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TAITHCSA aBTOpaM 0e3 posryiAaay mo cyri. ([JaToro HagXOMKeHHS BBAyKAEThCA [eHb TOBTOPHOT'O HAaJaHHS
CcTaTTi micya ZOTPUMAaHHA 3a3HAYEHUX HUKUe IIPABUIL. )
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Hotovchenko.docx.
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7 inperciB PACS B pepaknii ‘Physics and Astronomy Classification Scheme 2010’. TekcTu craTeil MaloTh Ta-
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Brums mexaHiuHuX nedopMalriii Ha ONTUYHI BJIACTUBOCTI MeTaJIeBUX
croriB y PeHTreHoBOMY [TifATa30Hi

A. 10. OBuapenko, 0. M. OBuapeHKO

Inemumym npuxaaduoi gisuxu Hayionarvnoi axademii nayk Yrpainu,
sya. Ilemponaeaiecvra, 58,
40000 Cymu, Yrpaina

Y pamrax Teopii @Ppenens—Kipxropda mpoBemeHo KOMII' I0TepPHEe MOIETI0BAH-
HS B3aeMoAii PeHTI'€eHOBOTO BUIIPOMiHEHHSA 3 AOBMKUHOIO XBUJi A=1.5374 A
(ainia CuK.) 38 TPUBUMipHMMY 3pas3KaMu JOBLIBHOI reoMeTpUYHOI (hopMuU, BU-
roroBiaenumu 3i cromiB Fe—13%Cr—(2, 4, 6, 8)%Al ta Fe—-1,3%Cu—1%Ni sa
remuneparypu y 300 K, aki nignasanuca gedopmarnii ctrucHeHEA—PO3TATaHHA.
Benuuunu BimHOCHOI medopmartii € mopisuioBaau 0,10, —0,05, 0,00, 0,05 i
0,10. Byso mokasaHo, 1110 PeHTTeHOBe BUNIPOMiHEHHA IIiJT yac B3aeMOZii 3 pe-
YOBUHOIO € AYKe YYTJUBUM OO0 3MiHU eJIeKTPOHHOI rycTuHU Marepisay. Ha
OCHOBi BiJOMHX TEOPETHMUYHUX CIIiBBiJHOIIIEHb i Pe3yJbTATiB MOJIEKYJISIPHO-
IVHAMIYHOT'O MOJE/TI0BAHHSA 3aIIPOIIOHOBAHO MigXis 1040 YUCIOBUX PO3paxy-
HKiB JeKpeMeHTa 3aJIOMJIEeHHA O Ta Koedinienra BOupanHa [ PeHTreHOBOTO
BUIIPOMiHEHHA AJ1A 6araTOKOMIOHEHTHUX CTOIIIB i3 PiSHMM IIPOIEHTHUM BMi-
CTOM XeMiUuHUX eJIEeMeHTIiB i pisHo0 BeamumHoio aedopmartii. PesyabraTu po-
60TH HOCATH IPUKJIATHUN XapaKkTep i MOKYTb OyTH KOPUCHUMU PO3POOHUKAM
JabopaTopHOro 00JIafHAHHSA Ta CIeIliAJicTaM 3 MaTepisaI03HABCTBA.

KarouoBsi cioBa: qudpakiria PeHTreHoBoro BunpoMinenusa, Teopia @peHensa—
Kipxrodda, pasoBuit KOHTPACT, ONITUUHUN JeKPEeMEHT 3aJIOMJICHHA, KoediIri-
€HT BOMpaHHs, MeXaHiuHa nedopmalris.
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Within the framework of the Fresnel-Kirchhoff theory, a computer simula-
tion of the interaction of x-ray radiation with a wavelength of A=1.5374 A
(line CuK.) with three-dimensional samples of arbitrary geometric shape
made of alloys Fe-13%Cr—(2, 4, 6, 8)%Al and Fe—3%Cu—1%Ni at a tempera-
ture of 300 K, which are subjected to compression—tension deformation. The
values of the relative deformation ¢ are equal to -0.10, -0.05, 0.00, 0.05, and
0.10. As shown, the x-ray radiation interacting with matter is very sensitive
to changes in the electron density of the material. Based on known theoretical
relations and the results of molecular-dynamic modelling, an approach of
numerical calculations of refraction decrement & and absorption coefficient 3
of x-ray radiation for multicomponent alloys with different percentage com-
position of chemical elements and different amount of deformation is pro-
posed. The results of this work are applied in nature and can be useful both to
developers of laboratory equipment and to specialists in the field of materials
science.

Key words: x-ray diffraction, Fresnel-Kirchhoff theory, phase contrast, op-
tical refraction decrement, absorption coefficient, mechanical deformation.

(Ompumano 29 keimmusa 2024 p.; ocmamoun. eapiaum — 14 ciuna 2025 p.)

1. BCTYII

Cromnu Ha ocuosi Fe, Cr, Cu, Ni, Al Ta iHmmux mMerajiiB IIIXPOKO BUKOPH-
CTOBYIOTHCS B Pi3HUX rajys3sX IPOMICJIOBOCTH, TAKUX SIK MAIITHUHOOY-
OyBaHHA, eHepPreTUKa, aBiAllia Ta KOCMiuHa TeXHiKa, yepes iXHIO BHCO-
Ky MiIlHiCTB, KOPO3iliHYy CTiliKicTh, MarHeTHi BiaacTmBOCTi Toimo. He-
BiZl’€MHOIO YaCTHMHOIO TEXHOJIOTIUHUX MHPOIIECiB BUTOTOBJIECHHS BUPOOiB
i3 mux cromiB uacTo € MexaHiuHa gedopmartia [1, 2]. Tomy posyminaa
3MiH OIITUYHUX BJIACTUBOCTEM BHACJIIAOK AedopmMalrii MosKe JOIIOMOITH
KOHTPOJIOBATH AKICTh IMPOAYKII Ta mepembavaTy il excIIyaTamiiui
XapaKTEepUCTUKM, HAIIPUKJIAL, 3a TOIOMOIOI0 PeHTI'€HOBOTO BHUIIPOMI-
HeHHs (PB) aK HepyiHIBHOTO METOAY BUSBJICHHA CTPYKTYPHUX 0COOJIN-
BOCTeM i 3MiH mocaimkyBanux 00’eKTiB [3—6].

Y mamiit poboTi MM IIPOIIOHYEMO METOAM PO3PAXYHKY ONTUUYHUX JEeK-
peMeHTiB 3aJIOMJIEHHS Ta Koe(illieHTiB BOMpaHHA 0AaraTOKOMIIOHEHT-
HUX MeTaJIeBUX CTOIIIB HAa OCHOBI TEOPEeTHMUYHMX CIIiBBiIHOIIEHHL i pe-
3yJbTATiB MOJIEKYJIAPHO-IUHAMIUHOIO MOJEJIOBAHHSA. Y paMKax CKa-
asapHoi Teopii Ppenena—Kipxrodda mposesin KOMII IOTEPHY CUMYJISIII0
B3aemoyzii PB 3 meranmeBumu cronamu Fe—13%Cr—(2, 4, 6, 8)%Al ta Fe—
1,3%Cu—1%Ni 3a remneparypu y 300 K, axi migmaBannca MmexaHiuHii
Iedopmarrii CTUCHEHHA—PO3TATaHHS.

PesyabTaTi JaHMX OOCIIIMKEHL MOXKYTL OYTH BUKOPUCTAHIL IJISI PO3-
PoOKYM HOBHX METOJiB HEPYHHIBHOTO KOHTPOJIIO AKOCTH MaTepiaIiB, 3a-
CHOBAaHUX Ha MipAHHI OONTHYHUX BJIACTHUBOCTEH, a TAKOXK KOPMUCHI IJIs
CTBOPEHHSA IITPOTOTUIIB HOBOTO O0JIaMHAHHS Ta IPOBEeNeHHA PeaJbHUX
eKCIIEPIMEHTiB B 00J1aCTi MaTepisAIo3HABCTBA.
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2. OIITUYHI BJIACTUBOCTI METAJIEBUX CTOIIIB
2.1. AnasriTHUHU MOEJIh PO3PAXyHKY ONTHYHUX BJIACTUBOCTEH 00’ €KTIB

¥ mporeci momenmoBanHsa B3aeMmomii PB 3 peuoBuHOIO OJ1A oepsKaHHS
TOUHMX Pe3yJbTaTiB CJiJi BpaXOBYBaTH IIapaMeTpHu, IKi XxapaKTepusy-
IOTh BJIacTuBOCTi 00’exkTa. Ilig uac mpoxomxenHi PB uepes gocuaigxyBa-
HUH 3pa3oK BigOyBaeThCs 3aJIOMJICHHA Ta BOupauua PB, mo KinbkicHO
MOJKHA OXapaKTepuayBaTH 3a MOIOMOTIOI0 KOMILIEKCHOT'O IOKasHUKAa
3aJIOMJIEHHS 7:

n=1-5+ i, (1)

e 0 — IeKPeMEeHT 3aJIOMJIEHHA, [3 — KoedimieHT BOMpaHH4.

Beaununna 0 3a7€KUTh BiJl XeMiUYHOTO CKJIaIy, €JIeKTPOHHOI I'yCTUHU
MaTepiany 06’eKTa Ta foB:KuHMN XBuJIi naguoro PB. Ileit mapamerep Bu-
3Hayae (as3oBUM 3CyB 1 aMILIITyAy BTOPMHHUX XBUJIb, PO3CIAHUX
00’eKTOM, IO iCTOTHO BIJIMBAE Ha TUPpPaKIiiiHy KapTuHy. HeBpaxy-
BaHHA JeKPeMeHTa MOKe IIPU3BEeCTH A0 3HAUYHUX IMOXMOOK y po3paxyH-
Kax.

OueBugHO, IO 3a MexaHiuHoi medopmarlrii 6yme BimOyBaTmcsa 3MiHA
€JIEKTPOHHOI I'yCTHUHH i ITe IpuBeAe OO0 3MiHM OIITUYHMUX BJIACTHUBOCTEH
JocJimKyBaHoro maTtepisanay. Omep:KMMO CHiBBiIHOIIIEHHA IJA OeKpe-
MeHTa 3aJIOMJEHHA O Ta KoedimieHTa BOMPaHHs 3 6araToKOMIOHEHTHO-
T'O CTOIIY.

B zaraii-ro Beruunnay d MoxKHa obuncanuTHu 3a opmysoro [7, 8]:

2
n\n
d=""=, (2)
2n
2 o .
ne ry=e /(4nsomc2) — KJACHUYHHNHN pajiloc eJIeKTpoHa, M. — eJeKT-

POHHA I'yCTHUHA, € — 3apsAl eJIEKTPOHA, £ — HieJIEKTPUYHA IPOHUKHICTD
BaKyyMy, M — Maca eJIeKTPOHAa, ¢ — MIBUIKICTEL CBiT/Ia Y BAKYyMi.

Y dopmyi (2) eleKTpoOHHA TYCTUHA 1. BUBHAUAETHCA KiJIbKiCTIO efte-
KTPOHIiB 2 B OIHOMY aTOMi Ta KOHIIEHTPAIIi€I0 ATOMIB 71,:

k
n,= 2n, = 2<%, 3)
VC
me k.1 V. — KigbKicTh aTOMiB B OQHiN ejleMeHTAapHIN KOMipIli KpucTaay
1 06’eM eTeMeHTapHOI KOMipKHU BiAIOBigHO.
[ 6araTOKOMIIOHEHTHOT'O CTOIY, Me KOHIIEHTpAaIlii KOMIIOHEHTiB
ITOPiBHIOIOTE C1, C2, ..., C1, DOPMYyJIa (3) MOKe OyTHU 3amKrcaHa TaK:

n, = %(zlc1 + 2,0+ 4 20), (4)

c
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€ 21, 225 +eey 21 — MOPAIKOBL HOMEPH XEMIUHHUX €JIEMEHTIiB, IKi € KOMIIO-
HEHTaMM CTONY, | — KiJIbKiCTEL eJleMeHTiB y CcTOIIi.

ITigcraBasioun (4) B (2), omep:KyeMo BUpas AJs TeKPeMeHTa 3aJI0MJIEH-
Hs O CTOITY 3 PiBHOMiPHUM PO3IIOIiIOM KOMIIOHEHTIB 110 06’ €My KPUCTATY:

24 2
e“\°k
§=—5——5—(26, + 2,6, + +20)) - (5)
8ne,meyV,
s GiJBIT TOYHOTO PO3PAXYHKY BEJIMUYUHU O MOPAIKOBI HOMEPHU 21,
225 ..y 21y opMmyi (5) mOTPiGHO 3aMiHMTH HaA AifiCHI YaCTHHI KOMILIEK-
cHUX aToMoBuX popmpaxTopis f =z + f' +if" [7]:

24 2
e“L\°k
d=—r—"—|c (2 +f )+ o2 +fy)+-+c(2+F)] (6)
8ﬂ280mC§I/C[1(1 1) 2(2 2) 1(1 1):'
KoedimienT BOvpanasa [} BusHAUAEThCSA YABHOI YaCTUHOIO f” KOM-
ILJIEKCHOTO aTroMoBoro opmdaxTopa [7]:
24 2
e“\°k )
Bp=—om—51"" (7
8ng,meyV,

Tomi xoepimienT BOMpPaHHSA CTOIY 3 PiBHOMipHMM PO3MOAiJIOM KOM-
TIOHEHTiB MOKHA 3HANTH AK cyMy Koe(ilieHTiB BOMPAHH BiJ KOXKHOTO
KOMIIOHEHTA:

2, 2
e“\°k
— C n n 14
_ﬁ[clf1 +c2f2+---+c11]. (8)
8ng,me,yV,
dazoBuii 3cyB PeHTI'eHOBOI XBUJIi, IO IIPOHIILIA Uepe3 3Pas3oK, 3aJje-
SKUTH BiJ BApidaIiii JeKpeMeHTa 3aJJOMJICHHS 0 BcepeanHi 3paska i Bif i1o-
ro TOBHIMHU. ¥ BUIIAAKY MOHOXPOMATUYHOI XBWJIi, IO HOMIINPIOETHCS
B370BK oci Oz, 3MiHa a3y MosKe OyTH 3amrcaHa B TakoMy BUTJIALl [8]:

21
oo y) ==~ j 8(x, y, 2)dz » 9)

e iHTerpaj po3paxoBYETHLCS II0 BCill TOBIMHI 06’€KTa B HAIIPSAMKY IIO-
mupeHHa PeurrenoBoro nyuka. Ilisuimnte gopmyna (9) 6yme Bukopucra-
Ha IJIg o0uYmCcJieHHA 3CyBY (a3 mim uac mpoxoakeHHs PB uepes moci-
IKyBaHi 3pasku.

2.2. Bu6ip nmapamertpis m:xepesa PB

PeannHi mxepena PB MaroTs meBHI cKiHueHHI posamipu, axi HeoOXigHO
BpaxoByBaTHu miA uac BubGopy Bimmami Big PenTreHoBoro mikepesa o
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00’eKTa OOCTiM:KeHHA OJA OJep:KaHHsa KOTePeHTHOrO0 BUIPOMiHEeHHS B
obsracTi poaramnryBanHa 3paskiB. Tumoi posamipu mKepes MaioTh OyTH
MOPAAKY MiKpoMmeTpiB. BpaxyBamua reomeTpii BunpominioBaua € 0coo-
JIVBO BAXKJIMBUM IJISI MAJIUX KYTiB PO3CisIHHS.

3azBuuait PB He € cTporo MOHOXPOMATUYHUM, 4 MAa€ IEeBHY CIeKTpa-
JbHY IIMUPHUHY. ¥ Pe3yJabTaTi BiZOyBaeThCA CyHepIo3unIlisa gudpaKIliii-
HUX KapTHUH 3i CBOIM BaroBM BHECKOM JIJIS Pi3HUX JOBXKUH XBUJb, IO
BiAMIOBimaOTh cneKkTpaabHOMYy posnonisy PB. HagBHicTh cneKTpabHO-
ro iarepsasny PB npuBoguTEL 10 IIE€BHOIO 3MIiIllleHHA MaKCUMYMiB iHTEeH-
CUBHOCTHU Yy BUCJJIAHIN nqudppariifiniii kapTuHi BiJ KOXKHOI 3 MOHOXPO-
MaTHUYHNX KOMIIOHEHT.

Y maHomy mocaimxeHHIi He cTaBUJIaCs MeTa BUBUMTH OCOOJMBOCTI (o-
pMyBaHHA 300pasKeHb 3 YpaxXyBaHHAM PO3MipiB i cTymeHa MOHOXpPOMA-
TUYHOCTHU IKepes; TOMY IJsa MomeaoBaHHA audpakxilii PB Ha pisamx
00’eKTax O0yJj0 BUOpPAaHO MOHOXPOMATHUYHE TOUKOBE IKEPeJio 3 TOBIKU-
Hoto XBUi A =1,5374 A (ninia CuK,).

2.3. IlapamMeTpu po3paxyHKY JeKPeMeHTiB 3aJJ0MJIeHHs O i KoedilieHTiB
BOMpPaHH [ /151 MEeTAJIEeBUX CTOIIB

s BupimnienHsa mamoi 3agaui HeobxigHO cKopucTaTucsa dopmystamu (6)
i (8). ¥V mawmiit poboTi po3rasaga0ThLCA CTOIM Ha OCHOBI KpucTaIy 3aJisa,
SKi MaioTh 00’eMHOIIeHTPOBaHy Kyoiuny (OLLK) rpatuuiio. Ile osnauae,
IIT0 OTHIiM eJleMeHTapHil KoMipIli HameKaTh k. =2 aromu. AToMOBi (op-
M(PaKTOPH YNCTUX METAJiB, AKi € KOMIIOHEHTaM! OOCJHIiIKYBaHUX HAMU
CTOITiB, mogano y Tabi. 1 [7].

OCHOBHOIO TIEPEITKOI0I0 BUKOPUCTAHH cIIiBBigHOIIEHE (6) i (8) € 00-

TABJUIIA 1. IMopankosi Homepu 2, aromoBi dopmbarTopu fi i f2, onTuusni
IeKPEeMEeHTH 3aJ0MJIEHHA O Ta KoedinienTu BOupanuda B gisa PB 3 moe:xuHOIO
xBuai A =1,5374 A (rinia CuK.) 014 fedKuX YMcTUX MeTawtis [7].

TABLE 1. Serial numbers z, atomic form factors fi and f2, optical refraction
decrements & and absorption coefficients  for x-ray radiation with a wave-
length of A=1.5374 A (CuK. line) for some pure metals [7].

Mapanere XeMiyHUN ejIeMeHT
PaMETP ™ Fe | cu | N | c | Al
z 26 29 28 24 13
i=2+f' 24,88 27,01 24,93 23,85 13,21
fo=1" 3,199 0,6054 0,5221 2,423 0,2406
§-10° 2,2391 2,4311 2,4139 2,1055 0,84366

B-10° 2,8793 0,54491 0,50552 2,1387 0,15364
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YKCcJeHHs 00’ eMiB eleMeHTapHOl KOMipKu V. I CTOIIIB 3 Pi3HOIO KOH-
IeHTpaIliel0 KOMIIOHEHTiB. ¥ 3arajgbHoMy Bumaaxky V. mgas OILK-
CTPYKTYPHU MOXKHA BU3HAUNTH 3a (hopMmyJioro V. = a3, ne a — mapamerep
KpucTaJdiuHoi rpaTHuIli. Ajie mapamMeTrep a 3aJIeKUTHh Bifi TeMIlepaTypu
3pasKiB, IPOIEHTHOTO BMiCTy Pi3HUX XeMiUYHUX eJIEMEHTiB y CTOIi, Ha-
ABHOCTHU Jle(heKTiB, a TaKi eKcIepuMeHTaJIbHI JaHl MPaKTUYHO BiCyTHI.
[ BUBHAUEHHSA CTAJIOl KPUCTAJIIYHOI I'paTHUII a y AaHiit poboTi mpo-
BeJIeHO KOMII I0TepHEe MOIeJI0OBAaHHSI METOI0I0 MOJIEKYJIAPHOI AMHAMIK T
3 BukopucTaHHaM mporpamu LAMMPS [9] 3 BigkpuTuM mporpaMHUM
KomoM. Bysum cTBOpeHi KOMI’IOTepHiI Mopesi KpuctaaiB cromiB Fe—
13%Cr—(2, 4, 6, 8)%Al ta Fe—1,3%Cu—-1%Ni. ¥V sarocTti npukjasy Ha
puc. 1, a moxasano xpucraJ crory Fe—13%Cr—8%Al.

MopentoBagHsa 3milicHioBajgoca 3a gomomoroilo NVE- ta NPT-
CTAaTUCTUUYHNX aHCaMOJIiB 3 BUKOPUCTAHHAM TepMmoctaTa Hose—I'yBepa.
BaxxkaumBuM mapaMeTpoOM Il Yac BUKOPHUCTAHHS TAKUX CTATUCTUUHUX
aHcaMOJIiB € cepeqHill Uac T MisK ABOMA HOCJIJOBHHMU aKTaMU OOMiHY
eHeprieo MixX TepMOocCTaTOM i HOCHimsKyBaHOIO0 cuctemoro. OueBugHO,

N(Fe) = 6472 atoms (79%)
N(Cr) = 1065 atoms (13%)
NAL) =655 atoms (8%)

e

2.8700,
¢ T=300 K; Fe-13Cr-2A1
®  T=300 K; Fe=13Cr=4Al
S T30k Fedician
2'8650 - - (x)=2.845037
— f,(x)=2.840748
—_— fﬁ1x)=2.354554
2.8600/ . ol
o
L 28B550] it
< e

2.85004, .#MW

2.8450*. e e 0 S0P

2.8400 ; T T . ‘
0

Puc. 1. a) Komr’torepuuit mogens crorny Fe—13%Cr—8%Al (atomu Fe, Cr i1 Al
TTOKAa3aHO CUHIM, YePBOHUM i sKOBTUM KOJHOPAMY BifTIOBiAHO); 0) YacoBi 3aJerx-
HoCTi mapameTpiB kpucTasiunol r'patuuti cromis Fe—13%Cr—(2, 4, 6, 8)%Al mix
yac TePMiUvHOTO BifTaaioBaHHA 3paskiB 3a Temmepatypu T =300 K.

Fig. 1. a) Computer model of Fe—-13%Cr—8%Al alloy (iron, chromium, and al-
uminium atoms are shown in blue, red, and yellow colours, respectively); 6)
time dependences of crystal-lattice parameters of Fe—13%Cr—(2, 4, 6, 8)%Al
alloys during thermal annealing of samples at temperature T'=300 K.
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IO Yac T JOPiBHIOE CepesHbOMY IIEepPioAy TEeIJIOBUX KOJHUBAHBb aTOMIB y
KPUCTAJIUHIN I'DATHUIII.

IIpoBeneMo po3paxyHOK UYacy T IJIA CTOIIiB Ha OCHOBIi 3aji3a meToza-
MU CTaTUCTUYHOI (DiSUKMH.

KinpkicTh pisHMX KBaHTOBUX CcTaHiB dQ IJd OyAL-IKOT0 BUOPAHOTO
aToMa MOJKHA 3HAUTU TaK:

dQ = 2‘}11—1;, (10)
Ie dI' — esemeHT (paszoBoro o6’emy mJs ogHOro atroma, h — IlmankoBsa
crasna. MuoxkHUK 2 y dhopmy.ri (10) o3Hauae, 110 KOKEH aTOM MOXKe II0-
POIKyBaTH MEXaHiUHiI XBUJII Y KPUCTAJIL 3 ABOMA TUIAMHU IMOJIAPMU3aIii.
EnxemenT ¢aszoBoro 06’emy dI” MOKHA BUPA3UTHU Uepes IIepios KOJIUBAHD
aToMa y KpucTaJi:

h
dl =4nVp’dp=<p=—=—, dp =
pap {p A oT P

hdT||  4nVh*dT (1)
vT? | vTt

Ie p — iMmmysabc aToMa, A — TOBMKUHA e BpoitiaeBoi xBuii gyisa aToma, v

— IMBUJKICTb 3BYKY y Kpucraji, T — 1mepioa KoamBaHb aToma, V —

00’eM Kpucray.
ITicna migcranosku (11) B (10) omep:xumo:

8nVdT
dQ = W . (12)
3amnuIiriMo yMOBY HOPMYBaHHS AJIA QYHKILII posmonimy (12):
= 8nVdT _ 8nvdT| 8nV
Q=3N = =— =—, 13
J T 0T o't |, 30T (19

ne N — KiJmbKicTh aTOMiB y KpucTayi, Thmin — MiHiMaJbHe 3HAUEHHS IIe-
piony KoJImBaHb aTOMa y KPUCTAJI.
Kowmb6inyrouu Bupasu (12) ra (13), onep:xumo:
3
dq = IN T dT

T4

(14)

Toxi iimoBipHiCTE d® TOTrO, IO IMEPioa KOJMBAHBL aTOMa JEKUTHL Y Me-
sKax Big T mo T+d T, MmosKkHa 3HANTHU TaK:

T3 dT
dm:%:%. (15)

CepenHiii mepios KOJIMBaHb ATOMiB Y KpUCTANIUHI I'PATHUIII MOYKHA
00umCcaNTHU 3a JOIMOMOT0I0 Bupasy (15):



460 A.10. OBHAPEHRKO, 10. M. OBHAPEHKO

@ @ 3Tri1ndT 3T‘min
r=ijdew=ij = (16)

Mimimansuuit mepiog Twin KOJIWMBAHL aTOMiB OOUYMCIIIOETHLCS Uepes
cTaJIy KpUCTAJiUYHOI I'PaTHUIII a:

T = lmin 22 (17)

ITicna migcramoBxu (17) B (16) omepiKyeMo ocTaTOUHY (GOPMYTy IS
PO3PaxyHKY CEepPeIHbOr0o Iepioqy KOJIMBaHbL ATOMIB Y KPUCTAJIi:

3a
T=—
v

. (18)

OCKiJIbKM OCHOBHHM €JIEMEHTOM Y OOCJHiA:KyBaHuX cromax € Fe, To
YUCJIOBY OIiIHKY BEJUUYUHU T 3AiMCHIMO 3a mapaMeTpoOM KpHUCTaJiduHOI
I'DATHHUII 3aJIisa, II[0 CTAHOBUTS a = 2,866 A, Ta 3a cepefHBOIO IIIBUAKIC-
TIO IOIIHPEHHS 3BYKY Y KpucTaJi 3aaiza v = 5950 m/c. Takum umHOM,
mapaMeTep TEPMOCTATy T, HEOOXimHUil NJiA IPOBeNeHHS KOPEKTHOTO
KOMII’IOTePHOT'O MOIEIIOBaHHA, 00umncaeMo 3a hopmy.ioio (18):

o 8a_ 3-2,866-107"°
v 5950 -10"

BuznaueHHA mapaMeTPiB @ KPUCTAJIYHNX I'PATHUIDb SOCJIAKYyBaHUX
CTOIIiB METO/I0I0 MOJIEKYJIAPHOI AMHAMIKY PO3TJIAHEMO HUMKUE.

~ 0,14 [uc]. (19)

2.4. CTBOpeHHS reOMeTPUYHNX MO/IeJIiB KPUCTAJIB CTOIIB

Y nmawmiit poboTi 6ysu po3polJIeH] mporpaMHi Koau, AKi YMOMKJINBIIOOTE
reHepyBaTH KOMII'IOTepHi Mozesi kpucraiiB cromriB Fe—13%Cr—(2, 4, 6,
8)%Al ta Fe—1,3%Cu—1%Ni i3 3agaHnMu KOHIIEHTPAI[iIIMH KOMIIOHEH-
TiB.

BoaHouac € MOKJIMBICTD CTBOPEHHA 3Pa3KiB i3 PIBHMM CTATUCTUUYHUM
posTalryBaHHAM KOMIOHEHTIB, IO YMOKJINBJIIOE ITPOBOAUTH MOIEJIIO-
BaHHSA OJHOTO i TOT0O caMOoro mpoiiecy 6araTo pasis, AK i y pealbHIX eKC-
IIepUMeHTaxX, 3 METOI0 HAKOIMMUYEeHHA CTATUCTUYHNX TaHUX.

Ha npomy erari Mu He 3Ha€EMO peaJbHUX 3HAUEHb ITapaMeTpPiB Kpuc-
TamiuyHol r'paTHHUI TOCJiIKyBaHUX 00’€KTiB, OCKiILKHU CTaJi a 3aje-
JKaTh BiJl TeMIIepaTypu MaTepisjiB i KoHIleHTpaIlii KoMmoHeHTiB. Tomy
yci KOMII’T0TepHi MofeJIi cTomiB OyAyIOThCA 3a ImapaMeTpaMu KpPUCTAaJi-
YHOI I'PATHUIII YMCTOTO 3aji3a, ocKiIbKu Fe € 6a30BUM eJIeMeHTOM JOC-
JiIKyBaHUX 3pas3KiB.

Hacrynauit etan — 1ie ofep:KaHHA KPUCTAJIiB ¥ CTaHi TepMOIMHAMI-
YHOI piBHOBaru.
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TABJINAIA 2. ITapameTpy KPUCTATIYHNX I'PATHUIH JOCIiIKYBAHUX CTOIIIB 3a
remuneparypu T =300 K.

TABLE 2. Crystal-lattice parameters of the investigated alloys at a tempera-
ture of T=300 K.

Cron a, A
Fe—-13%Cr—2%Al 2,8450
Fe—13%Cr—4%Al 2,8497
Fe—-13%Cr—6%Al 2,8546
Fe—-13%Cr—8%Al 2,8593

Fe—1,3%Cu—1%Ni 2,8758

2.5. Tepmiunwmii BignmaJ 3pasKiB 10 cTaHy TEpMOTUHAMIYHOI piBHOBarn

s mpoBesieHHA OyIb-sIKOTO KOMII IOTEPHOT'0 MOAENIOBAaHHA (Pi3UuHUX
IPOIleciB MeToZaMi MOJEKYJIAPHOI AUHAMIKM HEOOXiZHO HigKJIIOUnTH
MOTEHIIifAJ MiXKaTOMOBOI B3a€EMO/Il Ta HagaTH yciM aToMaM IIOYATKOBI
IIBUAKOCTI BiAIOBiAHO M0 3amaHOl TeMIlepaTypu. ¥ HAIIiil poOOoTi ;s
crouiB Fe—Cr—Al 60yB BUKOpUCTAHUI IIOTEHIIiAJ MiKaToMOBOI B3aeMoO-
nmii, pospobsenuii aBropamu [10], a maa cromiB Fe—Cu—Ni mamu 0yB
CTBOpPeHUI BJlacHUM moTeHIlidAa. TepMmiuHe BiAmasifoBaHHA KPUCTAJiB
spificaioBasocsa 3a Temneparypu T = 300 K 3a gomomorom TepmocTaTa
Hose—-T'yBepa. Ilicasa BigmaoBaHHS TOCTiAKyBaHUX 3PasKiB MU ozep-
JKaJiu KPUCTAJNM ¥ CTaHi TepMoAMHaMiuyHOI piBHOBaru 3 IapaMeTpamMu
KpHCTaJiuHOl I'PATHUII, IO BigmoBizaoTh Ailicuocti. Ha pucysky 1, 6
MIOKa3aHO YacoBi 3aJjIe’KHOCTI mapaMeTpiB a KpHCTaJiuHOI I'paTHUINL
crouie Fe—-13%Cr—(2, 4, 6, 8)%Al mig uac Tepmiunoro BimmajaoBaHHS
3paskiB 3a Temmepatrypu T = 300 K. 3 mux sajie:xXHOCTell Oaummo, IO
yepes 4 Ic micda IoUaTKy BifmaaioBaHHsA Il mapaMeTpHu I'PATHHUIIL IIepe-
CTAIOTh 3MiHIOBATHCA 3 YACOM, AKIIO He OpaTu 0 yBaru HeBeJHWKi Tell-
JoBi (urroKTyarii. BukopucroByouu MeTo] HalMeHIINX KBaJApaTiB, 3a
ITaumMu rpadikamu 0yJio 3HalIeHO mapaMeTpPHu a AJIA I'PaTHUIL YCiX 10-
caim:xkyBaHuXx cToIriB 3a Temneparypu T =300 K (gus. Tab. 2).

2.6. Po3paxyHOK ONTHYHMX JeKPEMEHTIiB 3aJIOMJIEHHS Ta Koe(illicHTIB
BOMpAHHS CTOIIIB

BukopucroByiouu dopmyau (6) i (8) Ta maui Tabauns 1 i 2, 6ysmo pospa-
XOBaHO JIEKPEMEHTH 3aJIOMJIEHHS O Ta KoedimieHTn BOMpaHHda [3 CTOIiB
Fe-13%Cr—(2, 4, 6, 8)%Al ta Fe—1,3%Cu—1%Ni. ¥V Tabauii 3 moxasa-
HO Pe3yJabTaTH X PO3PaxXyHKIiB.

Or:xe, ofep:KaHO ONTHUYHI BJIACTHUBOCTI JOCHiAKYBAaHUX MeETAJIEeBUX
cromiB giaa PB 3 gomxkumoo xBumai A=1,5374 A (nimia CukK,), axi
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TABJINIA 3. Pospaxosani 3a opmysnamu (6) i (8) onTuuni nekpemenTu 3a-
JoMyIeHHA O Ta KoedimnienTu Boupanua B qua PB 3 qosxuHo0 XBmri A =1,5374
A (nimia CuK.) ojs medKUX MeTaJeBUX CTOIB 3a PiBHMX BHAUEHDb BEJIHMUYMHU
BimHOCHOI medopmariii €.

