the transition layer were analysed.

(1) By means of orthogonal experiments, the ESD process parameters such
as rotate speed, current frequency, voltage and efficiency were considered
respectively, which affected the parameters of SKH51 coating performance
parameters coating quality, average thickness of coating, average width of
maximum abrasion marks, average roughness, Vickers hardness. The optimal
sample process parameters and alternative process parameters were determined
under a single performance parameter.

(2) By XRD and EDS devices, SKH51 surface wear-resistant components
were determined and analyzed.

(3) The wear mechanism of SKH51 coating is mainly abrasive wear. By the
surface corrosion method, the SKH51 coating and substrate (45 steel) were
delaminated. Because the corrosion resistance of SKH51 was better, the coating
cross-section can be observed and the Vickers hardness can be measured.

(4) SKH51 coating was used as a transition coating, and the weighting factor
was determined according to the coating performance parameters. The objective
function of the comprehensive performance parameters of the coatings was
evaluated by the normalized method and weighting factor method, the optimal
coating deposition process parameters were obtained. Sample 12 objective function

is the maximum value, which is 0.687887. Finally, the performance of SKH51
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coating is better than that of 45 carburized coating, and the wear resistance is
further improved.
3.3 Composite coating process
3.3.1 Composite coating schemes

Composite coating is the deposition of different materials separately, or the
same material with different processes to produce different organizational
properties, deposited separately onto a metal surface. Composite coating breaks the
limitation of single coating and single process, so that the coating has special
functions and high service life. In the ESD process, the composite coating can
break the thickness limit and increase the life and the reliability. The latest
technology of composite coatings is represented by gradient coating technology
and in-situ reactive coating technology. Gradient coatings are widely used in a
variety of industries, including defense, aerospace, and vehicles. Due to conflicting
coating properties, the researcher studied surface coatings on metal substrates.
Composite coatings can improve the bond strength, micro-hardness, wear
resistance, corrosion resistance and thermal cycling resistance, which became an
effective way to improve the surface properties [147]. Zhang conducted research
on the Ag+Cu+B83 composite coating on the surface of tin bronze, using
anti-friction metals to obtain better surface quality and wear resistance of sliding
bearings, but the cost needs to be evaluated [148].Maryam deposited HA/TIN
double-layer coating on the surface of Ti-6Al-4V alloy to obtain wear resistance
and anti-corrosion performance, which met the requirements of biological coatings

[149]. V.B. Tarelnyk performed multilayer deposition of carbon, aluminum and
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T18K10 hard layers on a 15Kh6N12T steel substrate to obtain the hardness and
thickness of the coating. M. Shehryar Khan deposited WC and In625 coatings on
22MnBS5 steel substrate by electro-spark deposition and then coated Al-Si material
by laser. Different processes are used for composite coating to obtain better
mechanical properties. Wang deposited Mo/WC-Ni composite coating on H13 steel
substrate to get better wear resistance. M. C. Perju deposited three coatings of
Ti/W/WC on cast iron surface to improve the mechanical properties of the surface
by gradient hardness[150]. Al-Quraan carried out electro-spark deposition of dual
coatings of VK8 + Cu on the surface of aluminum alloy to improve the wear
resistance of the surface[151]. The advantage of gradient coating in the ESD
process was that it can combine a variety of functional materials[152]. The
advantage of the gradient coating in the ESD process is the possibility of
performing a combination of multiple functional materials[153]. In particular,
super-hard materials are coated in layers to increase the thickness of the coating
and the property. Soft friction-reducing materials are coated to help improve
surface quality and reduce friction. Corrosion-resistant materials are coated to
reduce the rate of surface corrosion and increase the service life of the part.

In the design, the high toughness and wear-resistant material SKH51 was
used as the transition layer, the wear-resistant material and corrosion-resistant
material, and the anti-friction material were used as the protective layer. Some
schemes were designed, as shown in Table 3.17.

Table 3.17 — Composite coating schemes
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Scheme Coating composition Coating layers
1 SKH51 1
2 SKH51+WC 2
3 SKH51+WC+B83 3
4 SKH51+Nb 2
5 SKH51+TA1+C 3
6 SKH51+TC4+C 3
7 SKH51+TC21+C 3
8 SKH51+Zr+C 3
9 SKH51+Nb+C 3

10 SKH51+BT20+C 3
11 SKH51+NbZr+C 3
12 SKH51+GO Gel 2

3.3.2 Composite coating experiments

Some of the schemes were carburized on the surface for an in-situ reaction,
and carbides were formed on the surface to increase wear-resistant. Titanium,
zirconium, niobium and other elements have strong corrosion resistance and can
form carbides with higher hardness to improve the wear resistance of the surface.
The transition coatings were applied using the optimized process parameters from
the above experiments. The carburizing process was applied with the optimized
process parameters. The experimental schemes were installed for deposition
experiments, and the surface morphology of the samples was shown in Fig. 3.21
and Fig. 3.22.

SKH51 coating was deposited on the 45 surface and a white fish scale-like
coating was formed in Fig. 3.21. No large metal cracks were found on its surface
after magnification. HF10 electrode material contains 90% WC and 10% Co.
Because of argon protection, no oxide layer was generated on the surface, and the

brightness of coating was high. WC coating was deposited on the surface of
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SKH51, and longer metal micro-cracks appeared on the surface. Through a certain
deposition time, it was found that the WC coating had a tendency to reduce the
cracks on the surface of SKH51 compared to No.45 steel. But when the deposition
thickness increased, the cracks in the WC coating gradually increased, and the
width of the cracks gradually increased because of the influence of thermal stresses
[154, 155]. In the SKH51+WC+B83 scheme, because B83 is soft, it is easy to
produce large droplets during the deposition process. Therefore, lower energy
parameters were chosen for deposition. The deposition of large droplets on the
metal surface had a great influence on the surface roughness, which was not
conducive to the next step of deposition. On SKH51+Nb surfaces, internal stresses
on the surface resulted in the formation of fine cracks on the surface because the
element Nb had a refining effect. It was smaller than the cracks on the tungsten
carbide deposited surface. On the carburized surface, because the graphite rod was
at high temperature, the surface of the metal carbide coating was relatively flat and
a large amount of graphite was attached, and no cracks and pores were found on its
surface. The graphene oxide gel surface was flatter. The metal protrusions were
encapsulated by smooth gel graphene oxide, which had the best surface flatness of
the grapheme oxide coating due to the opacity of the graphene oxide and the high
reflectivity. They were only clearly visible from the super-field microscope (Leica
DVMBG6) image. The graphene oxide coating had the best surface flatness, as shown

in Fig. 3.23.
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SKH51 SKH51+WC SKH1+WC+B83 SKH51+Nb

SKH51+TAL+C SKH51+TC4+C SKH51+TC21+C SKH51+Zr+C

SKH51+Nb+C SKH51+BT20+C SKH51+NbZr+C SKH51+GO Gel

Fig. 3.22 — Coating surface topography at 500X magnification
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Fig. 3.23 — 3D Topography of super field microscope

The surface was wiped of metallic dust or free-form graphite powder by a
brush, which was convenient for measurements of SEM and surface abrasion
resistance in the later stage. The specimens were cleaned in anhydrous ethanol for
20 min with a 130W ultrasonic cleaner. Then, the specimens were placed in air and
a hair dryer was used to blow away the residual alcohol on the surface. The
morphology of treated surfaces was shown in Fig. 3.24. Among them, SKH51,
SKH51+WC and SKH51+Nb have relatively smooth surfaces with fish-scale metal
coatings. The B83 coating was soft. It was coated in the air, and black substances
will appear on the surface. All other deposition processes were protected by argon

gas. When the in-situ carburizing reaction was carried out, the carburizing time
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was certain, the surface temperature rose, the quality of metal surface was
significantly improved, and gray substances appeared. The surface gloss of
SKH51+GO gel was good, and it was very obvious to improve the surface quality
of the original coating. The cavities on the original metal surface had been blocked,
and the height of the deposition points was effectively reduced, so that the surface

roughness of the SKH51 coating was reduced the most, and the surface quality was

improved better.

o S

SKH51 SKH51+WC SKH51+WC+B83 SKH51+Nb

SKH51+TA1+C SKH51+TC4+C SKH51+TC21+C SKH51+Zr+C

SKH51+Nb+C SKH51+T20+C | 85+NZ | KH5+GO el |
Fig. 3.24 — Surface topography of the treated coatings
3.3.3 Surface roughness of coatings
Surface roughness of composite coating was measured by Mitutoyo SJ-210
roughness. The 1ISO 1997 standard was selected and the surface was measured over

a length of 3 mm, and the standard was shown in Table 3.18. The electro-spark
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deposited surface was subjected to roughness measurements, and three
measurements were taken on the surface of each specimen, and the mean and
standard deviation of Ra on the specimens were counted and calculated, and the
measured values were shown in Table 3.18[155, 156]. The graph was plotted based
on the relevant data. It was found that the GO gel coating had the smallest
roughness value and had a good surface quality. ESD coating surface quality was
significantly improved, which reached the best surface quality relative to other
metal coatings, which of surface roughness reached 0.113um. Niobium metal was
deposited on SKH51 coating, which was the best surface quality on the metal
surface, as shown in Table 3.19. The surface roughness value of niobium coating
was 1.014um. Since niobium has a high melting point of 2648 <C and titanium has
a melting point of 1688 <C[157], there is not much difference in the hardness of the
two materials. Because niobium metal has a refining effect on the metal surface, it
leads to an increase in surface roughness during deposition. Specimens 4 and 9,
which form metal coatings containing niobium, had relatively small roughness
values. Due to the fact that niobium has a somewhat higher melting point and can
refine the metal surface material. Specimens 4 and 9, which form metal coatings
containing niobium, have relatively small roughness values. Since niobium has a
higher melting point, the metal surface material can be refined. As a result,
niobium coatings and niobium-carbon coatings have a smaller roughness. Because
there was the influence of other metal components in the more expensive titanium
alloy, and there was a hard phase on the surface of the coating, which of surface

roughness was also affected by the content of other alloys. It has a larger surface
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roughness value than pure titanium coating (TA1). Even if the TC4 and TC21
materials with better strength were used as electrodes, the surface roughness of the
formed coating was larger than that of Tal. As shown in Fig. 3.25, it was found
from sample 1, 2 and 3 that the roughness increased gradually with the increase in
the number of layers. Tungsten carbide coating hardness was higher. The standard
deviation of surface deposition roughness was the smallest, which was 0.080143.
SKH51 and WC materials were harder. It had better high temperature performance
and the surface quality was easier to control compared to soft metals Ti, Nb and Zr.
In the coatings, the surface roughness value increased with the coating thickness.
The B83 coating had a low melting point, melting point 240<C[158, 159], which
was easy to melt during deposition, and caused deterioration of the surface
roughness. In these experiments, small capacitance and medium frequency

vibration were used to control the surface roughness, and better results were

obtained.
Table 3.18 — Mitutoyo SJ-210 roughness setting parameters
: Evaluation :
Standard Profile As Cut-Off Filter
Length
ISO 1997 R 2.5m 2.92mm 0.08mm GAUSS

