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Abstract

Introduction. By analyzing the electrodeposited Fe-Ni-P alloy using electron microscope scanning and
X-ray analysis, its unusual structure, including micro and morphological features, becomes apparent.
This alloy, produced from a sulphate electrolyte using asymmetric alternating current, is a complex
system with the presence of a-Fe and (-Ni phases, as well as phosphorus integrated into FeaNi and a
FeSO, phase resulting from electrolysis under dynamic conditions. The use of heat treatment causes
the appearance of additional phases such as NisP and Fe;P. A notable characteristic of this alloy is its
unique amorphous-nanocrystalline structure. Enhancing the performance of Fe-Ni-P alloy shells is the
integration of phosphorus, which makes them twice strong and three times more corrosion resistant
than traditional Fe-Ni shells. Also, heat treatment of these shells leads to an increase in their re-
sistance to corrosion and microhardness due to the creation of intermetallic phases. It has been ob-
served that plows treated in this way are distinguished by 1.5-2.2 times improved resistance to abra-
sion and corrosion compared to sormite products, achieving results similar to composite shells. Re-
search shows a significant reduction in wear on the inside of grain pipelines after they are treated with
an alloy based on iron, nickel and phosphorus. In particular, after moving 25,000 tons of grain, grain
pipelines restored with this alloy demonstrate approximately 2.4-3.1 times lower levels of wear com-
pared to analogues made from conventional sheet steel. Object. The object of the study is the study of
galvanic coatings of the Fe-Ni-P type. Results and conclusion. The use of cathode current with vari-
able asymmetry, where the current density ranges from 5 to 30 A/dm2 and the asymmetry coefficient
ranges from 8 to 12, leads to the formation of surfaces with uniform structures. These structures are
characterized by the presence of both amorphous and crystalline particles, creating patterns that are
similar in appearance to spheres and droplets. They contain phases of compounds such as NisP and
Fe;P, and also contain elements such as a-Fe, B-Ni, and phosphorus, which are incorporated into
FeaNi solid solutions.
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AKTyanbHOCTb. AHanu3npys ranbBaHUYeCKN HaHeceHHbIW cnnaeB Fe-Ni-P ¢ nomoLubio ckaHnpoBa-
HUSI 3NEKTPOHHbIM MWKPOCKONOM W PEHTrEHOBCKOrO aHanu3a, CTaHOBUTCH OYEBUOHOW ero HeobblyHas
CTPYKTYypa, BKIOYawLwass MUKPO- 1 MOpdorormyeckme ocobeHHoCcTU. JTOT crnnas, NonyyYyaembl U3 Cylb-
chaTHOro anekTponuTa MpyU WMCMOMb30BaHWM ACUMMETPUYHOIrO MEPEMEHHOro ToKa, MpeacTaBnsieT cobow
KOMMNIEKCHYIO cuctemy ¢ npucytctemem a-Fe n 3-Ni das, a Takke docdopa, nHrerpupoBaHHoro B FeaNi, 1
dasbl FeSO,, BO3HUKaOLLEN B pe3ynbTaTe 3MEKTPONM3a Npu AMHaMmMyeckmx ycrnousax. MNpumeHeHve ten-
noeon 06paboTKM BbI3bIBAET NOABMEHME AOMONMHUTENbHBLIX a3, Takux kak NisP n FesP. MNpumedarenbHon
XapakTepUCTUKOW AaHHOrO CrnaBa SBMSETCS ero yHukanbHas amopdHO-HaHOKpuCTannnyeckasi CTpykTypa.
YcuneHne xapaktepuctuk obonoyek m3 cnnaBa Fe-Ni-P npoucxogut Gnarogapst MHTerpaumm docdopa,
KOTOpbIN AenaeT ux BABOE NpoYHee M B Tpu pasa bornee 3alULEHHBIMM OT KOPPO3WUM MO CPABHEHMWIO C
TpaguumoHHeiMu Fe-Ni obonovkamu. Takke TepMmmyeckas obpaboTka sTux 060noYek BEAET K YBEMUYEHUIO
UX YCTOMYMBOCTU K KOPPO3MU U MUKPOTBEPAOCTM 3@ CYET CO3OaHUsi HTepmeTannuyeckux das. beino 3a-
MeYeHo, YTO 06paboTaHHbIE TakMM 0O6pa3oM MAyrv BbIAENSATCA ynydlleHHon B 1,5-2,2 pasa CTOMKOCTbIO K
abpa3vBHOMY U3HOCY U KOPPO3WM MO CPaBHEHMIO C U3AENUSIMU U3 COpMaiiTa, JoCcTurasi pesynbTaToB, aHa-
NOMMYHBbIX KOMMO3UTHBIM obonoykam. MccnegoBaHWs MOKasblBaOT 3HAYUTENbHOE YMEHbLUEHWE M3HOCca
BHYTPEHHEW YacTu 3epHONPOBOAOB Nocne ux 06paboTku CnnaBoM Ha OCHOBE Xernesa, Hukens u docdopa.
B yactHocTu, nocne nepemelueHns 25 000 TOHH 3epHa 3epHONPOBOAbI, BOCCTAHOBMNEHHbLIE AaHHLIM Chna-
BOM, JEMOHCTPUPYIOT NpuMepHo B 2,4-3,1 pa3a Gonee HM3KMIA YPOBEHb M3HOCA NO CPaBHEHUIO C aHarora-
MM, M3rOTOBMEHHLIMW M3 0ObIYHON NUcToBOM cTanu. O6bekT. OOBHLEKTOM MCCnenoBaHMA ABMASETCA U3y4de-
HWe ranbBaHW4yecknx nokpbltun Tna Fe-Ni-P. Pe3ynbTaTtbl U BbiBOAbI. [IpUMeHeHWe KaTogHOro Toka C
nepemMeHHoIl acMMeTpuen, rae NNoTHOCTb Toka konebnetcst oT 5 Ao 30 A/AM® 1 KO3 MULMEHT acMMeT-
pun HaxoauTCcsA B guanas3oHe oT 8 go 12, npmBOAUT K (hOPMUPOBAHMIO MOBEPXHOCTEN C PaBHOMEPHbBIMU
CTPYKTypamn. 3TN CTPYKTYpPbl XapakTepusyrTCs HanuyinMem Kak amopdHbIX, Tak U KpUCTansmM4eckmx 4va-
cTuu, co3aaBas 06pasLibl, KOTOPbIE BHELLUHE MOXOXMW Ha cdepbl 1 kannu. B nx coctae BxoadaT gasbl coeam-
HeHu Bpoge NisP n FesP, a Takke cogepxarcsa anemeHTbl, Takme kak a-Fe, B-Ni, n dpoccop, Bctpansato-
Luncs B TBepapble pacteopbl FeaNi.