TABLE 3. The optical refraction decrements & and absorption coefficients 3
for x-ray radiation with a wavelength of A=1.5374 A (CuK. line) for some
metal alloys at different values of the relative strain ¢ are calculated accord-
ing to formulae (6) and (8).

g | 0,10 | -0,05 0,00 | 005 | 0,0

Fe—13%Cr—2%Al

§10° 2,5076 2,3756 2,2569 2,1494 2,0517

B-10° 3,1088 2,9452 2,7979 2,6647 2,5436
Fe—13%Cr—4%Al

§:10° 2,4715 2,3414 2,2243 2,1184 2,0221

B-10° 3,0332 2,8736 2,7299 2,5999 2,4817
Fe—13%Cr—6%Al

§10° 2,4351 2,307 2,1916 2,0873 1,9924

B-10° 2,9577 2,802 2,6619 2,5352 2,4199
Fe—13%Cr—8%Al

§10° 2,3996 2,2733 2,1597 2,0568 1,9633

B-10° 2,8835 2,7318 2,5952 2,4716 2,3592
Fe—1,3%Cu—1%Ni

§10° 2,4672 2,3373 2,2204 2,1147 2,0186

B-10° 3,1076 2,9440 2,7968 2,6636 2,5426

YMOKJIUBJIIIOIOTh 3POOUTH BUCHOBOK, ITIO JeKPEMEHT 3aJIOMJEeHHSA O Ta
Koe(iieHT BOMpaHHda [ € AysKe UyTJIUBUMHU IO SMiHU 3HAYEHHS €JIEKT-
POHHOI T'YCTUHU N.. ¥ JaHili poOOTi MU IOCHiAWIN, IK 3MiHA KOHIIEHT-
pamii KOMIIOHEHTIB y MeTaJIeBUX CToIIax 1 MexaHiuHa nmedopmarris
BILIMBAIOTh Ha €JEKTPOHHY I'YCTUHY M. Ta IIPONOPIiiHi i1 meKxpeMeHT
3aJIOMJIEHHA 0 Ta KoedirieHT BOMpaHHA 3.

3MiHa eJeKTPOHHOI I'YCTHUHHU AJA KOMKHOTO MOCHiJKYBAHOTO 3pasKa
3YMOBJIIOETBCA MeXaHiuHO0 Aedopmaltiero. 3a gedopmMalliii CTUCKAHHS
£=-0,051ie=-0,10 B3DOBX OZHOTO 3 HAIIPAMKIiB 00’eM KPHCTAJIiB 3Me-
HIITYE€TLCS, a OTKe, 3rigHo 3 hopmyaamu (3), (6), (8), edekTporHa ryc-
TUHA Ne, JEKPEMEHT 3aJIOMJIEHHS 0 Ta KoedimieHT BOMpanHa 3 3pocTa-
I0TH y TopiBHAHHI 3 HemedopmoBanuM (¢ = 0,00) 3paskom, i HaBmaKu —
y Bumaaky gedopmairii postaranuaa € =0,05 £ =0,10 B3moB:K ogHOTO 3
HaIPAMKiB 00’€M KPUCTaAJTIiB 3POCTAE, a MNe, O Ta 3 BMEHIITYIOTHCA Y TTOPi-
BHAHHI 3 Hele()OPMOBAHUM 3Pa3KOM.

3MiHa KOHIeHTpaIlii KOMIOHEHTIB y JOCHiAKYBaHUX MeTaJeBUX
CTOIIaX TAaKOXK IMPHUBOAUTEL OO iCTOTHUX 3MiH OINTHYHHUX BJACTUBOCTEH.
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s 6ynb-AKoi 6e3 BUKJIIOUeHHA Aedopmaliii uu HemedopMoOBaHOTO CTa-
HY 3pasKa 3i 30iJIbIIeHHAM KOHIeHTpAaIlii AIOMiHiI0O cmocTepiraeTbes
3MEHIIIEHHA [eKPEeMeHTa 3aJOMJEeHHA O Ta Koedimienra BOupanua 3.
Taxuit pe3yabTaT MOACHIOETHCA TUM, IO KOXKHNI aToM AoMiHiI0 Mae
y 2 pasu MeHIIe eJIeKTPOHIB, HisK aToM 3ajisa, — 13 eJIeKTpoOHiB B of-
HOMY aToMi AsiomiHito i 26 eneKkTpoHiB B aTomi @epymy. Ile oznauae,
II10 3i 3poCTaHHAM KOHIleHTPAaIlil aromiB AsrromiHiio y cronax Fe—Cr—Al
KiJIbKiCTh €JIEKTPOHIB Y KPHUCTAJI 3MEHIIIYEThCA, a 00’ €M IIPAKTUYHO He
3MiHIOETBCA, 00 MapaMeTPU KPUCTATIUHUX I'PATHUILL OJIA CTOIIB 3 pis-
HOIO KOHIleHTpaIlielo AJIOMiHiI0 MaJIo BiIpi3HAOTHCA OOUH BiJ OZHOTO
(muB. Tabi. 2). Ile 1puBOAUTE 40 3MEHIIIEHHA €JIEKTPOHHOI I'YCTUHY M. 1,
BiATIOBigHO, K0 3MEHIIIEHHA O Ta 3.

3. MOJIEJIIOBAHHA B3AE€MO/I1i PB I3 METAJIEBUMHU
3PA3SKAMM CTOIIIB

3.1. CTBOpeHHA MO/IeIiB 00’€KTIB JOCTIISKeHHS Ta CXeMa IIPOBEIeHHA
KOMIT'FOTEPHUX €KCIIePUMEHTIB

3amporIoHOBaHNM y HMOIepeJHLOMY PO3aijJi maHoi poboTu mimxinm 1momo
PO3PaxyHKY OIITUYHUX BJIACTHUBOCTEH MeTaJIeBUX CTOIIiB y PeHTIr'eHOBO-
MYy Hisima3oHi MosKe OYTH 3aCTOCOBAHUI MPAKTUUYHO A0 OYAL-AKUX CIC-
TeMm. Hamu O0yJio mpoBesieHo MoaeaoBaHHA B3aemoii PB 3i cromom Fe—
1,3%Cu—1%Ni, onTuuni mapamMeTrpu AKOro HaBeAeHo y Tabu. 3. Kox-
HUH DOCHIMMKyBaHMI 3pa3oK (OuB. puc. 2, @) HesaJIe;KHO Bifl BeIMUMHU
nedopmarrii 3amaBaBcA AK IeOMETPUUYHE MicClie TOUOK, AKi (popMyrOThH
oro moBepxXHIO. PosragHemMo OiJBII JeTAIbLHO IIPOIEC I'eHepyBaHHS
KOMII'IOTePHUX MOJEJiB TAKUX JOCILMKYBAHUX 00’ €K TiB.

JJ1s cTBOPEHHS TPUBUMIPHUX 00’ €KTiB JOCTiIMKEeHHS 3aIIPOIIOHOBAHO
BJIACHUH IiAXid, CYyTh AKOrO MOJATae B HACTYITHOMY: 1) po3b6uBaeMo Ky0
i3 pedbpom, piBEUM 1, Ha MajmeHbKiI KyouKu mo N = 31 IIITYK B3LOBMK KO-
SKHOI OCi Ta BUBHAUAEMO KOOPAUHATU X1, Y1, 215 X25 Y2y 225 «ees X1y Y1, 21 YCIX
TOYOK, AKi € IleHTpaMu MaJeHbKNX KyOUKiB, — Bcworo [ = N3 = 29791
TOYOK; 2) 3a JOIIOMOTOIO ITi1i6parHoro aHaJIiTUYHOTO BUPA3y

2000x” # +1000y? + 1022 + 0,05c0s(50y) + 0, Tcos(50x) < 17cos(x)

i3 yciei cyKymHOCTH TOUYOK BHOMPAEMO TiJIBKU Ti TOUKHU, AKi 3aI0BOJIb-
HAIOTH Ilefl BUpas i, BiIIIOBiIHO, (DOPMYIOTh AeAKY I'eOMETPUUYHY (ir-
ypy; 3) i3 reoMeTpPUYHOrO MiCIls TOUOK, AKi BigiOpaHni Ha eTami 2 i dop-
MYIOTH Qir'ypy, BUOMpPaeMo TOUKH, IIT0 JIeKaTh Ha IIOBePXHi 1miel girypu,
i TaKUM YMHOM OJIepP:KyeMO c(POPMOBAHY 3 TOUOK 3aMKHEHY IIOBEPXHIO
(omuB. puc. 2, a). OcTaHHIM eTaroM CTBOPEHHSA KOMII IOTEPHOTO MO/IEJIIO
3pasKa [IJsa MOJeJIIOBAaHHS € MAacITa0yBaHHSA TeOMETPUYHUX PO3MipiB
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Puc. 2. a) TpuBumipHuUii Mmomessb 06’€KTa JOCTiAKeHb, TOBEPXHIO AKOT0 chOPMO-
BaHo 2404 TouxkaMu; yci po3Mipu mo ocsax KOOpAWHAT BKaldaHi y MiKpomerpax;
aMmimenHsa o oci Oz na Bennunny 1-10° MM mokasye BignamenicTs meaTpa 0671a-
ctu 00’exTa Binm mxepena PB; 6) cxema mozmentoBanua nudpakiiii PB Bix Touko-
BOTI'O [IPKepeJsia Ha TPUBUMipHIX 3pasKax AOBLIBHOI reoMeTpUIHOI (hopMIU.

Fig. 2. a) Three-dimensional model of the investigated object, the surface of
which is formed by 2404 points; all dimensions along the co-ordinate axes are
indicated in micrometres; displacement along the Oz axis by 1-10° nym shows
the distance of the centre of the object area from the source of x-ray radiation;
b) scheme of modelling x-ray diffraction from a point source on three-
dimensional samples of arbitrary geometric shape.

3a pmomomoroio Koedimienra 36imbimernns M =100, moBopoTy Ha KYT
o=90° HaBK0J10 oci Ox i mapaJjieTbHOTO IIePeHoCcy y IIPOCTOPi Ha BiAmaIb
y 1-10% mxM B310B:% oci Oz — Bigmains Bix maxepena PB go menTpa o6a-
cTu 06’eKTa.

Ha pucynky 2, 6 mokasaHo 3arajJbHY CXeMY MOJAeJTIOBaHHA AudparKIii
PB na TpuBumipHOMY 00’€KTi MOBiIbHOI reomMeTpuuHOI hOpMU Big TOU-
KOBOTO M:Kepesa, AKa BUKOPHCTOBYBaJach y Hamriil pobori. ILmommmaa
00’ekTa BuOMpasacsa 0e3mocepelHbO 3a 00’€KTOM II0 HANPAMKY IIOIIIH-
pernda PB. [lna KoxHOro HAaIpAMKY nomupenHda PB, akuit sagaBaBca
BEKTOPOM §;, IIPOBOJUJINCS PO3PAXyHKM TOBIIUH @; JOCJiIKYBAHOTO
3pasKa Ta BillToBimHUX 3CyBiB (has.

PosrisauemMo ocHOBHI TeopeTuuHi opMyJu, M0 BUKOPUCTOBYBAJIMCA
LI IPOBeIEeHHSI MOIeJTIOBaAHHS.

3.2. AHajdiTHYHMI MOIeab

PospaxyHoK gudpakIiiHuX KapTUH Bif JoCaimKyBaHUX 3pasKiB 0yJio
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BUKOHAHO B paMKax mudpakxiiiizoi Teopii ®penensa—Kipxropda masa
KOMILJIEKCHOI CKAJAPHOI aMILITYAH Y(Xser, Yser) [8, 11, 12]:

\V(xscr’ yscr) =

B ij‘ T exp (ik(r + s))[ cos(n, F) + cos(ii, §)
7 s rs 2

(20)

} exp(ip)exp(—ky)dx,dy;,

2 2
— 2
s = \/(xobj - xsource) + (yobj - ysource) + R b4

r= \/(xobj = Xser )2 + (yobj ~ Yser )2 +A? ’

e S — BeKTOp, HaIlpaBJIeHNUII i3 JpKepesia 10 IeBHOI TOYKH Ha ILJIOIAHI
06’cKTa, ¥ — BEKTOD, IPOBEICHMUN i3 TOUKM Ha ILIOINUHI 06’eKTa 10 TO-
YKHU CIIOCTEPEKEHHs Ha eKpaHi, A — MOBKWHA XBUJIi, k=21/A — XBHU-
JbOBE UMCJIO, I — HOPMAaJhb A0 IJIOIMHUHMN 00’c¢KTa, R — Bimmaab Bifm
I:Kepesa Mo ILIOITUHU 00’ eKTa («I:Kepeso—o06’eKT»), A — Bigmaab Bix
ILJIOITUHY 00’ €KTa K0 eKpaHa («00’eKT—eKpaH»), ¢ — momaTkoBuil haso-
BUI 3CYB, II[0 BUHUKAE MicJa IPoxXoakeHHa PB uepes 00’eKT 3aBOAKU

OTO OIITUYHUM BJIACTUBOCTAM, Y= j B(x,y,z)dz — mapamerep, M0 OIIY-

cye 3aTyxaHHd inTeHcuBHOCTU PB, 3yMoBIeHe BOUpaHHAM.

OnTuuHi BAACTHUBOCTI 00’€KTa MPOABJIAITHLCA Y 3CYyBi das ¢, AKUI
CIPUUYMHEHUN IIPOXOMKEeHHAM IIPOMEHiB Kpish HbOro. PazoBuUil 3CyB
PenTrenoBoi XxBMJIi, IIT0 IPOUIILIA YepPe3 3Pa30K, 3aJIe;KUTh BiJ BapidIii
JeKpeMeHTa 3aJIOMJIEHHS BCcepeanHi 3pas3Kka Ta BiJ 1oro TOBHIMHU. ¥ pa-
31 MOHOXPOMATHUYHOTO ITapajeJbHOT0 IIyYKa, IO IO PIOETHCA B3I0BK
oci Oz, 3amiHa (pasu Moke OyTHU 3amrcaHa B HaCTynHi# ¢opmi [8]:

27
(P(x’y) = _Tja(x’y,z)dza (21)

Ie O — (daszoBUil 3CYB XBUJILOBOTO (PPOHTY, CHPUUNHEHUN ITPOXOIKEH-
HAM IIPOMEHiB Kpidh 00’€KT, a iHTerpas po3paxoBYETLCS IO BCiii TOB-
ITUHI 060’eKTa B HAIPAMKY IO PeHHA PeHTI'eHOBOTO ITyYKa.

3pasKu, AKi MU JOCALMKYBAIN Y HaHil poboTi, Oyau ogHOPiZHNMHU Ta
OIITUYHO i30TPOMHMMMU. 3 YpPaxyBaHHAM I[bOTO JJISI PO3PAXYHKY 3CYBY
das ¢ popmyaa (21) cporyeTbesa 10 TAKOTO BUTJIALY:

27
o(x,y) = _TM , (22)
Ie 0 — ONTUUYHUN HeKPEeMeHT 3aJ0MJIeHHA IJd 00’eKTa, d — TOBIMHA

o0’eKrTa.
3a B3aemogil PB 3 metasamu Ta IXHIMH cTOIIaMH HAA3BUUYANHO BaK-
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JIUBY POJIb Bifirpae mporiec BOupanuda. [lapamerep vy y BUIagKy MOHOX-
POMaTHUYHOTO IIapajeJbHOr0 IyUYKa, IO IOIMTNPI0ETHCA B3OOBK oci Oz B
OIHOPiTHOMY i30TPOITHOMY 3Pa3Ky, MOKHA OOUMCIUTH TaK:

v =PBd. (23)

3.3. IlapameTpu MOeJIOBaHHS Ta METO/ IIPOBEAEHHS PO3PAXYHKIB

[ o0umcaeHHSA BUCIITHOI iHTeHCUBHOCTH YV KOMKHil TOUIli eKpaHa 3a
dopmysoio (20) Tpeba iHTerpyBaTm mo Bcili miommuHi 00’eKTa. Ille Ha
IPaKTHUIl 3POOUTH HEMOKJINBO. ToMy oOuMCIeHHs HOABIHHOrO iHTe-
rpaJia 3IiliCHIOBAJIOCS YNCEJIbHUMI METOLAMH IILIAX0M B6OPY 00JacTu
ILIOIIUHY 00’€KTa TaK, 1100 3a BiAcyTHOCTH 00’ eKTa iHTeHCHBHiCcTE PB B
ycix TouKax eKkpaHa 0yJja CTaJIOI0 BeJINUYNHOIO 32 BUHATKOM MiHiMyMiB i
MaKCHUMYMiB II0 Kpasx eKpaHa, 3yMOBJEeHUX AU(PPaKIicio Big KpaiB
amepTypu. 3a TAKUX HapaMeTPiB MOMKHA KOPEKTHO HPOBOSUTH MOIEJIIO-
BaHHA nudpaxiii PB ma ctBopeHOMY 00’€KTi.

s po3paxyHKy 0yJio BUOpaHO 00J1aCTh ILJIOMTNHY 00’ €KTa Y BUTJIAML
Kpyrioro gucka pagirocom y 200 MKM i po30uTO #1or0o y MOJAPHIiN cuc-
Temi KoopauHaT Ha 1601 Touky mo asumyTraabHOMY KyTy Ta Ha 800 TO-
YOK II0 pagitocy-BeKTopy (Bckoro 1601x800 = 1280800 Touor). Expan
mismerpoMm y 1600 MKM OyJio po3MilieHo Ha Bigmasi y 3,5 M Bif meHTpa
obsiacTu o6’eKTa. B ycix mocimizax ekpaH po30MBaBCA Yy MOJMAPHIN cuc-
Temi KoopauHaT Ha 301 TOuKy mo asuMyTaJabHOMY KyTy i Ha 150 Touok
o pamitocy-BeKTopy. IHTerpan y dopmyi (20) 11 KOMILJIEKCHOI aMII-
gditryau PB y KokHiN Toulli ekpaHa o0uncIoBaBcA 3a MeTomoo MomTe-
Kapio. [lani podpaxyHKU € JOCTATHLO BUTPATHUMU; TOMY Y JaHil podo-
Ti 6yJIO PO3P00JIeHO IPOTPAaMHi KOAHU AJIS MapaieIbHUX 00UNCIIeHb 3 BU-
KopuctanaaM TexHoJjorii OpenCL.

3.4. PesyabTaTu mogemoBanHa nu¢paknii PB Ha mocaimskyBanux 3pa-
3Kax Ta iX aHawisa

Y mMopenoBaHHI MOXHaA TOYHO KOHTPOJIIOBATH Ta BapiloBaTHU IlapaMeT-
pHu: CKJaJ CTOIly, CTYIIiHb JAedopmallii, TeMIiepaTypy TOIIO, IO YMOK-
JIMBJIIOE i30JII0BATHU TA JETAJILHO BUBUYATH BILJIMB OKPEeMUX YNHHUKIB.
BukopucToByoun I1i0 IIepeBary KOMII'IOTEPHOTO MOJAEJI0OBAHHA, Y
IaHili poOOTi 3 MeTO0 BUABJEHHS 3MiHN OINTHUYHIUX BJIACTHUBOCTEI BHA-
CIigOK MexaHiuHOI gedopMallii CTHCHEHHA—PO3TATaHHA B3I0BK ONHiel
3 oceli O0yJI0 IPOBEAEeHO CUMYJIAIIiI0 B3aEMOail MoHOXpomaTuuHoro PB 3
moBkuHOIO XBuUIi A=1,5374 A (ninia CuK,) 3 TpUBUMipHEMHE 3pasKa-
Mu, GopMy AKMUX IMOKasaHo Ha puc. 2, a. Marepian 3paskiB — Iie cTom
Fe—1,3%Cu—1%Ni 3a Tremneparypu y 300 K. OcKilbKM BeJIMUYMHN Bif-
HocHOI medopmariii € gopisurosanu —0,10, —0,05, 0,00, 0,051 0,10, To
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IJIA 3PYYHOCTU HOPiBHAHHSA Pe3yJIbTATiB MU BUKOPHCTOBYBaJIU 5 Pis-
HUX 3a TeOMETPUYHUMU po3Mipamu HenedopMOBaHUX 3paskiB. BogHo-
yac, po3Mipu 3paskiB OyJu migibpaHi Tak, 110 3a iXHBOI Hedopmallii Ha
BKas3aHi BeJWYUHMU € IJIA ycixX 3pasKiB y nedopMOBAaHOMY CTaHi reoMeT-
puuHi poamipu € abcomoTHO ogHaKoBuMH. 1leit crroci6 yMosKIMBIIOE 63
3MiHU reOMETPUYHNX PO3MipiB 00’€KTiB 3MiHIOBATH OIITUYHI JeKpPeMeH-
i 0 Ta KoedimienTn BOMpanusda [ (quB. Tabs. 3) i BUABIATH 3MiHY OIITH-
YHUX BJACTUBOCTEH MAaTEePisaiB BHACTIJOK MexXaHiuHol mzepopMmarrii.

Ha pucymkax 3 Tta 4 moxasamno PeuTrenosi sobpaskenusa Ta mpodiii
iHTeHCUBHOCTH O 5 3pas3KiB. Pe3yabTaTi MOJeII0BAHHS, IIOKAa3aHi Ha
pucyHKax 3, 8i 4, 8, BifHOCATHCA 40 Hege(opMOBaHOTO 3pas3Ka.

Ha pucynkax 3, a, 3, 0, 4, a, 4, 6 ToOKa3aHO Pe3yJbTaTH MOJEJII0OBAH-
HS I 3pasKiB, 1Mo MaJyu OGiJbIT reoMeTpPHYHi PO3Mipu IOPiBHAHO 3
HeneOpPMOBAaHUM 3PasKOM, aJje IicJisa ge)opMallili CTUCKaHHS B3I0BXK
oxuiei oci ma Benuuuny ¢=—0,10 i e=0,05, BigmoBigHo, HaOyBaOTEL a0-
COJIIOTHO TaKOr'o caMoro po3Mipy, AK i HegedopMoBaHMT 3pa3oK i, 3rifg-
HO i3 ;anuMu TabJi. 3, MAIOTEL Pi3Hi 3HAUEHHS JeKPEeMeHTAa 3aJIOMJICHHS O
Ta Koedirnienra BOupanHa . 3i 30iabIIeHHAM BeanumHU Aedopmartii
CTHUCKaHHSA IIMMPHHA YACTKOBO MIPO30poi objacTu 6ijsg KpaiB o0’eKTa
ctae MmeHIow. Ha 1e Tako)X BKasye i mOpiBHAHHA Npo@iJiiB iHTeHCUB-
"HocTu. [lificHo, AKIIO IOpiBHIOBaTHM iHTeHCHBHicTh PB Ha expani
B3JOBJK PaJiAJbHOTO HAIPAMKY 3 asUMyTaJbHUM KyToMm 0° Ha Bigmami y
1200 mrM (e — obJacTi 306pakeHHsa, OJIM3LKI 10 KpaiB 06’€KTiB), TO
3i 30imbIeHHAM mAedopMallii CTUCKAHHA iHTEeHCUBHICTL 3MEHIITYEThCA,
IO IIOBHICTIO Y3TOMKYETHCA 3 (PaKTOM 3POCTAHHS €JIEKTPOHHOL I'yCTUHH
i, BigmoBigHO, 30iabIIeHHA KoedilienTa BOupauua 3. Hedopmarii pos-
raramug (gus. puc. 3, 2, 3, 0, 4, 2, 4, 0), HaBIaKu, IPUBOAATH 10 306i/Ib-
IIeHHs iHTeHcuBHOCTH PB, 1110 mIpoiiniio uepes 06’ ek T 6iia fioro xpais.
ITe TakoOXK BiZiTIOBifae 3MEeHINIEHHIO €JIEKTPOHHOI I'YCTUHU Ta KoediIlieH-
Ta BOMpaHHS BUITPOMiHEeHH 3a medopmarrii postaranus (qus. Tada. 3).

Opmep:xaHi y X0Ii KOMI'IOTEPHUX EKCIEPUMEHTIB pe3yJIbTaTh IIOKa3y-
IOTh, ITI0 METAJIM Ta iXHi CTOIIN JOCTATHLO CIIBHO BOMpaoTh PB. Ilpo 11e cBi-
ITUYUTH TEMHUH KOJIp 300paskeHsb i BiAmmoBigHi mpodiri inrencuaocTu. [[asa
BUSIBJIEHHSA CTYIIEHS BaKJIUBOCTU BOMpaHHA PB meTamamMmu Mmu mpoBenu
KOMII’I0TepHEe MOJIEJIIOBAHHA Ha Heme(opMOBaHOMY 3pasKy, AKUH MOKa-
3aHuii Ha puc. 1, a, 3 TeKpeMeHTOM 3aJoMyeHHA 8=2,2204-107° i Koe-
dimierrom BOMpanHa F=0, a TaKOXK 3OIACHUIN TAKWHI CaMUU €KCIepu-
MEHT JIJIS JaHOTo 00’eKTa y BUNAAKY, KOJau 0 BiH MaB 6ioJoriuny mpupo-
ny (ans 6iomoriuanx 06’ekTiB § ~1-10° i p=1-10®). PesynbraTn Ta-
KOTr'0 MOJIeJIIOBAaHHS IOKAa3aHo Ha puc. 5. Bouu m1eMOHCTPYIOTE, IO ITix
yac KOMII’IoTepHOI cumyaaIlii Bsaemogii PB 3 meTamamu Ta ixHiMu ¢TO-
namu KoedirieHTOM BOUPAHHA [3 HEXTyBaTU HE MOXKHA.

TakuMm unHOM, MOJeJI0OBaHHA B3aeMmoaii PB 3 merasieBumu cromamu
nokasye, 1o PB gificHo MoKHa 3aCTOCOBYBATH IJIA BUSABJIEHHSA MeXaHi-
YHUX gedopmallil y pisHIX MeTaJeBUX KOHCTPYKITiAX.
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Puc. 3. Penrrenosi soopaskenns spaska Fe—1,3%Cu—1%Ni mna pisuux medop-
marii e: a) e=-0,10; 6) e=-0,05; 8) €= 0,00; 2) €= 0,05; ) £=0,10.

Fig. 3. X-ray images for the Fe—1.3%Cu—1%Ni sample under different defor-
mationse: a) e=—0.10; b) e=—0.05; ¢) £=0.00; d) £=0.05; ) €e=0.10.

4. BUICHOBRKH

BukopucToByoun BiloMi TeOpeTHMUHi CIIiBBiZHOIIIEHHS Ta Pe3yJbTaTHU
MO/JIeJTIOBaHHA MEeTOJaMU MOJIEKYJIAPHOI AMHaAMiK1, MU 3aIlIPOIIOHYBaJIN
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Puc. 4. IIpodini inTeHECMBHOCTY B3JOBXK PAAiAIbHOIO HANIPAMKY 3 a3MMYyTaJlb-
HuM Kytom y 0° mma spasxka Fe—1,3%Cu—1%Ni s3a pisuux mgedopwmariit &:
a)e=-0,10; 6) e=-0,05; 8) £ =0,00; 2) ¢ = 0,05; 3) ¢ =0,10.

Fig. 4. Intensity profiles along the radial direction with the azimuthal angle
0° for the Fe—1.3%Cu—1%Ni sample under different deformations e:
a)e=-0.10; b) e=-0.05; ¢) €=0.00; d) e=0.05; ¢) £=0.10.

Migxig 1ITom0 YMCJIOBUX PO3PAXYHKIB TeKPEMEeHTIB 3aJIOMJICHHSA O Ta KO-
edimienTtiB BOupanua 3 PB gia 6araToKOMIOHEHTHUX METAJIEBUX CTO-
OiB 3 Pi3HUM IIPOIEHTHHM CKJIaJOM XE€MiUHMX €JIEMEeHTiB i pidHOIO0 Be-
JUYNHOIO gedopmarrii.

IomiOoHM migxix MoKHa TaK0OXK 3aCTOCOBYBATH A0 OYAb-IKMUX iHIITUX
(isMUYHUX IPOIECiB Yy KPUCTATIYHUX Ta aMOP(MHUX TijJax IJd BUNAJKiB,
KOJIM IIi TPOIlecu COPUUYMHAIOTHh 3MiHY eJeKTpPOHHOI ryctuuu. Hampu-
KJaJ, e MOXKYTh OyTHu (pasoBi mepexonu, nudysiiiHi mpolecu, TEILJIOBe
posiupeHHA Ta iH. ToMy I1i pe3yabTaTy MalOTh IIPAKTUYHE 3aCTOCYBaH-
HA Ta MOXKYTb OYTH KOPUCHUMU SAK IJA PO3POOHUHKIB J1a00pPaTOPHOTO
obJIagHaHHSA, TaK i JJId CIIeIiAJiCcTiB B raaysi MmaTepisio3sHaBCTBA.

Bynu pospobieni mporpaMui Kogu AJis TIPOBeIeHHSI KOMII IOTEPHOTO
MoJeJIIoBaHHs B3aeMozil PB 3 TpuBuMipHIME 3pasdkaMu SOBiJIbHOI I'eo-
MeTPUUYHOI (pOpMHU y paMKax cKaJapHOI Teopii @penena—Kipxrodda.
Ha npurkiani mogesiB 3pa3KiB, BUTOTOBJIEHUX 13 MeTaJIeBUX CTOIIB Fe—



470 A.10. OBHAPEHRKO, 10. M. OBHAPEHKO

| ]
1.0 1,0
il
05 00l | ;, } i_ 'UW‘WMM_
] |

00 05 I }
800 -600 400 -200 0 200 400 600 800

10 05

o5 001

0,5

1,0

Puc. 5. Penrrenosi 300paskeHHs Ta MPo@iii iHTeHCUBHOCTI B3I0OBK PaIisbHOrO
HaIpPAMKY 3 asuMyTaiabHuM KyToMm 0°: a) HemedopMoBaHU 3pas3ok i3 cromy Fe—
1,3%Cu—1%Ni 3 mexpemenTom 3amomueHHs 6=2,2204-107° i koedinmienTom B6UT-
panna B=0; 6) Hemed)OPMOBAHMI 3PA30OK 3 JeKpPeMeHTOM 3ajoMeHHs 6=1-107% i
koedimienTom Boupanua f=1-108, 1o mo mopAAKy BeanuMH BiAmosizae 6iosori-
YHUM 00’ €KTaM.

Fig. 5. X-ray images and intensity profiles along the radial direction with an
azimuthal angle of 0°: @) unstrained sample from the Fe—1.3%Cu—1%Ni alloy
with the refractive index §=2.2204-107° and the absorption coefficient p=0; b)
unstrained sample with refraction decrement 6=1-10% and absorption coeffi-
cient p=1-10"8, which in order of magnitude corresponds to biological objects.

1,3%Cu—1%Ni 3a tremneparypu y 300 K, mpoBeieHO KOMII'IOTEPHY CH-
MyJadanio audpakriii MoHoxpomatmuHOro PB 3 moB:KuHOIO XBHJIL
A=1,5374 A (snimia CuK,) Ha ux 3paskax. 3pasku 6yuau miggaxi gedo-
pMaIrii cTUCHEeHHSIM i PO3TATaHHAM 3 BeJIMYMHAMU BimHOCHOI medopma-
ii ¢, axi cramosuau —0,10, —0,05, 0,00, 0,051 0,10. Harri pesyasTatu
OiTBEPAUIN BUCOKY UyTJAUBicT, PB 10 3MiHM eleKTPOHHOI I'yCTHUHU
MaTepiANy Ta ImoKasau HeoOXiZHicTh 000B’A3KOBOTO BpaXyBaHHsS BOU-
paHHA BUNIPOMiHEeHHA ITiJi Yac MoJle/ifoBaHHA B3aemojil PB 3 meTanamu.
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AHi30TpOIi A MiKPOCTPYKTYPH Ta MiKPOTBEPAOCTH CTOILY
AlSi10Mg, BUTOTOBJIEHOTO CeJIEKTUBHUM JIa3€ PHUM TOILIEHHIM
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B pobori mocrimixeno edeKT aHi3OTPOIIil CTPYKTYpPU Ta MiKPOTBEPAOCTH JIA
amrominiftoBoro crony AlSi10Mg, BUTOTOBJIEHOTO CEJEKTUBHUM JIa3€PHUM TO-
njaeHHaM mopomKy. MikpocTpykTypa cromy AlSi10Mg ckjaamaeThes 3 TBEP/O-
ro po3unny Astfominiio Ta morpiiiaoi eBrekTuru; (Al + Si + Mg2Si). Opienrariii-
Hi 3aJI€KHOCTI MiKpPOTBEepPAOCTY BUMipIOBAJINCA y TPHOX HAIPAMKAaX, i 3a cepe-
nHiM 3HaueHHAM (1,425 I'Tla) MiKkpoTBepAiCcTS B IiIOMY 3a0BiIBHO y3TOAMKY-
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€TBCS 3 Ti€I0, II[0 € XapaKTePHOIO A juBapHoro cromy AlSil0Mg, a poskmz
manux He nepepurnye = 10—15% . 3aauiIkoBi MaKpoOHAIIPYKEHHs CTUCKY Bif-
pisHsAIOTHECA B 1,4 pasu i rOPUB0HTAJIBHOI Ta BEPTUKAJIBHOI IIJIOIIWH 3Pa3Ka y
BUIIsAAl mapasesnemnineny posmipamu 20x10x5 mm. IIpoamasisoBano xapaxkTep
€BTEKTUYHUX BUIiJIEHb i PO3TAIIIyBaHHA 3MiIIHIOBAJIFHUX YACTUHOK B 00’€Mi,
110 KpasaX 3pas3Ka Ta B 00J1acTi, 110 KOHTAKTYE 3 IIaT(HOPMOI0 100y Z0BU.