Table 3.19 — Mean and standard deviation of composite coating roughness

Mean of coating standard deviation of

Scheme Coating composition .
roughness coating roughness

1 SKH51 1.086 0.107979
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2 SKH51+WC 1.142 0.017518
3 SKH51+WC+B83 1.259 0.080143
4 SKH51+Nb 1.014 0.118955
5 SKH51+TA1+C 1.189 0.120267
6 SKH51+TC4+C 1.538 0.119656
7 SKH51+TC21+C 1.514 0.303799
8 SKH51+Zr+C 1.259 0.143954
9 SKH51+Nb+C 1.041 0.014166
10 SKH51+BT20+C 1.313 0.053506
11 SKH51+NbZr+C 1.115 0.228255
12 SKH51+GO Gel 0.113 0.0445
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Fig. 3.25 — Mean and standard deviation of composite coating roughness

3.3.4 Analysis of Coating Abrasion Resistance

A linear reciprocating friction and abrasion machine MWF-500 was utilized
for the experiments. The samples were fixed by special fixtures. A 6mm friction
ball (ZrO,, G10 precision) was used for the surface abrasion test. Stable pressure of
30N was used; the machine motor was 100r/min; The reciprocating distance was

6mm. The surface dry friction experiments were carried out for 10 minutes. The
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abrasion marks were measured by adjusting the parameters of light source scene,
PL illumination and CXI illumination with Leica super depth of field microscope
(Leica Co, DVMG6). The experimental ambient temperature was 20<C. For each
friction test, 3 times experiments were performed. The width of the middle part of
the abrasion mark was measured 6 times, including measuring out the maximum,
minimum, and intermediate values. The data were statistically calculated, as shown
in Table 3.20.

Table 3.20 — Mean and standard deviation of abrasion mark width for the coating

] Standard deviation
Mean of abrasion

Scheme Coating composition mark width(um) of ?:I)Irgfrl]?:l nrqr;ark
1 SKH51 619.22 134.48
2 SKH51+WC 586.12 212.27
3 SKH51+WC+B83 746.70 243.09
4 SKH51+Nb 1261.74 280.84
5 SKH51+TA1+C 695.85 84.91
6 SKH51+TC4+C 886.18 72.02
7 SKH51+TC21+C 1215.34 158.68
8 SKH51+Zr+C 668.04 166.43
9 SKH51+Nb+C 769.15 98.38
10 SKH51+BT20+C 834.08 136.34
11 SKH51+NbZr+C 767.80 60.45
12 SKH51+GO Gel 1377.93 149.57

As shown in Fig. 3.26, it can be seen that the WC coating had the lowest
wear rate. Sample 12 the non-metallic surface coatings had higher wear. Because
niobium was softer, niobium had the highest wear in metallic coatings. The amount
of wear was higher. Sample 9 and sample 4 were compared, and when the surface
was graphite deposited on the surface, the surface wear resistance was increased

and the maximum abrasion mark width was reduced. In sample 8, graphite was
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deposited on the metal zirconium coating, and zirconium carbide appeared on the
surface, which increased the wear resistance of the surface. In titanium and
titanium alloy coatings, it was found that titanium elements pass through graphite
coatings, and after in-situ reactions occurred, titanium carbide coatings were
formed on the surface, and the wear resistance increased. Partial annealing had
occurred in TC21 titanium alloy, and less titanium carbides were formed on the
surface, which reduced its bonding strength, and its wear resistance was not as
good as the combination of pure titanium coating and graphite coating. Pure
titanium coatings can be selected for in-situ reaction, which were Dbetter
wear-resistant and less costly than titanium alloy coatings. Titanium, zirconium
and niobium metal coatings can generate carbide coatings after graphite deposition.
TiC, ZrC, NbC coatings were formed in situ, which of micro-hardness order is:

TiC>ZrC>NbC. So TiC has better wear resistance than the other two coatings.
Since the thickness of carbides formed by in-situ reaction is lower than that of WC
coating, the degree of wear resistance was not as good as that of WC coating. B83
was used as an antifriction material. It was effective in resisting wear and was
better than titanium and graphite combination coatings. B83 was used to cover the
cracks in the surface WC coating and improve the corrosion resistance of the
coating. Therefore, SKH51+WC+B83 composite coating was effective in resisting
wear, and its wear resistance was better than that of the carbonized in-situ reaction
coating. GO gel coating belongs to non-metallic. Non-metallic coating wear
resistance is not as good as other metal coatings, which can improve the surface

accuracy, there is still meaningful from the point of view of the process.
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Fig. 3.26 — Mean and standard deviation of abrasion mark width
for composite coatings.

According to the friction experiment, the 12 schemes were divided into 4
groups. After the friction and wear experiments on the sample, there were three
schemes in one group, as shown in Fig. 3.27. The first group includes SKH51,
SKH51+WC, SKH51+WC+B83. The second group included SKH51+TA1+C,
SKH51+BT20+C, SKH51+TC4+C. The third group included SKH51+Zr+C,
SKH51+NbZr+C, SKH51+Nb+C. The fourth group included SKH51+TC21,
SKH51+GO Gel, SKH51+Nb.

In the first group, the surface roughness of SKH51 was small, and the
surface had certain hardness, so that the material had a small friction coefficient of
0.07. In order to improve the wear resistance, the deposition of WC coating was
carried out, which of surface friction coefficient increases to 0.23.However, after
B83 material was coated, it had a lower friction coefficient because of the softness
of the tin-based alloy, the friction coefficient of the coating dropped to 0.12. Since

B83 was a friction-reducing material, it had a more stable friction coefficient as

seen in the Fig. 3.27a.
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Fig. 3.27 — Friction coefficients of composite coatings: a - Group 1; b - Group
2; ¢ - Group 3; d - Group 4.

In group 2, pure titanium (TA1) had a closer coefficient of friction to the

titanium alloy coating. After the in-situ reaction, titanium carbide was produced,

which increased the coefficient of friction of the coatings. In the later stages of

friction, the coefficient of friction of the coating of TAl changed more gently

because the coating had the highest titanium content and the surface was more

homogeneous. BT20 and TC4 didn’t have the same surface content as pure

titanium coatings due to the relatively low titanium content and the low level of

carbide coatings generated by surface reactions. Because the in-situ coating of Ti

alloys was softer and has a trace amount of cemented graphite on the surface, it has

a lower coefficient of friction and can also be used as a friction-reducing material.
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In addition, titanium and titanium alloys had good corrosion resistance in Fig.
3.27b.

In group 3, the graphite carbonized layers of zirconium and niobium had not
much difference in the values of the coefficient of friction, which had good
stability during friction. Zirconium carbide and niobium carbide formed on the
surface had a lower coefficient of friction. According to the abrasion marks, the
wear resistance of the three schemes was relatively close. Zirconium carbide
coatings have a better surface quality. It had a relatively small coefficient of
friction. Niobium-zirconium alloy was composed of niobium and zirconium. It was
close to the graphite reaction layer of pure niobium or pure zirconium alloy coating
after graphite in situ reaction. Among them, zirconium carbide coating has a
smaller friction coefficient than titanium and titanium alloy graphite carburized
layer, and its value was 0.1, as shown in 3.27c.

In group 4, SKH51+Nb coating had the highest coefficient of friction with a
value of 0.32. Pure niobium which was deposited on SKH51 coating had a large
surface roughness. And micro-cracks appeared on the surface of the coating, which
indicated an increase in the brittleness of the surface coating. Niobium can form
intermetallic compound Fe,Nb, with Fe, which caused uneven surface hardness
and micro-cracks. The titanium content of TC21 coating is about 84% lower than
that of TC4. Because it contained Ti, Mo, Cr, Nb and other elements, it can react
with carbon element to produce carbide, which made the surface hardness uneven
and the coefficient of friction large. The friction coefficient of SKH51+GO Gel

scheme was 0.2, which was lower than the above two metal coatings. The friction
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coefficient was reduced due to the addition of graphene oxide gel, but it was larger
than B83. It was also inferior to the friction coefficient of graphite coating of
metals such as niobium, zirconium and titanium. However, it was better than the
substrate iron. GO gel coating had a great improvement on the surface quality of
the previous coating in Fig. 3.27d.

It can be seen from Fig. 3.28 that the surface friction coefficient of SKH51 is
the smallest, its value is 0.07, and the friction force was also the smallest. The
surface roughness of the SKH51+Nb coating was the largest, and it produces a
large noise during the friction process, which had a value of 0.32. In SKH51+Nb
with SKH51+WC coating, tiny cracks were found in the surface coating. In the
surface coating of SKH51+Nb and SKH51+WC, tiny cracks were found. The
non-metallic coating of GO gel can reduce the coefficient of friction. However, its
friction coefficient was not as good as that of in-situ reaction coatings of Zr, Nb, Ti
and their alloys. B83 was a good anti-friction material, which reduced the
roughness of SKH51+WC coating from 0.23 to 012. The coating can deposit
multiple layers, the thickness value increases, and there was no crack on the

surface.
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Fig. 3.28 — Coefficient of friction of coatings
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SKH51+TA1+C coating had a lower cost and the carbides on the surface
give it a relatively low coefficient of friction and little friction. It increased the
coating thickness and at the same time has good corrosion protection. It was not
comparable to SKH51 single coating.