Knrodeeble cnoea: nemexa, 3epHonpoeodsl, nokpbimue Fe-Ni-P, cynbchamHbIil anekmposum,
acuMMempuyYHbIlU NepeMeHHbIl MoK, pacmposgasi 3/1eKMPOHHas MUKPOCKOIMUSI, peHmMaeHOCmPyKmMypPHbIU
aHanus.

LUntuposanue. LlemskmH A. B., CtekonbHukoB 0. A., YcneHckmn W. A., FOxun W. A., ®omuu C. [.,
Myxos E. B., Kytbipaes A. A. lNanbBaHnyeckue nokpblitusa FE-NI-P ona BocctaHoOBNEHMS M3HOLIEHHbIX Oe-
Tanem cenbCKOXO3AWCTBEHHOW TEXHUKM N TexHorormdeckoro obopynosanusi. Mseecmus HB AYK. 2024.
3(75). 302-309. DOI: 10.32786/2071-9485-2024-03-35.

ABTOpCKMﬁ BKnaa. Bce aBTOpbl HaAcToALlero nccnenooBaHna npuHMManun HenocpencTtBeHHoe yvyactue B niaHunpoBa-
HWUW, BbINOJTHEHNUN UMK aHann3e AaHHOro nccrnegoBaHuA. Bce aBTOpbI HacCTosLLEN CcTaTbM O3HAKOMUMNCH U O,ElOGpMJ'IVI
I'IpeJJ,CTaBJ'IeHHbIVI OKOHYaTeNbHbIN BapuaHT.

KOHCanIKT UHTEepeCcoB. ABTOpr 3aaBnawT 06 OTCYyTCTBUN KOHd)ﬂI/IKTa NHTEPECOB.