Kuarouogi cioBa: amrominitioBuit crorm AlSi10Mg, cesieKTuBHE Jia3epHE TOILJIEH-
HS, HAIPY KeHHA, CTPYKTYPHO-()a30BUH CKIAT, MEXaHIUHI BJIACTUBOCTI.

This study investigates the effect of anisotropy on the structure and micro-
hardness of the AlSi10Mg aluminium alloy fabricated by selective laser melt-
ing of powder. The microstructure of the A1Si10Mg alloy consists of a solid so-
lution of aluminium and a ternary eutectic (Al + Si+ Mg2Si). Orientation de-
pendences of microhardness are measured in three directions, and the average
value (1.425 GPa) of microhardness generally agrees satisfactorily with that
characteristic of the cast AlSi10Mg alloy, with data scatter not exceeding
~10-15% . Residual compressive macrostresses differ by a factor of 1.4 for the
horizontal and vertical planes of a sample with the shape of a parallelepiped
with dimensions of 20x10x5 mm. The nature of eutectic precipitates and the
arrangement of strengthening particles are analysed within the volume, at the
edges of the sample, and in the area contacted with the building platform.

Key words: AISi10Mg aluminium alloy, selective laser melting, stresses, struc-
tural-phase composition, mechanical properties.

(Ompumano 25 aunna 2024 p.; ocmamoun. sapianm — 1 cepnua 2024 p.)

1. BCTYII

HecnunH1i po3BUTOK aauTUBHOrO BUpobHUITBA (AB) MeTaneBux mera-
JIiB IIOSICHIOETHCS 3POCTAIOU0I0 e(peKTUBHICTIO TEXHOJOTIiYHUX ITPOIIECiB
i 30iIBIIIeHHAM PiBHA AKOCTH BHPOOiB, IT0 Oe3IocepeaHbO BILIMBAE Ha
moJIinmIeHHA IXHIX MeXaHIYHMX XapaKTepucTuk. AB yMOMKJINBIIOE OII-
TUMi3yBaT BUPOOHUIITBO, 3MEHIIIUTH €HEPrOBUTPATH Ta 3a0e3meunTu
OiJBIIT TIPOCTE OfepPs;KaHHA TeTatiB CKJIATHUX POPM i HEBEJIUKHUX PO3Mi-
piB. HoBruii uac Takuii migxiz BBaKaBCA BUIIPABIAHUM IIepeBaKHO IJIA
CTOMIiB, AKi MalmTh BUCOKY BapTiCTb, TAaKUX AK THUTAHOBi, HiKJIEBi »Ka-
pominHi cTonu Ta MegUUHI cTOIM K00aabTy 3 Xpomom [1—4].

TuMm He MeHII, 3aCTOCYBAHHA AJIA OHePsKaHHA TPUBUMIPHUX APYKO-
BaHUX JeTaJiB 3HAUHO OiJIBII JeIIeBUX aJIOMiHIOBHX CTOIIIB IIOCTiHO
posmInpioeThesa. B MOPiBHAHHI 3 KJIACUYHUM JUTTAM IIig Tuckom AB 3
TAKUX CTOMIIB APiOHMX CepiliHUX JeTaliB, Y TOMY UHCJi CKJIAJHOI KOH-
diryparrii, B 6isb1110CTi BUIIaAKiB € O1/IBIIT BUTiZHUM i momiabHUM [5, 6].

SMeHIIIeHHA BapTOCTH Ta IiaBUINleHHs edeKTuBHOCcTH AB-mporiecis
CIIPUAJIO POBUINPEHHIO chep IXHBOI'0 IPAaKTAYHOT'O 3aCTOCYBAHHSA 11100
HINPOKOT0 BIPOBAAKEHHA B aBiAKOCMiUHiMl TPOMMCJIOBOCTI I aBTOMO-
OimebynyBamui. OCKiIbKM OJIA IIUX TajJdys3eill BasKJIMBe 3HAUEHHS Mae
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3MEHIIIeHHSA MacH JeTaJIiB, MaIllliH i MexXaHi3MiB, CIeKTep aJUTHUBHO BU-
TOTOBJIEHIX KOMIIOHEHTIB 3 aJIIOMiHifOBUX CTOIIiB CTPiMKO 3pocTae [7].

Hai#6igb111 momupeHuMY TPOMUCJIOBUME AJIOMiHIOBUMU CTOIIAMU
AK IJIA KJIACUYHOro, Tak i jus cyuacumoro AB e AlSil2, AlSi7TMg Ta
AlISi10Mg. ocraTHiil piBeHb IUTOMOI MiIIHOCTH, BHMCOKA PiIKOILINH-
HiCTHb 3a HEBMCOKOI TeMIlepaTypHu TOILJIEeHHS, Majia ycaJKa Ta HUSbKUM
KoediImieHT TepMiUYHOTO POBMIUPEHH A, IIPOCTOTA Ta JeIleBU3Ha BUPOO-
HUIITBA € OCHOBHUMM TEXHOJIOTiUHMMH IIepeBaraMu 3a3HaueHUX MaTe-
pisnis [8]. Cron Al10SiMg € HalOiIBIII ITHPOKO BUBUEHUM Cepel aJIFOMi-
HifOBHX CTOIIiB, IO BUKOpHCTOBYIOThCA B AB [8-10]. fK i gna inmmx
IOEBTEKTUYHUX CUJYMIiHIB, AJId HBOTO XapaKTEPHOIO € CTPYKTypa, IO
CKJIAAETHCS 3 TBEPAOrO PO3UMHY Ha OCHOBi aJIOMiHiI0, €BTEKTHYHOI'O
KpeMHito Ta BropuHHUX (has Mg.Si. HatiBuiuii piBenb MexaHiuHUX BJa-
CTUBOCTEIl TAKOT'0 CTOITY ITOB’SI3aHUI T'OJIOBHUM YMHOM 3 JOCSATHEHHIM
MiHiMaJILHUX PO3MipiB YaCTMHOK €BTEKTHUYHOI'O KPEMHIiI0, 1110 MOKJIBE
3a YMOB HaJIIIBUAKOI KpHUCTaIi3allii, axa € xapaxTepuomo s AB i mosxe
craagatu 10°°C/c. B mporecax JIUTTA Ta JIUTTA IIiJ THCKOM M IOKA3-
HUK € MEHIIIUM Ha 3—5 IOPAAKiB BeJIMUYNHY BiAIIOBiTHO.

Bukopucranasa ceaeKTUBHOTO JazepHoro tomaeHHs (CJIT) mopomky,
K onHiel HabimbIT eeKTUBHOI TexHOJOTII AB-TpyKy MeTasioM, s
IeTajiB i3 BKa3aHOTO CTOIY IT03HAUAETHCS JOCATHEHHAM BICOKHUX ITOKAa-
3HUKIB MIITHOCTH, aJjie 3a3BHUUail TaKOyX BHCOKOIO He(peKTHICTIO, sdKa
36iJIbIITye KPUXKicTh i moripmrye ixmio o0pobioBanicTs [11]. Kpim Ta-
KUX OUEeBUIHUX YMHHUKIB BIINBY HAa MEeXaHIiUHi Ta TeXHOJIOTiuHi Xapa-
KTEePUCTUKMU, BapTO BigzHauuTH (OpMYyBaHHA BUCOKOIMCIIEPCHOI CTPY-
KTypHU Ta IlepeHacuyeHHA TBEPIOT0 PO3YMHY Ha OCHOBI ajoMiHito. Po3-
Mipu 3epeH Ipu IILOMY MOXKYTH caAraT 3—10 MKM 3 miepeBakKaHHIM BIU-
TATHYTOI OBAJBbHOI UM TO CTOBIYACTOI (hopMu. 3 OLZHOTO OOKY, SUCIIEpC-
HICTH CTPYKTYPHU MAa€ POITJIAAATHCA AK MO3UTUBHUN YUNHHUK IJISI TOCH-
THEeHHS BHCOKUX MEXaHIYHMX Ta eKCIIyaTallilHuX XapaKTepUCTUK
crorry AlSil0Mg, ajie HAIpyKeHHS B CTPYKTYypi, il ImepeHaCHUYEHIiCTh
Cuimiem i 3arajbHA aHI30TPOIIiA BUMAararoTh JOLATKOBOTO TEePMiUHOTO
00p0o0JIeHHA TPUBUMIPHUX BUPOOiB [12—15].

HesBakaroun Ha YMCJAEHHI JOCJiIKEHHS BUTOTOBJIEHUX METOLAMU
AB cromis AlSi7TMg ta AlSil10Mg, sanuiaeTbcs 6araTo CIipHMX IIH-
TaHb, IIOB A3aHUX 3 OTO CTPYKTYPO- Ta (Pa30yTBOPEHHAM 3aJICKHO Bif
MeTOny APYKY Ta #oro pe:xuMiB [16—18]. Tak, B meakux JocaigKeHHAX
BKas3aHo, IO IIicJg APYKY (asa Mg.Si mpucyTHA y BUXiZHMX 3pasKax
[19], a B iHmMX 3a3HAYAETHCA, 1[0 BOHA BUAIIAETHCA TiJIbKU IIiCJIA Ha-
cTynHOro TepMiunoro obpobaenusa [20]. Kpim 1mboro, TinbKu y geaKux
IOCJiIKeHHAX BPaxoBYEThCA HAABHICTH Y CKJIaAi cTomiB Pepymy Ta
Manrany, AKi MOKYTb CHOPUATH YTBOPEHHIO 3ajisdoBMicHuUX (a3
A15FeSi, A115(FeMH)3Siz u AlsSlGMggFe [1 2]

Ane muTaHHA aHIB3OTPOIil CTPYKTYpU Ta BaacTuBocTeil AB-BupobiB
Ioci saymuiraeTbesa KaouoBuM [21, 22]. B pobori [23] mokazaHO MOMKJIN-
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BiCTh eKCIIpec-OIliHKY PO3IIONiJly MeXaHIUHIX BJIacTUBOCTeH 3paska Ti—
6Al-4V, npyKoBaHOIo 3a aJUTUBHOIO TexHoJoriero «xB3DMP», Ha oc-
HOBi BUMipAHUX BeJIWUYNH MiKPOTBEPIOCTH y HOro pisHmx mepepizax (y
HaOpAMKAaX BUPOINYBaHHSA Ta CKamyBaHH:A). HeomHopigHicTh MexaHiu-
HUX BJIACTUBOCTEH 3a TOBIIMHOIO HAAPYKOBAHUX OJIOKIB y pPisHMX Ha-
IpsIMKax cKJaja mpuoansuo 11%.

BuwmiproBaHHSA TBepgocTi ad0 MiKpoTBepaocTHu 3a BikkepcoMm marTh
3MOT'Y BCTAHOBUTHU (DiBMKO-XeMiuHi 3aKOHOMipHOCTI BIJIUBY PEKUMIiB
AB, po3MipiB TpuBUMipHUX 3pa3KiB, a TaK0XK IXHBOI MiKPOCTPYKTYpH
Ha MeXaHiuHi BJacTHUBOCTI y BUXigHoMy cTaHi. [leake 36iabIeHHI MiK-
poTBepAocTH IMOOGJAM3Y IMiAKJIATWHKN aBTOPHU IIiel poOOTH IOACHIOIOTH
dopMyBaHHAM y mporieci IpyKy MeTomoio «xBSDMP» «30HU TepMmiuHO-
o BILIUBY», B IKill 3aBAAKU IIePEKPUCTAI3aIlil MeTaJy YTBOPIOIOTHCSI
piBHOBicHIi 3epHa a- Ta B-ha3 MEHIIIOr0 Ppo3Mipy.

BuznaueHHA MiKPOTBEPIOCTH € HAMIIPOCTIIION, IIBUAKOIO i1 HAAUIYT-
JIMBOIO METOMOI0 TEeCTYBaHHS MeXaHiUHMX XapaKTEePUCTUK MaTepisaiay,
IIT0 He CYIIPOBOIKYETHCA MOT0 PYHHYBAHHAM: CydYacHe CTaHIApTHE 00-
JagHaHHsA Jae 3MOTY 3MiHOBaTH HaBauTaxkeHHs Big 10 r ;o 1000 r, me-
perBopioBaTH mMiKaay TBepaoctu (BikkepcoBy—KuynoBy—BpunenneBy—
PokBeneBy), aBTOMAaTUYHO OOUMCJIOBATH HUB3KY MEXaHIUHUX Xapak-
TePUCTUK, Ma€ (PyHKITiI0 aBTOMaTUYHOI TyPeJIi TOIIO.

Couparounch Ha BeJIUKY KiJIbKiCTh HAABHUX MTaHUX IJIA JUTUX 3pas-
KiB, 3a IOIIOMOT0I0 BUMipPIOBAHHSA MiKPOTBEPAOCTH MOYKHA IIPOAHAJIi3Y-
BATH aHIi3OTPOIiI0 MexaHiuHMX Biactusocrei cromy Al10SiMg BHacri-
Iok pesxumiB mpommucioBoro AB-tunmy CJIT Ta BcTaHOBUTH B3aeMo3a-
JIeKHICTD 13 KPHCTaNIiB0BaHUMU CTPYKTYPHO-(a30BUMU CTaHAMMU, 110 i €
MEeTOIO JaHoil PoOOoTH.

2. METOJUKA ERCIIEPUMEHTY

3pasku crory AlSi10Mg (tabx. 1) y BurasAzni mapaJesemineny posmipa-
vMu 20x10x5 MM i rycrunoio y 2,66 r/cM® omep:kaHO 3a TEXHOJIOTIEIO
CJIT ma AB-ipunTtepi Alfa-150D (TOB «AnguTuBHi J1asepHi TexHOJIOTiI
Yipainu»). I[IpuHIIUIIOBY cxeMy OPYKY Ta TeXHIiUHi XapaKTepUCTUKU

TABJINIIA 1. Xemiunuit ckiaan 3spaskis crony AlSi10Mg, ogep:xkanux 3a Tex-
nogorieto CJIT.

TABLE 1. Chemical composition of A1Si10Mg-alloy samples obtained by SLM
technology.

Bwict, % Bar.
Al Si Mn Mg Fe
88,009+0,167 10,505+0,132 0,458+0,128 0,518+0,128 0,510+ 0,009
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BUKOPUCTAHOTO MpUHTEePa HaBemeHo B [24]. Ak Buximuuii maTepisni, Bu-
KOPHCTOBYBaBCsA cepuuHuii mopornok crorny AlSilOMg 3 posmipamu
yacTUHOK y gisamasoni 20—63 mxm. IIpuctpiii Alfa-150D 3 posmipom
po6ouoro mosa 150x150x180 mm OyB ocHalleHuii BOJOKOHHUM iTepOi-
MOBUM JIa3epoM 3 ITOBITPAHUM OXOJIOAKEHHAM 1 HOMiHAJBHOIO MOTY K-
HicTio y 200 BT, giaMeTpoM Ja3epHOTO IIPOMEHA Y = 45 MKM, JOBKIHOIO
xBuai y 1070 = 2 am. [TapameTrpu, BUKOPUCTAHI 1JIS BUTOTOBJIEHHSA 3pa-
3KiB: mBuUAKicTL ckanyBauua — 500 Mmm/c, TOBIIUHA MIapy — 25 MKM,
BimcTaHb mTpuxyBaHHI — 150 MxM. [[1s 3amobiranusa OKMCHEHHIO BU-
TOTOBJIEHHS 3Pa3KiB IIPOBOAMIIOCS B iHepTHOMY cepemoBuIi Ar [25].

XemiyHUHM CcKJIa[ BU3HAUEHO METOAOI0 PEHTI'€HO(II00pPEeCIleHTHOL
anajisu (Tabu. 1).

BumiproBaHHA MiKpOTBEpPAOCTU MOBEPXHi 3a PiBHMMU HaOpAMKaMU
(puc. 1) mpoBoamiiocss 3a BiKKepcoBOi0O MeTOHOI0 3 BUKOPUCTAHHSIM
npuaagy LHVS-1000Z iz maBauTaxkennam y 100r. [[na 3smeHIIeHHS
MOXMOKM cepefHE 3HAUEHHS MiKPOTBEPAOCTH BU3HAUYAJOCSA 3a IOHAM-
MeHIIle ciMoMa BUMipaMu B IIEBHil IIJIOMIMHI.

JocaimxeHHA MiKPOCTPYKTYPH IIPOBEAEHO 3a JOIOMOIOI0 METAaJIor-
padiuHoro TPUMHOKYIAPHOTro MiKpockony iScope IS.1053-PLMi 3i 306i-
apimeHHAM x50, x100, x200 ta x500. aa 1mporo mojipoBaHi 3pasku
crorry AlSi10Mg upossiasaiau KejepoBuM I[aBHUKOM-peareHToM — BO-
nanM posunaom 0,5% HF, 2,5% HNOs, 1,5 % HCI[26].

JJis peHTI'eHOCTPYKTYPHUX AOCIHiJKeHb BUKOPUCTAHO AuUPpaKTOMe-
tep Rigaku Ultima IV (BumpomimenHs 3 Acy=0,154147 um): imTepBana
KyTiB — 20 =20°-120°, xpok peectpartii — 0,04°, yac BUTPUMKHU B TOYITi
— 2c. [Ina aHajisu oflep:KaHnX PEHTI'eHiBChKUX CIIEKTPiB, PO3PAXYHKY
posmipy obsacTeii korepeuTHoro posciaaua (OKP), crymensa nedopmairii

Puc. 1. Cxema 3paska Ta HAIPAMKY MipaHHSA MiKpoTBepHocTu (IIOKas3aHo uep-
BOHUMU CTPiIKamMu).

Fig. 1. Sample scheme and directions of microhardness measurement (shown
by red arrows).
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KpucTamiuHoi r'paTHuili (¢) Ta KiabKicHoi ¢a3oBoi aHai3u BUKOPUCTAHO
mporpamue 3abesmeueHHa PDXL, mikmapomHy 0asy manumx gudpakririi
ICDD (PDF-2 (2024)) Ta BizkpuTy 6a3y kpucramgorpadivanx gauaux COD.

BuznaueHHA BeJIMYMHY HAIIPYKEHb IIEPIIIOr0 POAY IIPOBEIEHO METO-
nom sin?y 3a metogoro side-inclination. s srmamskyBauusa mpodisis
IupaKIiiHuX MaKCHMYMiB BUKOPHUCTOBYBaJsiacad (PpyHKIisa Savitzky—
Golay, a gia Binoxkpemiaenusa pouy — pyHKIig Sonneveld—Vissers. Bu-
3HaYeHHA KYTOBOIO ITOJIOXKEHHA JUPPaKIifHNX MaKCUMYMiB ITPOBOIH-
JIOCSI HA OCHOBIi 3HAUEHbD II0JIOMKEHHS IIeHTPY Baru. BeInuunHy 3aIuIIKo-
BUX MaKpPOCKOIIIYHUX HANPYyKeHb B aJIIOMiHil mpoBeeHO 3a 3MiHOIO KY-
TOBOTO IIOJOMKEHH Audpakiiiinoro makcumymy (420) nasa sHaUeHD KY-
tiB y=0°, -10°, —-20°, —30°, —40°. OO6poOKY ofepP:KaHUX CIIEKTPiB IIPO-
BeJI€HO 3 BUKOPMCTAHHAM IporpaMuoro sabesneuenns Rigaku Residual
Stress Analysis.

3. PE3YJIBTATH TA IX OBTOBOPEHHSA

Ha pucymkax 2, 3 mpeacraBieHO MOPGOJIOTiI0 ITIOBEPXHi 3pasKa CTOIY
AlSi10Mg, omepsxanoro 3a TexuoJsoriero CJIT. Ha ropusonraabHiil mo-
BepxHi (mmomwmua xOy) (puc. 2, a, 8,0, puc. 3,x) i Ha OiunHiii rpani
(mnommua yOz) (puc. 2, 0,2, e, puc. 3, 3) cuOCTepPiraeThCsA TUNOBA IJIA
CJIT HeommOpimHa MiKpOCTPYKTypa 3 oKpeMuMu cermentramu [27]. ¥V
mwomuHi yOz chopMOBaHO MEPEXKY 3BapIOBAJBHNX BaHH HAIIBKPYTJIOL
dopmu, AKi mepexkpuBaTheda. CmocTeperkyBaHa XBUJIACTA MOPPOIOTis
3a TunoM «pub’ auoi aycku» (fish-scale) mop’asama i3 mocaigoBHUM TBe-
POiHHAM KpameJbHnX 0aceiiHiB po3TONmy, IIT0 BUHNKAIOTh IIiJ] Yac Ipolie-
Cy JIa3ePHOI'0 PO3TOILIeHHA mopomiky. Ha BigmMiny Big mboro, y IIoImmmHi
yOz hpopMyIOTHCA BAHHU PO3TOIY IMUJIIHAPUYHOI (hOPMU, III0 ByMOBJIEHO
IIPOIlecOM CKaHyBaHHSA JIa3ePHOT0 IIPOMEHS II0OBEPXHEIO IIapy IIOPOIIKY.

B mikpocTpykTypi crorry AlSi10Mg HasABHI B ocHOBHOMY Oe3mepepBHi
TPeKH’, CIIOCTEPiraioThCs IMOPU HepaBUJILHOI opMu (KpucTasrisarriii-
HOTO TOXOMIKeHHs) Ta cdepuuni (rasoBi) mopu (puc. 2, a, 6), po3Mip
SAKUX He IepeBuIllye Kputuyuoro (> 10 mxm). B 06’emi TpekiB cmocTepi-
rae€ThbCsd OEeHAPHUTHA CTOBIIYACTA CTPYKTypa, BUTATHYTA Yy HAIPAMKY,
3BOPOTHBOMY IIOJAO0 TEIIOBiABOAY (puc. 3, @), a Ha MeKaX CTUKY Cyci-
HiX TPeKiB — 30HA CTOBIIYACTUX KPUCTAJIB 3 6iIbIIT rpy60i0 MopdoIori-
€10, SIKi YTBOPUJINCA B Pe3yJIbTATi Pi3HUX YMOB 0X0JOI:KeHHA (puc. 3, 0,
2). 3araabHUU BUTJIAL OOJUHOUYHOTO TPEKY PO3TOIY B3AOBXK 1 IIOIepex
HAIIPSAIMKY CKaHyBaHHSA IIOKa3aHo Ha puc. 3, 0, e.

st BumiproBanb MiKkporBepgocTu crory AlSil0Mg BuKoHaHO moire-
penHi OI[iHKM ONTMMAaJBHOIO PiBHS HaBaHTaKeHHs B iHTepBaai 10—
300 (puc. 4). aa mboro odbupaaucsa ceIrMeHTH 3 OTHOPiIZHOI MiKpo-
CTPYKTypoOIO (BcTaBKa Ha puc. 4). BugHo, 1110 MikpoTBepaicTs i3 36iab-
HIeHHAM HaBaHTaXKeHHA Ha iHAeHTOP MOHOTOHHO 3MeHNTyeThecd. Ha mi-
JICTaBi ofleprKaHUX Pe3yJIbTATiB 3p00JIEHO BUCHOBOK, IO HaBAHTAKEeHHA
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y 100 r Ha giaMaHTOBUI iHAEHTOP € HAMOIMLINI IPUAHATHUM AJIS BUMi-
PIOBaHHSA MiKPOTBEPAOCTH IOCIIAKYBaHUX 3paskis crony AISi10Mg.

0 ‘ e

Puc. 2. Mopdosioria moBepxHi cromy AlSi10Mg, oxep:kanoro CJIT: miomiuHa
x0y (a, 8, 0), nnomuna yOz (0, ¢, e).

Fig. 2. The surface morphology of the AISi10Mg alloy obtained by SLM: xOy
plane (a, 8, d), yOz plane (0, 2, e).
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Puc. 4. 3anexuicts mikporepaoctu crony AlSil0Mg Bix HaBaHTaKEHHS HaA
iHgEeHTOD.

Fig. 4. The dependence of the microhardness of the AISi10Mg alloy on the load
applied to the indenter.

my AlSi10Mg BuMipsiHO Ha 3pa3Ky, PO3PisaHOMY HABIILJI B3IOBYK BEPTH-
KaJjbHOI oci Oz, a TAKOXK PO3pisaHOMY HABIILJ B3JOBK IOPHU30HTAJILHOI
oci Oy. BumiproBaHHA IPOBEIEHO HA MOJIiPOBAHUX i IIPOIIABJIEHUX IIO-
BepxXHAX i3 oOpanuM HaBaHTakeHHAM y 100 r. MikpoTBepaicTh BuMi-
proBasu 3 KpokoM y 50 MKM B3m0BK oceit Ox Ta Oz, a TaK0XK 3 KPOKOM Y
100—-150 MmxM B3ZOBXK rOpu30HTAIBHOI oci Oy.

B mnomuui 20x cmocrepiraioThbcAd 3HAYHI 3MiHM MiKpPOTBEPIOCTHU
(puc. 5). Ilo KpaAax 3pasKa MiKpPOTBEPAiCThL Ma€ MiHiMaJIbHI 3HaUEeHHS
~ 1,18 I'Tla, a B 1eHTpi — MaKcuMaJbHe 3HaueHHA = 1,45 I'Tla.

HemoHOTOHHUIT XapaKTep 3MiHM MiKPOTBEPAOCTH B MONEPEeYHOMY
mepepisi moB’A3aHUE 3 OJHOYACHOIO Mi€I0 HU3KKM UMHHUKIB, IO CTBO-
PIOIOTHL HEOTHOPiAHI TeMIlepaTypHe Ta CHJIOBE IOJISA, IKi BUKJINKAIOTH
BimMiHHOCTI B ymMoBax (opmyBaHHA CTPyKTypu. Ha BigmoBigHUX 30-
OpasKeHHAX CIIOCTEpPiraeThcs SACKPaBO BHpaKeHa BiAMiHHiCTH MiKpo-
CTPYKTYPH B KpalHiX 00JaCTAX IMOPiBHAHO i3 IEHTPAIHLHOIO YACTUHOIO.

PesyabTaTu BUMipOBaHHA MiKPOTBEP/OCTU 3a IIEePEpi3oM B MepIeH-
IUKYJIAPHOMY HAIIPAMKY 0 HOIEPEeIHBOT0 BUNAAKY, TOOTO B3IOBIK HAa-
OPAMKY IIO0OYIZOBU, IIPeACTaBIeHO Ha puc. 6. CrmocrepiraeThcsa He3HAU-
HUP PO3KUL 3HAUEHb MiKpoTBepmocTu B Mexkax Bim 1,27 I'lla mo
1,38 I'lla. ¥ mporeci CJIT i3 30iibIlIeHHAM TOBIIUHU BUPOOY I'PamieHT
TeMIepaTyp y HOoro ImpUIIOBepXHEBi#l o00JacTi aMeHITyeThcA. Buimumii
I'PagieHT TeMIIepaTyp y HUKHIX ITapax IPUBOIUTD A0 30iJbIITeHHA TUC-
IIEPCHOCTU CTPYKTYPH, IIepecUuUeHHsa TBePAOro PO3UnHy Si Ta, HMOBIip-
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Puc. 5. Posnogin mikporBeppocTu (a) 3a miupuHoio nepepisy spaska AlSi10Mg
Ha BUCOTi Yy 5 MM BiJf moBepxHi Ta BiAmoBimHa MiKpocTpyKTypa (6) (TIoruHa
20x).

Fig. 5. Distribution of microhardness (a) across the width of the AISi10Mg
sample cross-section at a height of 5 mm from the surface and the correspond-
ing microstructure (6) (2z0x plane).

HO, BUINUX 3HAUYEHDb 3aJIUINMTKOBUX HAIPYKEeHb i MiKpoTBepaocTu. To6To
yMOBU (hopMyBaHHA MEPHIOTr0o ¥ OCTAaHHBOTO HIAPYy MAaTeEPidAay iCTOTHO
BigpisHaAOTHECA. [lesake 30iJMbITTeHHA MiKPOTBEpPAOCTH IIOOJIM3Y MigKJa-
IUHKY TOSICHIOETHCA (OPMYBAHHAM Yy IIPOIlECi IPYKY «30HU TEPMiUHOT'O
BILINBY», B AKiH 3aBISKMN IIepeKpHCTais3amili MeTasy yTBOPIOIOTHCS
KOMipKH MeHITTOro po3Mipy (o6sacti 2, 3). MoxXHa BUAIINTY HACTYIHI
xXapaxkTepHi obJacTi 3 pisHMM po3MipoM KOMipoK: mepeximHa 3oma I,
IpidoHOKOMipKOBi cmyracti 2, 3, KpynmHOKOMipyacTi 3oHu 4—6 i mpumo-
BepxHeBa 7. OCHOBHOIO IPUYNHOIO 3MiHI PO3Mipy ocepenKiB € TepMiuHa
icTopia xKoixHOrO 3 MuX periouiB. Haibimpmt nrijibHAa cMyTacTa CTPYKTY-
pa 3abes3meuye BUIIY MiKPOTBEPAiCTh.

3a BUMipIOBaHHA MiKpOTBepaocTu B IwiomuHI xOy crocrepiraeTbcs
He3HaYHUI PO3KU 3HaUeHb B Meskax Big 1,33 I'lla mo 1,55 I'la (puc. 7).

MimiMmanbHi 3HaYeHHS MiKPOTBEPAOCTH 3HOBY CIIOCTEPIraroThCs B
KpaiiHix Toukax. [{lukgaiuauii xapakTep 3MiHM MiKPOTBEPAOCTH B IILOMY
BUOAAKY IIOB’SI3aHUH i3 3a3HAUEHMMM BUIIE OCOOJMBOCTIMHU MiKpO-
CTPYKTYpPH, a TaKO}K, MOYKJINBO, 3 HEpPiBHOMipHHM poamomijom Si Ta
30iJIBIIIeHHAM T'YCTUHU AUCJIOKAIIIHM B OKPEeMUX 30HAX i3 CKYITUYEHHSIMN
3MIiITHIOBAJIbHUX BUI1JI€Hb.



AHI3OTPOIIISI MIKPOCTPYKTYPU TA MIKPOTBEPIOOCTH CTOITY AlSi10Mg 483

=
B

Mixporsepaicts Hu, , [Tla

1,1+
i1 2 8 4 5 6 7 & 9 10

Bigcraub, MM

Puc. 6. Posnogin mikporBepmocTu (a) 3a BucoToro mmepepisy 3paska AlSil0Mg i
BigmoBimHa MikpocTpyKTypa (0) (maomuaa 20x).

Fig. 6. Distribution of microhardness (a) along the height of the AlSi10Mg
sample cross-section and the corresponding microstructure (6) (z0x plane).

s 6inbIn TeTaJbHOTO HOCIimAKeHHA MOpP@doJIoTii Ta po3Mipy eBTeK-
TUKU Si, K OCHOBHOI MiKPOCTPYKTYPHOI CKJaJ0BOI CTOMY, Ta APiOHO-
IUCIEePCHUX BKJIOUEHL 3aCTOCOBAHO PACTPOBY €JEKTPOHHY MiKPOCKO-
IIiI0 3 EeHeProAUCIIEPCITHOI0 aHAJII30I0.

Ha pucyukax 8—10 HaBeIeHO MiKPOCTPYKTYPY IIOBEPXHi 3pasKa CTo-
ny AlSi10Mg, omepsxanoro 3asgaxu CJIT, ra signmosigui EDX-manu Al,
SiTa Mg B gigHKax 3 Pi3HOI0 MiKpOTBEPAiCTIO.

Ha pucyuky 8 nmpezacrasieHo MiKpocTpyKTypy crony AlSil10Mg B 00-
JACTAX 3 MEHIITNMH 3HAUEHHAMHY MiKPOTBEePIOCTH II0 KpasdXx 3pasKa; Bo-
Ha CKJIAJZAETHhCS 3 TBEPJOro PO3UNHY AJIOMiHiI0, PO3IiJIeHOT0 ypUBYaC-
TEMH MexkaMu moTpiifinoi eBrexTuru (Al + Si+Mg.Si), sbarauenoi ma
Si, 1110 3a3BUUAall € XapaKTepHUM i JJId JMBapHUX aJIOMiHiIOBUX CTOIIiB.
KoMmipuacTo-meHaApuUTHA KpPUCTAJIi3allisg 3yMOBJIIOE IIOSABY APiOHUX PiB-
HOBICHUX 3€peH y APl BAaHHU PO3TOITY, ajie MOJOBKEHUX 3ePeH Ha Me-
JKaxX KOMipOK 3 HamiBCYIiJIbHUMU BUALIEHHAMU Si-BoJIoKHA. Kpim To-
0o, OKPeMi YaCTHHKM Si CIIoCcTepiraloThcsa TaKOMK BCEPEAMHI KOMiPOK O.-
Al, aki Buginnancs B mpoieci MBUAKOI KpucTaIizaiii TBepaoro po3ym-
Hy. B Toi#l uac AK APiOHOAMCIIEPCHI BKJIIOUEHHA, IO MicTaTh Marmiii,
imMoBipHO, B'-dasu, 6am3bKOI 3a cKiamom mo MgeSi, posTamoByThCA
TiTBKM B Me:Kax eBTeKTHUKM. YactuHKu Si Ta Mg Ha Me:Kax MaioTh BU-
IaJKOBY Opi€eHTAIIiIO0.
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Puc. 7. Posnozgin mikporsBepmoctu B muomniuHi xOy Ha HOJIOBUHI BHCOTHU IIO-
IOBXXHBOTO IIepepisy spaska crony AlSi10Mg.