Therefore, after the coefficient of friction, abrasion mark width and surface
roughness were compared and analyzed, Scheme SKH51+WC+B83 had the best
performance of the composite gradient coating.

As shown Fig. 3.29a, the wear mechanism of SKH51+ WC composite
coating was mainly abrasive wear. In Fig. 3.29b, the B83 material was the
outermost layer of the SKH51+ WC+B83 composite coating, there were free of
scratches and abrasions on the abrasion mark, the wear mechanism of the optimal

coating was mainly plastic deformation accompanied by slight polishing.

(b)
Fig. 3.29 —~Wear surface morphology: a-WC coating;b-B83 coating.

3.3.5 XRD analysis of SKH51+WC+B83 coatings
XRD analysis was performed on the deposited surface on the WC coating.
The WC coating surface was found to be mainly composed of electrode materials

WC, W,C, Co, FesW;C and Fe, as shown in Fig. 3.30a[160-162]. As the main
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surface components were WC and W,C, the surface performance and wear
resistance of SKH51 are further improved. Between the WC coating and SKH51
coating, a small part of Fe in the SKH51 substrate was alloyed into the carbide
surface coating due to the influence of the electrode rotation process. The electrode
material of HF10 contains 10% of cobalt, and Co is a preferred bonding material
for WC and W,C[163]. Since the presence of iron can also form a bonding effect,
any intermetallic compound components were not detected, but the effect
obtained was not as good as that of Co and Ni. FesW;C is M¢C type carbide that

can increase the wear resistance of the surface.

XRD analysis was performed on the B83 deposition surface, as shown in Fig.
3.30b. On the surface of the B83 coating, there were mainly Sn, Sh, Cu, CugSns,
Cu(Sn,Sbh), SnO,, C and other components[163-165]. Electrode material included
Sn, Sh, Cu and CugSns. On the surface of WC coating, because the process was not
protected by argon gas, SnO, and C components were generated on the b83 coating
surface. The appearance of carbon was due to the loss of carbon due to oxidation
of cemented carbide material WC at 500~800 <C, as shown in Equation (3.7).
Oxygen in the air and tin in the coating form an oxide substance SnO,, and gray
spots appear on the surface, as shown in Equation (3.8). The content of Sn in B83
accounts for 83%, so it shows a strong diffraction intensity, indicating that the
content of Sn is relatively high for the composite coating. Sb had multiple main
peaks in XRD diagram. Precipitated C was not well combined with WC coating,

and it was mixed in B83 coating. Since the vibration shock process was chosen
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instead of the rotating electrode process, no strong main peaks of WC and W,C

were found in the B83 coating.
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Fig. 3.30 — XRD analysis of SKH51+WC+B83 coatings: a-

WC coating;b-B83 coating.
2WC——W,C+C (3.7)
Sn+0,——Sn0O, (3.8)
3.3.6 SEM analysis of SKH51+WC+B83 coatings
As shown in Fig. 3.31, spot deposits appeared on the b83 coating surface.
Since the B83 material has a low melting point. If high-power ESD deposition
equipment was used, the B83 electrode was easy to melt. And the molten droplets
cause uneven surface, so that the deposition cannot be evenly coated. The new
ESD process was utilized to control the electrode temperature, which prevents high

temperatures from reducing the melt droplet size. It can be seen from Fig. 3.30 that
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the top of the droplet deposition was relatively flat, and there were large layered
pores at the bottom of the droplet. These small holes led to uneven deposition of
the surface coating because the B83 material cooled too quickly. It was difficult to
repair them at a later stage since the melted droplets were bulged out. On the
surface of the coated surface, no cracks were found. In the metal surface coating,

there were small sputtered melt drops.

Fig. 3.31 — SEM of the B83 coating

As shown in Fig. 3.32, there was a bright white layer on the surface of the
WC deposited layer that was not easily abraded. The surface of WC coating was
relatively flat, with many irregular small droplets melting point and less pores on
the surface. However, a large number of micro-cracks appeared on the surface of
the coating. When the high-hardness carbide material was rapidly heated and
cooled during the spark discharge process, the residual thermal stress in the coating
will cause the material itself to undergo large deformation, resulting in cracks.
These cracks cannot be avoided. As the deposition thickness increases, the cracks
gradually expand. Excessive cracks will lead to a decrease in the performance of

the coating.



136

Re"/

Fig. 3.32 — SEM of the WC coating

3.3.7 EDS analysis of SKH51+WC+B83 coatings

(1) EDS analysis of B83 coatings

The B83 coating was selected in surface scanning mode and its morphology
was shown in Fig. 3.33. The elements contained in the B83 coating were shown in
Fig. 3.34. From the B83 energy spectrum elemental statistics table (Table 3.21), the
wt.% of Sn was 56.44%, the content of C was 12.09%, the content of O was 9.64%,
and the content of Fe was 8.76%. In Fig. 3.35, since the main component of the
B83 electrode was Sn, the content of Sn in the coating was the most. In the absence
of argon protection, C was produced because of the pyrolysis of WC, which
appeared in the deposition bumps. According to the distribution diagram of oxygen
element, the B83 coating had the infiltration of oxygen element and existed in the
form of oxide. In the layered pores, the B83 alloy coating was less. From the
element distribution diagram, there was almost no distribution of Sn, Sb, and Cu in
the pores. It was mainly the WC and SKH51 coating below, so the Fe content was
relatively high, and it was found that W elements had gathered. The EDS

measurement depth was generally 1~5pm, and a small amount of underlying
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coating elements can also be observed. According to the surface distribution map
of carbon element, it was not possible to determine whether it is tungsten carbide
or free graphite by EDS, which was combined with XRD to analyze the physical
phase. In the distribution map of the element Fe, it can be seen that the distribution
of the coating was not uniform, and the thinner parts can be seen to have a higher
content of Fe at that place. In the laminated pores, the elements of the B83 material
were not distributed, because the measurement distance cannot be found in the

corresponding elements.
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Fig. 3.33 —EDS energy spectrum analysis on B83 coating
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Fig. 3.34 — EDS Elemental Analysis Diagrams of B83 Coatings

Table 3.21 — Element content on B83 coating surface

Element Sn C O Fe Sb Cu w
Atomic o, 6 8 26 51 29 74
Number

wt.% 56.44 12.09 9.64 8.76 8.23 2.94 1.89

at.% 20.10 42.56 25.46 6.63 2.86 1.96 0.43
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Fig. 3.35 — Element distribution of EDS energy spectrum: a-Sn; b-C; c-O; d-Fe;

e-Sh; f-Cu; g-W.

(2) EDS analysis of WC coatings
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The surface scanning mode was selected for the WC coating, and its
morphology was shown in Fig. 3.36. The elements contained in the WC coating
were shown in Fig. 3.37. From the WC energy spectrum elemental statistics table
(Table 3.22), the wt. % of Fe was 55.77%, the content of W was 29.76%, the
content of C was 9.96%, and the content of Co was 4.5%. The content of Fe is the
highest and the content of Co was the lowest. Fe was the main element in SKH51
coating, and Co was the material in the electrode. Among them, WC coating was
thinner, and EDS can test the main element Fe in the SKH51 coating in Fig. 3.38.
Because other element content is less, it is not found in the WC coating. In the case
of argon gas protection, because WC can still maintain stability at 2850 °C, the W
element reflects the deposition of the WC electrode. The distribution of elements
Fe, W, C and Co was very similar. The distribution of Fe elements in EDS was
basically the same as that of W, C and Co. It indicated that the WC coating
contained some amount of SHK51 material. In the non-deposited place of the
pores and cracks, owing to the depth of measurement limitations of the EDS, there
should be a blind spot test. The sputtered molten droplets of metal were on the
surface of the coating. According to the distribution map of tungsten elements, it

was mainly W carbides.

Fig. 3.36 — Surface scanning area on WC coating surface
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Fig. 3.37 — EDS elemental analysis diagrams of WC coating

Table 3.22 — Element content on WC coating surface

Element Fe W C Co
Atomic Number 26 74 6 27
wt.% 55.77 29.76 9.96 4.50
at.% 48.32 7.83 40.15 3.70

7 P 2
Ch 1, MAG: 900x " HWS 20 &V = WOIS9 mm
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(d)
Fig. 3.38 — Element distribution of EDS energy spectrum:

a-Fe; b-W; c-Co; d-C.
3.3.8 Composite coating conclusion

The performance of optimal coating solution can be improved by composite
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coating technology. Composite coating can realize multiple functions such as wear
resistance, friction reduction and corrosion resistance. The optimal coating solution
iIs SKH51+ WC+B83 composite coating. By using gradient coating SKH51+ WC,
the value of the coating has gradient wear resistance, which has better morphology
and lower roughness, its Ra is 1.086um. The WC coating has the best wear
resistance among all the schemes, and the abrasion width is 586.12um. B83
coating has a very stable coefficient of friction, which is 0.12. It is 48% lower than
the friction coefficient of WC coating. Ti coatings, Nb coatings and Zr coatings
have very good corrosion resistance. Ti, Nb, Zr and their alloys form carbides in
situ on the surface after the graphite coating was deposited, which had a low
friction coefficient and can effectively reduce the surface friction of the coating.
The higher the Ti, nb, Zr content, the more carbides will be formed in situ, and the
friction coefficient will be reduced. After ultrasonic cleaning with anhydrous
ethanol, the small amount of graphite particles were cemented on the surface,
which was also effective in reducing friction.

(1) A reasonable process was used in SKH51 coating, and the surface quality
of the SKH51coating was the best. Because SKH51 material has good impact
toughness, it has certain wear resistance and surface hardness. Therefore, it was
selected as the transition layer. There are no cracks on the surface of the SKH51
coating, which can be achieved by increasing the thickness of the SKH51 coating.
If the thickness of the WC coating was reduced, thus reducing the cracks produced

by the thermal stresses.
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(2) The WC coating had better wear resistance and smaller friction trace width
thanin-situ reactive coatings deposited,on which the friction force was larger. The
surface of the coating was subject to micro-cracks due to rapid deposition. The
deposition thickness increased when the deposition time increases. The more the
surface coating was affected by thermal stress, the more obvious the surface
micro-cracks were. Excessive micro-cracks will affect the performance of WC
coatings.