BBeageHue. B o6nactv MawMHOCTPOEHMST 4acTo CTaskuMBaloTca C npobrnemon BoccTa-
HOBMEHUS NepBOHaYanbHbIX rabapuToB AeTanen, NoaBEPriuMxcst nsHocy. PelueHnem aTton 3aga-
YA CIYXXMT UCMONb30BaHUE ranbBaHUYECKMX MOKPbITUIA, OCOBEHHO Ha OCHOBE Xenesa U ero
cnnaBoB, brnarogaps X BblAAOLWMMCSH CBOMCTBAM, BKITHOYAS BbICOKYH YCTOMUMBOCTb K KOPPO3UM,
W3HOCY, a TaKkkKe 3Ha4YNTENbHYO TBEPAOCTb U cneundundeckyto cTpyktypy [1-3].
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Cpeau npounx Fe-Ni-P nokpbiTnsi 3ameyatenbHbl CBOMMUW YHUKANbHBIMU XUMUYECKUMW U
PU3NKo-MexaHmyeckumm kadectsammn. OgHaKo, HECMOTPSI HA N3BECTHOCTb UX NOMNE3HbIX CBOWCTB,
JeTanbHble AaHHbIE O UX XMMUYECKOM COCTaBe, CTPYKType, Mopchonoruu, a Takke 06 ocobeHHo-
CTAX PUNKO-MEXAHUYECKUX XapaKTepUCTMK B pa3HOOBpasHbIX YCNOBUAX 3MekTponunsa Bce elle
TpeObyT yrnybneHHoro mayyveHus. [aHHoe wuccrefoBaHMe MOCBSALLEHO AeTanbHOMY aHanmay
CTPYKTYPHbIX OCOBEHHOCTEN N ha30BOro coctaBa MOKPbITUA Ha ocHoBe Fe-Ni-P, co3gaHHbIX C
NpUMEHeHNeM acCUMMETPUYHOrO NEPEMEHHOIO TOKa AN UX HaHECEHNS.

MaTtepmanbl n metoabl. [1na Npon3BOACTBa rafibBaHUYECKMX MOKPbITMIA M3 cnnaea Fe-
Ni-P ncnonb3oBanacb TEXHOMOMNsi, OCHOBaHHAsA Ha NMPUMEHEHUN CneumManmM3npoBaHHOro obopy-
[oBaHuA, paboTatoLLlero Ha OCHOBE HECUMMETPUYHOIO NEPEMEHHOMO TOKa. ATO YCTPOMCTBO CO-
CTOANO 13 TpaHcgopMaTopa Ans NepeMeHHOro Toka, napbl TMPUCTOPOB U KOHTpornnepa Ans ux
yrnpaBerfeHns, BKMoYas B cebsa reHepatop MMNynbcoB, GasuvpyloWMNCa Ha OfHONEpPEXogHOM
TpaH3ucTtope. Cuna Toka Ha katode MeHsinacb B npedenax ot 5 go 30 amnep Ha KBagpaTHbI
JeunmeTp, Npu 3Tom KoahUUNEHT acummeTpum Toka () nameHanca ot 2 o 16 Ha ¢oHe va-
ctoTbl B 60 [u. Yepes ynpaBneHne nepemMeHHbIM pe3ncTOpoM JocTurarnacb perynupoBka 3a-
OEepXXKM NMMYMbCOB, YTO MO3BOMSANO KOPPEKTMPOBaTbL MOMEHT cpabaTbiBaHWUS TUPUCTOPOB, OCHO-
BbIBasiCb Ha Nepuoae, Koraa HanpshkeHue B CeTU NepecekaeT HyneByl OTMeTKy, obecnevnBas
TEM CaMbIM U3MEHEHWE Yrna Ux akTMBaLun.

PesynbTathl n o6cyxaeHmne. Ha cneunannsanposaHHon nabopaTtopHON yCTaHOBKE ANs
HaHeceHus ranbBaHu4eckmx cnoes Fe-Ni-P npumeHsnca yHuKkanbHbIN NpoLEecc, KOTOPbIN 3aaen-
CTBOBan acMMMETPUYHBIN NEPEMEHHbIA TOK. JTOT MPOLECC OCYLLEeCTBMANCA PN pasnn4HbIX
YCIOBUSIX: KaTOAHas MIIOTHOCTb UMMYMbCOB TOKa BapbupoBanach oT 5 o 30 A/am?, acuMmMeTpus
ToKa () MeHsinacb B AnanasoHe oT 2 o 16, npm aTom YacTtoTa coctaenana 60 Iy,

CTpyKkTypa camon yCTaHOBKW BKovana B cebs KOMMMEKCHbIe 3neMeHTbl: TpaHcdopma-
TOP O4NA NEPEMEHHOr0 ToKa, Napy TUPUCTOPOB M BOK ANs UX ynpaBneHus. BaxHyo ponb urpan
Onok ynpaBneHus TUpuMcTopamu, 00OpPYyAOBaHHLIA reHepaTopoM MMMYNbCOB, paboTalwum Ha
OCHOBE O HOMNEPEXOAHOro TpaH3aucTopa. [Ana TOYHON HACTPOMKM MOMeEHTa cpabaTbiBaHUSA TUPK-
CTOpPOB OTHOCUTENBbHO Mepuoga CeTEBOro HanpsXeHWUsl UCNOoMNb30Bancs NepeMeHHbINn pesnucTop,
YTO NO3BOMASIO U3MEHSATL YroNn UX aKkTUBaLUN.