Fig. 7. Distribution of microhardness in the xOy plane at the half-height of
the longitudinal cross-section of the AISi10Mg alloy sample.

B o06J1acTax i3 BUCOKOI0 MiKPOTBEPAiCTIO B IIeHTPAJIbHil YacTUHI 3pa-
3Ka (puc. 9) apibHomMCIIEpCHI BKJIIOUEHHS, IO MicTaTh Mg, poaTarro-
BYIOTBCS SK B €eBTEKTUILi, TAK i MiK JeHIpUTaAMU JPYTOro HopAIKy dasmu
o-Al. Yactunoxk Si, axi sHaxoxaTeea B maTpulri Al, crae 3Hauno 6iabImne
HOPiBHAHO 3 HOIEPeIHIM BHIIAAKOM, Tak camo AK i Mg. Bmict Mg Ha
JacTUHKAX Si Buinuii, Hisk y matpuiii Al, ockineku Mg pearye 3 Si 3 ¢o-
pmyBauHAM (hasu Mg.Si, sxa 3abesmeuye sMillHEHHSA JUTUX CTOImiB Al—
Si—-Mg. Came Tomy Mg cerperye Ta JOKaJIi3yeThCSa Y3OOBXK €BTEKTHU-
HuX cTinok. KoedimieunT qaudysii Mg sumuii, HixK y Si, a KOHIIeHTpAaIlisd
mente (0,4-0,5% mac.); otske, Becb Mg nudyuaye go sbarauesoi Si es-
TeKTUYHOI MepeKi, axa posmmupioerbed 10 200 uM, crae GiJIBII CYITiIb-
HOIO Ta MPaKTUYHO 0e3IepepPBHOIO.

I maperrti, B o6acTi 6i/id mMiAKJIAZUHKY CIIOCTEPiraeTheAd MiKPOCTPY-
KTypa, IJs AK0l XxapaKTepHa IIOTOBIIleHA €eBTEKTHUYHA CiTKa 3 Oealepe-
pBHUMU JAHITIOMKKaMU (asu Si B3ToBK MexK ocepenkis (puc. 10) Binmo-
MO, IO KOMipuYacTo-ZeHAPUTHA CTPYKTypa CTomiB cuctemu Al-Si 3mi-
HIOETHCSA 3aJI€KHO Bix BMicTy Si, a MeXi KOMipoK, JeKopoBaHi BUAiIEH-
HAMU Si, TOTOBIIYIOThECA 31 301labIreHHsaM Bmicty Si morazn 12% (3a ma-
com) [28]. B manomy pasi mupuHa eBTEeKTUYHOI CiTKM 30ibIITyeTHCA 1O
=~ 500-600 am. Buiuii r'pagieHT TemMOepaTyp y HUJKHIX ITapax IIPHUBO-
IUThH 00 30iJIbIITeHHS JUCIIEPCHOCTU CTPYKTYPH Ta IIePeCUYEHHS TBEPIO-
ro posunny Cuiiliem, 1110 i 3abes3meuye BUIIi 3HAUEHHA TBEPIOCTH.

V piBHoBaxkHOMY cTaHi 6iHapuoi cucremu Al-Si MakcumaabHA PO3-
ynHHicTE Si B a-Al cranoButs 1,65% 3a 577°C. Oguar y uporneci CJIT
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Puc. 8. MikpocTpyKTypa (a) Ta Manu pO3MOMiIy XeMiuHUX ejeMeHTiB (0) Ha
nepugepii spaska crony AlSi10Mg, omep:KaHOTO CeJIeKTUBHUM JIA3€PHUM TOII-
JIEHHAM TIOPOIIKY.

Fig. 8. Microstructure (a) and elemental distribution maps (6) at the periphery
of the AlISi10Mg alloy sample obtained by selective laser melting of powder.

IIBUAKOCTI OXOJIOAMKEeHHs mepedyBaroTh y miamaszoui 10°-10%°C/c, 1o
IaJIeKO BiJ piBHOBAsKHOT'O CTaHY.
TakuM 4YMHOM, MAaKCUMAaJIbHA PO3UMHHICTE Si a-Al 306iabIIyeTHCA 34

Puc. 9. MikpocTpyKTypa (@) Ta Manu pOBIMOAiIY XeMiuHUX ejeMeHTiB (0) y
LeHTPAJIbHIN yacTuHi 3paska crorny AlSi10Mg, ogeps:xanoro CJIT.

Fig. 9. Microstructure (a) and elemental distribution maps (6) in the central
part of the AISi10Mg alloy sample obtained by SLM.
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Puc. 10. MikpocTpykTypa (@) Ta Mallu pO3MOIily XeMiUHUX eJeMeHTiB (0) aJs
3paska crony AlSi10Mg B obuiacTi 6iia migkaaguaKy (aaTdopmMu mo6y10BHI).

Fig. 10. Microstructure (a) and elemental distribution maps (6) for the
AlSi10Mg alloy sample in the region near the substrate (building platform).

maaumu [29] o 8% mac., 1110 CTBOPIOE IIepecuUeHy CTPYKTYpPY. AHAJO-
riuma KijgbKicTs Si cmocTepiraeThbcsa B HAIIOMY BUIIAAKY Ha mepudepii
3pasKa, TOJi AK B IleHTPaJIbHil yacTuHi 30iabiryersesa go 12,72%, a 6i-
Ja nigkaasuaEu — 10 13,71% .

Ha pucynky 11 HaBemeHO pe3yJbTaTH PEHTTeHiBChbKOI nudpaKIrii paa
3paska crony AlSi10Mg, omepsxamoro 3a texuosoriero CJIT, nuaa mio-
muHT X0y (ropusoHTaNIbHA IJIONMHA) Ta YOz (BepTUKAJIbHA IJIOIINHA).
Ha mudpaxTorpamax crocTepiraioTbcd AUQPPAKIINHI MakCHMyMK Bif
amoMiHiToBOoI MaTpuIli, Si Ta BKJOUEHb Big 3MinHOBAJILHOI (dasu
Mg,Si.

PospaxoBaHi 3HaueHHA NepiofiB KPUCTANIUYHOI I'PATHUIL, PO3Mipy
obsacreii KorepeuTHoro poscisuua (OKP), crymensa medopwmarii Kpuc-
TaJgivHoi r'paTHUII (€) aTIOMiHiI0, KPEMHIIO i BKJIIOUEHb 3MiIIHIOBAJIbHOI
daszu Mg,Si Ta KinmbKicHMI (asdoBuii ckaax B miommHeax xOy i yOz Bix-
PiBHAIOTHECA B MeKaX IMMOXUOKY BUMipIOBaHb.

BenuuuHu Hanpy:KeHb NEPIOro Poay Or, BUBHAUEHi 3a 3MiHOIO KyTO-
BOT'O ITOJIOKEeHHA nudpakIiiHoro MakcumMymy aaoMinito (420) meTomom
sin?y (puc. 12), ansa maomuu xOy it yOz icTOTHO BiApisHAIOTHCA, X0Ua
BOHU i € CTUCKAJLHUMHU B 000X BuIagkax (tabdJ. 2). 3HaUueHHSI Or Y ILJIO-
muHi xOy (-237 MIla) € B 21,4 pasu Ginbmum, HiK y miomuHl yOz
(-176 MIla).

Kinmpkicts Si (212%), pospaxoBaHa 3a PEHTI€HIBCBKUMU TAaHUMH
(Tab. 2), mobpe Y3TOmKYETHCSA 3 Pe3yJbTaTaMU eHeproAucHepciiiHol
aHajisu (Tabi. 3).
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Puc. 11. Iudpparrorpamu 3paska cromy AlSil0OMg, omepKaHoro CeJIeKTUBHUM
JazepHUM TomyieHHAM: | — mnomuua X0y, 2 — niomuHa yOz (Ha BKJIAaAHI 1I0-
KasaHo 3cyB gudpaxriiiinoro maxkcumymy (420) amrominiro ajd pisHHMX ILJIO-
muH) (V¥ — pedaekcu Bix pasu MgaSi).

Fig. 11. XRD patterns of the AISi10Mg alloy sample obtained by selective la-
ser melting: I—xOy plane, 2—yOz plane (the inset shows the shift of the alu-
minium diffraction peak (420) for different planes) (V¥ —reflections from the
Mg-Si phase).

4. BUICHOBRKH

Amnaiiza amisorpormrii mikpocTpykTypu cromy AlSi10Mg, atuTuBHO BUTO-
roBsenoro meroxoMm CJIT, moxkasana Taxki 0cOOJIMBOCTi: HA TOPU3OHTAID-
Hill moBepxHi (wrommHa yOz) GOpMyIOThECA SOPIKKY PO3TOITYy HAIIIBIIH-
JiHAPUYHOIL (hOPMU, IO 3yMOBJIIOETHCA MPOITECOM CKAHYBaHHSA JIa3€PHOTO
IIPOMEHA MOBEPXHi IIapy MOPOIIKY; ¥ mommHi xOy cnocrepiraeTbesa Me-
pexa OaceliHiB PO3TOIy, AKi IMOCTiZJOBHO KPMCTAJII3YIOThHCSA B IIpoIleci
APYKY.

Y HazmpyKoBaHOMY CTOIIi (hOPMYyETHCA KOMipUacTo-IeHIpUTHA MiKpoO-
CTPYKTYypa 3 6e3lepepBHUMU JAHITIOMKKaMu asy Si B3TOBMK MK KOMi-
POK TBEPAOTO PO3UNHY, SIKi IIOTOBIYIOTHCA Big mepudepii 1o meHTpy Ta
CTaIOThL Oe3repepBHUMH 3i 30iabIenaam smicty Si monanx 12%, Toxi ax
JUBaPHi CTOIIM MaOThL IPy0y AeHAPUTHY MiKPOCTPYKTYPY 3 HEepiBHOMI-
puuM posmomijgoMm ¢asu Si y Burasaai sycodokx. Haiibinbin yiriabHeHA
KoMipuacTa CTPyKTypa 3 MaKCUMAJLHOIO KiJabKicTIo Si pikcyeThesa 6insa
MiIKJIaTUHKY, 3 IKOI IOUMHAETLCA IPOIleC HAPOITYBaHHS IIIapiB y IPO-
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Puc. 12. 3mimienns gudpakriiitnoro makcumymy Al (420) B cromi AlSi10Mg,
OZEP’KAHOT0 CEJIEKTHUBHUM JIa3ePHUM TOILIEHHAM, 3 BUSHAUYEHHAM 3aJIUIIKO-
BUX MAKPOCKOIIIUHMX HAIPYXKeHb 3a MeTomoM sin?y: mmomuna xOy (a), mio-
mwuHa yOz (0).

Fig. 12. Shift of the Al diffraction peak (420) in the A1Si10Mg alloy obtained
by selective laser melting, when determining residual macrostresses using the
sin?y method: xOy plane (a), yOz plane (6).

Imeci IpyKy 3paskKa.

IIpoBeneHi OIiHKY B I[iJIOMY 3aCBiUYYIOTh BiJIIOBiAHiCTH MiKpOTBEp-
MTOCTH PiSHUX IJIOIIMH APYKOBAHOTO 3pas3Ka THM, III0 XapaKTepHi s
ausBapuoro crony AlSi10Mg. 3minHeHHSA CTOIIy 3a0€3I1e4yEThCI €BTEeK-
TUUYHUMU BUIIJIEeHHIMN, HeKOPOBaHUMM dYacTHHKaMu MgeSi. Poskung
ITaHnX CTOCOBHO MiKpPOTBEPAOCTU 3a PiBHMMHU HANTPAMKAMU HeE II€PEeBU-
mye =10-15% ; cepenre 3HAUEHHA MiKPOTBEPJOCTH 34 HABAHTAMKEHHS
y 100 r cramoButs 1,425 I'Tla.

SaJINIIKOBI MaKpPOHANIPY/KEeHHA CTUCHEHHS 3aJIeKaTh BiJf HAIPAMKY
CJIT-npyry, dhopMu i1 po3MipiB 3paska Ta BigpisuaioTbea B 1,4 pasu gis
BUNAIKY ITapaJejerrinena. g IJ0MIMHY 3 XBUJIACTOI0 MOPGOJoTiero 3a

TABJINIIA 2. PesynbTaTit peHTI'€HOCTPYKTYPHOI aHATi3M.
TABLE 2. Results of x-ray diffraction analysis.

Hanpy:xenns or, Kinbricauit [Hanpy:xeHHA OR,
MIla daza | &, % a, HM dasoBuit MIla
(mnomtuua xOy) ckJam, % (mnomiuua yOz)

Al 0,17 0,40536 86
-237 Si 0,1 0,54430 12 -176

Mg2Si 0 0,64254 2




AHI3OTPOIIISI MIKPOCTPYKTYPU TA MIKPOTBEPIOOCTH CTOITY AlSi10Mg 489

TABJINIA 3. Xemiunnii cKiaz B pisHUX 00JIacTAX 3pasKa 3a JaHUMU €HEPTo-
nucnepciiinoi anaisu.

TABLE 3. Chemical composition in different areas of the sample according to
energy-dispersive x-ray spectroscopy (EDS) data.

Exnement Al | si Mg +Mn
Ientep 85,92 12,72 1,36
Iepudepis 91,69 7,53 0,78
ITigkraguaKa 84,98 13,71 1,32

TUIIOM «Ppub’AU0i JyCKU» 3HAUEHHS Or € MEHIIINMIH, IO IIOTPiOHO Bpa-
XOBYBATH Y Pasi mogaIbLIIOro MeXaHiuHOro o6pobIeHH .

OnepskaHi pesyJbTaTH IIiATBEPAKYIOTH HEOOXiZHICTh IPOBEIEHHS
IOIATKOBOI'O BiAmaJyy HaAPYKOBaHUX 3Pas3KiB AJIfd YCYHEHHS aHi30TpPO-
mil MiKpOCTPYKTYypH Ta MexaHiuHuMX BiacTuBocTteii cromy AlSilOMg,
yomy Oyze IPUCBIYEHO HACTYIIHY POOOTY.

PoboTy BukonaHo B pamkax a/6-temu Ne 2701¢ HamiomanbHOTo Tex-
HiuHOTO yHiBepcurery YKpainm «KuiBcbKuil moniTexHiYHUHA iHCTUTYT
imeni Iropa Cikopcbkoro» «HayxoBi ocHOBU yJIbTPasBYKOBOI ymapHOL
Ta aIUTUBHOI TEXHOJIOTiA BUT'OTOBJICHHS BHCOKOHABAHTAMKEHUX JeTa-
seit BIIJIA 3 mokpaieHoro fanabHicTIO» (Ne 1/p 0124U001001).
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The Influence of Thermal-Diffusion Saturation on the Properties
of Boride Layers in AISI1095 Tool Steel
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This article presents a comprehensive analysis of the mechanical properties of
boride diffusion coatings applied to AISI1095 steel. The study is conducted to
enhance the wear resistance and durability of tools and machine parts. Using
thermal-diffusion saturation, single-phase and two-phase boride layers are
formed, for which detailed measurements of microhardness and microbrittle-
ness are carried out. Tests are performed with the PMT-3 device under loads
ranging from 0.4 N to 20 N, allowing the determination of the relationships
between microhardness, brittleness, and load magnitude. Data analysis re-
vealed three distinct regions of microhardness variation corresponding to dif-
ferent load levels and highlighted the behaviour of boride phases FeB and Fe:B.
Special attention is given to studying interphase boundaries, where maximum
residual stresses, contributing to crack formation and coating degradation, are
observed. The obtained results enable more accurate predictions of the opera-
tional characteristics of boride coatings and optimization of application re-
gimes that is particularly important for components subjected to critical loads
in industries such as heavy industry and mechanical engineering. This re-
search contributes to the development of protective coating technologies aimed
at improving the wear resistance and durability of products.

Key words: boride coatings, diffusion method, microhardness, microbrittle-
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494 V.A.KOZECHKO, V.I. KOZECHKO, O.0. BOHDANOV, and V. A. DERBABA

¥ miii crarTi npencraBieHo BceOiUHY aHAII3y MeXaHIYHUX BJIACTUBOCTEN 0O-
punHux audysiiHrx MOKpUTTiIB, HaHeceHmx Ha Kpumpo AISI1095. Hocui-
IKEeHHSA MPOBOAMJIOCS 3 METOIO MiIBUIMEeHH 3HOCOCTINKOCTH Ta TOBTOBiUHOC-
TH iHCTPYyMeHTIB i meraniB mamwuH. MeTomom TepmonmdysiiiHOro HaCUUEHHA
6yJs10 chopmoBaro ogHOMAa3Hi Ta ABOMasHi 6OpumHi MTapu, AJIsa AKUX 0yJI0 IpOo-
BeJIeHO AeTaJbHi MipAHHSA MiKPOTBEPAOCTH Ta MiKPOKPUXKOCTHU. 3 BUKODUC-
ranuAM npuiaany IIMT-3 Oyio mpoBemeso BUTpoOyBaHHSA HiJ HABAHTAKEHHAM
y mismasoni Bix 0,4 H mo 20 H, 1110 yMOKJINBUIO0 BUSHAUUTHY 3aJE€IKHOCTI MiK-
POTBEPAOCTHU Ta KPUXKOCTHU BiJl BeIMUYMHY HaBaHTaKeHHs. AHaJriza TaHUX BU-
ABUJIA TPU XapaKTepHi ob6JacTi 3MiHU MiKpOTBEpAOCTH, IO BiATIOBiAaIOTh Pi3-
HUM PiBHAM HaBaHTAaKEHH, i migKpecania 0coBJIUBOCTI MMOBETiHKY OOPUIHUX
da3 FeB i Fe:B. OcobnuBy yBary 0yJo mpumgiJieHO AOCTiMKeHHI0 MiKdasHux
MEJK, JIe CIIOCTEePirajamcs MaKCHMAaJbHI 3aJIMIIKOBI Hampyrw, M0 COPUSIOTH
YTBOPEHHIO TPIimuH i ferpagamnii nokpurrda. OfgepsrkaHi pesyabTaTy Sajiy 3MOTY
OiJIBIII TOYHO IPOTHO3YBATH €KCILIyaTalliliHi XapaKTePUCTUKY OOPUIHIX IIOK-
PHUTTIiB Ta ONTUMi3yBaTH PEKVMMU HAHECEHHA X, 110 0COOJIMBO BAKJIMBO AJIA
JeTasiB, AKiI MigmaloTbCsd KPUTUUYHUM HABAHTAMKEHHAM y TaKUX TaNy3daX, IK
Ba’KKa IPOMMCJIOBICTh i MarmuuoOyyBaHHA. Ile mocaimKeHHs BHOCUTH BHE-
COK Y PO3BBUTOK TEXHOJIOTi!l HaHECEHHA 3aXWCHUX IMOKPUTTIB, CHIPAMOBAHUX
Ha IMOJIiNIIIeHH I 3HOCOCTiNKOCTH Ta JOBrOBiYHOCTY BUPODiB.

KarouoBi ciroBa: 60pumHi MOKPUTTA, IUPYIiAHUNA METON, MiKPOTBEPIAiCTD, Mi-
KPOKPUXKicThb, Kpuisa AISI1095, 3HOCOCTIHIKiCTh, MPOMUCIOBI 3aCTOCYBAHHA.

(Received 27 July, 2024; in final version, 26 November, 2024 )

1. INTRODUCTION

One of the most effective methods for increasing the wear resistance
and durability of tools, machine parts, as well as technological and in-
strumental equipment, is the application of boride diffusion coatings
on the surface of products. These coatings provide high hardness and
resistance to mechanical and chemical effects, which significantly en-
hance the performance characteristics of products. For a qualitative
and quantitative assessment of boride coatings, it is crucial to study
their mechanical properties in detail, especially such parameters as
microhardness and microbrittleness[1, 2].

In the present study, an analysis of the microhardness and micro-
brittleness of boride layers formed by the thermal-diffusion saturation
method was conducted. The research established a clear relationship
between microhardness, microbrittleness, and the load applied during
testing. This allows conclusions to be drawn about the behaviour of
coatings under various operating conditions.

The results of this study have important practical significance.
They allow for more accurate predictions of the performance charac-
teristics of boride coatings and for the selection of optimal application
modes for various operating conditions. The obtained data can also be
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used to develop new surface treatment technologies aimed at improv-
ing the wear resistance and durability of products. In particular, the
established dependencies can help in creating coatings with specified
properties, which is especially important for critically loaded units and
parts used in heavy industry, mechanical engineering, and other
fields.

Thus, the studies of the microhardness of boride layers conducted in
this work make a significant contribution to the development of pro-
tective coating technologies, which contributes to the increased relia-
bility and durability of tools and equipment.

2. EXPERIMENTAL/THEORETICAL DETAILS

The research was conducted on AISI1095 steel coated with boride lay-
ers. The boriding process was carried out in powder media inside spe-
cial containers with a melting lock at a temperature of 950°C for
4 hours. As a result of this process, single-phase and two-phase boride
layers were formed on the samples. The thickness of the single-phase
layer consisting of Fe:B was about 100 um. The two-phase layer had a
total thickness of up to 200 um, with the thickness of the FeB surface
zone being 100 pm.

To measure the microhardness of the coatings, a PMT-3 device was
used, where tests were conducted with loads on the indenter ranging
from 0.4 N to 2.0 N. Indentation tests were performed according to
two schemes: the first scheme included measurements along the sur-
face of the sample along the axis of the boride needles, and the second
scheme provided for measurements along the layer on cross-sections at
a distance of 35 nm from the surface of the sample [3-5].

The cross-sections for determining microhardness were prepared
according to standard methodology. This process included rough
grinding, then fine grinding on abrasive paper, and polishing on cloth
using chromium oxide. During the microhardness and microbrittle-
ness measurements, 50 indentations were performed at each load.

These meticulous measurements and tests provided detailed data on
the mechanical properties of boride coatings, which is important for
assessing their performance characteristics and further use in various
industrial fields[6].

The study of microbrittleness was conducted according to the meth-
odology described in work [2]. To assess microbrittleness, the number
of indentations with defects and the nature of these defects appearing
around the indentation were analysed. The total brittleness score was
calculated using the following formula:

Z = O'no + 1-n1 + 2-n2 + 3n3 + 4-n4 + 5~n5,
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where Z is the total brittleness score; ni, ns, ns, n4, ns are the numbers
of indentations with the corresponding brittleness score.

During the study, careful statistical processing of the obtained re-
sults was carried out. Methods of statistical analysis were used to elim-
inate possible errors, including gross errors. All measurements were
analysed to identify and eliminate anomalous data, ensuring high ac-
curacy and reliability of the final results.

The methodology included the following stages:

—preparation of samples and application of indentations at various
loads on the indenter;

—assessment of the nature of defects around each indentation using
optical microscopy;

—counting the number of indentations with different levels of brittle-
ness;

—calculation of the total brittleness score according to the specified
formula;

— statistical processing of data, including the exclusion of anomalous
values and calculation of average indicators.

3. RESULTS AND DISCUSSION

These studies provided objective data on the microbrittleness of boride
coatings, which is important for further improving their characteris-
tics and developing new coating application technologies [7]. This ap-
proach also allows for accurate prediction of material behaviour under
operating conditions, which is a key factor for enhancing their durabil-
ity and reliability.

The results of the surface microhardness measurements according
to the first scheme for the single-phase and two-phase boride layers are
presented in Table 1.

Measurements of the surface microhardness of the single-phase and
two-phase boride layers showed that the surface microhardness chang-
es depending on the load applied to the indenter (Fig. 1).

Figure 1 shows that three characteristic sections were identified in
the microhardness measurements. The first section corresponds to a
load of less than 0.5 N. In this section, there is a sharp decrease in mi-
crohardness when the load reaches 0.5 N. The second section lies in the
range of 0.5-1 N, where a sharp increase in microhardness is observed
(from 13900 MPa to 16100 MPa for FeB and from 9400 MPa to
15700 MPa for Fe:B, respectively). The third section is characterized by
a gradual increase in microhardness values for FeB and Fe:B, respective-
ly.

Additionally, the study included measurements of the microbrittle-
ness of the FeB and Fe;B phases by indenting along the layer on cross-
sections.
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TABLE 1. Surface microhardness of FeB and Fe:B layers.

FeB Fe:B
Load, N
Surface microhardness, MPa

0.4 14800 9900
0.5 13900 9400
1.0 16100 15700
1.5 16300 16500
2.0 16500 17200
2.5 16600 17300
3.0 17100 17400

Changes in the microhardness of the boride layer on cross-sections
depending on the load can be divided into three sections (Fig. 2). In the
first section, with small loads (less than 0.5 N), there is an increase in
microhardness values as the load decreases. This is because, with
smaller loads, the indentation has fewer defects, and the microhard-
ness is measured more accurately. In this section, the total brittleness
score is the lowest: 36 for the FeB phase and 16 for the Fe;B phase. The
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Fig. 1. Change in microhardness of boride layers depending on load.
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Fig. 2. Change in total brittleness score of boride layers depending on load.

number of indentations with defects is 19 and 12 for FeB and Fe;B, re-
spectively. These defects correspond to a brittleness score of 1-3 and
are characterized by one or two cracks at the indentation corners.

At this stage of measurements, the root mean square error reaches its
maximum values: 3700 MPa for the FeB phase and 4300 MPa for the
FeyB phase. This is explained by the fact that, with small loads, the ac-
curacy of measurements decreases due to the influence of microstruc-
tural heterogeneities and material defects. As a result, the microhard-
ness measurement data can vary significantly, leading to increased er-
ror [6].

In the second section, with a load ranging from 0.5 N to 1.0 N, there
is a further increase in microhardness values. During this period, the
total brittleness score increases 2—-3 times compared to the first sec-
tion, indicating an increase in the materials’ brittleness. At the same
time, there is a decrease in the relative measurement error, indicating
an improvement in the accuracy of the results (Table 2). The number of
indentations with defects in this section is about 30, and they corre-
spond to a brittleness score of 1-4. This means that the defects include
both minimal cracks and more severe damage.

The third section is characterized by loads greater than 1 N. In this
section, there is a further increase in the materials’ microbrittleness.
The number of indentations with defects approaches 40, indicating a



THE INFLUENCE OF THERMAL-DIFFUSION SATURATION ON THE PROPERTIES 499

TABLE 2. Change in microhardness and brittleness of boride layers.

FeB Fe:B
Load, N Microhardness, Total brittleness | Microhardness, | Total brittleness
MPa score Z MPa score Z
0.4 1310 36 1230 16
0.5 1250 65 1160 53
0.6 1300 74 1300 41
0.7 1340 73 1330 35
0.8 1390 75 1600 45
1.0 1490 76 1620 83
1.1 1540 105 1530 95
1.2 1600 68 1500 105
1.3 1720 85 1430 100
1.4 1530 120 1450 138
1.5 1440 145 1500 145

significant deterioration of the materials’ condition under high loads.
At a load of 1.5 N, the total brittleness score doubles compared to the
second section. This significant increase indicates a sharp deterioration
in the materials’ brittleness. The number of indentations with defects
reaches 40, among which there are indentations corresponding to a brit-
tleness score of 5. This means that the indentation shape is destroyed,
which is a serious indicator of the materials’ property degradation.

More than half of the indentations in this section have a brittleness
score of 4, characterized by one or two chips at the edges of the inden-
tation. These chips indicate significant damage to the material struc-
ture under the load. As a result, the microhardness values in this sec-
tion decrease to 14.400 and 14.200 MPa for the FeB and Fe:B phases,
respectively. This decrease indicates material degradation under high
loads, which must be considered when using it in real operating condi-
tions [8].

The analysis of the research results indicates that the destruction of
the diffusion layer most often occurs along the interphase boundary
between the high-boron phase FeB (with rhombic symmetry) and the
low-boron phase Fe;:B (with tetragonal symmetry). In this zone, the
maximum residual stresses are observed, which contribute to crack
formation [9]. This occurs particularly due to the anisotropy of the
thermal expansion coefficients of the FeB and Fe;B borides. Within
the interneedle space in AISI1095 steel, regions with a pearlitic struc-
ture are preserved, and the amount of borocementite is insignificant.
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Fig. 3. Microstructure of boronised layer of AISI1095 steel, x200.

The microstructure of boronised AISI1095 steel is shown in Fig. 3.

This fact underscores the importance of understanding the mecha-
nisms of diffusion layer destruction and the need to consider anisotro-
py and other physical properties of materials when designing and oper-
ating products with such coatings [10].

4. CONCLUSIONS

As a result of the study, it was established that the microhardness of
the boride layer directly depends on the load applied by the indenter.
Changes in the surface microhardness of the FeB and Fe;B boride lay-
ers showed similar trends with changing loads. These dependences can
be divided into three main sections.

1. At low loads (less than 0.5 N), an initial increase in microhardness is
observed. This may be due to the materials’ response to small mechani-
cal loads and initial changes in its structure.

2. In the range of 0.5 N to 1.0 N, there is a significant increase in mi-
crohardness. This is associated with deeper penetration of the indenter
and possibly phase transformations in the boride phases.

3. In the load range of 1 N to 2N, microhardness remains almost un-
changed. This may indicate material saturation with deformation or
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reaching its strength limit.

In addition, the study revealed the anisotropy of the microbrittle-
ness of the FeB and Fe:B boride phases, which is confirmed by the total
brittleness score along the axis of their needles. These data not only
deepen our understanding of the mechanical properties of boride layers
but also highlight the importance of considering the directionality of
tests when assessing their industrial and technical applications.

REFERENCES

1. V. A. Derbaba, V. A. Kozechko, S. T. Patsera, O. L. Voichyshen, and
V.I. Kozechko, Coll. Res. Pap. Nat. Min.Univ., 74: 133 (2023) (in Ukrainian).

2. Tu. Savchenko, V. Kozechko, and A. Shapoval, Proceedings of the 7th Interna-
tional Conference on Industrial Engineering (ICIE 2021 ) (2022).

3. Tu. Savchenko, O. Shapoval, V. Kozechko, O. Markov, N. Hrudkina and
V. Voskoboynik, IEEE Interna-tional Conference on Modern Electrical and
Energy Systems (MEES ) (Kremenchuk: 2021), p. 1.

4. Tu. Savchenko, A. Shapoval, V. Kozechko, V. Voskoboynik, O. Khrebtova, and
S. Shlyk, 2021 IOP Conf. Ser.: Mater. Sci. Eng., 1164: 012070 (2021).

5. V. Pilipenko, S. Grigorenko, V. Kozechko, and O. Bohdanov, Naukovyi Visnyk
Natsionalnoho Hirnychoho Universytetu, 1: 78 (2021).

6. R. P.Didyk and V. A. Kozechko, Chernyye Metally, 7: 66 (2016).

7. 0. V. Beketov, D. V. Laukhin, L. M. Dadiverina, V. I. Kozechko, and
F. J. Taranenko, Ukrainian Journal of Construction and Architecture, 2: 26
(2024) (in Ukrainian).

8. 0. Beketov, D. Laukhin, N. Rott, E. Babenko, and V. Kozechko, Advances in
Design, Simulation and Manufacturing VII. DSMIE 2024 (2024).

9. D. Laukhin, O. Beketov, L. M. Dadiverina, and V. I. Kozechko, Mathematical
Modeling, 2, No. 49: 182 (2023) (in Ukrainian).

10. V. A.Kozechko and V. I. Kozechko, Coll. Res. Pap. Nat. Min.Univ., 74: 154
(2023) (in Ukrainian).


https://doi.org/10.33271/crpnmu/74.133
https://doi.org/10.1007/978-3-030-85230-6_94
https://doi.org/10.1007/978-3-030-85230-6_94
https://doi.org/10.1109/MEES52427.2021.9598675
https://doi.org/10.1109/MEES52427.2021.9598675
http://dx.doi.org/10.1088/1757-899X/1164/1/012070
https://doi.org/10.33271/nvngu/2021-1/078
https://doi.org/10.33271/nvngu/2021-1/078
https://doi.org/10.30838/J.BPSACEA.2312.260324.26.1039
https://doi.org/10.30838/J.BPSACEA.2312.260324.26.1039
https://doi.org/10.1007/978-3-031-61797-3_13
https://doi.org/10.1007/978-3-031-61797-3_13
https://doi.org/10.31319/2519-8106.2(49)2023.293197
https://doi.org/10.31319/2519-8106.2(49)2023.293197
https://doi.org/10.33271/crpnmu/74.154
https://doi.org/10.33271/crpnmu/74.154




Metallophysics and Advanced Technologies © 2025 G. V. Kurdyumov Institute for Metal Physics,

Memanoi3. HOBIMHI MeXHOL. National Academy of Sciences of Ukraine
Metallofiz. Noveishie Tekhnol. Published by license under
2025, vol. 47, No. 5, pp. 503—-521 the G. V. Kurdyumov Institute for Metal Physics—
https://doi.org/10.15407/mfint.47.05.0503 N.A.S. of Ukraine Publishers imprint.
Reprints available directly from the publisher Printed in Ukraine.