(3) Titanium alloys, Ti, Zr and Nb materials have good corrosion resistance.
Graphite was deposited on the surface of Ti coating, Nb coating and Zr coating,
and there were in-situ reaction coatings on the surface. The surface produced TiC,
ZrC, and NbC with higher hardness, which effectively improved the wear
resistance of the surface coating. Due to the deposition process, the amount of
carbides on the surface was less than that of the WC coating, and the wear
resistance was worse than that of the WC coating. However, the surface friction
coefficient was low, which can reduce the friction of the coating.

(4) Since the B83 coating has a low melting point, a small capacitance need
be selected, which will reduce the deposition energy and prevents excessive metal
melting droplets. When the vibration frequency was reasonably chosen, the
deposition surface quality was improved. Because the B83 coating was deposited
directly in the air, SnO, was produced on the surface. In this regard, it was
proposed to use Ar gas protection to improve the surface gloss of the coating.

(5) Graphene oxide (GO) has good anti-friction properties, which can reduce

friction. In the electro-spark deposition, because GO material is not easy to fix, it is
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not easy to combine with other coatings. The use of sodium silicide gel can
effectively improve the binding force of GO material. With the sodium silicide gel,
it can effectively improve the GO material bonding force, which resulted in GO gel
coatings. It significantly reduces the roughness of the deposited coating, the
coefficient of friction, and the friction force. The process is relatively simple and
low cost.
3.4 Deposition process of low-temperature super-soft materials
3.4.1 Experimental scheme for deposition of super-soft materials

The deposition of soft low-temperature metal has always been a difficult
point in the deposition process. Because the electrode of melting temperature is
low, the conventional vibratory impact process or rotary electrode process make
the shape of the electrode to bent, the metal droplets on the coating surface will
become larger[166, 167]. The degree of bending was usually reduced by increasing
the electrode diameter. Ultrasonic deposition was used to effectively solve the
electrode bending problem. It illustrated that the amplitude of vibration shock was
reduced, and the problem of electrode bending was effectively solved. The
capacitance was rationally selected to reduce the temperature of the electrode melt
drop, which reduced the problem of excessive metal droplet size. Pneumatic
deposition has less impact than conventional vibratory deposition, as shown in Fig.
3.39.Therefore, this study decided to utilise gas vibration to shock the electrode. It
was achieved by controlling the air pressure of the air pump and the amplitude and

frequency of the electrodes, as shown in Fig. 3.40.



(b)

Fig. 3.39- Vibratory deposition process:a- conventional vibratory
deposition;b- Pneumatic vibratory deposition

Fig. 3.40-Pneumatic electrode experiment

A fixing device was utilised to fix the pneumatic vibration handle. The
pneumatic pressure was controlled by using pneumatic valve (SMC IR2020). The
data collector (YE6232B) was used, the piezoelectric acceleration sensor

(SA-AV-D100, Table 3.23) was selected, and the IEPE mode was taken for the
measurement. The sensor was fixed on the bench vise, and the measurement was
carried out by different distances from the sensor to the electrode and different
ranges of the electrode handle.

Table 3.23 — SA-AV-D100 Sensor Parameter

Model Unit Value
Reference Sensitivity mV/m-s™ 10.03
Frequency range Hz 1-10000

Max. lateral sensitivity % <5%
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Max. permissible 2

. m-s 5x102
acceleration
Mounting thread mm M5
Weight g 9
IC Operating Voltage \Y 18-28
Operating Current mA 2-10
Operating Temperature °C -40~120

Experimental scheme: the maximum amplitude of the vibration handle was
0.6mm. If the electrode head of the vibration handle was too short from the
workpiece, the electrode cannot vibrate. When the vibration handle knob was
turned to a small degree, the air pressure was small and the electrode vibration was
unstable. The b83 material with a diameter of 3mm and a length of 20mm was
selected as the electrode. The electrode head was flat. The distance from the
electrode head to the transducer was controlled with plug gauges, which were
divided into 3 distances. The experiments were carried out by selecting the
vibration handle knob 60 per cent, 80 per cent and 100 per cent range. Therefore,
distance and vibration grade were selected as experimental parameters, and 9

groups of experiments were carried out as shown in Table 3.24.
Table 3.24 — Pneumatic vibration experiments

Experiment No. Vibration grade Vibration distance Operating air pressure
1 (60% of knob range)1 0.092mm 0.45-0.62
2 (60% of knob range)1 0.187mm 0.45-0.62
3 (60% of knob range)1 0.377mm 0.45-0.62
4 (80% of knob range)2 0.092mm 0.45-0.62
5 (80% of knob range)2 0.187mm 0.45-0.62
6 (80% of knob range)2 0.377mm 0.45-0.62
7 (100% of knob range)3 0.092mm 0.45-0.62
8 (100% of knob range)3 0.187mm 0.45-0.62
9 (100% of knob range)3 0.377mm 0.45-0.62
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3.4.2 Experimental results and discussion

In the process of measuring the vibration, the vibration handle knob was
switched on. Because the air pressure was initially low, a discontinuous shock was
produced. When the air pressure was stable, the vibration was correspondingly
stable. Vibration related parameters were measured. In Fig. 3.41, the vibration
waveform were shown mainly during the vibration 4 to 5 seconds time period. The
vibration parameters were counted separately. The sampling rate was 96k per
second. The corresponding frequency domain was analyzed. The corresponding

vibration was mainly below 5000Hz, as shown in Fig. 3.42.
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Fig. 3.41 — Vibration time-domain analysis curve during 4 to 5 seconds
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Fig. 3.42 — Spectrum analysis curve during 4 to 5 seconds
When the vibration stabilization process was in progress, three similar

periods of time were taken at 4~5 second, the shock waveforms were



147

experimentally captured. The time-domain waveform corresponding to each test in

Table 3.24 was shown in Fig. 3.43.
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Fig. 3.43 — Vibration time domain waveforms:a- Experiment No.1;b-Experiment
No.2; c- Experiment No.3;d- Experiment No.4; e- Experiment No.5; f- Experiment
No0.6;9- Experiment No.7;h- Experiment No.8; i- Experiment No.9.

The 20 vibration waveforms of three consecutive time periods were counted.

The average vibration time was calculated. And the maximum amplitude of the

three periods was taken. The average mean time of individual vibrations was

obtained, as shown in Table 3.25.
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Table 3.25 — Parameters of vibration characteristics on the time domain analysis

Average Average single i
. . . Maximum
No. vibration time of .Wav.eforr.n of Frequency(Hz) amplitude(q)
20 waveforms(s) vibration time(s)

1 0.077147 0.003857 259 1.320983
2 0.076423 0.003821 262 105.95
3 0.05927 0.002964 337 4.1051
4 0.084693 0.004235 236 1.258913
5 0.061877 0.003094 323 3.344233
6 0.182013 0.009101 110 96.96367
7 0.063727 0.003186 314 2.3395
8 0.060283 0.003014 332 2.7933
9 0.057267 0.002863 349 3.8994

The time domain signals of the steady vibration process were processed by means
of the signal processing software YE7600. Through the Fourier transform, the
frequency value and the amplitude under Fourier were obtained[168]. It was found
that the frequency number of the maximum value of the FFT amplitude was
basically consistent with the manual sampling data, as shown in Table 3.26[169,
170]. The corresponding Fig. 3.44 was plotted. When the electrode knob was larger,
the vibration was more stable. For example, the vibration frequencies of
experimental samples 7, 8, and 9 were not much different, which were all at 350Hz.
Amplitude increased as the electrode distance increased. When the amplitude of
vibration increased, the impact force became smaller. When the handle air pressure
increased with the knob, the vibration frequency increased. By comparing the
experimental results of samples 7, 8, and 9, the vibration frequency of sample 9
was 11.2% higher than that of sample 7, the amplitude was 68.9% higher, and the
impact force was improved. However, if the air pressure of the handle itself was

unstable, the handle would generate a greater impact force, and the vibration cycle
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was changed, such as sample 2 and sample 6. Therefore, it can be seen through
experiments that reducing the pressure between the electrode and the deposition
substrate and appropriately increasing the distance between the electrode and the
substrate surface, which can obtain a stable vibration frequency and a stable impact
force. Through the adjustment of the handle knob, the appropriate impact force and
frequency were selected to ensure the deposition quality of the soft low melting
point metal surface.

Table 3.26 — FFT analysis of time domain signals

No Low-order frequency FFT amplitude
1 252 0.37
2 331 1.54
3 337 0.73
4 236 0.38
5 323 0.49
6 110 1.15
7 313 0.45
8 330 0.71
9 350 0.76
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Fig. 3.44 — Frequency and amplitude of vibration of pneumatic impact electrodes

Calculation of deposition energy: RC circuits with smaller energy were
selected for B83. RC circuits had higher machining accuracy and good glossy

finish. It had reliable operation and simple device, and can be used for
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electro-spark deposition of super-soft low-temperature metal materials. The circuit

schematic was shown in Fig. 3.45:

R

—
R

Fig. 3.45 — RC circuit schematic diagram of ESD

Charge or discharge time constant calculation as Equation (3.9):
t=RC=75x1x10" =75x10"s (3.9)
According to Table 3.24, sample 9 has the highest frequency, and its average
time for a single vibration was 0.002863s.When ¢, =5¢(Formula 3.9)<« 0.002863s,
the capacitor can be fully charged not long after each discharge. Therefore, the

energy of one pulse (Equation 3.10) is equal to:

W = Pt :%CUZ:%xlxlo'G X35 =6.13x10°* (3.10)

After the losses are considered, the actual pulse energy (Equation 3.11) was:

W,=7W =0.7x6.13x10* =4.29x10™ ] (3.11)

In the formula: #- the utilization of electrical energy, which was generally
60~70%, 70% was selected for RC circuits[171].

The empirical formula for the heat of fusion of metals is:

2
RZ ohat 3

:C omoAt:C .
Q=G ° cosd (3.12)

In Equation (3.12), Q is the heat of melting of the metal (J); m is the mass of

the metal (g); C is the specific heat capacity (J/g); R- radius of the deposition
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spot(mm); 6- angle made by the electrode with the machining surface; At -
temperature variation interval; and h - thickness of the coating deposition.