B coctase vcnonb3yemMoro anekTponurta NpucyTCTBYIOT pasnuyHblie KOMMOHEHThl: oT 350
00 400 rpaMmmoB Ha NUTP cepHoM KMcnoTbl ¢ ypoBHem pH mexay 0,6 n 1,0, cepHokmcnoe xeneso
B KoHUeHTpaummn 150 go 350 rpamMMoB Ha NUTP, HUKENb CEPHOKUCHbIN, COAEpP)KaHME KOTOPOro
Bapbupyetca ot 10 go 75 rpammoB Ha nuTp, runococduT HaTpusa 1 ackopbuHoBas KucnoTa, 4o-
6aBnsiemble B konuyectBax 5-15 rpammoB n 3-7 rpaMMOB Ha fUTP COOTBETCTBEHHO. [1nsa noa-
JepXaHus U KOPPEeKTUPOBKN YpoBHA pH B npouecce ucnonb3oBanack cepHas kucrnota. lNepeg
Ha4yanoMm 3neKkTponum3a, KOTopbIn ANUTCA OT OAHOM A0 Tpuauatv MUHYT, obpasLbl nogsepranuch
npeaBapuTenbHOM NOAroToBKe. OTOT NPOLIECC BKIIKOYAN XMMUYECKOe 00e3XUPUBaHUE B LLEMNOY-
HOW cpefe B TeYeHne NSATU MUHYT, 3a KOTOpbIM crnegoBany ropsyvas U xonogHas npoMbIBKY (Npu
Temnepatypax 50 n 20 rpagycoB Llenbcnsi COOTBETCTBEHHO) Ha NMPOTSAKEHUN OLHOW-ABYX MUHYT.
Mocne aToro obpasubl Nogseprannucbs aHOAHOMY MAacCUBMPOBAHUIO B paCTBOPE CEPHOWM KUCHOTbI
KoHueHTpaumen 30% Ha NoNIMUHYTLI A0 MUHYTLI 1 3aBepLUannCb XONoAHOW NPOMbIBKOM.

Paamepbl cnoes konebanucek mexay 10 mkm 1 300 mkm. [Ina nccnegoBaHna XMMUYECKO-
ro coctaBa W CTPYKTYpbl CMOEB MUCMONb30Banu TEXHUKY PEHTreHOBCKOro AndpakuMOHHOro aHa-
nmnsa ¢ npuMmeHeHnem annapartypbl «QpoH-4M» n ucnonesoBaHnem Co-Ka nanyyenus. [etans-
HOE M3y4YeHne CTPYKTYpPbl NOBEPXHOCTU N XMMUYECKOrO COCTaBa MPOBOAMIIOCH C UCMOSb30BaHM-
€M CKaHWUpYHLLEro afnekTpoHHoro mukpockona JSM-6380LV ot JEOL (AnoHus) n aHanntnyeckon
cuctembl INCA 250 ot Oxford Instrument (BennkobpuTtaHus). B HEKOTOPLIX 3KCNEepUMEHTaxX Criou
noasepranuce 06paboTke npu Temnepatype 400 rpagycos Llenbcusa Ha npotskeHun 30-60 mu-
HYT B MychenbHOM neyun, YTo NPOMCXOaNIO B YCNOBUSX OObIYHON aTMOoCdepbI.

AHanu3 HavanbHbIX 3TanoB hOPMUPOBaHMS I'IOKprTI/IVI n3 cnnasa Fe-Ni-P (npn napameTtpax:
Bpemsi ocaxaeHust 30 cekyHA, NroTHOCTb Toka 10A/OM?, 1 3HaueHe B paBHoe 12) BbisSiBUN dhopMu-
pOBaHNE MHOXECTBa CHEepPUYECKMX YacTULL MUKPO- U HAHOpasMepa, KOTOpbIE Kak CBsi3aHbl, TaK U He
CBSA3aHbl Apyr ¢ ApyroM, oopmMupysi arfiomeparbl, kKak 3T0 AEMOHCTPUPYHOT unmoctpaummn 1 n 2. 06-
Hapy>XeHo, YTO NOKPbITUE POPMUPYETCH Ha MOBEPXHOCTU, KoTopas Bbina npeasaputensHO 3almiLe-
Ha OT OKMCIeHMs, Npy 3TOM B 06N1acTu rpaHyL, HaHOCEP U armomMepaToB 3aMeTHO YBENMUYEHME CO-
JepXxaHus yrnepoaa npy 0gHOBPEMEHHOM YMEHbLLEHMUN YPOBHEN Kucnopoda n gocdopa.
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MokpbiTne Fe-Ni-P otnnyaetcs 3HaunMTenbHbIM cogepxaHmem gocdopa (5,25-7,11 Bec %).
Pa3wmep HaHocdep — nopsagka 10-20 HM, arnomepatoB — 1 MKM (PUCYHOK 1).