PACS numbers: 06.60.Vz, 07.05.Mh, 61.46.-w, 62.23.-c, 65.80.-g, 68.35.Gy, 81.40.dJj

Exploring the Impact of Process Parameters on Tensile
Strength in Fused Deposition Modelling: A Comprehensive
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Fused deposition modelling or 3D printing is a frequently utilized additive
manufacturing technique. This approach allows for the creation of light-
weight products using various infill strategies and percentages. By adjusting
parameters such as temperature, density, speed of printing, etc., components
with diverse characteristics can be produced. Polylactic acid (PLA) is fa-
voured for 3D printing due to its low cost and sustainability, being derived
from renewable sources and biodegradable. Understanding the mechanical
performance of different 3D-printing strategies is essential for optimizing
PLA part production. This study is focused on the application of fused depo-
sition modelling for rapid prototyping and manufacturing, particularly, fo-
cusing on the influence of extruder temperature, filling density, and weight
on the tensile strength of printed PLA samples. The study is adhered to
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ASTM D-638 tensile standards, with 27 samples printed and tested using an
Anycubic i3 Mega machine. The results reveal that extruder temperature
minimally affects tensile strength, while filling density has a significant im-
pact, and weight shows no notable effect. Additionally, two predictive models
(artificial neural network (ANN) and Taguchi L9) are developed, showing
favourable alignment with experimental data, with correlation coefficients
reaching 91.03% for the ANN method and 80.75% for stress, 90.13% for
strain, and 50.83% for Young’s modulus within the Taguchi method.

Key words: fused deposition modelling, mechanical properties, PLA, ANN,
Taguchi’s method, 3D printing.

MopgentoBanEA HaTONMIIOBAaHHA a00 3D-IPYK € INMUPOKO BUKOPUCTOBYBAHOIO
TEXHIKO0I0 afuTUBHOTO BUpPOoOHUITTBA. [leii minxin mae sMory crBoproBaTu JieTKi
IIPOAYKTU 3 BUKOPHCTAHHAM Pi3HMX CHOCO0IB 3allOBHEHHA Ta IIPOIEHTHOTO
CIIiBBiIHOIIIEHHS KOMIIOHEHTiB. PeryaoBaHHAM TaKMWX IIapaMeTpiB, AK TeM-
mnepaTypa, 'yCTUHA, IIBUAKICTh APYKY Ta iH., MOKHA BUTOTOBJIATA KOMIIOHEH-
Ty 3 pisHUMU xapaxkTepuctTuxkamu. Ilosimonouna kuciora (PLA) mupoko Bu-
KOPUCTOBYETHCA s 3D-IpyKy 3aBOAKY i HU3BbKiM BAPTOCTi Ta €KOJOTiUYHOC-
Ti, OCKiZIbKM BOHA OHEPIKYETHCS 3 TOHOBJIIOBAHUX JKepe i miggaeTbes 6ioiro-
TiYyHOMY DO3KJalaHHIO. Bu3HaueHHA MeXaHIUYHMX XapaKTEePUCTUK 3a PiSHUX
cmocobiB 3D-IpyKy Mae BasKJMBe 3HAUEHHS AJIA ONTHMi3allii BUPOOHUIITBA
meraniB 3 PLA. Jlamy poboTy CIpAMOBAaHO Ha BUKOPUCTAHHA MOJAETIOBAHHS
HATOILIIOBAHHSA [JIA IIBUAKOTO IPOTOTUIIYBAHHSA Ta BUPOOHUIITBA, OCOOJIMBO
30CepeKYI0UNCh Ha BIJIMBI TeMIEPATypU eKCTPyAepa, TYCTUHI HATOBHEHHS
Ta BarW Ha MeyKy MiIntHOCTH IpyKoBaHuX 3paskiB PLA. Ilig uac mocaimsxeHb
OyJio BUKOpuCcTaHO cTaHgapTy MinmHoctu Ha podtar ASTM D-638; npu nromy
27 3paskiB OyJi0 HAAPYKOBAHO Ta IIPOTECTOBAHO 3a IOMOMOTOI0 MAIITWHU
Anycubic i3 Mega. PesyabTaTu oxKasyoTh, II[0 TeMIIepaTypa eKCTpyaepa Ta
Bara MiHiMaJbHO BIJIMHYJIY HA MEXKY MiITHOCTH, TOAi AK I'yCTUHA HATIOBHEHHA
maja 3HauHWil BoiaumB. Kpim Toro, pospobieHo gBa HIPOTHOCTHUYHI MoOzesi
(mrTyuna HelipoHHa Mepeska Ta Taryui L9), aKi meMOHCTPYIOTH CHPUATIVBE
Y3TrOM:KEeHHA 3 €KCIepUMEHTAJbHUMHU JAaHUMHU 3 KoedilieHTamMm Kopesmdrrii,
aki caraoTs 91,03% nas meToxmy miTyuHOI HelipouHol Mmepexi Ta 80,75% mis
nanpyru, 90,13% npas gedopmarii ta 50,83% musa mogyas FOura sa momenem
Taryui.

KarouoBi croBa: MoeTioBalHsA HATOIIJIIOBAHHSA, MeXaHiuHi BJIACTUBOCTI, IIO-
JIiMOJIOUHA KHUCJIOTA, ITYyYHA HelIpOHHA Mepeika, metox Taryui, 3D-npyxK.

(Received 18 May, 2024; in final version, 9 July, 2024 )

1. INTRODUCTION

In recent years, there has been a revolutionary shift in the methodolo-
gies employed for designing, prototyping, and manufacturing compo-
nents. Among these techniques, 3D printing alternatively referred to
as additive manufacturing, stands out as a pivotal technology. Re-
searchers have directed their attention toward investigating this inno-
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vative approach due to its capability to craft intricate and sophisticat-
ed shapes with a remarkable level of precision [1-3]. This unique and
groundbreaking technology transforms conventional manufacturing
by constructing objects based on digital models, eliminating the neces-
sity for traditional cutting or casting machines and numerous ad-
vantages exist compared to traditional manufacturing methods [4, 5].
The evolution of 3D printing encompasses various additive manufac-
turing (AM) methods, notably fused deposition modelling (FDM), a
widely embraced 3D printing technique. FDM operates by layering
thermoplastic filaments through a computer-controlled extruder noz-
zle, offering unparalleled flexibility, cost-effectiveness, and user-
friendly functionality [6, 7]. Serving as a predominant force in shap-
ing components with intricate designs and integrating diverse materi-
als, it has brought about a revolutionary impact across industries, in-
cluding biomedical, aerospace, automotive engineering, civil engineer-
ing, and beyond [8—10].

Dina et al. [11] conducted an investigation to evaluate the effect of
different printing parameters on the tensile strength of polylactic acid
(PLA) samples manufactured through FDM 3D printing. Using a
Taguchi array design perpendicular to L25, they systematically exam-
ined parameters such as layer thickness, print speed, nozzle tempera-
ture, direction angle, and number of lines. The results highlighted the
significant influence of printing process variables on tensile strength,
revealing values ranging from 37 MPa to 53 MPa. The ideal variables
that help achieve maximum tensile strength were also identified, in-
cluding a layer thickness of 0.22 mm and a printing speed of 45 mm/s,
nozzle temperature 205°C, direction angle 70°, use 4 profiles. The ten-
sile test results were compared with predictions generated by both the
artificial neural network (ANN) and the mathematical model to vali-
date the results. The maximum error recorded by the artificial neural
network was 8.91%, while the maximum error shown by the mathe-
matical model was 19.96%.

Meiabadi et al. [12] conducted a study examining the influence of
printing angles and UV curing on the mechanical characteristics of
FDM fabricated PLA samples. Their investigation focused on assessing
the tensile properties of specimens printed at varying angles along X-,
Y-, and Z-axes. Noteworthy outcomes from the study indicated a sig-
nificant impact of printing angles on the tensile behaviour of PLA,
particularly, with the X 60° specimen demonstrating the highest ten-
sile strength. Additionally, the research revealed that lower infill den-
sity and the UV curing process resulted in diminished mechanical
properties and material embrittlement, impacting both elongation and
Young’s modulus.

Another study about the comprehensive examination and design op-
timization of 3D printing structures by scrutinizing the ultimate ten-
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sile strength (UTS) of FDM PLA materials across varying printing an-
gles by Tianyun et al.[13]. Notably, the findings revealed a significant
alteration in the UTS of 3D-printing materials corresponding to
changes in the printing angle. The study observed a consistent de-
crease in tensile strength as the layer thickness increased from 0.1 mm
to 0.3 mm. Particularly, noteworthy is the substantial UTS gap of
52.29%, observed between 0° and 90° 3D-printing materials with a
layer thickness of 0.1 mm.

Muammel et al.[14] investigated a study to explore the influence of
diverse 3D-printing process parameters on the tensile strength and
hardness properties of PLA, employing FDM technique. Their investi-
gation encompassed the examination of various build orientations,
raster direction angles, and layer heights. The results obtained from
the study revealed that the on-edge orientation samples exhibited the
highest values for Young’s modulus and ultimate tensile strength,
measuring at 1.896 +0.044 GPa and 49.12+0.78 MPa, respectively.
Furthermore, the specimen with a 0.1 mm layer thickness demonstrat-
ed the most favourable elongation at break, reaching 3.13%.

The examination of existing literature indicates a limited number of
research studies addressing advancements in additive manufacturing
specifically using fused deposition modelling (refer to Fig. 1). There-
fore, the present study strategically directs its attention towards in-
vestigating the influence of extruder density, printing temperature,
and weight on the tensile strength of PLA samples.

The uniqueness of this study lies in its thorough examination of the
application of FDM for rapid prototyping and manufacturing, with a
particular emphasis on three key parameters: extruder temperature,
filling density, and weight. While most previous studies typically fo-
cus on one or two of these parameters, this research deliberately ex-
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Extruder temperature Infill patern

Code generation Machine calibration Shell option
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R Z direction Wear track diameter
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Fig. 1. Cause and effect diagram of FDM process parameters.



EXPLORING THE IMPACT OF PROCESS PARAMETERS ON TENSILE STRENGTH 507

plored the interaction among these variables and their impact on the
tensile strength of printed PLA samples. Furthermore, the use of
ASTM D-638 tensile standards ensures compliance with recognized
testing protocols, thereby reinforcing the reliability of the results. The
implementation of two predictive models, namely ANN and Taguchi, to
interpret experimental data strengthens the robustness of the analysis.

2. MATERIALS AND METHODS
2.1. Samples Preparation

In this work, we drew all the samples in CATIA CAD software. After
that we converted the CAD file to STL format, and we configured the
printing settings through Ultimaker Cura and using the Anycubic i3
Mega printer according to ASTM D638 Type IV (this test method for
analysing tensile property data for plastic materials) [15] (Fiig. 2). Us-
ing PLA filament to determine the printing temperature and PLA fil-
ament density impact on tensile strength.

The Anycubic i3 Mega is a Cartesian-style FDM printer that utilizes
a heated bed and a single extruder to deposit thermoplastic materials,
allowing the creation of 3D objects [16]. Impression size is not more
than 210x210x205 mm3, 1.75 mm diameter filament suitable for PLA,
ABS, HIPS, PETG, and wood, with 0.4 mm buse that can reach 260°C.
The heating plate reaches 110°C and prints the objects from an SD card
or USB cable.

PLA filament is a frequently used 3D printing material. PLA is a
thermoplastic produced using renewable resources like cornstarch,
sugar cane, tapioca roots, and potato starch, and the technical proper-
ties of PLA filament in Table 1 [17].

The infill pattern (zigzag) and bed temperature is of 60°C. The layer
thickness and orientation angle were constants (Table 1). The samples
were printed according to three temperatures (200°C, 210°C, 220°C)
and three densities (20% ,30% and 40% ), which means 27 specimens
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Fig. 2. CAD model and specification of tensile specimen.
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TABLE 1. PLA technical properties and fixed printer settings.

Filament . o
specifications Values Settings Specification
Diameter 1.75 mm Speed printing, mm/s 70
Length 330-10° pm Wall thickness, mm 1.2
. 1 kg for each . .
Weight spool Infill pattern zigzag
Density 1.24 g/cm® Build plate temperature, °C 60
Tensile strength 62 kg/cm? Fan speed, % 100
Flexural modulus 28000 kg/cm? Layer height, mm 0.2
Colour PLA Green  Initial layer speed, mm/s 10
200°C 20%
2
<L
E
210°C 30% -8
e
=
(o]
220°C 40%

e
3 specimens

Fig. 3. Printing parameters for samples.

printing as follows (Fig. 3).

2.2. Tensile Test

The 27 printed samples (Fig. 4, b) were testing on the universal testing
machine (Test 112) with a speed of 0.1 mm and force of 5 kN for tensile
strength keeps at the completely tensile course (Fig. 4, ¢, d). The in-
herent software module meticulously logged the data pertaining to the
utmost tensile strength, elongation, and force load. The results of ten-
sile strength of the tensile strength are shown in Table 2.

The calculation of stress (o) during tensile testing is succinctly ar-
ticulated through the fundamental formula as Eq. (1):

c=F/A, 1)
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Fig. 4. Tensile test procedure.

signifies the cross-sectional area of the specimen. It is an important
mechanical property of materials that is used to describe their re-
sistance to deformation and failure under tensile forces. This formula
applies to homogeneous materials with uniform cross-sections and is
valid only up to the point of fracture. Beyond the point of fracture, the
material undergoes plastic deformation, and the stress-strain relation-
ship becomes nonlinear. The tensile stress formula is widely used in var-
ious fields, such as engineering, physics, and materials science, to char-
acterize the mechanical behaviour of materials under tensile forces. It is
also used to design and optimize structures and components that are
subjected to tensile loads, such as bridges, buildings, and aircraft [18].

2.3. Artificial Neural Network (ANN)

Artificial neural networks (ANNs) serve as a mathematical instrument
inspired by the structure and function of the human brain and biologi-
cal nervous system [19]. They are composed of interconnected nodes, or
neurons, that process and transmit information through weighted con-
nections. ANNSs are capable of learning from data, recognizing patterns,
and making predictions or decisions based on the input—output relation-
ships.
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TABLE 2. Empirical and anticipated tensile strength of pla samples using

ann model.
No| Temperature |Density|Weight Strain (mm) Stress (MPa) | YOURE’S (rg;c:)ﬂusxm*
(0) (%) (g)
Exp [ANN| Err |Exp |ANN| Err | Exp | ANN | Err

1 200 20  4.881 0.0110.012-0.00132.2943.36-11.07 2630.202737.87-107.67
2 200 20 4.871 0.0100.012-0.00130.4643.27-12.812774.202753.13 021.07
3 200 20 4.895 0.0110.012-0.00132.0543.49-11.442755.602718.32 037.28
4 200 30  5.081 0.0090.015-0.00628.9643.00—14.042956.902575.81 381.09
5 200 30  5.122 0.0120.015-0.00337.0743.46 —6.39 2696.202548.85 147.35
6 200 30  5.105 0.0120.015-0.00334.5943.29 —8.70 2760.802555.83 204.97
7 200 40 5.403 0.0140.013 0.001 42.1344.16 —2.04 2747.402753.22-005.82
8 200 40 5.409 0.0130.013 0.000 39.7044.21 —4.51 2877.602755.92 121.68
9 200 40 5.405 0.0160.013 0.003 44.7444.18 0.56 2368.702754.12-385.42
10 210 20  4.887 0.0110.010 0.001 32.5832.54 0.04 2756.402775.05-018.65
11 210 20 4.887 0.0100.010 0.000 29.6932.54 —2.84 2803.902775.05 028.85
12 210 20 4.868 0.0110.009 0.002 32.7832.43 0.34 2754.102804.92-050.82
13 210 30  5.145 0.0110.014-0.00335.3632.79 2.58 2901.802768.98 132.82
14 210 30  5.149 0.0120.014-0.00236.1632.81 3.35 2727.902764.46-036.56
15 210 30  5.131 0.0110.014-0.00334.7032.69 2.01 2952.702785.26 167.44
16 210 40 5.400 0.0130.010 0.003 40.6032.16 8.43 2711.802669.00 042.80
17 210 40 5.405 0.0130.010 0.003 41.8732.24 9.63 2823.402662.23 161.17
18 210 40 5.395 0.0120.010 0.002 38.7432.09 6.65 2949.702676.19 273.51
19 220 20 4.859 0.0100.009 0.001 30.8229.61 1.21 2785.102786.62-001.52
20 220 20  4.856 0.0110.009 0.002 32.2529.62 2.64 2750.202787.19-036.99
21 220 20  4.851 0.0110.009 0.001 31.5029.63 1.87 2764.502788.06-023.56
22 220 30  5.153 0.0120.010 0.003 37.7629.19 8.57 2818.502745.07 073.43
23 220 30  5.122 0.0120.010 0.003 37.0129.24 7.77 2764.202761.36 002.84
24 220 30  5.398 0.0120.009 0.003 36.1929.01 7.18 2759.602746.59 013.01
25 220 40  5.386 0.0110.009 0.001 34.9129.10 5.81 3013.202964.64 048.56
26 220 40 5.401 0.0120.009 0.003 37.7129.09 8.62 2864.602956.48-091.88
27 220 40 5.410 0.0120.009 0.003 38.5129.09 9.42 2942.502950.75-008.25

ANNSs have been widely used in various fields, such as computer vi-
sion, natural language processing, speech recognition, and robotics, to
solve complex problems that are difficult or impossible to solve using
traditional algorithms [20, 21]. The function ANN method is employed
for output prediction. This neural network comprises three layers, name-
ly, an input layer, an output (or target) layer, and an intervening hidden
layer. The number of input and output parameters related by the quanti-
ty of neurons in the input and output layers.
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Fig. 5. Schematic of the ANN.

In this study, ANN model underwent training using MATLAB, in-
corporating input parameters such as temperature, density, and sam-
ple weight, along with output parameters including stress modulus,
strain, and Young’s modulus. The neural synthesis tool facilitated the
importation of a 3x27 input matrix and corresponding 3x27 output da-
ta, asillustrated in Fig. 5.

2.4. Taguchi Method

The Taguchi method, created by Japanese engineer Genichi Taguchi, is
recognized as a robust engineering tool for enhancing the quality of
engineering design by integrating statistical methods and concepts
from design of experiments. It has demonstrated successful applica-
tion across various domains such as manufacturing and engineering,
product design, experimental design, reliability engineering, and
chemical process design, specifically in maximizing yields of specific
compounds. The approach advocates notable advancements in three
key design phases: system design, parameters design, and tolerance
design [22, 23].

In this work, the experiments were arranged using Taguchi’s or-
thogonal array of fractional factorial design (L.9) with the assistance of
Minitab software.

The Taguchi method entails performing experiments to optimize the
printing process by adjusting input factors to attain the targeted S/N
ratio. By emphasizing the S/N ratio, the Taguchi method seeks to en-
hance quality, robustness, and performance while mitigating the im-
pact of variability and external factors. Given that this investigation
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focuses on maximizing stress, strain, and Young’s modulus values, the
data points are computed using a ‘bigger is better’ approach to attain
superior performance and reduced sensitivity to variation. This cate-
gorization ensures that the S/N ratio is characterized as Eq. (2):

S __ 13(u)
N 1010g10(n Z( jJ, (2)

i=1

where y; represents the mean of measurements for each trial, and ¢ is
the standard deviation [24, 25].

3. RESULTS AND DISCUSSION
3.1. Tensile Strength

Following the execution of a tensile test on the 27 specimens (Fig. 6),
the experimental findings depicted in Figs. 7 and 8 were ascertained.
Notably, the density exhibited a noteworthy influence on the strain,
Stress, and Young’s modulus (output parameters), when juxtaposed
with the temperature. This observation underscores that an augmenta-
tion in the density value corresponds to an escalation in the three out-
put parameters. For instance, at a density of 20% and a temperature of
200°C, the strain, stress, and Young’s modulus registered values of
0.010%, 30.46 MPa, and 2774 MPa, respectively. These values exhib-
ited an increase to 0.013%, 39.70 MPa, and 282877 MPa at the same
temperature but with a density of 40%.

Fig. 6. Samples after testing on tensile test machine.
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Fig. 7. Stress (MPa)—strain (% ) curve for experimental condition (27 specimens).

Conversely, a rise in temperature was correlated with a reduction in
strain and stress. Notably, at a temperature of 200°C and a density of
20% , the strain, tensile strength, and Young’s modulus were recorded
at 0.011%, 32.29 MPa, and 2630.20 MPa, respectively. However,
these values experienced a decrease to 0.010% and 30.82 MPa at a
temperature of 220°C and a density of 20%, while concurrently, the
value of Young’s modulus increased to 2785.10 MPa under identical
printing conditions.

3.2. ANN Results

Figure 9, a illustrates the mean squared error (MSE) values across dif-
ferent epochs (Eq. (3)). A decreased MSE corresponds to an increased
accuracy in predictions made by (ANN) model [26, 27]. Notably, dur-
ing observations, the MSE exhibited significant values, approximately
3.2705 for training, 4.527-107! for validation, and 8.1064 for testing.
The training and validation processes concluded after 7 iterations, as
depicted in Fig. 9, b. The optimization was achieved with a validation
score of 0.00070939, observed at the eleventh iteration through gradi-
ent analysis. This point was deemed optimal by the artificial neural
network:

1& _
MSE =—3 (S ARE (3)
i=1

where n is the number of observations in the dataset, y; is the actual
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Fig. 8. Stresses (MPa) and strains (% ) data for experimental condition (27 speci-
mens).

target value for observation i, and y, is the value predicted by the
model for observation i [28].

In contrast, Fig. 10 displays the R coefficient values concerning the
target. Achieving minimal error necessitates that the total R value in
training, testing, and validation schemes be close to 1 [29]. Remarka-
bly, the ANN model demonstrated a notably high correlation coeffi-
cient, reaching 0.960623, 0.94826, and 0.9103 for training, valida-
tion, and testing, respectively (Eq. (4)). Table 2 illustrates a compari-
son between the actual experimental data for the average values of
stress, strain, and Young’s modulus and the corresponding anticipated
values generated by ANN. Evidently, there is a remarkable proximity
between the experimental and predicted data, characterized by an ex-
ceptionally small error deviation. The average error, quantified at
3-107%, further emphasizes the close agreement between the observed
and forecasted values:
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B =1-3,-5) / X -5 )

where n is the number of observations, y; is the actual target value for
observation i, y, is the predicted value by the model for observation i,
and y, is the mean of the actual values.

3.3. Taguchi Results

Figures 11, a—c depict the outcomes and recommendations derived
from the application of the Taguchi method concerning strain, stress,
and Young’s modulus values as a function of temperature, density,
and weight, respectively. The influence of density on various outcomes
is noteworthy, with higher density values correlating to increased
strain, stress, and Young’s modulus. For instance, at 20%, the corre-
sponding values were 0.011% for strain, 31 MPa for stress, and
2750 MPa for Young’s modulus, compared to 0.013%, 40 MPa, and
2800 MPa at 40% . Additionally, temperature exhibited a notable im-
pact on these parameters, as elevated temperatures decreased strain
and stress, while Young’s modulus saw an increase in values. At
200°C, the values were 0.012%, 36 MPa, and 2730 MPa; at 220°C, they
were 0.011%, 35 MPa, and 2850 MPa. Conversely, the weight factor
displayed irregular behaviour in the three outputs.

Figures 11, d—f depict the residual plots for strain, stress, and
Young’s modulus. By examining the normal probability plot of residuals,
it becomes evident that the points closely align with a straight line, af-
firming the normal distribution of residuals for all output parameters.

Analysing the histogram of residuals provides insight into the da-
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ta’s general characteristics, encompassing typical values, spread, and
shape. Notably, the presence of long tails in the plot suggests signifi-
cant skewness in the data.

Considering the waste versus order plot, a tool for identifying non-
random errors, rapid changes in successive residues’ signs reveal a
negative correlation in strain and stress. In contrast, Young’s modulus
exhibits a positive correlation, as the majority of residues share the
same sign.

The residuals versus fits plot is expected to display a random pattern of
residuals on both sides of zero. However, the observed series of increasing
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Fig. 11. Plot depicting the primary effects of the input variables and residual plots.

and decreasing points indicates a prevalence of positive residuals over
negative ones, pointing towards a non-random nature of the errors.

The optimal parameters were determined by selecting the highest
signal-to-noise (S/N) ratio for each factor, chosen to maximize the
output parameters, as illustrated in Table 3. The values presented in
Table 3 represent average measurements derived from three samples
(L9) for each type of PLA sample. The optimal parameters include a
maximum strain (¢) of 0.0140 MPa and stress (o) of 42.1891 MPa
achieved in run 3, with corresponding S/N ratios of —37.0284 and
32.5040, respectively. In contrast, a minimum strain of 0.0106 MPa
and stress of 31.5246 MPa were attained in run 9, accompanied by S/N
ratios of -39.45808 and 29.97301, respectively. The maximum
Young’s modulus, reaching 2940.1 MPa, was observed in run 3 with an
associated S/N ratio of 69.3672, while the minimum Young’s modulus
of 2664.5666 MPa was recorded in the initial run, correlating with an
S/N ratio of 68.5125. The findings demonstrated a robust alignment
between the model and experimental data, showcasing correlation co-
efficients of 80.75% for stress and 90.13% for strain. However, a
comparatively lower value of 560.83% was observed for Young’s modu-
lus. Table 4 presents the regression equation for strain, stress, and
Young’s modulus factor as functions of the three preceding factors.
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TABLE 3. Tensile test results incorporating the S/N ratio and tensile predict-
ed values of strain, stress and Young’s modulus.

i R S N A e T N
1 200 20 4.85 0.0108 31.597 2720.0 -39.2 29.9 68.6 0.0112 32.5110 2672.7
2 210 20 5.41 0.0111 33.540 2804.6 -39.0 30.5 68.9 0.0112 33.9823 2797.8
3 220 20 5.14 0.0140 42.189 2664.5 -37.0 32.5 68.5 0.0135 40.8340 2718.6
4 200 30 5.41 0.0106 31.683 2771.4 -39.4 30.0 68.8 0.0101 30.3284 2825.5
5 210 30 5.14 0.0115 35.409 2860.8 -38.7 30.9 69.1 0.0119 36.3227 2813.5
6 220 30 4.85 0.0130 40.401 2828.3 -37.6 32.1 69.0 0.0131 40.8436 2821.4
7 200 40 5.14 0.0106 31.524 2766.6 -39.4 29.9 68.8 0.0107 31.9664 2759.7
8 210 40 4.85 0.0121 36.984 2780.7 -38.2 31.3 68.8 0.0116 35.6299 2834.8
9 220 40 5.41 0.0116 37.045 2940.1 -38.6 31.3 69.3 0.0120 37.9585 2892.8

The obtained results align with Kafshgar et al. findings [30], as de-
termined through ANOVA and the Taguchi method. Consistencies
were observed in the behaviour of UTS, modulus of elasticity, and yield
strength with variations in process parameters. The peak values were
identified at an infill density of 60% , extrusion temperature of 220°C,
raster angle of 90°, and layer thickness of 0.1 mm. Similarly, elonga-
tion at break and toughness exhibited analogous patterns, reaching
their highest levels at an infill density of 60% , extrusion temperature
of 200°C, raster angle of 45°, and layer thickness of 0.2 mm.

Nugroho et al.[31] determined that tensile strength is primarily in-
fluenced by infill density, followed by nozzle temperature, infill pat-
tern, and extrusion width. The optimized parameters yielding a tensile
strength of 30.52 MPa at a 95% confidence interval were identified as
75% infill density (C3), 215°C nozzle temperature (A3), honeycomb
infill (D1), and 0.3 mm extrusion width (B1). Both printing tempera-
ture and density emerged as pivotal factors.

Abdulridha et al. [32] reported a tensile strength of 55 MPa in their
investigation of PLA parts manufactured by FDM printing. The high-

TABLE 4. The regression equation for strain, stress, and Young’s modulus
factor as functions of the three input factors.

Regression equation
—0.000027 - 0.00256D +0.000117 - 0.0015551W
-30.2-0.0295D +0.4138T - 3.95W
1470+4.97D +2.92T + 109W

Taguchi response

Strain
Stress
Young’s modulus
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est value was achieved with 80% density, a grid-filling pattern, layer
thickness of 0.25 mm, shell thickness of 0.8 mm, six upper and lower
layers, and a filling overlap of 10%.

Teharia et al. [33] focused on optimizing PLA-based tensile speci-
mens using FFF technology. Their results indicated that the ideal pro-
cess parameters for high tensile strength are layer thickness of
200 ym, nozzle temperature of 210°C, speed/feed rate of 50 mm/min,
grid filling pattern, and point direction of 0°. The ANN analysis fur-
ther contributed to identifying optimal parameters, with R-values of
95% , indicating minimal error.

4. CONCLUSIONS

This study investigates the tensile strength of a PLA specimen pro-
duced through an FDM 3D printer, employing both experimental and
statistical analyses with a focus on three process parameters. The ex-
periments were designed using Taguchi and ANN methodologies. The
ensuing conclusions are as follows.

Density significantly influences strain, stress, and Young’s modu-
lus. Higher density values correlate with increased values for these
three output parameters. At 20% density and 200°C, the values were
0.010% strain, 30.46 MPa stress, and 2774 MPa Young’s modulus. At
40% density and the same temperature, values increased to 0.013%
strain, 39.70 MPa stress, and 282877 MPa Young’s modulus.

Rise in temperature led to a reduction in strain and stress. At 200°C
and 20% density, values were 0.011% strain, 32.29 MPa stress, and
2630.20 MPa Young’s modulus. At 220°C and the same density, strain
decreased to 0.010%, stress to 30.82 MPa, while Young’s modulus in-
creased to 2785.10 MPa.

Optimization was achieved with a validation score of 0.00070939 at
the eleventh iteration through gradient analysis, identified as the op-
timal point by the ANN.

The ANN model demonstrated high correlation coefficients of
0.960623, 0.94826, and 0.9103 for training, validation, and testing,
respectively. Remarkably close agreement between experimental and
predicted data is evident, characterized by an exceptionally small av-
erage error deviation of 3-1075,

Optimal parameters were determined by selecting the highest sig-
nal-to-noise (S/N) ratio for each factor to maximize the output param-
eters. The highest strain (0.0140 MPa) and stress (42.1891 MPa) were
achieved in run 83 with S/N ratios of —37.0284 and 32.5040, respective-
ly. The lowest strain (0.0106 MPa) and stress (31.5246 MPa) were at-
tained in run 9 with S/N ratios of —-39.45808 and 29.97301, respec-
tively. Maximum Young’s modulus (2940.1 MPa) was observed in run
3 with an S/N ratio of 69.3672, while the minimum (2664.5666 MPa)
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was recorded in the initial run with an S/N ratio of 68.5125.

This contribution was created under the support of the PRFU Pro-
ject A1IINO1UN280120230002 organized by the Algerian Ministry of
Higher Education and Scientific Research.
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The Efficiency of Encapsulation of the Functional Component
of the Welding Wire Charge on Changing the Structure and
Properties of the Metal of the Deposited Layers
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Based on the conducted experiments, the effectiveness of the application of
ferrovanadium from the composition of the powdered wire charge in the form
of dispersed particles previously covered with a protective layer of plastic,
during arc welding has been proven. We used VELTEK-N620 powdered wire
with a diameter of 2.0 mm and experimental wires close in chemical composi-
tion to the mentioned standard brand, in which powdered fluoroplastic is
used to cover ferrovanadium particles (5 g and 50 g of hydrocarbon per 120 g
of ferrovanadium). The addition of coated modifiers to the charge did not
worsen the arc burning; spattering of the molten metal during the transition
to the liquid bath is reduced to moderate. In the case of surfacing the layers
with the use of original flux-cored wires, differences are recorded. When us-
ing fluoroplastic in the amount of 5 g per 120 g of ferrovanadium, a decrease
in the content of the majority of alloying components is observed due to an
increase in the temperature of the bath and the time of its existence. Increas-
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ing the consumption of fluoroplastic to 50 g ensured preservation from evap-
oration and increased the presence of vanadium and chromium in the applied
layer. Pearlite itself is not found in the structure of the deposited layer. The
reason is in the increased presence of carbide-forming elements, which bound
carbon into carbide compounds. The reduced amount of unbound carbon in
the austenite also prevents the formation of martensite on further cooling.
The layer of the base-metal bordering the fusion line with a changed carbon
content, when using a wire with the addition of 5g of fluoroplastic to the
charge, had a reduced width of 120 ym, and with the addition of 50 g of
fluoroplastic, it is much larger, up to 800 um. The last fact can be considered
as the consequence of an increase in the specific of the carbon particles trans-
ferred to the metal to be welded, as well as in the increase in the temperature
of the melt and the time of its intensive contact with the base during cooling
that leads to an increase in the stability of austenite and intensive diffusion
of carbon. Due to the diffusion of carbon into the base metal, the ratio be-
tween the pearlite and ferrite components changed that gave indirectly
grounds for estimating the carbon content in the mentioned layer at the level
of 0.4-0.45 wt. %. Carbides are present in large quantities within all zones.
Local accumulations of vanadium carbides are found, mainly at the locations
of boundaries. In the zones of bainite transformation from austenite, no uni-
directional structure is observed that indicates an unchanged crystallograph-
ic connection between these components. That is, the orientation of bainite
subcrystals is not related to heat dissipation, but to the thermodynamics of
the hardening process. The presence of zones of weld metal in the macrodi-
mension with a directional structure is evaluated positively. It is expected
that this will help to increase the wear resistance of the surface layer. The
lack of crystallographic orientation of bainite is similarly perceived that ac-
quires additional plasticity and resistance to destruction, when external
forces are applied.