It was found by Equation (3.11) that the larger the deposition spot, the
thinner the coating thickness. When the deposition spot was small, the deposition
thickness increased. When the electrode temperature rose, it can be cooled by
controlling the argon gas pressure; or the coating thickness can be reduced by
increasing the moving speed of the coated electrode. With both of these deposition
methods, the droplet size was not well controlled. The traditional ESD process
required the electrode to be sufficiently cooled in air before it can be deposited,
which will improve the surface quality of the coating. The temperature profile of
the electrode is complex due to heat conduction, heat radiation, and frictional heat
of the metal electrode, which makes it impossible to calculate accurately. Currently,
it is only possible to improve the surface quality of soft cryogenic metals by
reducing the discharge energy, increasing the deposition frequency and reducing
the impact. Using this method, soft low-temperature metals do not need to be
cooled for a period of time and can be continuously deposited.

3.4.3 Experimental conclusions of soft low temperature metals deposition

ESD of soft low-temperature metals can get better surface deposition quality
by using RC discharge circuits and gas vibration processing technology [172-174].
This method avoided soft cryogenic metals to generate large molten droplets
because of increased temperature, which deteriorated the deposition. A smaller
discharge capacitance can be selected to reduce and control the discharge energy.

The electrode did not need to be cooled for a long time, and it can be deposited
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continuously. However, when the electro-spark pulse energy was less than the heat
energy of melting of the metal, the electrode material cannot be melted. At this
point the electrodes will not be deposited on the surface of the substrate, but will
be ground on the surface of the substrate.

Since the electrodes were not deposited by rotation, the cross-section shape
of the electrodes was less required. In the processing, the working air pressure was
0.45~0.62MPa, and the proper working distance of the electrode was required.
When the handle knob was opened to the maximum, a stable vibration frequency
of 310~350Hz can be produced, and the pneumatic impact was more stable, which
can get better deposition effect. Electrode processing distance was small, or the
working air pressure was low, which will make the vibration frequency decrease
and the number of shocks decrease. As a result, the vibration shock was unstable
and the deposition efficiency became lower. This process can also be applied to
other metal coating materials, the coating surface quality can be significantly
improved than the traditional deposition process.

3.5 GO gel coating

Because the electro-spark deposition method of pulse energy wasn’t stably
and continuously, it led to a large roughness of the deposited surface. The accuracy
of electro-spark deposited surfaces was improved by machine processing. This can
also be done by various surface machining methods to improve the quality of the
ESD coated surfaces. These methods complicate the surface modification process
which made the cost more expensive. Alexander used one or more low-energy

pulses to grind deposits and improve surface accuracy[175]. Gadalov used
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VOK-60 mineral ceramics for surface polishing to reduce surface roughness[176].
Kirik reduced roughness and improved the surface quality of aluminum coatings
by using lower discharge energy[177].Pablo used machine hammer peening to
reduce ESD surface roughness[178]. Mykhailo proposed a brand new idea using
coatings to reduce the roughness of ESD surfaces, with lower hardness but
significantly improved roughness compared to metal coatings[179].

Graphene oxide(GO) is cheap and easy to obtain raw materials, and it is
expected to become a high-quality filler for nanocomposite [180]. GO has low
density, large specific surface area, high mechanical strength, excellent mechanical
properties, wear resistance, adsorption properties, excellent electrical and thermal
conductivity, non-toxic and good biocompatibility, etc.[181-185]. These
comprehensive properties make GO coating materials have incomparable
performance. GO has the architecture of graphene, but also has the hydrophilicity
that graphene does not have, and it has better water solubility than graphite powder
to avoid powder agglomeration[186]. In the experiment, stable
quasi-two-dimensional graphene oxide suspension and sodium silicate gel solution
were selected, as shown in Table 3.27.

Table 3.27-SP38 sodium silicate (Na,SiOs) liquid specifications

Index Content
Na,O 8.53%
Sio, 26.98%
Density (20°C) 1.366 g/cm=
Baumeédegrees 38.5Be
Solid content 35.5%

PH 10-13
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3.5.1 Preparation method of GO gel coating

At first, the liquid sodium silicate solution, and graphene oxide solution
were selected and mixed through a certain volume ratio, and then which was
mechanically and physically stirred for 20 minutes. Nextly, the coated surface was
coated with a dropper. Finally, it was placed in a drying and heating box for baking
at a certain temperature, and then cooled in the oven for 30 minutes. If the number
of layers and thickness of the GO gel coating were required, it can generally be
repeated 2-3 times for repeated coating and baking.

3.5.2 Surface morphology of GO gel coating

(c)
Fig. 3.46 — Surface topography of GO gel coatings:a-100X 2D morphology;

b-500X 2D morphology; c- super depth field of 3D morphology
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The surface morphology was observed by the Leica super depth of field
microscope (Leica Co, DVMS6), as shown in Fig. 3.46. In the 2D morphology,
there were tiny bubbles on the surface. When the microscope was enlarged, the
graphene oxide particles could be seen on the surface. Through the 3D morphology
synthesized by the depth of field, it was found that the surface of the GO gel
coating was relatively flat. Its surface roughness was 0.16um.

3.5.3 Composition analysis of GO gel coating

(1) XRD analysis of GO gel coating

XRD equipment (Bruker D8 Advance A25, Germany) was used to measure
separately the GO gel coatings and the pure cel (Na,SiO3z) coatings without
graphene oxide. In the XRD diagram (Fig. 3.47), a small bump at 10.7%and a
valley at 27.599ndicate the possible presence of graphene oxide. The GO content in
the coating was low due to dilution by Na,SiO; gel. Therefore, the peaks were not
obvious[187-190]. The graphene oxide composition could not be clearly

determined based on the characteristic peaks.
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Figure 3.47 — XRD of GO gel coatings
Na,Si0; gel was deposited directly on the substrate surface. From the XRD

plot (Figure 3.48), the valley peak appeared at 27.9%and there was no small bump
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at 102 It was different from GO cel, which indicated that the two types of

amorphous materials have different surface compositions.
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Fig. 3.48 —XRD of gel coating (Na,SiO3)

(2) Raman analysis of GO gel coating

Laser Raman spectroscopy can analyze ions, molecular species and the
structure of substances. The instrument (DXR2xi, Thermo Fisher Scientific Inc.)
was used for this experiment. Laser Raman was commonly used in the analysis of
graphene oxide and graphene materials. This type of material had unique
characteristics that were easily recognizable [191, 192].

From the measured Raman spectrum (Fig. 3.49), it can be observed that
there were two characteristic peaks at 1359.23 cm™ and 1592.57 cm '[193]. In the
research process of Nano carbon materials, general carbon materials contain two
significant Raman peaks. Among them, the peak around 1359.23 cm™ was
considered to be the A;g vibrational mode of the diamond-like carbon sps
electronic structure. The peak at around 1592.57 cm™* was considered to be the E,g

vibrational mode of the sp, electronic structure of graphitic carbon.
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Fig. 3.49 —Raman diagram of GO gel coating.
In Fig. 3.50, the GO-free coating (Na,SiO3) was shown. There were no
peaks of the two features evident in its Raman diagram. Therefore, there were
different compositions contained in the matrix and the GO gel coating. As can be

seen in Fig. 3.47, graphene oxide was clearly present in this coating.
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Fig. 3.50 — Raman diagram of gel coatings (Na,SiO3)

3.5.4 Abrasion resistance analysis of GO gel coating

(1) Coefficient of friction

The comparison of the wear resistance of GO gel coating, gel coating
(Na,Si03), SKH51+GO coating, and gel graphite coating was carried out. The
deposition process of GO gel coating was to mix graphene oxide suspension and
Na,SiO; gel, which was coated on 25*30mm size 45 steel sheet and sintered at

80<C. The deposition process of gel graphite coating wass to mix graphite powder
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and Na,SiO; gel at a mass ratio of 1:1, which was also coated on 25*30mm size 45
steel sheet and sinter it at 80<C. In the same way, the gel coating was to paint
Na,SiO; gel on a 25*30mm size 45 steel sheet and sintered at 80C. As for
SKH51+GO coating, SKH51 material was first coated on the surface of 45 steel by
ESD process, and the GO gel coating was allowed to be applied afterwards.

The abrasion resistance of the coated surfaces was performed with the linear
reciprocating friction wear machine MWF-500. The sample surface was gently
rubbed by anhydrous ethanol. The friction machine used 6 mm size ZrO, friction
balls with a surface accuracy of G10 as a counter grinding material, and used a
stable pressure of 30N. The motor speed of the equipment was 100r/min, the
reciprocating distance was 6mm, and the motor performed 2 movements per
revolution. The experiment time was 10 minutes, and the surface dry friction
experiment was carried out. Dry friction experiments were carried out on GO gel
coating, gel coating (Na,SiO;), SKH51+GO coating, and gel graphite coating
respectively, and the results are shown in Fig. 3.51. The gel-graphite coating was
found to have the lowest coefficient of friction, followed by the GO gel-coat. Due
to the roughness of the surface of SKH51, the coefficient of friction of
SKH51+GO composite coating was slightly larger than that of GO gel coating.
The gel coatings have the highest coefficient of friction. It showed that GO

material played the role of reducing the coefficient of friction and friction force.
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Fig. 3.51 —Friction coefficients of four composite coatings

(2) Abrasion mark width

The maximum width of the abrasion marks was measured by using a super
depth-of-field microscope (Leica Co., DVM6), as shown in Fig. 3.52. Because of
the roughness of the coating surface, the abrasion marks were not uniform, and
whose friction force and coefficient of friction cannot truly reflect the degree of
abrasion resistance. The maximum width and standard deviation of the abrasion
marks were used to reflect the wear resistance of the material. For each sample,
experiments were carried out to separately measure the average value of

equidistant abrasion marks and to calculate the standard deviation.

(b)
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(c) (d)
Fig. 3.52 — Coating abrasion morphology: a-Na,SiO3+C; b- Na,SiO;+GO;
c- Na,SiO3; d-SKH51+GO.