40mkm ' GnektponHoe uaoBpaxeHne 1

PucyHok 1 — MUKpOCTpyKTYpa NnoBEpPXHOCTU NOKPbITUA cnniasoM Fe-Ni-P
Figure 1 — Microstructure of the coating surface with Fe-Ni-P alloy

M3 nuTepaTypHbIX JaHHbIX U3BECTHO [3], YTO NOBbILWEHNE copepXaHusa docdopa B no-
KpbITUSIX CMOCODCTBYET YMEHBLUEHUIO BHYTPEHHUX HanpshKeHun, GnokupyeT obpasoBaHUEe MUK-
pOTpELLMH 1 nX pasButue. B Tabnuue 1 npuBegeH CyMMapHbI CMEKTP 3NEMEHTHOro cocTaea
nokpbITna Fe-Ni-P, nony4eHHOro npu ykasaHHbIX YCNOBUSAX 3NeKTponmaa.

Tabnuua 1 — 3nemeHTHbIN cocTaB NokpbiTUst Fe-Ni-P B 3aBUCHMOCTM OT yCrnoBuiA ocaxaeHust
(0.=10A/am?, B=12, Bpems ocaxaeHust 10 MUHYT)
Table 1 — Elemental composition of the Fe-Ni-P coating depending on the deposition conditions
(Dc=10A/dm2, B=12, deposition time 10 minutes)
OnewmeHT / Element Ni Cc P Fe o

o,

lMpoBeaeHue anekTponusa Ha NPOTSXEHUM OOHOro Yaca yBenuymMBaeT KOHUeHTpaumo doc-
dopa (o1 9,5% Ao 10,1%) n Hukensa (o1 17,5% 8o 18%), B TO e BpeMs yMeHbLIasa cogepxaHue xe-
nesa B NOKPbITUX. DTO NPMBOOUT K POPMMPOBAHMIO Ha NOBEPXHOCTU PABHOMEPHOIO CIOs C TEKCTY-
pon, HanoMuHatoLLew rmobyrbl 1 ceponapl, U UMEIOLLETO CTPYKTYPY, COCTOSILLYHO M3 CroeB 1 6ro-
koB. OCHOBbIBasAICb Ha aHanuse U300paKeHNA Ha PUCYHKe 1 M M3yYeHUn NomnepeyHbIX CeYeHUn Ha
pYCYHKe 2, CTAHOBUTCA O4EeBMAOHBIM, YTO Takas yHUKarbHas CTPyKTypa crnosi obycnoeneHa nepvoan-
YECKMMW U3MEHEHUSIMU YPOBHS! LLEMOYHOCTM BO3Me Katoaa. AT N3MEHEHUs ABMSAIOTCS pe3ynbTaToM
UCMOMb30BaHNs aCMMMETPUYHOIO NepeMEHHOro Toka B MpoLecce 3MeKTponuaa v BegyT K obpasoBa-
Huo ocagka FePO4. [anbHenwasn nHTerpaums 9Toro ocagka B NoKpbITUe NOATBEPXAAETCH pesyrib-
Tatamy aHanu3a AupakLMOHHOIO paccesiHUst U CPaBHEHNS C AaHHbIMU 13 6a3bl ASTM.