Key words: arc surfacing, powdered wire, ferrovanadium, covering particles
with plastic, high-alloy steel, changing the structure.

Ha mimcraBi mpoBemeHnX €KCIEPUMEHTIB HOBeAeHO e(peKTUBHICThL BHECEHHS
i yac ZyroBOro HATOWIJIEeHHA (hepOBaHAZIIO 31 CKJIAAY HIMXTU IOPOIIKOBOTO
IPOTY Y BUIVISAAI AVCHEPCHUX YACTUHOK, IIOIEPEIHBO IIOKPUTUX 3aXUCHUM
IapoM ILIACTUKY. 3acTocoByBasu nopomkoBuil apit mapku BEJITEK-H620
mismerpom y 2,0 MM i gociigui ApoTu, HAOIUIKEH] 3a XeMiUHUM CKJIaIOM IITH-
XTHU [0 3TraJiaHol CTaHIapTHOI MapKM, B AKUX IJA MOKPUTTS YaCTUHOK (epo-
BaHAAiI0 BUKOPUCTOBYBAJM MOPOIIKOMOAiOHMIT proporact (b i 50 r ByrJe-
Boxuio Ha 120T depoBanazniro). JomaBanHa momudikaTopiB 3 MOKPUTTAM IO
IIUXTY He MOTipIINJIO TOPiHHA Nyru; po30pM3KyBaHHA HATOILJIEHOTO METAJy
i yac nmepexony y PiIKy BaHHY 3MEHIITYBAJIOCA 10 IOMipHOT0. ¥ BUIAJKYy HAa-
TOILJIIOBAHHS ITTAPiB i3 3aCTOCYBAHHAM OPUI'iHAJIBLHUX IIOPOIIKOBUX APOTiB 3a-
dikcoBaHO BigMiHHOCTI. 3 BUKOPUCTAHHAM (DTOPOILIACTY y KiJIBKOCTI 5T Ha
120 r dpepoBaHaziio ciocTepiraeThcA MOHMIKEHHA BMIiCTy II€pEeBaKHOI OiIbIITo-
CTHU JIeTyBaJIbHUX KOMIIOHEHTIB UYepe3 3POCTaHHA TeMIIEPATYPU BaHHU Ta Yacy
TiATPUMKHU OCTAHHBLOI. 301JBIIeHHA BUTPaTU Propomaacty no 50 r 3abesmeyun-
J10 30epesKeHHA BiJl BUTIAPDOBYBAHHSA Ta 3POCTAHHSA IPUCYTHOCTY ¥ HAHECEHOMY
mapi Barnagiro Ta Xpomy. ¥ CTPYKTypi HATONJIEHOTO IIIapy BJACHE IEePJiTy He
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BuABJNeHO. IIpmumHOI0O cCranma migBUIIEHAa IPUCYTHICTH  €JIEMEHTIiB-
KapbimoyTBOopioBauiB, sKi 3B’ A3amu Kapbou y KapbimHi cmonyku. 3MeHIITeHn i
BMicT He3B’a3aHoro Kapbory B aycTeHiTi TakoK 3amobirae yrBOpeHHIO MapTe-
HCUTY 3a MOAAJBIIOr0 oxXoaomKeHHA. CyMisKHME 3 JTiHi€I0 CTOMIEHH A II1ap oC-
HOBHOTO MeTanay 3i sminenuM BmicTom KapboHy 3a BUKOPUCTAHHS APOTY 3 JIO-
JaBaHHAM b I PTOPOIJIACTY [0 ITUXTHU Ma€ 3MeHIeny mupuny y 120 MxMm, a 3
momaBaHHAM 50T (ropomaacty — s3HauHO Oinbiry, o 800 mkm. OcraHHii
daKT MOXKHA PO3IIHUTH, AK HACTiOK 30iabITeHHsa muTOoMOI yacTku Kapbony,
1110 TIePEXOAUTH 0 MeTally, AKUil HaTOILIIOETHCSA, & TAKOK 3POCTaHHS TeMIIe-
paTypu pO3TOIy Ta Yacy Horo iHTeHCMBHOTO KOHTAKTYBAHHS 3 OCHOBOIO ITi[T Uac
OCTUTaHHS, 1110 TPUBOIUTE 0 30iIbINIeHHS CTIHKOCTHA ayCTEeHITY 1 iHTEeHCUBHO1
nudysii Kapbomy. Yepes nudysito KapboHy B OCHOBHUI MeTaJ CIiBBiIHOIIEH-
HS MidK IepJiTHUMY Ta QEPUTHUMHU CKJIAJOBUMHU 3MiHUJIOCH, IO OTIOCEPEIKO-
BaHO Jae€ mincrasu oninoBaTu BMicT Kapbory y 3razjanomy mporrapky Ha piBHI
0,4-0,45 mac.%. Kapbigu npucyTHi y BeIuKiit KinbKocTi y Bcix somax. Buas-
JSI0ThCA MiCIeBi CKynmueHHA KapOimiB BaHnamito mepeBasKHO B MiCIIsIX poaTa-
ITyBaHHA MEXK. ¥ 30HAX OeMHITHOrO IIepeTBOPEHHA 3 ayCTEHITY He crocTepira-
€ThCA OJHOHAIIPABJIEHA CTPYKTYypa, IO CBiAUYUTEL PO HE3MIHHUHA KPUCTAJIOT-
padiuHuit 3B’A30K MiK ITUMHU CKJIATOBUMU. T0oOTO HAIpaBIEHICTHL OEMHITHUX
CyOKpUCTATiB OB’ I3YETHCA HEe 3 TEIJIOBiTBOIOM, a 3 TEPMOIMHAMIKOIO ITPOIIe-
cy TBepminHa. HagBHicTh Yy MaKpOBMMIipi 30H HATOIJIEHOTO METAJy 3 HalpaB-
JIeHOI0 OYIOBOIO OITIHIOETHCS MO3UTHUBHO. OUiKyeThbCs, 1ie Oye CIIPpUuATH Iif-
BUII[EHHIO OIiPHOCTU OBEPXHEBOT'0 IIaPy ITOA0 3HOCY. AHAJIOTIUHO cripuiimMa-
eThCA U BifcyTHiCcTh KpucTasmorpadiunoi HampaBieHOCTH OeHHITY, AKUN Bifg
IIbOT0 Ha0yBa€e IOJATKOBOI IJIACTUYHOCTH Ta CTIKOCTH MIOA0 PYHHYBaHHSA ITiJT
Yac NPUKJIALAaHHA 30BHINTHIX cHJI.

KarouoBi ciioBa: nyroBe HATOIJIEHHS, TOPOIITKOBUU APiT, (hepoBaHAmill, TTOK-
PUTTS YaCTUHOK IIJTAaCTUKOM, BUCOKOJETOBaHA KPUILSA, 3MiHA CTPYKTYPH.

(Received 25 July, 2024; in final version, 26 November, 2024 )

1. INTRODUCTION

Intensive wear of contact surfaces is typical for a wide range of ma-
chines and mechanisms used in mining, metallurgy, construction, etc.
The resource of the corresponding parts is provided due to the use in
their manufacture of materials with high resistance to various types of
abrasive wear. Restoration and/or surface strengthening of working
surfaces is performed using chemical-thermal treatment [1], spraying
[2-4] and, most often, electric arc surfacing [5].

The experience of using high-alloy high-carbon steels and white cast
irons containing strong carbides in the structure is long-standing.
Traditionally, the mentioned materials are alloyed with chromium, ti-
tanium, molybdenum, and vanadium [6-9]. The result is an increase in
the service life of friction contact pairs by 3—15 times compared to or-
dinary carbon steels [10].
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Given the price of the mentioned alloying elements, attention should
be paid to the main carbide-forming metals that are chromium, and
vanadium, as increasing their content in cast iron to 1% increases wear
resistance [11]. Depending on the conditions of crystallisation and the
amount of carbon, chromium forms carbides of different compositions
(CrsCs, Cr7Cs, CrzsCs) in alloys. Vanadium stabilises carbides and pro-
motes the formation of long dendrites that intertwine with each other.
This influence of vanadium on the structure contributes to an increase
in impact toughness and hardness [12].

The nature of the load taken by the parts makes it necessary to com-
bine the material of contact surfaces with high strength and appropri-
ate viscosity [13]. A significant increase in the mechanical and opera-
tional properties of steels and alloys can be achieved by modification
and microalloying [14]. In the case of electric arc welding, this is car-
ried out by changing the composition of the materials used, in particu-
lar, the charge of powdered tapes or wires [15]. The specified scheme,
however, leads to inevitable losses of the components of the charge
during the passage through the arc gap. Therefore, the improvement
of the scheme of adding additional components to the surfacing bath is
an important reserve in increasing the efficiency of the application of
this particular method of modification.

This study is devoted to the effectiveness of coating the modifier
particles with a layer of plastic on the changes in the structure and
properties of the Fe—Cr—C alloy layer, which is applied by electric arc
welding with flux-cored wire.

It was previously found that the addition of plastic to the composi-
tion of the charge of the powdered welding tape causes a slowdown in
the crystallisation of the applied layers, the active diffusion of carbon
to the areas of crystallisation of primary chromium carbides, and par-
tial depletion of adjacent austenite to cementite [16].

2. EXPERIMENTAL METHODOLOGY

For the experiments, samples of 09G2S low-alloy steel with a size of
150x250x8 mm were used, on which powdered wires, similar in chemi-
cal composition to the VELTEK-H620 brands with a diameter of
2.0mm (the composition of the metal welded into a copper water-
cooled crystallizer, wt.%: C—0.8, Mn—3.5, Si—2.5, Cr—4.5,
Mo—3.5, vV—0.8, B—0.7, Ti—0.9, S—0.015, P—0.017) a wear-
resistant metal layer with a thickness of 4-5 mm was deposited. The
difference is that the ferrovanadium particles were previously covered
with a layer of plastic.

Powdered fluoroplastic (5 g and 50 g of hydrocarbon per 120 g of
ferrovanadium) was used for coating. Drying was carried out in an
electric oven at 220°C with a holding time of 15 minutes followed by
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sieving through a 400-um sieve for uniform distribution and absence
of moisture. Later, ferrovanadium with fluoroplastic was added to the
other part of the wire charge in the mixer.

For comparison, surfacing was also carried out with a standard
VELTEK-N620 wire (without covering the modifiers with plastic).

Electric arc surfacing was carried out in automatic mode
(I:=220-250 A, U;=25-28V, vy =220 mm/min) in two rounds, on the
‘Krystal PNP-2.5’ portal type installation.

A spectral analysis of the chemical composition of the deposited
metal (SPECTRO MAXx optical emission spectrometer) and metallo-
graphic studies of the obtained structures using electron microscopy
(REM-106i) were performed.

3. RESULTS AND THEIR DISCUSSION

The addition of coated modifiers to the charge did not impair arc burn-
ing, which remained stable for all experimental wires. The transfer of
the molten electrode metal ranged from large droplets to jets. Spatter
was reduced to moderate when using fluoroplastic as a coating. Sur-
face slag formation is almost absent or insignificant, and the for-
mation of rollers is uniform.

A comparison of the chemical composition of the metal deposited
using standard and experimental flux-cored wires (Table 1) revealed
the following changes.

In the case of using fluoroplastic to cover particles of the charge com-
ponents (5 g per 120 g of ferrovanadium, sample No. 2), a decrease in the
content of the vast majority of alloying components is observed, which
occurred, obviously, due to an increase in the temperature of the bath
and the time of its existence. Increasing the consumption of fluoro-
plastic to 50 g (sample No. 3) ensured preservation from evaporation
and increased the presence of vanadium and chromium in the applied

TABLE 1. Chemical analysis of the deposited layer (wt.%).

Ne| Material o g | p S |Cr|Ni|Ti|Mo| B| V
brand

N-620 with- ) g5 9 96 1,57 0.027 0.029 3.25 0.04 0.56 2.12 0.62 0.66
out plastic
N-620 with

2 5 g of fluoro- 0.80 2.77 1.46 0.027 0.033 3.09 0.04 0.51 1.98 0.63 0.51
plastic

N-620 with
3 50 g of fluor- 0.86 2.55 1.41 0.026 0.031 3.50 0.04 0.43 1.86 0.57 0.75
oplastic
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layer.

The surfacing performed using VELTEK-N-620 wire and experi-
mental wires based on its charge revealed similar changes.

Even though according to the chemical composition (Table 1), the
molten metal must have eutectoid steel (S0H3G2M2F); pearlite itself
was not found in the structure of the applied layer. The reason was the
increased presence of carbide-forming elements that bound carbon into
carbide compounds. The reduced amount of unbound carbon in the aus-
tenite also prevented the formation of martensite on further cooling.

In the fusion zone, on the side of the base metal, there was under-
melting of the metal, followed by the breakdown of austenite by the
pearlite mechanism. As a result of complete recrystallization, layering
disappeared, and a boundary layer of ferritoperlite structure, typical
for steels with C=0.6 wt.%, was formed. With distance to the depth of
the base, the presence of carbon decreases.

When using a standard VELTEK-N-620 powdered wire, a layer of
molten metal bordering the fusion line with a width of 0.2-0.3 um con-
tained bainite packets with individual vanadium carbides (Fig. 1, a) due
to carbon depletion. Above, on the boundaries of the former austenite
grains, carbides fell out, which ensured the formation of a shell struc-
ture.

At a distance of 0.85 mm (Fig. 1, b) from the fusion line, the depos-
ited layer of the metal had a typical structure of an equilibrium type,
carbide precipitates were recorded at the grain boundaries, and low-
carbon bainite (2 0.3-0.4 wt.% C) was found within the grain bounda-
ries.

When moving away from the fusion zone, the grain size increased,
probably due to slower cooling and longer exposure at high tempera-
tures.

It is noteworthy that upon further approach to the surface, at a dis-
tance of 4.54 mm (Fig.1,c), there was partial absence of carbide
boundaries and a thickening of the latter in certain areas. Morphologi-
cally, this fact could be considered as the remains of the dendritic
structure that existed at the stage of primary crystallisation.

At a distance of 6.16 mm from the fusion line, the grain became fin-
er; the boundaries were porous and thickened. A significant zonal ac-
cumulation of vanadium carbides was recorded. Probably, there were
they who caused the increase in grain germs. Particles of carbides
gravitated to the boundaries, partially fixing at them.

With further approach to the surface, a similar structure was pre-
served, but the proportion of dendritic areas increased, which reached
a maximum at a distance of 0.76 ym from the surface of the applied
layer (Fig. 1, d)

In the case of depositing the layers with the use of original flux-
cored wires, differences were recorded. The layer of the base metal
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Fig. 1. The structure of the weld metal, at different distances from the fusion
line; sample No. 1.

bordering the fusion line with a changed carbon content when using a
wire with the addition of 5g of fluoroplastic to the charge (sample
No. 2) had areduced width (120 yum, Fig. 2, a), and with the addition of
50 g of fluoroplastic, it had the maximum width, significantly larger,
up to 800 ym (sample No. 3, Fig. 2, b, c).

The last fact could be regarded as the consequences of an increase in
the specific fraction of carbon that passes to the metal that was being
welded, as well as an increase in the temperature of the melt and the
time of its intense contact with the base during cooling. The above led
to an increase in the stability of austenite and intensive diffusion of
carbon. Due to the diffusion of carbon into the base metal, the ratio be-
tween pearlitic and ferritic components changed, which indirectly
gave grounds for estimating the carbon content in the mentioned layer
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Fig. 2. Thermal influence zone of samples No. 2 (a) and No. 3 (b, ¢), at a dis-
tance of 1.07 mm from the fusion zone of No. 2 (d) and No. 3 (e).

at the level of 0.4-0.45 wt.% (Fig. 2, b). In sample No. 2, where the
amount of carbon transferred due to diffusion was much smaller, the
width of the layer was also reduced, and the ratio of ferrite and pearlite
corresponded to the carbon content at the level of 0.2-0.25 wt.%
(Fig. 2, a). In the case of a significant addition of plastic (sample
No. 3), not only an increase in the presence of carbon in the metal but
also the presence of silicon, chromium and vanadium was recorded.
This determined the stability of austenite even at a decrease in temper-
ature. As a result, complete recrystallization takes place, which was
confirmed by the expansion of the crushed grain zone.

At a distance of more than 1.07 mm from the fusion zone, very
weakly directed crystallisation was observed on sample No. 2
(Fig. 2, d). The structure was represented by balanced cells, and the
thickness of the boundaries was thinned—as a result of the increased
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cooling rate. At approximately the same distance on sample No. 3, the
crystallisation mostly also had a weak directionality, however, the
grains located higher acquired a more regular equilibrium shape and
were doubled in size (Fig. 2, e).

At further distance from the fusion zone (2=3.0 mm) on sample
No. 2, adistinct directionality of grains was observed (Fig. 3, a), weak-
ly repeated at 2= 6 mm (Fig. 3, ¢) and disappearing when approaching
the surface at a distance of 1.0 mm (Fig. 3, d). Such a picture could be
explained by the fact of successive application of two layers. In the case
of surfacing of sample No. 3, the mentioned orientation of the crystals
was less pronounced, but the size of the grains was twice as large
(Fig. 3, b). This was probably due to the previously mentioned delayed
heat dissipation. At a distance 2= 6 mm from the TIZ in sample No. 3
there was no directionality of crystallisation, but the grain size was the

Fig. 3. Differences in the structure of the layers deposited with original flux-
cored wires (sample No. 2 (a, ¢, ¢); sample No. 3 (b, d, f)).
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e

Continuation Fig. 3.

same as in sample No. 2 (Fig. 3, d), and at a distance of 1.0 mm from
the surface in this case the structure became partially dendritic
(Fig. 3, ).

Carbides were present in large quantities in all zones. This was be-
cause they were in a liquid melt. The latter affected the size of the
grains, their orientation, and the thickness of the carbide layers. Local
accumulations of vanadium carbides were found, mainly at the loca-
tions of borders. In the zones of bainite transformation from austenite,
no unidirectional structure was observed, which indicates an un-
changed crystallographic connection between these components. That
is, the orientation of bainite subcrystals was not related to heat dissi-
pation, but to the thermodynamics of the hardening process.

The presence of zones of weld metal with a directional structure in
the macro dimension was evaluated positively because it would con-
tribute to increasing the resistance of the surface layer to wear. The
lack of crystallographic orientation of bainite is similarly perceived,
which acquires additional plasticity and resistance to destruction when
external forces are applied.

4. CONCLUSIONS

1. The effectiveness of the scheme for regulating the composition,
structure, and properties of the deposited metal due to the preliminary
coating of the functional components of the flux-cored wire charge for
its application has been experimentally confirmed.

2.1t has been established that the addition of plastic to the welding
wire charge contributes to the preservation of carbides and causes a
thermal effect, slowing down the cooling rate of the heated layer and
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increasing the time the metal stays at high temperatures.

3. The use of plastic to form a buffer layer on the particles of the
charge ensures the grinding of the structural components of the depos-
ited metal, its saturation with carbon and the formation of a structure
favourable for wear resistance, with zones of preserved directionality
of dendrites and finely dispersed equilibrium bainite within the
grains.
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BB THITy Ta I'PaHYJIOMETPHUYHOTO CKJIAy KOMIIOHEHTIB ocepasa
MEeTAJIONMOPOUIKOBHX €JIEKTPOTHUX IPOTIiB HA CTPYKTYPY
Ta BJIACTHUBOCTi 6araTomapoBoro HATOIJIEHOTO METAJy CHCTEMH

aeryBanasa C—Cr—Mo—W-V
A. A. Ba6inens”, C. JI. IlIBa6*, M. M. Bopou™

‘Tnemumym enexmpozsapriosanns imn. €. 0. [Tamona HAH Ykpainu,
sya. Kasumupa Manesuua, 11,
03150 Kuie, Yxpaina

6yave. Akademixa Beprnadcvrozo, 34/1,

03142 Ruis, Ykpaina

ExcnepuMeHTaNIbHO JOCTIAMKEHO BILJIUB TUIY TA I'PAHYJIOMETPUUYHOTO CKJIATY
MeTaJIEBUX KOMIIOHEHTIB OCEP/A MEeTAJIOIIOPOIIKOBUX APOTiB Ha iXHi xapakTe-
PUCTUKY TOILIEHHS, & TAKOXK AKiCTh (JOPMyBaHHSA, BJIACTUBOCTI Ta CTPYKTYPY
IIOKPUTTIB, OIEePKAHMX METOM0I0 eJIEKTPOAYrOBOTO HATOIUIeHHs. B axrocti
IMIUXTOBUX KOMIIOHEHTIB OCepAA AOCTIZHUX APOTIiB BUKOPUCTOBYBAJU I'DaHY-
aboBaHmUi moporiok mapku III'-P6Mb ¢paxiiero y 50...300 mxm i 200...250
MKM. B AKOCTi eTasoHy BUKOPUCTOBYBAJU TIOPOIIKOBUI APIT, OCEPAs AKOTO
CKJIAAJIOCH i3 KOMIIOHEHTIB Y BUTJIAAIL MOPOIIKiB (hepocToniB, BMicT AKUX OyB
po3paxoBaHUM Tak, MO0 OAePIKATA XEeMIiUHUI CKJIal, aHAJOTIUHUMN 10 HOCITi-
HUX IpOTiB. EJIeKTpoayroBe HATOIJIEHHS BUKOHYBaJIN HA CTAHJaPTHOMY 00J1a-
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muaHHi mig @atocom AH-2611 3 toTpuMaHHAM OJHAKOBUX PEMKUMIB /IS KOpe-
KTHOCTH NopiBHAHHA. OLIiHKY AKOCTH TOILJIEHHA IIOPOIIKOBUX JPOTiB BU3HA-
YaJm 3a JOIIOMOT'0I0 PO3P00JIeH0l MEeTOAMKY Ha OCHOBI BUBHAUEHUX Koe(iIlieH-
TiB PO3TONIJIEHHA, HATOIJIeHHA Ta BTpaT. CTabisbHICTE mpOIlecy HATOIJIEHHS
BM3HAYAJIN 32 AUCIEPCi€l0 HOTOYHUX 3HAYEHDb BEJIMYNH CTPYMYy Ta HAIIPYTH HA
Iy3i 3a posdpaxoBaHuMU KoeditienTamu Bapiamii. [Tlapamerpu pexumy dikcy-
BaJIX 3a OOIOMOTOI0 IM(POBOTO 3aNMKCYBAJILHOIO MYJIbTUMETDPA, OCHAIIIEHOTO
BHUCOKOIIIBUAKICHUM aHAJIOTO-IIU(POBUM HepeTBopoBaueM. I1iATOTOBKY 3pas-
KiB i JociigyKeHHA MiKPOCTPYKTYPY HATOIJIEHOT'O METaIy BUKOHYBAJIU 34 CTa-
HIAPTHUMU MeTOAMKAaMM MeTajorpadivaux gociaigxens. ExcnepuMeHTaIBHO
BU3HAYEHO, 1110 BUKOPUCTAHHSA B AKOCTi KOMIIOHEHTIB OcepaA HOCIiZHUX TPO-
TiB I'DaHYJILOBAHOTO IOPOINKY Maiike OJHAKOBOIO, 30iJbIIIEHOT0 PO3Mipy
(200...250 MKM) TPUBOAUTD A0 IOTiPINIEHHA CTA0iIBHOCTHU IPOIIECY eJIEKTPO-
JIyTOBOTO HATOIIJIEHHS i, IK HACTIJOK, MiABUIITeHHA HEOAZHOPIZHOCTH CTPYKTY-
PU HATOIIJIEHOTO MeTaJy Ta 30iJbIlIeHHS KiTbKOoCTH MiKpomedeKTiB y HbOMY.
Haii6inpma crabinpHicTs IpoIiecy HATOIJIEHHSA METAJIOIOPOIIIKOBUM APOTOM
IOCATAETHCA 3 BUKOPUCTAHHAM y HMOT0 OCepAi I'PaHy IbOBAHOIO IIOPOIIKY (hpa-
krieo y 50...300 MKM. 3aBIAKY OZHAKOBOMY XE€MiYHOMY CKJIany Ta (hiswyHUM
BJIACTUBOCTAM YAaCTUHOK I'DAHYJIBOBAHOTO IOPOMIKY, & TAKOYK IXHIiNl MeHIIii
3a0pPyAHEHOCTI MIKiIIMBMMY TOMIIIIKaM¥ y IOPiBHAHHI i3 yacTuaKamMu depoc-
TOWiB i GiJBII MIiTBHIN YIAKOBIIL B OCEPAi IOPOIIKOBOTO APOTY (y IOPiBHAHHI
i3 anasorivamM mopornkoM rpamyadaiieio y 200...250 MKM) mocATaeThCA Mif-
BUINEHHA OJHOPIAHOCTU CTPYKTYPHU HATOIIJIEHOTO METAaJy Ta 3MEHINEeHHA Ki-
JIBKOCTHY MiKpomedeKTiB y HbOMY.

KarouoBi cioBa: gyroBe HATOILJIEHHSA, HATOILIEHWHM MeTaJ, I'PAHYyJIbLOBAHUI
CTOII, (DEPOCTOII, TBEPAOCTOIHI IIOPOIIKY, CTPYKTyPa METAJIY, MiKPOTBEPIiCTb,
BKJIIOUEHHS.

The effect of the type and granulometric composition of the metal compo-
nents of the core of metal powder wires on their melting characteristics, as
well as the quality of formation, properties and structure of coatings ob-
tained by the method of electric-arc welding, is experimentally investigated.
Granulated powder of the PG-R6M5 brand with a fraction of 50...300 pm and
200...250 ym is used as the charge components of the core of the experi-
mental wires. As a standard, a powder wire is used, the core of which consists
of components in the form of ferroalloy powders, the content of which is cal-
culated to obtain a similar chemical composition to the experimental wires.
Electric-arc surfacing is performed on standard equipment under AN-26P
flux, observing the same regimes for the correctness of the comparison.
Evaluation of the quality of melting of flux-cored wires is determined using
the developed methodology based on the determined coefficients of melting,
surfacing and losses. The stability of the surfacing process is determined by
the dispersion of the instantaneous estimates of the current and voltage val-
ues on the arc according to the calculated coefficients of variation. Mode pa-
rameters are recorded using a digital recording multimeter equipped with a
high-speed analog-to-digital converter. Preparation of samples and investi-
gation of the microstructure of the deposited metal are carried out according
to standard methods of metallographic research. As determined experimen-
tally, the use of granulated powder of almost the same, increased size



BILJIVIB TUTY TA TPAHYJIOMETPUYHOT'O CKJIAITY KOMIIOHEHTIB OCEPIIS 537

(200...250 um) as core components of test wires leads to a deterioration in the
stability of the electric-arc welding process and, as a result, to an increase in
the heterogeneity of the structure of the deposited metal and to an increase in
the number of microdefects in it. The greatest stability of the process of sur-
facing with metal powder wire is achieved, when granulated powder with a
fraction of 50...300 um is used in its core. Due to the same chemical composi-
tion and physical properties of the particles of the granulated powder, as well
as their lower contamination with harmful impurities compared to the parti-
cles of ferroalloys and denser packing in the core of the powder wire com-
pared to a similar powder with a granulation of 200...250 uym, an increase in
the uniformity of the structure of the deposited metal and reducing the num-
ber of microdefects in it are achieved.

Key words: arc surfacing, deposited metal, granular alloy, ferroalloy, hard-
alloy powder, metal structure, microhardness, inclusions.

(Ompumano 14 keimnsa 2024 p.; ocmamoun. gapianm — 8 soemmusa 2024 p.)

1. BCTY1II

IIporecu HATOIJIEHHSA IIMUPOKO BUKOPUCTOBYIOTHCA AK IJIA 3MiIlTHEHHA
HOBUX JeTajliB MaIllMH i MexXaHi3MiB, Tak i AJId BiJHOBJIEHHS IeOMeTPH-
YHUX PO3MipiB 3HOIIIEHUX ITOBEPXOHD JIETAJIIB MiCJIA TPUBAJIOL eKCILIya-
rarrii ix. {14 11boro 3 BUKOPHUCTAHHAM PiSHUX JKepeJs TeIlJIOBOl eHepril
(enexkTpuuHOi abo IJIa3MOBOI AyTrH, Jla3ePHOro ab0 eJeKTPOHHOT'O IPOo-
MeHS TOII0), Ha IIOBEPXHIO METAJI0 IIOUEePTOBO HAHOCATD ITIapyd PO3TOII-
JIEHOTO MeTaJay, ifeHTHYHOrO M0 HMOro XeMiuHOro cKJagay abo OiabIm
JIETOBAHOT0, SKIIO HEOOXiTHO HMiABUIMUTH eKCIIyaTalliliHi BJIACTHBOC-
Ti, TaKi K 3HOCO- Ta TEPMOCTifiKicTh, BTOMHA JOBTOBiUHiCTEL TOIIO [1—
3]-

BiacTuBOCTi MOKPUTTIB, Ofep:KaHUX B TaKUil CIIOCi0, B IIepITy uepry
BU3HAYAIOTHCA XEMIiUHUM CKJAAOM i CTPyKTyporo Meraay. OgHUMU 3
OCHOBHUX NLIAXiB MOJIIIIIIIeHHA 1X Hapasi € 3aCToOCyBaHHA PiBHUX XeMi-
YHUX a00 TeXHOJIOTIUHMX METOMiB BILJIMBY, IPUKJIASAMU IKUX € HiJBU-
IeHe JieT'yBaHHA a00, HaBIIaKM, 3aCTOCYBAHHSA MiKpOJer'yBaJbHUX MIO-
0aBOK Pi3HMX XeMiUHHNX eJeMEeHTiB, BUKOPHCTAHHSA 30BHIIITHiX TEeXHO-
JOTiYHMX iMOyJILCHUX, MATHETHUX, BiOpamifiHuxX ¥ iHIMINX BIJIWBiB Ha
MeTaJI B IpoIieci fioro Kpucrasrisarii Torro [4—9].

IIupoKi MOKJIMBOCTI MO YIPABIiHHIO XeMiUHUM CKJIAJJOM, CTPYKTY-
POI0 Ta BJACTUBOCTAMU HATOIIJIEHOTO MeTajy ae BUKOPUCTAHHA MeTa-
JIOTIOPOIITKOBUX MPOTiB, IKi B HANIIPOCTIIIIOMY YABJIEHHi € TPyOKO0IO, BU-
TOTOBJIEHOIO 3 METAaJIeBOl CTPiuKM, B OCepAi AKOI 3HAXOIUTHLCS IIOPOII-
KoBa Kommoauilisi. IIoponrkoBi ApoTw 3HAUWIIIM HAWIIMPIIE 3aCTOCY-
BaHHA JJId HATOIIJIEHHSA Ta 3BapioBaHHA KPUIh i CTOIIB pisHOro TUMIY Ta
npu3HauUeHHA: HUBBKOJETOBAaHUX KOHCTPYKIIMHMX i JeroBaHMX iH-
CTPYMEHTAJNbHUX KPUIlb, CIEiAJbHUX CTOIMIB Ha OCHOBI 3aJi3a, TuTa-
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HY, HiKJI0, KoOanbsTy Ta iH. [1, 4—7].

Pasom 3 TuM, B AKOCTi ocepAsd MOPOIIKOBUX JPOTiB, IPU3HAUEHUX
IJIsI HATOILJIEHHS Ta 3BapIOBAaHHA KPUIIh 1 CTOIIiB Ha OCHOBI 3aJjiza, B oc-
HOBHOMY, 3aCTOCOBYIOThCS (hepoCTO — CcTomnu 3aJiza 3 Si, Mn, Cr Ta
iH. eJleMeHTaMu, IKi BUKOPUCTOBYIOTHCS OJIA JIEI'YBAHHS Ta IIOJIIIIIIIEH-
HS BJACTUBOCTEHN PiAKOro Meraay Hif yac BUTOONKMN Kpuili. OCHOBHUM
HeJOJIIKOM ITMX MaTepPifJiB € IXHA BiIHOCHO BMCOKAa 3a0pyAHEHICTDL He-
MeTaJIeBUMU BKJIIOUEHHAMU, TAKUMH AK cipka, dpocdop Tormo [10]. Ili
BKJIIOUEHHA € IIKiIJIUBUMU, aAKe MOXKYTh HEr'aTHBHO BILIMBATHU Ha
CTPYKTYPY Ta BJIACTHUBOCTI TOTOBUX BUPOOiB, MepPeXOAauM i3 BUXITHUX
MaTepiAIiB y IMIapu HATOILJIEHOTO MeTaJy, IPOABIAIOYN TUM CAMUM He-
TaTUBHY XeMiUHYy Ta CTPYKTYpPHY cnagkoBicTs [11].