Measurement of the maximum width of the abrasion mark was performed

with a super depth-of-field microscope. The appropriate light mode was selected .
when the abrasion marks were shown most clearly, the measurement was carried
out. Six sets of data from the middle section of the scratches were taken separately,
averages were calculated and standard deviations were obtained. It can be seen
from Fig. 3.53 that the graphene oxide coating deposited on the substrate No. 45
steel had the smallest wear scar, with an average width of 1283um and a standard
deviation of 43 um. The GO gel coating on the surface of SKH51, and the wear
scar of the coating was second, with an average width of 1378um and a standard
deviation of 150um. The gel coating deposited(Na,SiO3) on the substrate No. 45
steel had an average wear scar width of 1 416um and a variance of 234um. Adding
graphite powder to Na,SiO; gel, the graphite gel coating had the widest wear scar

of the coating.
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Although graphite had certain lubricity, the coating had poor wear resistance.
It showed that the smaller graphene oxide particle coating had the smallest wear
scar width, which can improve the performance of gel coating and improve its
wear resistance. Even if the surface roughness of the substrate material was large,
it can reduce friction and improve wear resistance.
3.5.5 Scratch bonding force of GO gel coating

In order to investigate the bonding of GO coating and substrate, scratch tests
(RSX, Anton Paar) were performed [194-196]. A 200um ball diamond indenter
was selected, and 3 sets of experiments were performed on the coated surface in
the 0~50N test interval. From the test results of friction test results and acoustic
emission signals, it can be judged that the bonding force was 17.11 N, as shown in
Fig. 3.54. The results of the three tests showed that the coating bonding strength
was 16.57~20.35N, and the average value was 18.01N, as shown in Table 3.28. As

shown in Fig. 3.55, it can be seen from the morphology diagram that the launch of



162

the coating will peel off after 3 mm from the initial point of the scratch, which
corresponded to Table 3.28. This binding force can ensure the normal combination
of the coating and the base material in the friction and wear test. In the industry,
the bonding force was used to reflect the quality of the coating bonding. If it was
based on Young's modulus, Poisson's ratio, and bonding force, the coating contact
stress can be calculated. The calculated contact stress results had large errors.

Therefore, the binding force is based on the actual applied force of the indenter.
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Fig. 3.54 —GO coating scratch experiment: a-Friction force and friction
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Fig. 3.55 — Scratch morphology of GO gel coating
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Table 3.28 — Scratch bonding force of GO gel coating

1 2 3 Average value

17.11 N 16.57 N 20.35N 18.01 N

3.5.6 GO gel coating conclusion

Graphene oxide gel coating can effectively improve the surface quality of
the coating and has a small roughness. In the ESD process, the surface quality was
not high due to the unstable electric energy. How to improve the surface quality of
ESD had become an industry challenge in the ESD process. Traditionally, it was
processed with a grinding machine. Its production efficiency was low, the coating
thickness was not easy to control, and the product performance was not uniform.
The use of ultrasonic processing was also a research hotspot. The surface quality of
ultrasonic deposition was not high, and many ultrasonic equipment processing
parameters need to be adjusted. And, when some coatings were relatively hard and
the surface hardness is uneven, the surface defects after processing were relatively
large. At present, this research is still in the laboratory, and the industry has not yet
used it. The use of nanomaterials is a brand new research, which can modify the
surface of ESD. It is low in cost, very effective in improving surface quality, and
easily recognized by the industry. Through the research on the performance of GO
gel coating, it was found that the friction coefficient was 0.17, the grinding width
was 1283.02um, the surface quality was the lowest, and the bonding force was

16.57~20.35N.
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3.6 Summary

This chapter is centered on increasing surface wear resistance coatings
gradually. Tests were carried out which utilized respectively carbide, HSS,
composite coating and other coating processes. A new deposition process to
enhance surface quality was improved for low temperature soft metals. Continuous
deposition can be carried out with pneumatic impact deposition and RC
low-energy circuit. Considering graphite powder for lubrication, it was easy to fall
off. so self-lubrication coating was utilized. Due to graphite and sodium silicate
composite coating, wear resistance was poor. A nano self-lubricating coating was
proposed, which was graphene oxide gel coating.

(1) The metal surface was easily carbonized by the graphite electrode, which
can improve the wear resistance of the material surface. The high-speed ESD
repair machine (HMT9500) was selected for the deposition. According to the
Abrasion width, the Taguchi orthogonal method was used to find the best process
for graphite deposition. Optimal process parameters for surface carbonization
deposit were that efficiency 50%, voltage 35v, current frequency 180Hz and work
time 360s. As a result, the average value of the abrasion width was 268.206um,
and the depth of abrasion was 2.999 um. It was 59.96% less wide than 45 steel. It
had good wear resistance.

(2) The deposition experiment of SKH51 coating on the surface of 45 steel
was carried out by electric spark. Orthogonal experimental design was used to
discuss the effect of the deposition parameters on coating quality, average coating

thickness, average width of maximum abrasion marks, average roughness, and
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Vickers hardness according to respectively. Coating properties were analyzed from
the transition layer. The weighting factor was determined according to the coating
performance parameters, and the optimal coating deposition process parameters
were obtained by using the normalization method and the weight factor method to
evaluate the coating performance parameters. The maximum value of the objective
function was 0.687887.The optimum process parameters were current frequency
300Hz, voltage 44v, efficiency 30%, rotate speed 150 r/min.

(3) Through composite coating design, the performance of the coating can be
improved. Composite coating can achieve multiple functions such as wear
resistance, friction reduction, corrosion resistance, etc. Using the composite
coating SKH51+ WC+B83, the value of the coating had gradient wear resistance,
SKH51 had a better shape and lower roughness, and its Ra was 1.086um. Among
them, the WC coating had the best wear resistance among all the schemes, and the
abrasion width was 586.12um. B83 coating had a very stable friction coefficient of
0.12, which was 48% lower than that of WC coating. The surface of the in-situ
reaction coating produced higher hardness TiC, ZrC, and NbC, which effectively
improved the wear resistance of the surface coating. Because of the deposition
process, the amount of carbide generation on the surface was less than that of WC
coating, and the wear resistance was worse than that of WC coating. However, the
surface friction coefficient was lower, which can reduce the friction of the coating.

(4) Soft low-temperature metal ESD deposition used RC discharge circuit
and gas vibration processing technology to obtain better surface quality. A smaller

discharge capacitor can reduce the discharge energy and control the discharge
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energy. The electrode did not need to be cooled for a long period of time and could
be deposited continuously. When the discharge energy was greater than the melting
energy, the ESD coating would be able to deposit. When the discharge energy was
less than the melting energy, the electrode did reciprocating friction on the
deposited surface. In the process, the air pressure is in the range of 0.45-0.62MPa,
the proper distance of the electrode was guaranteed, and the handle knob was
opened to the maximum, it can generate a stable vibration frequency of 310~350hz.
The pneumatic impact is more stable, and a better deposition effect can be
obtained.

(5) Graphene oxide and sodium silicate gel coating can effectively improve
the surface quality of the coating with less roughness. It is a new research to
modify the surface of ESD with nanomaterials. It was low in cost, very effective in
improving surface quality, and easily recognized by the industry. Through the
research on the performance of graphene oxide gel, it is found that the friction
coefficient was 0.17, the grinding width was 1283.02um, the surface quality was

the lowest, and the bonding force was 16.57~20.35N.
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CHAPTER 4. INDUSTRIAL APPLICATIONS OF COMPOSITE

COATINGS

4.1 Industrial background

Wear and tear cannot be avoided. Any mechanical device has a lifespan. The
life of machinery is extended by remanufacturing. Remanufacturing is an advanced
form of reuse in the circular economy advocated by industry. The scope of
remanufacturing processes can be classified into restorative remanufacturing and
upgraded remanufacturing. In industrial production, enterprises put forward higher
requirements for industrial equipment to extend the life of core components and
improve product performance. Surface processing technologies are important
means of remanufacturing process. Since the surface engineering was limited by
the original processing technology and material, it could not be emphasized by the
enterprises. With the emergence of new materials, new processes and new
technologies, more and more companies paid attention to surface repair. Through
the repair of some key parts, it can match the overall requirements of the
equipment. The output value of the global remanufacturing industry has exceeded
100 billion US dollars. The United States and the European Union attach great
importance to the remanufacturing industry, and their related products in the field
of construction machinery and automobiles account for a large proportion of the
world. Remanufacturing has become a new direction for the future development of
machinery manufacturing industry.

In February 2013, the Southeast automobile company took the lead in

proposing a "battery quick-change model"” based on chassis battery replacement. In
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2015, new energy electric vehicle company took the lead in producing this kind of
electric vehicles and put them into taxi operation. The battery was an important
component, accounting for more than 60% of the total cost. One year later, there
were a small number of problems with the sliding pin shaft locking mechanism of
battery boxes. At that time, the company did not pay attention to it, thinking that it
was a problem with the processing technology of the battery box. It was only the
replacement of the failed parts. But, the problem recurred after a year. The
maintenance workload of workers had increased rapidly. Even after the failure of
the orifice plate, the original battery box needs to be replaced. These problems led
to much higher maintenance costs. Company paid attention to this issue. Therefore,
it hoped to find a relatively low-cost and quick maintenance method, which can
ensure the super-long service life and high reliability of the locking mechanism.
4.2 Problem description

The chassis quick-change battery box was fixed by the locking mechanism.
When the battery box was lifted up by the lifting device, the pin shaft of the
locking member was pulled by the square push block to move, and the locking
mechanism was opened, as shown in Fig. 4.1. The surface of the pin shaft
underwent reciprocating sliding friction. After a long time, it caused surface wear.
After one year of use, some automatic locking devices failed to return normally.
Through a large number of failed battery box investigations, the friction between
the pin shaft and the orifice plate led to out-of-tolerance dimensions and the fit
deterioration. Furthermore, the surface roughness becomed larger, and the

frictional force increased. The failure modes of the parts mainly include extrusion
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deformation and failure of the pin shaft to rebound, as shown in Fig. 4.2. In the use
of electro-galvanized coating process or lubricant method, the problem had not
been fundamentally improved. After 2 months, the problem reappeared. Therefore,
according to the requirements of the company, the remanufacturing design and

repair of the pin shaft locking mechanism were carried out.