40mEm SnextponHoe naoGpaxenne 1

PucyHok 2 — MUKpOCTpYKTYpa NoBEPXHOCTU »Kene30-HUKenb-pocOPHOro NoKpbITUS
Figure 2 — Microstructure of the surface of the iron-nickel-phosphorus coating
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B xoge aHanu3a peHTreHOBCKMX M300paXeHnin, KoTopble Obinv Nony4YeHbl B NpoLlecce uc-
cnepoBaHus nokpbiTua Fe-Ni-P, cdhopmmpoBaHHoro npum MNOMOLLM 3MIEKTPOMN3A C HECUMMETPH-
HbiM AC C xapakTepucTukamu B aunanasoHe [k=10-30 A/am? n B=6-12, o6Hapy>|<eHo MHOXXECTBO
KOMMOHEHTOB. /lcxoaHOe CcoCTosHMEe MOKPbLITUSA A0 NpoBeAeHWUs Tennoson obpaboTku BKYano
B cebsa pasnuyHble dasbl, cpean kotopbix a-Fe, B-Ni, NisP, FesP n tBepable pactBopbl dhocdopa
B FeaNi. TepmoobpaboTka NpMBOAUT K MOSIBAEHUIO OONONHUTENbHBIX dhocopHbIX 1 NiP co-
eonHeHnn. MeTtannuyeckne anemMeHTbl AEMOHCTPUPYIOT MUKPOKPUCTANMMYECKYI0 CTPYKTYpY, TO-
roa Kak gpoccpop HaxoguTca B aMOPdHOM COCTOSIHUKU. OTO BeAET K (DOPMUPOBAHMIO YHUKANBHOMO
MOKPbITUSA C aMOPMHO-KPUCTANNMYECKON CTPYKTYPOU N cdepounganbHo-rinodynapHon mopdono-
rmen, cogepxattero NisP n FesP.

M3meHeHne MUKPOTBEPOOCTU N YCTONYMBOCTM K U3HOCY NOKPbITMI cnnasa Fe-Ni- P MOXHO
HabnoAaTb NPU Pa3NNYHbIX YCOBMUSIX SMEKTPONM3a, BKIoYasi NNOTHOCTL Toka 20 A/am? 1 cooT-
HOLLEHME KaToA-aHopg =6, Kak 9TO OTpaXeHo Ha pucyHke 3. C TOYKM 3peHns BnusaHns gpocdopa
(P) Ha kayecTBO NOKPLITUS, €ro yBennmyeHHoe NpUCYTCTBUE Ha CTblKax KPUCTanmnos B yCroBusx
HEPaBHOMEPHOTO OCaXAEHMS crnocoBcTByeT MOBbLILLEHWIO MoKasaTernen MUKPOTBEPAOCTU A0
avanasona 950-1090 kre/Mm? n ynydlaeT 3awmTy oT u3Hoca. Takke CTOUT OTMeTUTb, YTO C po-
CTOM KaToAHOro MMMynbca NPOUCXOAMT YMeHbLLeHWe pasMmepos rnobyn B npouecce hopMmpo-
BaHuA cnnasa. Ponb doccopa B ynyylleHUM XapakTepUCTUK MOKPbITUS NOATBEpXOaeTca Ha
npyMepe M3MeHeHUs MUKPOTBEPAOCTU B 3aBUCUMOCTU OT €ro coepxaHus, 4To Takke npoge-
MOHCTPMPOBAHO Ha pucyHke 3. Tepmunyeckas obpaboTka ABNAeTCA OOMNOSHUTESNbHBIM METOLOM
AN OOCTUXKEHUS BbICOKMX NOKasaTenen MMKPOTBEPOOCTH.
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MukpoTeepaocTs,
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0 1 2 3 4 5 6 7 8|
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PucyHok 3 — 3aBucmmocTb MukpoTBepaocTu cnnaea Fe-Ni-P oT cogepxaHust dpocdopa B cnnase
6e3 TepmoobpaboTku (1), nocne TepmoobpaboTku (2)
Figure 3 — Dependence of the microhardness of the Fe-Ni-P alloy on the phosphorus content in the alloy
without heat treatment (1), after heat treatment (2)