Bigomi mpurJgazm yCHIMTHOTO BUKOPHUCTAHHS B SIKOCTiI MaTepiday
ocepAisa MeTaJIONIOPOITKOBUX APOTiB I'PAHYJIhOBAaHUX IIOPOIIKIiB pPisHUX
METaJIiB 1 CTOIIiB, OJep:KaHUX METOAAMHU PO3IMOPOIIEHHS MeTaJeBOTO
postony [9, 12—-14]. OcHOBHOIO IIepeBarol0 TaKUX MATEPiAIiB € iXHA
O1JIBIII BUCOKA UMCTOTA Bil HEMeTaJIeBUX BKJIIOUEHb 1 OePsKaHHsI HaTO-
IIJIEHOTO MeTajJy MPaKTUYHO OyIdb-IKOTO XEeMiuHOTo CKJIaAy B IIOPiB-
HAHHI 3 TPaSUIiNHNM IOPOIIKOBUM JPOTOM, CKJIAT IKOT0 00MEKYEThCS
BUXiJHUM BMiCTOM KOXKXHOI'O JIEI'YBaJILHOTO €JIeMEeHTa Yy BiAIOBiZHOMY
depocrorri Bix 45 mo 75%.

€ i1 cynmepewInBi JaHi PO BILINB I'PAHYJIOMETPUYHOTO CKJIALY OCepmsd
IIOPOIITKOBUX APOTiB HA CTPYKTYPY HATOILJIEHOTO HUMU METAJY: iHIITUMHU
cJIOBaMHU — IIPO CTPYKTYPHY CHaJKOBIiCTh MijK BUXiIHUMU MaTepidJa-
MU Ta HATOILJIEHUM MeTaJoM. 3a faunuMu [15] BUKopucTaHHA ITOPOIIIKO-
BUX MaTepiAxiB 3 uacTuHKaMu neBHoro poamipy (200...250 MKM) MoKe
iCTOTHO BIJIMBATU Ha 3BapiOBAJIbHO-TEXHOJOTIYHI BJIACTUBOCTI ITOPOII-
KOBUX JIPOTiB, CTa0iIbHIiCTL IpOIleCy HATOIJIEHHS i, K HACJIiLOK, Ha
CTPYKTYPY Ta BJIaCTUBOCTi HATOILJIEHOTO METAJY.

Metoi0 faHOI POOOTH € TMOPiBHAJNbHE eKCIIEPUMEHTATIbHE TOCJIiTKeH-
HS BILIMBY TUITY Ta I'PAaHYJIOMETPUYHOTO CKJIAAY MeTaJIeBUX KOMIIOHEH-
TiB oceps MEeTaJIONOPONIKOBUX MPOTiB HA AKiCTH (hOpMyBaHHS, CTPYK-
TYpPy Ta BJIACTUBOCTI 6araToIapoBUX HOKPUTTIB, OJEPIKAaHUX METOLOIO
€JIeKTPOAYTOBOTO HATOILJIEHH.

2. METOOHU TA MATEPIAJIN DOCJIIIKEHD

JocainHi 3pasku ofep:KyBajii MeTOJ0I0 eJIeKTPOAYTIOBOT0 HATOIIJIEHHA
TOIKUMHU €JeKTPOSHUMM MOPOIITKOBUMM APOTaMHU Mif ItapoM GJIocy
AH-26II, axuit npusHaueHNH A 3aXUCTY PiKOI BAHHU Ta 3aCTUTJIOTO
HaTOILJIEHOTO MeTaJly BiJl aTMocdepHOoro mosiTpsa. Bei 3pasku HaTOILIIO-
BaJNCh y II'ATH IIapiB, BPaXOBYIOUM BUCOKUII KoedillieHT mepemimry-
BaHHA, XapaKTePHUH AJIA IYTOBUX METO/iB HATOILJIEHHSA, 11100 omepsKa-
TH PO3PAXYHKOBUM XEeMIiUHMI CKJIQA MeTaly B 3—4-My HATOILJICHOMY
mapi.
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HaTonjenusa BUKOHYBAJIM Ha CTaHZApPTHOMY OOJaTHAHHi: yHiBepca-
JbHiH yCTAaHOBI A1 HaTOILIeHHA ¥ -653 i3 mixepenom sxkuBimenuda BIY -
506. [[;1a omep:kaHHSI KOPEKTHUX PEe3yJIbTAaTiB HOCIiIKeHb PesKUMU Ha-
TOILIEHHSA KOYKHOTO ITTapy MJIA BCiX 3pas3KiB 0yJaIu OfHAKOBUMU: CTPYM —
200 A, mampyra — 30 B, mBuakicts HaTomnennsas — 18 m/rox. Ilepen
HATOILIeHHAM IIifgirpiBaau 3pasku o temneparypu y 300°C gasa yHUK-
HEeHHA rapAYrdX TPIMMH y HATOILJIEHOMY MeTajli. B AKocTi OCHOBHOIO
MeTaJly, Ha KUl BUKOHYBaJIU HATOIJIEHHS, BUKOPUCTOBYBAJIU MJIACTH-
HU 3 Kputli Ct. 3 ToBIHOIO Y 15 MM.

HocmigHi MeTaJomopoIIKOBI APOTH MaJd TPYyOUACTy KOHCTPYKIIiiO.
O060J/I0HKY BUTOTOBJIEHO 3 MeTaJieBoi cTpiuku 3 Kpuili 08K TOBIIHOIO ¥
0,4 mm i mupuuoio y 12 mMm. [Hismerep Bcix aporiB — 2,0 MM, Koediri-
eHuT 3anoBHeHHA — 30%. BUTroTOBIIeHHA ITOPOITKOBUX APOTiB 3MiliCHIO-
BaJiocAd Ha IIOTOKOBiH JiHil, AKa BKJOUYAE BOJOUYNJIbHUM cTaH i (hopmy-
BaJbHME mpucTpiii. Kpuiesa cTpiuka mpoXoguTs uepes mpodiloBaabHi
POJIUKY, MOCHiTOBHO (POPMYIOUKCH I OMep:KyIour HmOTPiOHMIT mpodiab
3aroroBaHku. Ha meBHill cTanii hopMyBaHHA y CTPIUKY 3acUIIaETHCA
Io3oBaHa KidbKicTh muxTi. ChopMoBaHA Ta 3alOBHEHA IIIMXTOIO 3aro-
TOBaHKA IPOTY HAAXOMUTH HA BOJOUUILHUM CTaH, Je IPOTATYETHCA Ma-
pIIpyTOM 10 HeobximHoro mismerpa [16].

B AKocTi MuXTOBUX KOMIIOHEHTiB ocepAsa B ApoTi Nel BUKOPHCTOBY-
BaJIM I'paHyJaboBaHuii mopoInok Mapku III-P6M5 3 posmipom uacTuHOK
y 50...300 mrMm. Taxkuii JiAana3oH Po3Mipy AJaA MIMXTOBUX KOMIIOHEHTIB
€ CTAaHZapTHUM IiJl Yac BUTOTOBJIEHHS IIOPOIMKOBUX APOTiB 3TiTHO 3 pe-
Komenpamiamu [16].

B ocepzai gpoty Ne2 BUKOPHCTOBYBAJIM IOPOIIOK Tiel K MapKu, aje
I'paHyJIOMEeTPUYHUN cKJjaan 6yB oome:xkernuit — 200...250 mxm. K BKa-
3yBaJjIocsA BUIIE, 3TigHO 3 manmMu podboTtu [15], 3a Takux po3mipiB uac-
THUHOK IMNXTOBUX MAaTEPifAJiB B ocepii caM03axMCHOI'O IIOPOIIKOBOTO
IpOTy 3abe3meuyeThcs Jimine 3acBoeHHsS KapOoHy Ta migBHIIyeTbCSa
cTabiJIbHICTh TOPiHHSA AYTH MiJ Yac eJIEKTPOAYTOBOT'O HATOIIJICHHSI.

B ocepai mpory Ne3 BHKOPHCTOBYBaJIU IMOPOIITKMU (hepoCcTOoIiB Ta iH-
IINX METAJiB, BMICT AKMX OYB PO3PaxXOBAHUM TaK, II[00 OJEPIKATH Me-
TaJI XeMiuHOTO CKJIany, aHajoriunoro o gpoti NeNel i 2. I pamyromer-
puuHMit ckaan mopomkis — 50...300 mxMm. Ileit mopomkoBuUit ApiT BU-
KOPHCTOBYBaBCA B AKOCTi eTaJlOHy. XeMIiUHUY CKJIAJ IMUXTOBUX MaTe-
pigniB, SKi BUKOPHCTOBYBAJINCE YV JOCTIMKEHHIX, HaBegeHo y TabJ. 1.

O1iHKy cTabiIbHOCTU IIPOIleCy HATOILJIEHHS Ta AKOCTHU (pOpMYyBaHHSA
HATOIJIEHOT'O MeTaJly BUKOHYBaJU BisyaslbHO # KindbKicHo. KimbKicmy
OI[IHKY BUKOHYBAJM, aHAJI3YIOUM PO3PaxXxOBaHi XapaKTEePUCTUKMU TOII-
JIeHHSI TIOPOIITKOBUX JAPOTiB — KoedimieHTn posromaeHHd (o), HATOM-
JeHHA (0,) Ta BTpaT (V) i AucHepcito mOTOYHNX 3HAUEHb BEJIUYUH CTPY-
My Ta HaAIpyTud Ha Ay3i 3a po3paxoBaHUMU KoedimienTamu Bapiamii (ki,
ky). KoedimienTu BapidaIlii mo cTpyMy Ta HaIpysi BU3HAUAIU AK YaCTKY
BEJIMYNHU CEPEeIHBOKBAAPATUYHOIO BiIXUJIY MO CEePeIHLOTO 3HAUEHHS
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TABJINIA 1. Xemiunuii cKiiag MaTepianiB, AKi BUKOPUCTOBYBAJIUCS AJIS BU-
TOTOBJIEHHS MOCTiTHUX ITOPOIITKOBUX IPOTiB.

TABLE 1. Chemical composition of the materials used for the fabrication of
experimental powder-coated wires.

Mapxa marepisry Xemiunuii craan, %

Fe| C |Cr| W |Mo| V | Si |[Mn| Ni S P

Or-P6M5  |Ocm.| 1,0 | 4,0(6,5[5,0/1,9]/0,5(0,5|2,0(0,03]0,03
depoxpom OcH.| 8,0 |65,0] — - - 12,0 - - 10,08 0,05
depomornibrer |Ocx.|0,05] — |0,3(60,00 - [0,8] — | — [0,10]0,06
depopanazit |Ocu.] 0,6 | — | — | — [60,0]2,0]5,0 0,03 | 0,07
®epocwrinizt  |Ocu.| 0,1 0,3 — | — | — [75,0[0,4] - [0,02]0,04
®epomanran  |Ocu.| 7,0 | — - - - 16,01(80,0f — |0,03]0,10
Tpadir 160980 - | - [ - [ - -] -1 - lo,05] -
Peir 0,15|<4,0l — 96,0 - | - | - | - | -] - | -
Iig;ﬁﬁf}‘f 0,10(0,02| — | - | = | - [0,03| - |99,50,008] -
iigf;‘gg 99,5(0,02| - | — | - | - ]0,05/0,2| — |0,015/0,015
Crpiuxa 08xn |98,0[0,07[0,1| — | - | - ]0,03]/0,3|0,3]0,04 |0,035

BigmoBimHOrO mMapamerpa. Po3dpaxyHok KoedimieunTiB pos3romieHHa (O),
HaATOILJIeHHA (0lx) Ta BTPAT () BUSHAYAJN, BUKOPUCTOBYIOUM IIIUPOKOBI-
JIoMi BUpasu:

a, =G, /(I1), (1)
a, =G, /1), (2)
v =((o, —a,) / 0,)-100%, (3)

ne Gy — Maca po3TOoILIeHOT0 MeTaay [T], Gn — Maca HaTOILJI€HOTO MeTay
[r], I — sBaprooBanmbHUY cTpyM [A], { — "ac maTomieHHsa [rox. ].

ITapameTrpu pekumMy (BeJIMUMHY CTPYMY Ta HAIIPyTru Ha Ay3i) dikcy-
BaJIX 3a JOIIOMOTOIO0 IIM(pPOBOro 3anucyBajabHOro myabTumMmerpa ANENG
AN9002, ocHAIEHOT0 BHUCOKOIIBUIKICHIM aHaJIOTO-ITU(QPOBUM IIepeT-
BOPIOBaYEM.

BuznaueHHA XeMiYHOTIO CKJIAAY, 10 3AiCHIOBAJIN PEHTI'€HOCIIEKTPa-
JBHUM METOJOM, i TBepAoCcTH MeTany 3a Poksesom 1o mkaJai HRC Bu-
KOHYBAJIH B II’ ATOMY HATOILJIEHOMY IITapi KOMKHOT0 3pasKa 3TiJHo 3i cTa-
HIAPTHUMHN METOAMKaMi. Bu3HAaUeHHS MIKpPOTBEPIOCTH HATOIIJIEHOTO
MeTaJly BUKOHYyBaJu Ha MikporBepaomipi IIMT-3 mix maBaHTa:KeHHAM Y
100 r. Samipu MiKpPOTBEepAOCTH BUKOHYBAJN, IIOYNHAIOYN 3 OCHOBHOTO
MeTaay, BiicTynuBiiu Bif JdiHii cTomaenusa ma 0,25 MM i gaji 3 Kpokom
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y 0,5 MM 110 BepTHUKAJIBbHilT OCi HATOIJIEHUX IIapiB.

IligroToBKYy 3pas3KiB A JOCAIIMKEeHHS CTPYKTYPU HATOILIEHOTO Me-
Tajly BUKOHYBAJIX 3a CTAaHJapTHUMU METOAUKAMMU, AKi BKJIOUYAIOTH I10e-
TammHe NLIi()yBaHHA IIOBEPXHiI 3pasKiB 3 BUKOPHUCTAHHAM aJIMas3HUX
IacT Pi3HOI AMCIIEPCHOCTH Ta HACTYIHE eJeKTPOJiTHYHE IABJICHHS B
20%-po3unHi XPOMOBOI KMUCJIOTU. BUBUEHHS CTPYKTYPU METAJIY BUKO-
HYBaJIX Ha OIITUYHOMY MiKpockoii Neophot-2.

3. PE3YJIBTATH TA IX OBTOBOPEHHSA

BisyaibHO BCTaHOBJIEHO, IO MeTAaJ, HATOIJIEHUH TOCTiJHUMU IPOTaMU
NeNel i 2 mae mocTaTHBO BUCOKY AKicTh QOpMyBaHHS i B HbOMY BiICyTHI
K 30BHIimHI (puc. 1, a), Tak i BHyTpimHi (puc. 1,b) maxpomedeKTH.
Herrio ripmty akicTs popMyBaHHA BimiMiueHO nJd MeTaJy, HATOILJIEHOTO
aporoMm Ned; makpomedeKkT B HbOMY TaKOK BifgcyTHi. AKicTh Biggisen-
HA NLJIAKOBOI KipKM 3 MOBEPXHI HATOMJIEHOTO MeTaJay € 3aJ0BiJIbHOIO
JIJIA BCiX 3pasKiB.

PesyabTaTu peHTI'€HOCIIEKTPAJIbHOI aHaJ i3u Ta BUMipIOBaHHSA TBEP-
JIOCTH MeTaJy, HaTOILJIEHOTO APOTaMU TPhOX THUMiB, MoKasaau (TabJ. 2),
110 MeTaJI BCiX TUMNiB Mae NPaKTUYHO OJHAKOBI XxeMiuyHUM cKJIad i TBep-
micTh. 8a MMMHU IOKAa3HUKAMH HATOIJIEHUII MeTaJl BifmoBimae HU3BKO-
JeroBaHi#l iHcTpyMeHTaNbHIN KpuIi S0B2X M.

IToTpi6HO BimsHauUMTM MEHINy 3a0pPyIHEHIiCTL MeTasly, HaTOILIEHOTO
IPOTaMu 3 ocepaaM i3 rpamyaboBanuM cromoM (NeNel, 2), y mopiBHAHHI
3 IPOTOM-ETaJI0OHOM, OCEPAS AKOT0 CKJIamaeTheA 3 pepocromiB (Ne3), Ta-
KuMu mKigauBuMu gomimkamu Ak Cyabdyp i Pocdop. Ile mae mosu-
TUBHO BILIMHYTH HA CTPYKTYPY Ta BJIACTUBOCTI HATOIJIEHOTO METAJY.
Kpim Toro, miAmazoH MoKasHUKiB TBEPAOCTH IJIS MeTaJy, HATOIIJIEHOTO
TIOPOIIIKOBUM APOTOM Ne3, HaNO1IbII ITUPOKUHA, IIT0 MOKE CBLIUUTH IIPO

TEPEERERT PR

Puc. 1. 3oBHiMIHIN BUTJIAL TOBEPXHIi 3paskiB, HATOIJIEHUX Y II’ATH IMIapiB ApPoO-
ramu NeNe 1-3 (a), Ta ixui nonepeuni maxkpouuridu (b).

Fig. 1. Appearance of the surface of the samples deposited in five layers with
wires Nos. 1-3 (a); their cross-sections (b).
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TABJINIIA 2. Xemiunuii ckaaz i TBEpAiCTh MeTaIy, HATOILJIEHOTO TOCTiTHUMU
IPOTaMMU.

TABLE 2. Chemical composition and hardness of the metal deposited by ex-
perimental wires.

N BwmicT xemiuHMX e1€eMeHTiB y HaTOIIJIeHOMY MeTaJi, % Bar. TrepmicTs,
" | Fe C Cr |Mo| W | V | Mn| Si S P HRC
1 0,19 1,2 1,64 1,70 0,50 0,3 0,56 0,020 0,022 30...32
2 0,19 1,2 1,71 1,74 0,51 0,3 0,56 0,021 0,024 29...31
38 |Ocu. 0,25 1,38 1,27 1,63 0,35 0,38 0,73 0,027 0,037 28...32
06,23 11’?4 11’?7 12’,50 06?5 06?5 06?5 <0,04<0,04 30..32

* IAHO PO3PAaXYHKOBUI XeMiuHM CKJIaJ i TBepPAiCTL HATOIJIEHOTO MeTAaTy.

OiMBITY XeMiUuHy HeOHOPiZHiCTE MeTay.

Ha pucyury 2 HaBegeHO TicTOrpaMM PO3MOAiNy BEJIUYNH CTPYMY Ta
HaAIpyTr#, TOOTO YACTOTHU HOSBU ITMX BEJIUUYNH, PO3LiJ€HOI IO IIPOMiXK-
KaxX. ¥YsarajJbHeHi PO3PaxXyHKOBi pe3yJbTaTH OI[IHKK CTabiJIbHOCTH
Ipollecy HATOIJIEHHA PiBHUMHU APOTAMU M AKOCTU TOILJIEHHA 1X HaBeJe-
HO y Ta0JI. 3.

3 HaBedeHUX JAaHUX BUIHO, IT0 XapaKTEPUCTUKM TOILJIEHHS IPOTiB
TPHOX TUIMiB 3HAXOAATHCS IPUOJJIM3HO Ha OJHAKOBOMY PiBHIi, IIpoTe Apo-
1 NeNel i 2 i3 ocepmaM y BUTIIAAI I'paHYJIBOBAHOTO IIOPOIIMKY MAaIOTh
BUIIi Ha = 25% Koe@dillieHTH PO3TOIJIEHHS Ta HATOILJIEHHSA Y IIOPiBHAHHI
3 IPOTOM-eTaJOHOM i3 IMUXTOI0 3 (pepocTomiB. Ile MOBUTUBHO MO3HAaYA-
€ThCd i Ha KoediieuTi BTpar, akuii y 2,9...4,0 pasu HMKYINIH I IPOTiB
NeNel i 2 y mopiBuAHHI i3 mpoToM-eTamornoM Ne3.

Haii6ins1mr cTabiJibHUM € IPoIlec HaTOomJIeH A ApoToM Nel: Bin xapak-
TEePU3YEThCI HAMEHIITUM JiAa30HOM KOJIMBAHD II0 BEINUYNHAM CTPYMY
Ta HAIIPYTH BiJ 3aJaHOTr0, IO HiITBEPAKYEThCS ricTorpaMaMu PO3MOIi-
Jy yactotu dikcarii BigzmoBigzumux mapametpiB (puc. 2) i xoegitieaTamu
ixHbOI Bapidarmii (Tadi. 2). HaiimeHImoo cTabiIbHICTIO XapaKTepU3yETh-
¢4 IPOITec HATOIJIEHHS IPOTOM-eTaJoHOM Ne3 3 ocepasaM i3 hepocTomiB.

BusnaueHi 3ajeXHOCTI MOKYTH OyTM MHOSICHEHI PLKHUIIEI0O B THUITI
IIMXTOBUX KOMIIOHEHTIB ¥ OcepAi MOPOIIKOBHUX APOTiB. I paHyIh0BaHMIIT
MeTaJeBUM TOPOIINOK € OiJBII YMCTUM Ta ONHOPIZHMM 3a XeMiuHUM
CKJAI0OM i (hiBMUYHMMU BJIACTUBOCTAMHU (TeMIIEPATYpPOIO TOILJICHH, eJje-
KTPOIIPOBiAHICTIO, TYCTUHOIO) ¥ MOPiBHAHHI i3 mopomkamMu pisHux de-
pocromiB [17], aKi BUKOPUCTOBYBAJIUCHL V OCEPIi IPOTy-eTajoHa, IO,
OUYeBUHO, Oy/le BIIMBATH Ha KiHETUKY IIPOIeCy TOILJIEHH.

Jlimmri moxkasHUKY TOMJIEHHsA Ta crabinbHOoCcTH y Apotry Nel y mopis-
HAHHI 3 ApoToM Ne2, B ocep/ii AKMX OYB I'PaHYJILOBAHUI IIOPOIIOK, MO-
JKe OyTU IOSCHEHO PiKHUIEI0 yV I'PAHyJIOMETPUYHOMY CKJIAMI ITOPOIII-
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Puc. 2. TicTorpamu yacTOTH pO3MOIiay 3HaUeHb cTPyMy (a, ¢, ) Ta Hanpyru (b,
d, f) sa maromnennsa nporamu Nel (a, b), Ne2 (¢, d) Ta Ne3 (e, f).

Fig. 2. Histograms of the frequency distribution of current (a, ¢, ¢) and
voltage (b, d, f) values under surfacing with wires Nel (a, b), Ne2 (¢, d)
and Ne3 (e, f).

KiB. fIk OyJ/i0 3a3HaUeHO BUINE, PO3Mip UACTHHOK IOPOIIKY B ocepxi
apoty Nel 6yB Big 50 o 300 mxm (puc. 3, a), a B gpoTi Ne2 — 200...250
MKM (puc. 3, b).

Ha mamry fyMKy, BAKOPHCTAHHS B OCEPAi METaJIOIIOPOIIKOBUX IPOTiB
KOMIIOHEHTiB Maii’Ke ofHaKoBoi ¢opmu Ta posmipy (200...250 mxMm) 3a
BHYTPiIITHBOTO AisgMeTpa apory vy 1200 MKM ITiJ yac BUTOTOBJIEHHS APO-
Ty ONPU3BOIUTHL A0 YTBOPEHHA 3HAUHOI KiJBKOCTH TYCTOT; KoedilieHT
MakoBaHHA 4YacTWHOK (1) ckJuaamae 83,5% (puc. 3,d), 1m0 HeraTUBHO
BILIMBa€ Ha KiHETUKY TOILJIEHHS IIOPOIITKOBOTO €JIeKTPOIHOTO IPOTY. 3a
BUKOPHUCTAHHA B OCEPAi IIOPOINKOBUX APOTIB YACTHMHOK i3 IMHUPOKUM
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TABJINIA 3. IlapameTpu AKOCTH TOILJIEHHA IIOPOIIKOBUX APOTIB i cTabiibHO-
CTH IIPOIIECY .

TABLE 3. Quality parameters of flux cored wires and process stability.

Twun gpory

ITapamerep ol o2 No3
Koedimnienrn, %:
- PO3TOILIIEHH Olp 17,1 16,2 13,6
- HATOTJIEHHSA Olx 16,8 15,8 12,6
- BTpAT 1,75 2,47 7,35
3amaHa BeIUYnHA CTPyMy, A 200,0
MinimanbHe 3BHAUEHHS CTPYMY, A 136,4 127,8 128,6
Maxcumanbie 3HaUEHHA CTPyMy, A 252,0 266,0 312,0
Cep. KBaJp. BiAXUJIEHHS IIO CTPYMY, A 27,51 28,67 34,60
CepenHe 3HAYEHHS CTPYMY, A 194,8 194,9 213,8
Koepimnient Bapiamii mo ctpymy ki, % 14,12 14,71 16,18
3amana BeJiMuvHA HAanpyru, B 28,0
MinimannHe 3HaUeHHS HAaIpyTH, B 26,03 25,91 25,27
Maxcumanbie 3HaUEHHA HATIPYTH, B 32,39 32,72 36,41
CepeqHbO KBaAPATUUYHUHN BiIXWJI 110 HATIPY3i, B 1,47 1,38 1,79
CepenHe 3HaUeHHS HAIpyTu, B 29,19 29,45 29,46
KoepimienT Bapiamii mo Hanpysi ku, % 4,73 4,99 6,08

IiAmasoHOM 10 I'panygomMerpuyHoMy ckaany (50...300 MKM) TaKUX mIycC-
TOT YTBOPIOETHCSA BHAYHO MEHIIe, Koe(iI[ieHT HaKOBaHHSA CKJIaJac
93,3% (puc. 3, ¢), IOPOITKOBUI APIT € GLIBII IMIILHUM Ta OTHOPITHUM i
TOIMUTHCSA OiJIbII cTA0iIBLHO.

Jocaim:xeHHA MiKPOCTPYKTYPU 3pasKiB HATOMJIEHOTO MeTasJy MOKa-
3aJ10, IIT0 30HA CTOILJICHHS MEPIOTo ITapy HATOILIEHOTO MEeTaay 3 MeTa-
JIOM OCHOBH B 3pasky Nel mae mupuny 6ausbko 20 MM (puc. 4, a). 3o-
HU IIeperpiBy Ta HEIIOBHOT'O PO3TOILIEHHA MAIOTh TOBITUHY 0113bK0 100
MKM, Ha IIJ0 BKa3yOTh MOPU30HTAJbHI JIiHiI B OyJ0Bi MeTa/y-OCHOBH.
CTpyKTypa HATOILJIEHOTO MeTaJIy Mo0J13y JIiHil CTOIJIEHHS XapaKTepu-
3Y€ThCS HAaABHICTIO IPiOHMX 3epeH CTOBIIYACTOI opieHTAIil, AKi MaOThL
HAIIPSIMOK 3POCTAHHSA IEPHEeHINKYJIAPHO METATy-OCHOBU — Y HAIIPSIM-
Ky TeIlJoBifiBeleHHA. BaromMmum y faHoOMy BUIQJIKYy € CIOCTEpPEKeHHdd,
III0 caMi 3epHa MEepPBUHHOTO ayCTeHIiTy (POpPMYIOThCI APiOHMMHU, a ixXHi
MeXKi 3aJIMINAOTHCA MAJOIOMITHHUMH ITicJIsg po3many Ha (epurt i copbi-
TomOMiOHMM mepJiT (puc. 4, b).

IlenTpanbHa YacTHHA HATOILIEHOTO MeTany (3—4-i map) spaska Nel
Mae Maii’Ke ONHOPiAHy OymOoBY NMEePBUHHO C(HOPMOBAHUX ayCTEHiTHUX
sepeH mupuHOoo y 40...60 MM i goB:xuHo0 ¥ 200...400 MKM Big TpeTho-
T'0 0 YeTBepToro 1mapy (puc. 4, ¢, d).
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3 BigmajaeHHAM BiJ MeTaJy-OCHOBHU 3a PO3IALy ayCTeHITY HiaBHUIITY-
€ThCSA HEOAHOPIAHICTL COPOiTOMOAIOHOrO MEPIIiTY Ta 301IBIITYETHCA PO3-
Mip hepuTHOI CKJIAIOBOI.

Y m’aromy mrapi Mexki 3epeH mpecTaBIEHO BUAIJIeHHAMU QepuTy, a
TAKOXK CIIOCTepiraeThcsa (POPMYBAHHA MiKPOOO’€MiB IICEBIOIEPJIITY

Puc. 3. 3oBHimuil Buriaan spaskis mopomry P6Mb5 (a, b) rpamynasmieio y
50...300 mxM™ (a) Ta 200...250 mxM (b); MOJEeb POSIOAITY YACTHHOK IIOPOIIKY
muxTu posmipamu y 50...300 mxM (¢) i 200...250 MM (d) v ocepmi IpoTy 30B-
HimmHIM gismerpom y 2,0 MM, BUTOTOBJIEHOTO 3i cTpiuKky TOBIIMHOIO ¥ 0,4 MM.

Fig. 3. The appearance of samples of R6M5 powder (a, b) with granula-
tion of 50...300 um (a) and 200...250 um (b); the pattern of distribution
of particles of the charge powder with sizes of 50...300 um (c¢) and
200...250 ym (d) in the core of a powder wire with an outer diameter of
2.0 mm, made of a tape with a thickness of 0.4 mm.
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(puc. 4, e, ).
Biu:xue 10 BepXHLOrO Kpaio HATOILJIEHOI'0 METANIy, V HEOMY (POPMY-

R ST mareeS
6] adéf‘%@: +
e

i

Puc. 4. MikpocTpyKTypa MeTasy m06u3y JiHil CTOIJIEHHSA MepIIoro HATOILIe-
HOrO miapy (Bropi) Ta ocHoBHOro MeTany (BHuU3Y) (a, b), a TAKOK MiKPOCTPYK-
Typa Tperhoro (¢, d) Ta m’atoro (e, f) mapis HATOIIJIEHOTO MeTary y 3pasKy Nel.

Fig. 4. The microstructure of the metal near the fusion line of the first depos-
ited layer (above) and the base metal (below) (a, b), and the microstructure of
the third (¢, d) and fifth (e, f) layers of the deposited metal in the sample Nel.
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IOThCA PiBHOBICHI IIepBUHHI 3epHAa ayCTeHITy, Micasa posmnanxy AKUX
YTBOPIOETHCS IPiOHOMMCIIEPCHA CTPYKTYPa, CX0MKa Ha CyMiIlll hepuTy Ta
TPOCTUTY TapTYBaHHS, ITI0 MOKHA IIOACHUTHU IIiTapTOBYBAaHHAM BEPX-
HBOT'O ITapy MeTaJly ITiJl Yac OCTUTaHHA 3pasKa Ha CIOKiliHOMY ITOBiTpi.

3pazok Ne2 3 GBI PiBHOMiIPHUM I'PaHYJIOMETPUYHUM CKJIAJOM OCe-
pas mopoinkoBoro apory (200...250 MKM) Mae 30HY CTOILJIEHHS ITTHPHU-
HOIO y 20...25 MKM; IMIUpPUHA Ta TPOTAKHICTL IEPBUHHUX 3€PeH aycTe-
HiTY € MEHIIIOI0, HisK B IomepeIHbOMY 3pasky (0amsbko 20 MM i 150—
200 MmKM BigmoBimmo). B cTpyKTypi HadgBHI MOOAMHOKI KPYyIIHi HemeTa-
JIeBi BKJIOUueHHd (puc. 5, a, b), a cama BoHa mpeacTaBiaeHa ApibHogMCIIE-
PCHOIO cyMiIio Gepury, copbiTomonioHoro mepaiTy Ta gpidHogmucIep-
CHIX KapOigHMX BKJIIOUeHL. Taki BifMiHHOCTI MOKHA IOACHUTU MEH-
IIIOI0 TEeMIIEPATYPOIO0 PO3TOIYy 3BAapPIOBAJILHOI BaHHU il Yac HATOIJIECH-
Hs, IO 3YMOBJIEHO OiJIbII KPYITHUM I'DAHYJIOMETPUYHUM CKJIQOM OCEp-
Is1 TIOPOLIKOBOTO APoTy Ne2. OueBHUAHO, IO 34 OSJHAKOBUX €HEPTOBU-
TpaTax PO3TOILJIEHHs OiJbIMOi KiJIBKOCTHM KPYIHUX YACTUHOK IINUXTHU
MEeTaJOIOPOIIIKOBOTO APOTY Oyae 3abupaTu Oinblile eHeprii; ToMmy TeM-
mepaTypa Takoro poa3Tony O0yme merno Hu:K4Yo0. Came ToMy, uepe3 MeH-
IITUH IIeperpiB, Oyae YyTBOPIOBATUCA OiJBINT MpiOHO3epHUCTA CTPYKTYpA i
Tak caMo uepes Ile PO3UNHEeHHA a00 BUBeIeHHA HeMeTaJeBUX BKJIIOUEHD
Oyme MeHIT e(eKTHBHUM. DymoBa IeHTpaJbHUX IMTapiB HATOIJIEHOTO
MeTaJry 3paska Ne2 Mae TeK 3MilllaHy CTPYKTYPY KOJUIITHIX ITIePBUHHUX
3epen (puc. 5, ¢, d). MikpocTpyKTypa Iiei obgacTu Tak caMo xXapakxTe-
PHU3YETHCA MOHUKEHOI PIBHOMIPHICTIO Ta mpeacTaBjieHa KPYIITHUMH Bi-
IOKPEeMJICHIMHU JiJAHKaAMU (PePUTy 1 cOpOiTOIOAiOHOrO mepaiTy, AK i B
3pasky Nel. Okpemi MiKpoo6’eMu 3a CBO€IO OYI0BOIO OiJIbIlle HATAAYIOTh
mepJiT abo mcesmonep it. Cain BifzHaunTH HAABHICTL IMOP i HeMeTae-
BUX BKJIIOYE€Hb. Y BEPXHIiNA YaCTHMHI HATOILJIEHOTO METaJy (DOPMYIOThCS
piBHOBiCHI ImepBUHHI 3epHa aycTeHiTy (puc. b, e, ). OTiKe, PO3TIAHYTI
XapaxkTepHi 30HN 3paska Ne2 € cX0:KUMHU Ha aHAJOTIUHI 30HU momepes-
HBOT'O 3pa3Ka. XapaKTepPHOIO BiIMiHHICTIO TYT MOKHA Ha3BaTHU IIOMiTHO
BHUCOKY KiJIbKiCTh ITOP i HeMeTaseBUX BKJIOUEHD y 3pasky Ne2. dopmy-
BaHHA IX i 3aJIUINOK, AK BiKe OyJIO CKasaHO, € HACIIIKOM HOHMKEHHS
TeMIepaTypu 3BaplOBaJbLHOI BaHHU, IO IIOB’sI3aHEe 3 BUKOPUCTAHHAM B
ocepAi IMOPOILIKOBOTO APOTY OiJIbIIT KPYIHUX YACTUHOK.