(b)
Fig. 4.1 — Chassis Replacement Battery Box: a - Replacement Battery Box ;
b - Replacement Equipment

Since the equipment was in an open environment, lubricants and greases
were not effective. Dry friction occurred on the surface of the pin shaft, the surface
wear mechanism is adhesive wear, abrasive wear, and corrosive wear after the zinc
coating wear.The battery shell was made of 20g or 235 material, the orifice plate
and the pin shaft were made of 45 steel materials.

It can be seen from Fig. 4.3 that the pin shaft cannot rebound, it was found
that the galvanized layer on the surface of the sliding pin was corroded due to wear.
In the initial state of corrosion (Fig. 4.3a), it can be seen that the corrosion spreads
outward from the galvanized layer. With the accumulation of time, the surface of

the pin shaft was completely corroded, as shown in Fig. 4.3b. After being corroded,
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the surface quality was reduced after repeated wear in Fig. 4.3c. In the second

stage, it appeared that the pin could not rebound properly. According

() (k) U
Fig. 4.2 — The failed battery box and the lock mechanism corrosion wear: a-the
failed battery boxes;Wear:b- wear 1; c- wear 2;d- wear 3;e- wear 4; f- wear 5; Out
of tolerance leads to deformation: g- extrusion deformation 1;h- extrusion
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deformation 2;i- extrusion deformation 3;j- extrusion deformation 4;k- extrusion
deformation 5;1- extrusion deformation 6.

to the design requirements, the replacement battery box has no failure within 8
years. Therefore, it is positive to increase the wear resistance of the pin shafts.
However, if the spring stiffness was increased, the battery box structure would
need to be redesigned. Otherwise, the use of larger stiffness springs cannot be
installed manually. These two methods make it difficult for companies to accept
this solution.

Therefore, the repair solution of the sliding pin shaft of the lock mechanism

was proposed.

(b)
Fig. 4.3 — Three stages of pin shaft corrosion wear: a- initial wear;
b- full-scale corrosion; c- wear after corrosion.

4.3 Analysis of experimental causes

The pin shaft did not rebound properly, mainly because the surface corrosion
increased, which resulted in an increase in friction. 45 steel that was the same
material as the pin shaft, was selected as the sample. The samples were corroded in
water for 14 days, and placed in humidity air for oxidation for more than two
months, and the thickness of the oxide layer increased. The thickness of the oxide
layer was 27.5um to 55.5um, as shown in Fig. 4.4. No.45 steel plates of surface

corrosion were used as laboratory objects, and 6mm size of ZrO, friction balls



172

which had a surface accuracy of G10 were used as counter grinding materials.
After the pre-test found that, at the beginning of the test, the maximum coefficient
of friction f reached 0.7982 in Fig. 4.5. At this time, the pressure was 14.43 N. It
showed that the surface corrosion increased surface friction, which was the main
reason for the inability to enter into the hole. Because the galvanized coating of
round pins was not sufficiently abrasion-resistant, the surface abrasion was caused,
which further increased the progress of corrosion. Therefore, the surface wear
resistance should be firstly improved, and then the wear resistance after corrosion

should be considered secondly.

Fig. 4.4 — Surface corrosion morphology of 45 steel

5=
2
N
©
©

Fig. 4.5 - Corrosion morphology of 45 steel
4.4 Design of the replacement battery box
4.4.1 Basic theory of static analysis
Static analysis involves statics and mechanics of materials. Statics is an

important branch of rigid body mechanics, which does not consider the mechanics
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of large deformation and plastic changes of parts. It constitutes rigid body
mechanics together with kinematics and dynamics. It was first proposed by
Varinon in 1725. Static mechanics has a wide range of applications in engineering
and technology. Mechanics of materials is the study of the mechanical properties of
various parts structures under the selection of materials. The Italian scientist
Galileo first proposed the mechanics of materials. Linear calculations were
performed on materials under the continuity assumption, the homogeneity
assumption and the isotropy assumption. In mechanics of materials, its strength
theory is relatively well developed. For example, maximum tensile stress theory,
strain theory, maximum shear stress theory and shape change energy density theory.
These theories have been widely used in industry.

4.4.2 Modelling of the battery box

Fig. 4.6 — 3D structural diagram of the battery box
The battery box should be simplified to arrive at a reasonable structure,
which was the key to this design. In the beginning period of the project, the battery
box was modeled separately by Ansys Workbench software. In the later stage of
the optimized structural design, feature points could not be extracted and

parametric structural design could not be carried out. Sequential step-by-step
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derivation of experimental data can only be carried out by modification of
individual parameters. Therefore, three-dimensional modeling software was used
to model the battery box. The battery box was assembled to parameterize the
structure, as shown in Fig. 4.6.
4.4.3 Strength calculation of pin shafts

When the structural strength of the battery case was calculated, the
calculation was based on the first strength theory[197]. The data can be obtained
by measuring the battery box. The inside of the battery box was composed of two
parts of the battery, the first part was the front small battery pack, and the second
part was the rear main battery pack. The overall mass of the battery box containing
batteries was about 230kg. The mass of the battery in the front small box was 18kg,
the mass of the battery in the rear large box was 186kg, and the weight of the
battery box and other accessories was 26kg.

S, =a, xb, =0.299x 0.159 = 0.047541m? (4.1)

In Equation (4.1): S, -the contact area of the small box of the battery box;
a,- the length of the battery box front cell; b, -the width of the cell at the front of
the battery box.

The normal stress on the front small battery box is:

3
o =2 1898Y _371,107pa (4.2)

TS, 0.047541

In Equation (4.2): o,—the stress on the battery at the front of the battery box;

G,—Gravity on the battery at the front of the battery box.
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According to the value of the required stress of the commonly used materials
in engineering, the permissible axial compressive stress of low alloy steel is
obtained as follows :[o]=230MPa. Therefore, o,<[c] can be obtained, and the
small front box meets the strength requirements.

S, =a, xb, =0.364x0.307 = 0.111748m* (4.3)

In Equation (4.3): S, - Rear large box floor area;a,-Length of the rear big
box body; b, -Width of the rear big box body.

The normal stress on the rear large box is:

3
o, = 186398107, 65 107pa (4.4)
S, 0.111748

In Equation (4.4): o,- Stresses on the rear of the battery box; G,- Gravity
force on the rear of the battery box.

According to the required stress value of the engineering materials consulted,
the allowable axial compressive stress of the low alloy steel is [o]=230MPa. Thus
it can be obtained that o,<[c], the large rear box meets the strength requirements.

The stress on the pin shaft is:

(28I 28009878 _; 076 MPas<fr=20-130 MPa  (45)
S (145/2x10%)°x 2.5

In Equation (4.5):n- the number of pin shaft on the battery;G - gravity of
battery at the front of the battery box; S- Shear area of the pin shaft.
The battery box gravity is considered according to the dynamic load, and the

stress of the pin shaft is:

__Gin_ 23Ox9.8{362 _ 2276 MPa<[r]= 3
S (145/2x10%)°x

=70~100 MPa  (4.6)
3.5~5
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As shown in Equation (4.6), strength meets requirements. There are no
defects in the design strength of battery box.
4.5 Coating solutions of the pin shaft

If the pin shaft is replaced with a wear-resistant material, such as stainless
steel, the manufacturing cost will increase by more than 5 times during the
processing, as shown in Fig. 4.7. These difficult-to-machine materials have higher
requirements on the cutting tool, and the delivery time is longer when there are not
many orders. Instead, the remanufacturing method was used. The original
galvanized coating process was removed and the composite coating was
reasonably selected, which reduced costs and extended the life of the equipment. It
reduced the pollution caused by electroplating and realized green processing.

Composite coating was designed to reduce wear. According to the previous
composite coating design scheme, and the pin shafts were deposited according to
the experimental scheme, as shown in Table 4.1. The common material of 45 steel
was selected for the pin shafts. Scheme 1, SKH51 coating was used as a protective
layer to increase the surface wear resistance and impact toughness. Scheme 2,
SKH51 coating was used as the bottom layer and WC coating was used as the top
layer, WC had better abrasion resistance and formed a gradient coating to increase
the abrasion resistance of the SKH51 coating. Scheme 3, SKH51 coating was used
as the bottom layer, WC coating was used as the middle layer, and B83
anti-friction material was selected to increase the coating thickness in order to
reduce the surface roughness. Scheme 4, SKH51 coating was used as the base layer,

and graphene oxide and sodium silicate were deposited on the coating to form GO
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gel coating, which meant that it can improve the surface quality, reduce the effect
of friction on the coating, and improve the corrosion resistance. Silicate is not only
a good adhesive, but also inhibits the corrosion of steel and the corrosion of
non-ferrous metals, which are aluminum, copper and their alloys. Silicates are
effective in preventing the attack of chloride ions.

Table 4.1 — Industrial Coating Scheme

Scheme Coating Number of Coating Layers
1 SKH51 1
2 SKH51+WC 2
3 SKH51+WC+B83 3
4 SKH51+GO 2

Fig. 4.7 — Pin shaft assembly diagram

The surface was polished with No. 240, No. 400 and No. 600 sandpaper
respectively, and the surface was cleaned with anhydrous alcohol. A high-speed
ESD repair machine HMT9500 (Shengzao Co., Ltd., China) was used to deposit
the coating on the pin shaft surface using 2.5mm SKH51 rod as the electrode.
Argon gas (15Mpa) was used as the protective gas on the deposited surface of the
pin shaft. The pin shaft was fixed, and the inline oblique line deposition process
was repeatedly done on the surface. The deposition parameters were taken as the

optimum parameters above in section 3.4. The multilayer coating deposition was



178

carried out separately, as shown in Table 4.2. For scheme 1 and scheme 4, the full
coverage of the coating was carried out. Semi-coverage coating was selected for
scheme 2 and scheme 3. For scheme 1 and scheme 4, the full coverage of the
coating was carried out. Semi-coverage coating was selected for scheme 2 and
scheme 3. Among them, B83 coating adopted micro-capacitor and pneumatic
impact for surface deposition, which had obtained a better surface quality. The GO
gel material was mechanically stirred, and then the SKH51 coated surface was
coated by the dropper, and which was suspended in a drying and heating chamber
for baking at a certain temperature for 120 minutes. Because GO gel was easy to
flow on the pin shafts, a secondary coating was applied after the surface was dry
and then the coating was baked.