OcHoBbIBasACb Ha AaHHbIX, NPEACTaBMEHHbIX B PUCYHKE 3, MOXHO caenaTth BbIBOA, O TOM,
YTO MOKPbLITUSA, oboralleHHble HhocHOpPOM, OEMOHCTPUPYHOT 3HAYMTENBHOE YCUITEHUE MUKPO-
TBEPAOCTU, KoTopas MOXeT BoapactaTtb ¢ 6100 Mla go 8700 Mla B 3aBUCMMOCTU OT €ro KOoH-
ueHTpaumun. Korga xxe paccmaTpuBaeTcs BO34ENCTBUE TepMMYEcKon 0b6paboTkm B yCnoBUsIX 3a-
LWnTHOM cpeapbl Npu Temnepatype 400°C Ha NPOTSHKEHMM OAHOrO Yaca, MUKPOTBEPAOCTb MOXET
aocturaTtb 3HaveHui ot 7800 go 11000 MIla. Takoe yBennyeHme TBepAOCTU 00bsACHAETCA dop-
MMPOBaHUEM MepPECHILLLEHHOrO TBEPAOro pactaopa goccopa BHyTpU FeaNi, 4To xapakTepHo ans
Fe-Ni-P cnnasoB. 3Tu cnnaebl, cogepxawme docdop B agnanasoHe ot 1,3% go 3,2%, otnmya-
IOTCS MENKOKPUCTAaNNMYECKon 1 Cnoncto-6no4Hon CTpyKTypor. B To e Bpems npu yBenumyeHum
cogepxaHua docdgopa Ao 3,5-8% NOKpbITUA NPUHUMAKOT PEHTrEHOAaMOPMHLIN XapakTep, YTo
noaTBepXaaeTcs HanMyYnem LUMPOKOro rano B gmanasoHe yrnos 20 ot 20 go 35-540, aHanornyHo
HabntogeHnsam ansa cnnaeos Ni-P, onucaHHbIM B UCTOYHMKAX [4, 5].

B nccnepoBaHusax Obino obHapyXeHo, Y4To cnnasbl, cogepxawume oT 1,2% [o 2,7% doc-
dopa, NposBRAT MHTEPECHbIE XapaKTEPUCTUKM MOCne npouecca TepMmnyeckon obpabotku. B
yacTHocTu, B crnnaeax Fe-Ni-P Habntogancs pacnag Ha doocdhumaHble dasbl, Takue Kak FesP, NisP
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n NisP,. OTOT npouecc conpoBoXgarncs nossneHmeM xapaktepHbolx nnHui a-Fe (110), Ni (111) n
Ni (200), aHanorMyHeIX TeM, 4YTO ObIN 3aperncTpupoBaHbl B cnnaBax Ha ocHoBe Fe-P un Ni-P.
Takke ObIIO OTMEYEHO, YTO HanNu4uMe yrrepoda B MOKPbITUSX 3HAYMTENbHO BNUSIET Ha NOBEPX-
HOCTHYIO FeTepOreHHOCTb, Co3faBas NpPenAaTCTBUA Ha NyTn ged)eKToB, TakMX Kak Aucriokauuu,
BaKaHCUWN 1N MUKPOTPELLMHBI. DTO, B CBOK OYepeadb, yNydllaeT XapakTePUCTUKN N3HOCOCTOMKOCTHU
N KOPPO3MOHHOM YCTOMYMBOCTM CMIaBOB, Kak NOATBEPXKAEHO UCCNegoBaHNSIMN.

M3HoC nemexoB nnyros, ynpovHeHHbIX Fe-Ni-P noKpbITaMn npn NCnbITaHUSX Ha YepHo3eme
BbILLENOYEHHOM CpeaHECYITIMHUCTOM B MOMEBbIX YCNoBuSAX npu HapaboTtke 150 ra B cpaBHEHMU C
nemexamu, yrnpoYHEHHbLIMU COpManToM, okasancs MeHblle Ha 50-70%. C ynpoYyHeHHON HOCOBOW
yacTbto nemexa ¢ nokpbituamy Fe-Ni-P tonwmHon 30 MKM Npu CpaBHEHWM C Nlemexamm C cop-
ManTom umenu nsHoc Ha 80-85% meHbLue npu HapaboTke 150 ra B TeX e noneBbIX ycnosusax. -
dreKT camosaTaumBaHNS M BbICOKasi U3HOCOCTOMKOCTb MOKPbLITUA NPUBENW K TOMY, YTO Y FIeMEXO0B
n0\-|Boo6pa6aTb|Barou_}) X MaLUuH I'IOBbILuaeTCﬂ OONrOBEYHOCTb, TaK Yron 3a0CTPEHHOCTU COCTaBUI
COOTBECTBEHHO 20-27°, @ y aTanoHHbIX 42-45°. [leMexa ¢ nokpbitusiMi Fe-Ni-P Menu koppoavoHHo
abpasnBHyto cToMKOCTb B 1,5-2,2 pasa Bbille, YeM U3 copmanTa, YTo 6rM3KO K KOMMO3MLUMOHHBIM MO-
KpbITUAM. MI3HOC BHYTpPEHHEN NOBEPXHOCTU 3epHOMPOBOAOB BoccTaHOBMNEHHbIX Fe-Ni-P cnnasom B
2,4-3,1 pasa MeHbLUe, YeM Y U3FOTOBMEHHbLIX U3 NIMCTOBOW CTanu npu nponyckaHm 25000 T 3epHa.