Table 4.2 — Coating deposition morphology of the pin shaft

Scheme  Coating Coating deposition morphology

1 SKH51

’ SKH51+
WC

SKH51+

3 WC+BS8

3
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SKH51+
GO

In order to avoid corrosion expansion, and the wear between the spring and
the washer was reduced. Electro-spark carburizing of the gasket were carried out.
Deposition of Ti lay and graphite layer were carried out respectively in Table 4.3.
In terms of rust prevention, Ti and graphite double-layer coating was better than
pure graphite coating. Moreover, Ti coating had better corrosion resistance. In-situ
reaction generates TiC material, which can increase the wear resistance of Ti
coating to a certain extent.

Table 4.3 — Coating deposition morphology of the gasket

Scheme Coating C; z;t;r:g Coating deposition morphology
1 carburisation 1

Ti+
carburisation

4.6 Abrasion resistance test
After 500 times of battery replacement experiments, it was found from the
worn surface, as shown in Table 4.4. For scheme 1, the area of the wear scar was

larger at the front end of the pin shaft due to the SKH51 on the curved surface.
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Scheme 1, SKH51 coating was deposited on the curved surface, the area of the
abrasion spot was larger in the front of the pin shaft. Scheme 2, it adopted
SKH51+WC double coating process, there was no wear spot on the surface of the
pin shaft, only slight scratches. The wear resistance was improved significantly.
Scheme 3, the SKH51+WC+B83 three-coating process was used, there were small
wear spots on the shiny surface without scratches, which showed that B83 has a
good anti-friction effect. Scheme 4. the SKH51 and GO double-coating process
was used, scratches appeared on the working surface of the pin shaft, and there
were flakes of coating peeling off at the end of the pin shaft, mainly because the
deposited coating was too thin. The impact caused peeling off at the chamfer of the
pin shaft, which indicated that the coating had poor impact resistance. By
comparison, SKH51, Go double-coating process was adopted with lower cost and
better anti-corrosion effect, but the impact resistance was poor.

Table 4.4 — Wear morphology of pin shaft surface

Scheme  Coating Wear morphology

1 SKH51

5 SKH51
+WC
SKH51

3 +WC+B

83
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SKH51
+GO

In terms of wear morphology, SKH51+WC+B83 coating had the best wear
resistance and friction reduction effects, and B83 coating had the best anticorrosion
performance. Therefore, it was recommended that enterprises adopted the
SKH51+WC+B83 scheme.

As can be seen from Table 4.5, the original programme cost of 8480 hryvnia
according to a car for four years, the coating with argon protection was reduced to
2940 hryvnia, and without argon protection was reduced to 2400 hryvnia, which
can save the company 5540~6080 hryvnia. The company has 83 electric taxis in
operation. It can save 460,000 hryvnia in four years. Annual savings will be
115,000 hryvnia.

Table 4.5 — Evaluation of Coating Cost Savings per vehicle

Price
of the .
. Numper pin ser_wce Maintenance Single year
Material of pin shaft life (UAH) Total(UAH) cost(UAH)
shafts Kit (year)
(UAH)
45 steel 6 280 15 1500 3180 2120
304 stainless steel 6 1500 4 9000 2250
45steel+
SKH51+GO 6 355 2 1500 3630 1815
coatings
45 steel +
SKH51+WC+B83 6 400 4 2400 600
(No argon gas)
45 steel+
SKHSL+WC+BB3 ¢ 490 4 2040 735
(Argon gas

protection)
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4.7 Technical suggestions

The coating of the pin shaft of the replaceable battery box directly affected
the normal operation. Reasonable coating deposition process was the guarantee of
coating quality. The functional design of the coating is the guarantee of the
performance. Composite coating has better multi-purpose. But, because the coating
deposition time is long, it may be changed from full coating to partial coating to
reduce the processing time and processing cost, which can improve the production
efficiency.

(1) It is recommended that enterprises replace the electroplating coated zinc
coating and choose the more environmentally friendly ESD deposition coating.
The coating quality of the pin shaft directly affects the service life. Before the
deposition process, attention should be paid to the removal of oil stains on the
surface of the pin shaft for acid selection, and grinding of oxidized skin. Suitable
surface roughness helps the implementation of the deposition.

(2) Composite coating can always meet a variety of use requirements,
according to the needs of industry to choose a reasonable coating structure. The
number of coating layers should not be too many, generally no more than three
layers.

(3) Since the ESD coating have the defects, and the coating is not continuous,
Coating deposition of higher quality process was reasonable selected, which

reduces the surface roughness and reduces the friction.
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(4) In the working process due to the pin is curved surface, too high argon
gas pressure cannot play a good and effective protective effect. The protective gas
pressure can be reduced appropriately to prevent the surface from being oxidized.

(5) ESD is combined with a variety of processes. It can effectively reduce
the cost of coating, which is an effective way for industrial application. Through
the application of graphene oxide gel coatings, the surface roughness can be
reduced, and the manufacturing cost can be effectively reduced. which is also a hot
spot that the industry will pay attention in the future.

4.8 Summary

This chapter briefly introduces the application of the ESD process in the
battery-swapping electric vehicle industry, summarizes and analyzes the test results
of the four coating schemes, and determines the best industrial application scheme
according to the field wear resistance test. For part of the automatic locking device
normal cannot return to the position, the composite coating solution was proposed
on the pin shaft, which meet the requirements of abrasion resistance, but also had a
smaller friction, but also had a certain degree of corrosion resistance. This solution
was composed of three coatings: SKH51 coating, WC coating and B83 coating. It
can effectively reduce the cost of plating, reduce the pollution of the plating
process and achieve a long life expectancy of the parts. This method is cheap, easy
to operate and easy to maintain, and which is recognized by enterprises. This is

expected to help the enterprise save 115,000 UAH every year.
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CONCLUSIONS

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

1. When using Taguchi's orthogonal method, according to the abrasion width,
the optimal parameters of the surface carburizing process of steel 45 have been set:
the efficiency of 50%, the voltage of 35V, the current frequency of 180 Hz, and the
operating time of 360 s. As a result, the average wear width was 268.206 pm, and
the wear depth was 2.999 pm, which is 59.96% less than for steel 45 without
carburizing.

2. Using the method of normalization and the method of weighting
coefficients to estimate the operating parameters of the coating at the maximum
value of the objective function of 0.687887, the optimal parameters of the process
of electro-spark deposition of the SKH51 coating on the surface of steel 45, namely,
the current frequency of 300 Hz, the voltage of 44 V, the efficiency of 30%, and the
rotation speed of 150 rpm have been determined.

3. While comparing the composite coatings of different composition, as an
optimal solution, there has been recognized the composite coating formed
according to the scheme of SKH51+WC+B83. With the gradient coating of
SKH51+ WC, the value of the coating had a gradient wear resistance, the coating
of SKH51 had a better morphology and lower roughness (Ra = 1,086 um.) The WC
coating had the best wear resistance among all the schemes, and the wear width
was 586.12um. The B83 coating had a very stable friction coefficient of 0.12,

which was 48% lower than that of the WC coating.
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Coating SKH 51+ WC+B83 has a good wear resistance and low coefficient
of friction, long service life and high reliability. Since the material of B83 is the
outer layer of the composite coating of SKH51+ WC+B83, the wear mechanism of
the optimal coating is mainly plastic deformation accompanied by slightly
polishing.

4. To obtain a better surface quality when providing for a deposition of a soft
low-temperature metal by the ESD method, it is necessary to use an RC-discharge
circuit and the technology of gas-vibration processing, which makes it possible to
control the discharge energy, not to cool the electrode for a long period of time,
and to carry out a continuous process of applying a deposition. When the discharge
energy is getting greater than the melting energy, the ESD coating would be able to
deposit. When the discharge energy is getting less than the melting energy, the
electrode performs reciprocating friction on the deposited surface. While
processing, the air pressure is in the range of 0.45~0.62MPa, the proper distance of
the electrode is to be guaranteed. In this case, a stable vibration frequency is of
310~350 Hz. The pneumatic impact is more stable, and a better deposition effect
can be obtained. The mechanism of pneumatic deposition is to control energy
through the number of impact discharges per unit time, which reduces the
traditional electrode impact force and reduces the deformation of the
low-temperature soft metal electrodes. In such a manner, it can enhance the quality
of the surface deposition.

5. Graphene oxide gel coating can reduce coating friction and surface

roughness. It has a certain wear resistance. It is a new research to modify the
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surface of ESD coatings with Nano-materials. It was low in cost, very effective in
improving surface quality, and easily recognized by the industry. Through the
research on the performance of graphene oxide gel, it has been found that the
friction coefficient is 0.17, the grinding width is 1283.02um, the surface quality is
the lowest, and the bonding force is of 16.57~20.35N.

6. The ESD process has been applied in the automotive industry to discharge
batteries of electric vehicles. Since some locking devices cannot return normally, a
solution of SKH51+WC+B83 composite coating on the pin shaft surface of the
locking mechanism for the lifting device of a battery for an electric car was
proposed. It can effectively reduce costs, reduce pollution during the electro-spark
deposition coating process and to ensure a long service life of the remanufactured
parts. This method is cheap, easy to operate and easy to maintain, and it is
recognized by enterprises. This is expected to save the company 115,000 UAH per

year.
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APPENDIX B. Documents on the implementation of the results of the

dissertation

Certification

Du Xin completed the industry practical application of new repairable
coating in the induslri.al equipment. The new environmental protection
technology of new repair anti-wear coating was implemented, and the
process design, manufacture, installation and commissioning were carried
out. In the electric vehicle, the key components of the replaceable battery
can be replaced to reduce wear and improve the life of the product. The
new coating technology has low maintenance cost and convenient
production, and the stability and reliability of repaired key parts are

obviously improved. The scientific results are valuable for industry.

Hereby certify.

S 50
g
XinXiang New Energy-Electric Velfiete,Co., Ltd.
‘ A= 3’\>'\
=
My 20,2023

L)
‘107000 %



		2023-11-06T17:34:22+0800
	杜鑫（duxin）