3aknio4yeHue. I'IpmmeHeHme KaTo4HOro Toka C NepeMeEHHON acuMMeTpuen, rae nnoTHOCTb TO-
ka koneGnetcs oT 5 go 30 Alam® u KOGCbeI/ILI,I/IeHT acMMMETPUN HaxoauTcsa B ananasoHe ot 8 go 12,
Np1MBOANT K (DOPMUPOBAHMIO MOBEPXHOCTEWN C PABHOMEPHBIMU CTPYKTYpPaMn. OTU CTPYKTYPbl XapakTe-
pU3YIOTCA HanMMuMem Kak aMopHbIX, Tak U KPUCTaNMYeckmx vactuu, cosgasas obpasupl, KoTopble
BHELLHE MOXOXM Ha cdepbl 1 Kannu. B nx coctae Bxogat dasbl coeanHennn spoae NisP n FesP, a
TaKKe coaep)xaTcs aremMeHThl, Takme kak a-Fe, B-Ni, n docdop, BCcTpamBatowmica B TBepabie pac-
TBOpbl FeaNi. OTa yHukanbHasi komno3uuusi, oboraiieHHas docdopom, NpuaaeT NOKpbITUSIM Bbiaa-
loLLMECH CBOWCTBA, CPABHUMbBIE C XPOMOBBLIMU MOKPbLITUAMU N3 OOBLIMHOrO XPOMOBOIO 3MEKTPOnuTa,
BKI104As BbICOKYH YCTOMYMBOCTb K KOPPO3WM U 3HOCY, @ TaKKe 3HAYUTENbHYI0 MUKPOTBEPAOCTb. OTU
KayecTBa [enatT Nofy4YeHHbIe NOKPbITUS BECbMa NOAXOASLUMMM ANs BOCCTAHOBMNEHUSI U YIyYLLEHNS
aetanen cenbCKOX03sIMCTBEHHOW TEXHWKM U MPOM3BOACTBEHHbIX MaLLMH.

Conclusions. The use of cathode current with variable asymmetry, where the current density
ranges from 5 to 30 A/dm? and the asymmetry coefficient ranges from 8 to 12, leads to the formation
of surfaces with uniform structures. These structures are characterized by the presence of both amor-
phous and crystalline particles, creating patterns that are similar in appearance to spheres and drop-
lets. They contain phases of compounds such as NizP and Fe;P, and also contain elements such as
a-Fe, B-Ni, and phosphorus, which are incorporated into FeaNi solid solutions. This unique phospho-
rus-rich composition gives the coatings outstanding properties comparable to chrome coatings made
of conventional chromium electrolyte, including high resistance to corrosion and wear resistance and
significant microhardness. These qualities make the resulting coatings very suitable for restoring and
improving parts of agricultural machinery and production machines.
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Summary
The article presents the results of simulation testing of a digital twin of the chassis of an electric cargo vehi-
cle for agricultural purposes: overcoming a 50 mm hole and accelerating from a standstill. The results of the
study substantiated the characteristics of the suspension elements of an electric vehicle and determined the
fulfillment of the conditions for smooth running in the oscillation range of 1.5-2.5 Hz.
Abstract

Introduction. The article is devoted to the study and optimization of the chassis parameters of an electric
cargo vehicle, depending on road conditions in the process of performing the transport task of an agricultur-
al enterprise, using the method of simulation modeling. Object: study of a digital twin of the suspension of a
sample vehicle to optimize its technical characteristics. Methods. Based on the developed mathematical
model of the suspension of an electric vehicle and its calculated characteristics, a simulation model of the
chassis of an electric cargo vehicle was compiled. The simulation model contains parameters of road sur-
face roughness, as well as the specified speed and longitudinal acceleration of the digital twin. The objects
of research were the elastic-damping characteristics of the suspension elements of an electric vehicle. Re-
sults. The results of simulation tests of a digital twin of an electric vehicle chassis when passing an obsta-
cle in the form of a 50 mm hole are presented, and the case of maximum acceleration of an electric vehicle
from a standstill of 3 m/s”*2 is also considered. The result of the simulation was the dependence of the
movement of the body along the vertical axis z* (m/s) and the rate of change in the angle of inclination of
the body in the longitudinal plane (swaying of the body) 6 (rad/s), on the time of passing the obstacle. The
analysis of the operation of the suspension of an electric vehicle substantiated the characteristics obtained
by calculation. The suspension of an electric vehicle allows for smooth operation in the range of 1.5-2.5 Hz.
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