3pasor Ne3 mMae HaAWOIJIBINT BUpaKeHY I'PAli€eHTHY CTPYKTYPY 30HU
CTOILJICHHS TA HEeIIOBHOTO PO3TOILIEHHA, ITNPpUHa SKuX cKaagac 40...100
MEKM (puc. 6, a), a 6iabIe 3HaUeHHS BigmoBizae oci, Mo AKii y 3BaproBa-
JbHY BaHHY IIOJaBaBCs TOIIKHI eJeKTPONHUN mopomnrkoBuil apit. Ilep-
BMHHI ayCTeHiTHI 3epHa HaATOILJIEHOTO METajJy MaloTh OyIOBY Ta PO3Mi-
PH, CXOKi Ha Ti, AKMMHU XapaKTepuayeThcsa 3pasok Nel. Ixua mmpura
CKJIaJae B cepegunoMy 25 MKM, a moB:kuHaA — 20 mrxM. Ilicaa posmanmy
ayCTeHIT yTBOpPIOE OiJbIN KPYHOHY, HidK y IOIepegHiX 3pasKiB, cyMir
depury Ta copbiTomnomibuoro nepiaity (puc. 6, b). Ha 11e Mmoske BIImBaTu
JIeIro migBUIeHa KiadbKicTh Cuiinito B HaTomaeHomy MeTtasi Ned aK He-
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Kap0imoyTBOPIOBAJILHOTO (pepuTHOrO cTabisizaTopa.
Y 6ymoBi HATOMJIEHOTO ITapy BigAMiueHO pidHOMAHiITHI MiKpomedeKTn
— IIOPU Ta KPYIHI HeMeTaJieBi BKJIOUYeHHsA. BymoBa meHTpaJbHUX IIIa-

Puc. 5. MikpocTpyKTypa MeTany modausy JiHii CTOIJIeHHS MepIoro HATOILIe-
HOrO Imapy (Bropi) it ocHoBHOTO MeTaJy (BHU3Y) (@, b), a TaK0K MiKPOCTPYKTY-
pa Tpetboro (¢, d) Ta n’ssToro (e, f) 1apiB HATOILJIEHOTO METAIY ¥ 3pasKy Ne2.

Fig. 5. The microstructure of the metal near the fusion line of the first depos-
ited layer (above) and the base metal (below) (a, b), and the microstructure of
the third (¢, d) and fifth (e, f) layers of the deposited metal in the sample Ne2.
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piB HaTOILTEeHOro MeTaJy B 3pasKy Ne3d Mae CcxX0Ky OyZOBY HEepPBUHHO
YTBOPEHUX 3€PeH, IIOPiBHAHO 3 IIEPIIIMMU IIIaPAMMU.
Ilicisa posmanmy aycTeHITY B TPETHOMY Ta UETBEPTOMY IIapax Ha Me-

Puc. 6. MikpocTpyKTypa MeTasry modausy JiHii CTOIJIEHHS MepIoro HATOILIe-
HOrO Imapy (Bropi) it ocHoBHOTO MeTaJy (BHU3Y) (@, b), a TaK0K MiKPOCTPYKTY-
pa Tpetboro (¢, d) Ta n’ssToro (e, f) 1apiB HATOILJIEHOrO MeTAY ¥ 3pasKy Ne3.

Fig. 6. The microstructure of the metal near the fusion line of the first depos-
ited layer (above) and the base metal (below) (a, b), and the microstructure of
the third (¢, d) and fifth (e, f) layers of the deposited metal in the sample Ne3.
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JKax HOro KOJIMIITHIX 3epeH YTBOPIOETHCS BeJNKa KiJbKiCTh KPYIIHUX
minaHor depury (puc. 6, ¢, d). Take sBuIle IMOBipHiITe 3a Bce € pe-
3yJILTATOM HEPiBHOMipHOTO PO3IOMiJy PisHMX KOMIIOHEHTIB (depocTo-
IIiB) MIMXTHU METAJOMOPOIIKOBOro ApoTy Ne3. 3oxpema, 36iIbIIeHHA (e-
PUTHUX OiJAHOK HAMOiJIbIIe OB’ sI3aHe 3 IIiABUIIEHOI0 KOHIIEHTPAI[iEIO
Cuimiro i immmux ¢pepuTocTadiIisyBaJIbHIX €JIEMEHTiB.

BraszaHa 0co0JUBiCTh HEOTHOPIZHOCTH XEMiUHOT'O CKJAAy IPOTY 3
($EepoCTOTHNM HANOBHEHHSM IIe OiJIbII KOHTPACTHO IPOSABIAECTHLCA
BepxHix mapax (puc. 6, e, f). Bonmouac, aycTeHiT y HUX Ma€ IeHIPUTHY
OyIOBY, II[0 BKasye Ha OiJIBLINTY TPUBANICTL KPHCTATi3aIlii Ta MOMKJINBE
YTBOPEHHA eBTeKTUKM. BiJIbIll TpruBajia KprUcTajisalid BepXHiX HATOII-
JEeHUX IapiB TaKOX IIiATBEPAKYETHCA YTBOPEHHAM CTPYKTYPH, AKa
OiyBITIe cX0Ka Ha IMepJiT abo copbiTomoxiOoHmii mepaiT oKpemo Bin hepu-
Ty. ¥ BepXHiX IMapax TaKOK BiflaHAUEHO BEJIMKY KiJbKicTh MiKpozede-
KTiB, AKi SBJIAIOTH CO00I0 HEMeTaJIeBi BKJIIOUEHHSA Ta, 3pigKa, IOpH.

Tpeba BiA3HAUNTU HAABHICTL y IEHTPAJIBLHIM YACTUHI HATOIJIEHOTO
MeTaJry 3paska Ned posMerKkyBaHHA CTPYKTypH (puc. 7, a) Ta Hepo3TOIl-
JeHuX (pparMeHTiB HOPOIIKOBOTrO APOTY (puc. 7, b), 1110 BKa3ye Ha HeOoJ-
HOPiZHICTL XeMIiUHOI0O CKJIAZy IINXTOBOI CYMIiIlli MEeTaJIOIOPOIIKOBOTO
HaTOIIHOTO IPOTY, OCEPAA AKOT0 CKJIALAEThCH i3 (hpepocTomiB.

3arajgom, MOKHA CKasaTH, IO HATOILJIEHMH MeTaJ 3paska Ne3 mae
HaMOiJbII HEOJHOPIAHY OYIAOBY, IO OB’ A3aHe 3 TUIIOM OOpPaHOI IMINXTH
I BUPOOHUIITBA HATOITHOTO APOTY — pisHUX (epoctorriB. Heomuopiz-
HUH XeMiuHUU cKJaz i ¢pisuuHi BiaacTuBocTi epocTomiB, a TaKoK Oi-
JIbINIA KiJTbKiCTh TOMIIIOK V HUX, 30KpeMa Cuiriniio, cupuse yTBOPEHHIO
Takoi OiJbIIT HEeOTHOPIAZHOI CTPYKTYPH Ta IIiABUINEHHIO KiJIbKOCTH Ie-

E e

Tine AR B

Puc. 7. MikpocTpyKTypa MeHTPaJIbHOI YaCTUHU HATOIIJIEHOT'0 METANy B 3Pa3Ky
Ne3 i3 BupaskeHUM PO3MEKYBAaHHAM CTPYKTYpPHU (@) Ta HEPO3TOIJIEHUMU BKJIIO-
YEHHSIMU OCEP/s ITOPOITKOBOTO APOoTY (b).

Fig. 7. Microstructure of the central part of the deposited metal in sample Ne3
with pronounced demarcation of the structure (a) and unfused inclusions of
the flux cored wire (b).
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(deKxTiB i HEMeTaJIeBUX BKJOYEHb 3pa3Ka, HATOILIEHOT'O IPOTOM 3 (hepoc-
TOIHOIO IIIUXTOIO.

Amnajiza po3momisly MiKpoTBEpPAOCTH IIO0 BMCOTI IMApiB HATOILIEHOT'O
MeTasry B 3paskax NeNel—3 mokasasa (puc. 8), 1o MiKpoTBepaicTh oc-
HOBHOT'O MeTaJIy 0iJisg JiHil cTomIeHHA y BCixX 3pasKkax mpubJIM3HO OqHA-
KoBa Ta ctaHoBuTh HV1 1280...1320 MIIa. MikpoTBepAicTh B IEePIIOMY
HATOIJIEHOMY ITapi CTaHOBUTL: B 3pasky Nel — HV1 1910...2230 MlIIa,
NeNe2 ta 8 — HV1 1850...2150 MIIa. B nmenTpanbHill yacTHHI HATOILIE-
Horo Merany (3-ii map) MikporBepmicTh 3paska Nel cranoButTh HV1
2400...2500 MIIa, spaska Ne2 — HV1 2300...2410 MIIa, spaska Ne3 —
HV1 2330...2450 MIla. B ocranubomy, II’ATOMY, HATOILIEHOMY Iapi
MikporBepAicTs 3paska Nel cranmosuts HV1 2600...2670 MIIa, Ne 2 —

& 34003
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Puc. 8. Posmozin MmikpoTBepZ0oCTH II0 IMIapax HATOILJIEHOTO MeTaJry 3paskiB Nel
(a), Ne2 (b), Ne3 (c¢) Ta perpeciiiui piBrarEa (1-3%) omepKaHuX 3aIeKHOCTEH

(d).

Fig. 8. Distribution of microhardness in the layers of deposited metal of sam-
ples Nel (a), Ne2 (b), Ne3 (¢), and regression equations (1°—3%) of the obtained
dependences (d).
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HV1 2500...2550 MIla, Ne 3 — HV1 2530...2600 MIla.

PesyabTaTu MiKpoAIOPOMETPUYHNX MipPAHDb CTPYKTYPHUX CKJIQIOBUX
Y OKpeMUuXx JiIgHKax 3paska Ned moxkasaju, 1110 TBEPAiCTh ACKPABO BU-
pakeHUX JIKBAIlifi 3aJUIIKOBOTO AaycCTeHiTy craHoBuTh HV1
2540...2740 MIla, a TBepaicTh (pepuTHOI CKIaM0OBOI HabaraTo BUIA —
HV1 3220...3830 MIla (puc. 6, ). MikpoTBepaicTs epuTHOI CKJIaI0BOI
y aHajoriumiii somi spaskiB Nel i 2 (pme.4,f i 5,f) cknamae HV1
2640...2970 MIla, a saauimkoBoro aycreuity — HV1 2060...2280 MIla;
Ta BOJHOYAC BAKJINBO, IIT0 CTPYKTypa 3paskiB Nel i 2 € 0inbIir ogHOPIA-
HOIO i B Hiff Taki JiKBaIiliHi TiJIAHKY MEHIII BUPasKeHi y IIOPiBHAHHI 3i
3pasxom Ne3.

TakuM YMHOM, BU3HAUEHO, IO (DEPUT, AKUI OTOUYye 3epHA KOJIMIII-
HBOT'O ayCTeHiTy, Mae OinbIni 3HaueHHS MiKpoTrBepmoctu. Ile osznauae,
IIT0 BiH Mae BUCOKUH CTYIIiHL JleTOBaHOCTH (hepuTHUMHU cTabdimizaTopa-
mu — Xpomowm, Banagiem, Momiogernom, Cuminiem i Boasppamom. Bu-
COKHUM BMICT iX y OKpeMUX OiJAHKAaX 3paska Ned y mopiBHAHHI 3i 3pas-
kKamu NeNel i 2 moske IMOsACHIOBATHUCSA HEIIOBHUM PO3TOIJIEHHAM KOMIIO-
HEHTiB IINXTHU, AKa CKJIAJAEThCA i3 PidHUX (DEPOCTOIIiB, HEJOCTATHLOIO
TOMOTeHi3alIlie}0 XeMiUHOTO CKJIALy YTBOPIOBAHUX MiKP000’e€MiB PO3TO-
my Ta, AK HaCJiJIOK, — YTBOPEHHAM JiKBaIlifi. Bucokuit cTymiHb jery-
BaHHA (DEepUTY € OJHUM 3 UMHHUKIB 110T0 BUCOKOI TBepaocTu. JlomaTKo-
BUM YMHHUKOM TaKOK MOJKe BUCTYIIATH HaABHICTBL y depuri apidoHMX
KapbimiB, AKi MOTJIM AK YTBOPUTHUCSA B GepUTHUX 3epHAX, TaK i mepenTu
10 iIXHBOT'O CKJIaay 3 (DePOCTOIIiB 3a PAXYHOK HEIIOBHOI'O PO3TOILIEHHS 1X
i po3unHEeHHH.

ExcnepuMeHTaIbHO BU3HAYEHO, IMO MiKPOTBEPIicTh y 3paska Nel
TPOXU BUIIE 3a MOKAa3HUKAaMU y opiBHAHHI 3i 3paskamu NeNe2 i1 3. Ok-
piM Toro, MOKa3HUKM MIKPOTBepAocTU 3paska Nel xapakTepusyoThCs
MEHIIIOI0 BEJUUYMHOI0 AUCIepcii, 1o Moxe OyTH MOSCHEHO OCOOJIMBOC-
TAMHA XapPaKTEePUCTUK OCePIs MOCTiTHMX IOPOMIKOBUX APOTiB, OIMCA-
HUMH BUIIE Ta, K HACJIiTOK, OiJbIIIOI0 cTa0ilJIbHICTIO ¥ IPOIleci HaTOIm-
JeHHsa aporoM Nel. BHCOKHMI CTPYKTYpPHUH #H, OUeBUAHO, XeMiuHUI
CTYIIiHb HEOJHOPiMHOCTHM HATOILIeHOro MeTanry Ned MoKe HeraTHUBHO
CKas3aTHCsA Ha MOro eKCIIyaTallifHMX BJACTHUBOCTAX, OCOOJMBO AKIIO
moAi0Hi meTasi OyAyTh HpaIlOBATH B YMOBaX aOpasvMBHOTO UK BTOMHOIO
3HOITYBaHHS.

4. BUICHOBRKH

1. EKcrepuMeHTaJIbHO BU3HAYEHO, 1[0 THUII i I'PAHYJIOMETPUUYHNN CKJIIAT
MeTaJIeBUX KOMIIOHEHTIB OCepas MeTaJOIIOPOINKOBUX IPOTiB MAalOTh
3HAUYHUN BIJINB HA XapaKTePUCTHUKHU Ta CTAOiIBLHICTE IIPOIleCy eJeKTPOo-
IYTOBOTO HATOILJIEHHA MEeTaJIOMOPOINTKOBUMM IPOTaMU, IO, AK HAaCJi-
JIOK, TIOBHAUAETHhCA Ha XapaKTEePUCTUKAaX HATOILJIEHOT'O MeTasJy Ta oro

CTPYKTYPIi.
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2. BukopucTaHHS B SKOCTi ocepIa IIOPOIITKOBUX APOTiB I'PaHYIbOBAHUX
CTOIiB, XeMiUHO OGiJIBII YMCTUX i OiJIBIIT OMHOPIAHNX 3a PisUUHMMU BJIA-
CTHUBOCTSIMM, YMOMKJWBIIIOE IIABUINMUTH 3BapPIOBAJbLHO-TEXHOJIOTiUHI
BJIACTUBOCTI MOPOIIKOBUX APoTiB Ha 20...30% y IOPiBHAHHI i3 APOTOM-
€TaJIOHOM, B OCEPAi IKOT0 BUKOPUCTOBYBAJIMCS CTaHIAPTHI (hepOoCTOIIH.
Boguouac, HaMOiILIIOI CTabLJIbLHICTIO Bij3HAUEHO IIOPOIIIKOBiI ApPOTH,
I'PaHyJIOMETPUYHHUN CKJAN OCcepAsa AKUX 3HaXOAUThCA B Mexkax 50...30
MKM i gKi XapaKTepusyoTbcA BUIITUM KoedillieHTOM ITaKOBaHHA.

3. BuirnesasuHaueHi oco0JMBOCTI NMPUBOAATL A0 AEAKOTO IIiABUIIEHHSI
MiKpOTBEPAOCTH MeTaJy, OiJbIIIOI OZHOPIAZHOCTH IOTO CTPYKTYpPH Ta
3MEHIITeHHA KiJIbKOCTH MiKpoaedeKTiB mig yac HaTOIJIEHHA APOTaMu i3
ocepasaM 3 I'PaHYJIbOBAaHUX CTOIIB y IIOPiBHSIHHI i3 MeTaJIOM aHAJIOTid-
HOT'0O XeMiYHOT'0 CKJIay, HATOILJIEHOT'O IIOPOUTIKOBUM JPOTOM 3 (pepocTo-
MHOIO IITUXTOIO B OCEPi.
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Kinetics of Interaction of II'T-4 Grade Ti with VN
and Graphite during Mechanical Alloying
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A detailed x-ray diffraction study of test samples selected after each hour of
the mechanochemical processing of two equimolar (IIT-4 Ti)-VN and (IIT-4
Ti)-VN-C blends in a high-energy planetary ball mill is carried out. Initial
mixtures contain individual VN and Cc: (graphite), as well as TiH: and o-Ti
phases in IIT-4 grade titanium powder. Because of the crystal-structure re-
finement of each phase existing in the mixtures milled, it is shown that the
interaction between the charge components occurs in two stages during 10
hours of processing. Namely, the formation of vacancies in VN phase domi-
nates at the first stage, which is accompanied by embedding of released V at-
oms into the tetrahedral voids of the TiH: structure and dehydrogenating of
TiH:. The second stage is characterized by embedding of Ti atoms forming
because of a-Ti destruction into VN crystal lattice with a concurrent embed-
ding of carbon atoms into the TiH: structure. The final products of the mech-
anochemical synthesis, in addition to a-Ti, contain the following compounds:
= TiVo.ssHo.es ((IIT-4 Ti)~VN blend) and = TiVo.33Ho.66Co.22 (IIT-4 Ti)-VN-C
blend) on the base of TiH: hydride, as well as = Vo.67Ti0.33No.93 (both blends)
solid solution on the base of VN. Nanoscale final products (crystallite size of
up to 20 nm) of the mechanical alloying will be compacted to determine the
stability of the new phases formed and to study the properties of compacts
prepared in order to find out prospects of their further application.
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ITpoBenmeno mokJIamHe PEeHTI'eHiBChbKE MOCTiM:KEHHS TecTOBMX HpPob, BimiGpa-
HUX yepe3 KOKHY TOIUHY MeXaHOXeMiuHOTO 00pO0JIEHHA Y BUCOKOEHEePreThY-
HOMY IIJIaHeTapHOMY MJIMHI ABOX ekBimonapHux cywmimei (IIT-4 Ti)-VN i
(IIT-4 Ti)-VN-C, axi mictaTts VN i Car (Tpadir), a Takosx TiH: i o-Ti B mopo-
mwrKy Tutany mapku I1T-4. B pesysbTaTi yTOUHEHHA KPUCTAIIYHUX CTPYKTYD
$a30BUX CKJIAOBUX, HAABHUX B 00pOOJIEHUX CyMiIax, MOKas3aHo, 1o 3a Jac
mpoBeneHHA eKcunepuMeHTY (10 roguua 06pobIeHHA) B3BAEMOAIA Mi*K KOMIIOHE-
HTAMU IIIUXTUA TPOXOAUTH y ABa eTanu. A came, Ha MePIIOMY eTali CUHTe3’
IoMinye mpoiiec hopMyBaHHS BaKaHCiN y HiTpuai VN 3 momanbpminMm BTijieH-
HaM aToMiB Baunaniro, AKi uepes 1e yTBOpHMIINCA, IO TETPAEIPUUYHUX IIOP CTPY-
krypu TiHs, a Tako:x nepebirae nportec gerinpysanua TiHz. Ha npyromy erami
BinOyBaeThCcA BTiNieHHA H0 cTpyKTypu HiTpuny VN aromis Turany, axi yTso-
PIOIOTHCS B Pe3yJIbTaTi pyHHYBaHHS CTPYKTYpHu o-Ti, a TAKOK BTiJIeHHS aTo-
miB Kapbony no crpykrypu TiH:. Ilorkazano, 1mio ¢hiHagbHI IPOSYKTHI MeXaHO-
xeMiunoi cuHTEe3U, OKpiMm 0-Ti, micTare Taki cmosyku: = TiVo,s3Ho 66 (B cyminri
(IIT-4 Ti)-VN) i =2 TiVo,33Ho,66Co,22 (B cymimti (IIT-4 Ti)-VN-C) sa ocHoBi riz-
puny TiH:, a Takox TBepauit po3umH = Vo,67T10,33No,903 (B 060X cymimiax) Ha oc-
HOBi HiTpury VN. Oxep:xkaHi HaHOPO3MipHI MaTepiany OyLyTh KOMIAKTOBaHI
[JIs1 BUBUEHHSA BJIACTMBOCTEH i BU3HAUYEHHA IOJAJBINNX IIE€PCIEKTUB IXHBOTO
BUKOPUCTAHHS.

KarouoBi cioBa: mexamoxeMiuHa CHHTe3a, TiApwWI, HIiTPpUI, KpucTaJdidHa
CTPYKTYpAa, PEHTI'eHiBChbKa Au(pPaKITis.

(Received 18 March, 2025; in final version, 10 May, 2025 )

1. INTRODUCTION

Titanium and its alloys are widely used in medical device industry due
to such characteristics as low Young’s modulus, excellent corrosion
resistance and increased biocompatibility [1-3]. Therefore, such tita-
nium alloys as T6Al4V, T6Al4V (ELI) (so-called medical titanium al-
loys) are widely used in the manufacture of surgical instruments, ex-
ternal and internal prostheses, implants, etc. [4, 5].

Usually the sponge titanium (99.1-99.7% Ti) with Al, V and other
alloying elements are used to produce titanium alloys (including
T6Al4V (ELI) alloys). However, as mentioned in Refs. [6, 7] the addi-
tion of TiH; to initial charge of Ti alloy has a positive effect on mechan-
ical properties of the material manufactured due to compaction of its
microstructure and an increase in plasticity. Thus, the introducing of
TiH: as an alloying element with a pore-forming ability and as an ac-
tive agent in the synthesis of medical titanium Ti6Al4V made it possi-
ble to obtain a biocompatible material with a Young’s modulus of 5.8—
9.5 GPa, similar to human cancellous bone, which alleviates the prob-
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lem of mechanical mismatch between bone and metallic titanium im-
plant [8]. The titanium raw material that contains its hydride is indus-
trial titanium powder of grade IIT-4, which is specifically used for the
manufacture of medical implants.

Titanium carbide TiC is an ideal strengthening dopant for titanium
alloys [9]. However, a set of unique properties such as high melting
point and hardness, good thermal conductivity, high chemical stability
[10] and even biocompatibility [11, 12] are also inherent to VN. Since
TiC easily forms strong interfacial bonds with titanium matrix [9], it is
also interesting to specify the nature of interaction of VN with titani-
um matrix. In this research, the hydrated IIT-4 grade titanium powder
was selected as a component of the charge for studying the nature of
interaction of VN nitride with a titanium matrix.

Therefore, the aim of this work was to study in detail the kinetics of
interaction between components of two powder mixtures containing
IIT-4 Ti at mechanical alloying in a high-energy planetary ball mill.
Results of the study of test samples of the first equimolar (IIT-4 Ti)—
VN blend, which were selected after a certain processing time, are
aimed to define the nature of interaction of VN with Ti matrix. It is
also assumed that TiC formed at mechanical alloying may be an addi-
tional phase in the products of mechanical alloying of the second
equimolar (IIT-4 Ti)-VN-C blend.

2. EXPERIMENTAL/THEORETICAL DETAILS

Two equimolar mixtures, namely, (IIT-4 Ti)-VN (1:1) (marked as
Blend 1) and (IIT-4 Ti)-VN-C (1:1:1) (Blend 2) were the objects of this
study. These blends as starting components contain dispersed (up to 50
um) powders of IIT-4 Ti (98.0% wt. of purity), VN (99.9% wt. of puri-
ty) and graphite (C, 99.99% wt. of purity). Taking into account the re-
sults of our previous research [13], 1% vol. graphite was also added to
Blend 1 to prevent possible oxidation of a charge.

The prepared mixtures were placed in steel vials for further mechan-
ical alloying in a high-energy planetary ball mill. Processing of the
charges was carried out using steel balls (10 mm of diameter, the mass
ratio of the balls to powder was 20:1) at a rotation speed of 1400 rpm in
a cyclic mode (20 min of treatment and 10 min of cooling). Tempera-
ture of the working reactor of the mill did not exceed 100°C.

Phase transformations that the charge components undergo during
mechanical processing were studied by x-ray diffraction (XRD) meth-
od on the test samples selected after each 1 hour of milling. XRD data
were collected with TPOH-3M automatic diffractometer (radiation
CuK,) in a discrete mode under the following scanning parameters: ob-
servation range 20 =20°-100°, step scan of 0.05° and counting time
per step at 3 s. The original software package [14], including full com-



558 N. M. BILYAVINA, A. M. KURYLIUK, P. P. KOGUTYUK, and R. V. OSTAPENKO

plex of standard Rietveld procedures, has been used for analysis and
interpretation of the XRD patterns obtained. Namely, determination
of both peak positions and integral intensities of the Bragg reflections
by means of full profile analysis; carrying out qualitative and quanti-
tative phase analysis using the least square method for lattice parame-
ters refinement; testing of the structure models proposed and refining
crystal structure parameters (including coordinates of atoms, atomic
position filling, temperature parameter, etc.).

3. RESULTS AND DISCUSSION

The results XRD study of initial powders of graphite, VN and IIT-4 Ti
revealed the following: graphite and vanadium nitride powders con-
tain Cgr and VNy o3 phases, consequently, while IIT-4 titanium powder
is a mixture of TiH., completely filled with nitrogen atoms, and a-Ti
itself. According to the quantitative phase analysis, content of TiH,
phase in IIT-4 titanium powder is equal to 60% wt. (64% vol.). The
diffraction patterns of the initial equimolar Blend 1 and Blend 2 mix-
tures are shown in Fig. 1.

The results of XRD study of the interaction kinetics of IIT-4 Ti with
VN and graphite revealed following: the phase composition of the test
samples obtained from (IIT-4 Ti)-VN mixture (Blend 1) does not
change at mechanochemical processing, while the graphite phase in
test samples obtained from (IIT-4 Ti)-VN-C mixture (Blend 2) gradu-
ally disappears (Fig. 1).

VN and TiH: are the main phase components of all test samples but
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Fig. 1. Fragments of XRD patterns of the equimolar (IIT-4 Ti)-VN (Blend 1) and
(IIT-4 Ti)-VN-C (Blend 2) mixtures: initial and after processing in a ball mill.
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their crystal structure is somehow modified at mechanochemical pro-
cessing. First of all, the lattice parameters of these phases gradually
change (Fig. 2).

As a result of the calculations performed for refinement of the VN
crystal structure, it was found that ¢:—the filling degree of 4a position
by vanadium atoms—gradually changes, resulting in the total number
of atoms per lattice equal to 4¢; (Table 1). This undoubtedly indicates
the formation of atomic vacancies in the structure, the number of which
is 4(1 — q1) per unit cell. Figure 3, a illustrates the change in the total
number of atomic vacancies per VN lattice at mechanical alloying.

The crystal structure of TiH: phase undergoes transformations,
which are more complex. At the beginning of mechanical alloying this
phase keeps a cubic structure of the CaFs type, which transforms into
rhombohedral after 2 hours of milling due to internal deformation
(Table 1). However, external deformation of the crystal lattice is not
observed, which allows providing the lattice parameter calculations of
TiH; phase in the cubic syngony (Fig. 2, b). That is why further consid-
erations of TiH; lattice parameters will be presented in the cubic as-
pect.

According to our model (listed in Table 1 and presented in Fig. 4 in
cubic aspect), one half of the undeformed tetrahedral voids of TiH;
gradually loses hydrogen atoms, while another half of the tetrahedral
voids is partially filled with vanadium atoms, displacing hydrogen at-
oms at the same time. Those processes lead to a certain deformation of
voids at the beginning of mechanical alloying.

Analysis of the structural calculation data revealed that at the be-
ginning of mechanical alloying (up to 5 hours of milling) the amount of
hydrogen in TiH; rapidly decreases (Fig. 5), while the number of va-
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Fig. 2. Dependences of lattice parameters of VN (a) and TiH: (b) phases of
equimolar (IIT-4 Ti)-VN (Blend 1) and (IIT-4 Ti)-VN-C (Blend 2) mixtures
after their processing in a ball mill.
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TABLE 1. Crystal structure data for VN and TiH: phases of (IIT-4 Ti)-VN-C
mixture (Blend 2) at the beginning of its processing in a ball mill (3 hour of
milling).

Atom ‘ Site ‘ Site occ. ‘ x ‘ y ‘ z
VN
A% 4a 0.770(4) 0 0 0
N 4b 0.935 0.5 0.5 0.5
Space group F-43m (No. 216)
Lattice parameter a, nm 0.41138(6)
Total isotropic B factor, nm? B=1.82(3)-102
Phase Vo.77No.o3
Reliability factor Rz=0.006
Atom Site Site occ. x y z
Rhombohedrally distorted TiH:
Ti 3a 1.00(1) 0 0 0
A% 3a 0.28(1) 0 0 0.327(2)
H(1) 3a 0.72(1) 0 0 0.327(2)
H(2) 3a 0.55(2) 0 0 0.666(2)
C 3a 0.04(2) 0 0 0.666(2)
Space group R3m (No. 160)
Lattice parameter a, ¢, nm a=0,3121(2),c=0,7647(3)
Total isotropic B factor, nm? B=1.72(3)-102
Calculated phase content, at.% TiVo.sH1.3Co.04
Reliability factor Rz=0.02

cancies formed in the VN corresponds to the number of V atoms em-
bedded in the tetrahedral voids of TiH; structure (Fig. 3). At the same
stage, the carbon atoms from the graphite of (IIT-4 Ti)-VN-C mixture
(Blend 2) start to displace the hydrogen atoms in undeformed tetrahe-
dral voids (Figs. 4, 5). This leads to a decrease in the amount of graph-
ite phase in Blend 2 mixture (Fig. 1).

Certain stabilization of TiH; structure is achieved after 5 hours of
mechanochemical processing, when the undeformed tetrahedral voids
become empty: filling of the position with H(2) atoms is zero for Blend
1, while in the case of Blend 2 these empty voids are gradually filled
with carbon atoms (Tables 1, 2, Fig. 4). Moreover, the number of addi-
tional vanadium atoms in TiH: structure practically does not change
(Fig. 3, b). However, at this stage, other processes dominate, in which
the number of vacancies in VN structure gradually decreases (Fig. 3,
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Fig. 3. Dependences of atomic vacancies number in VN (a) and additional V
atoms in TiH: phases of equimolar (IIT-4 Ti)-VN (Blend 1) and (IIT-4 Ti)—
VN-C (Blend 2) mixtures after their processing in a ball mill.

a). The crystal data for VN and TiH: phases of the final product of the
mechanochemical synthesis of (IIT-4 Ti)-VN—-C mixture (Blend 2) are
listed in Table 2.

XRD results obtained here for test samples selected after each full
hour of mechanical alloying of equimolar (IIT-4 Ti)-VN and (IIT-4 Ti)—
VN-C mixtures in a high-energy planetary ball mill provide information
on the kinetics of interaction of the phases present in these blends,
namely, the TiH: and o-Ti phases, which are the components of IIT-4 Ti,
VN and graphite. It is shown that mechanical alloying takes place in two

Fig. 4. Crystal structure of the rhombohedrally deformed TiH: phase and its
projection presented in the cubic aspect. Slightly deformed VTis polyhedra with
V atom in the centre (Ti atoms is grey circles, V atoms is purple circles) and un-
deformed HTis and CTis polyhedra with a hydrogen or a carbon atom in the cen-
tre (hydrogen atoms is small black circles, carbon atoms is small green circles).
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stages regardless of the charge composition (presence/absence of graph-
ite). Each stageis characterized by its own mechanism.

At the first stage of mechanical alloying (up to 5 hours of milling),
part of V atoms leaves the crystal structure of VN, forming individual
V clusters in the reaction zone of a mill because of the applied shock
load. This process is accompanied by a gradual accumulation of vacan-
cies in VN (Fig. 3, a). Most of V clusters formed (probably as ions) are
embedded in the tetrahedral voids of the rhombohedrally deformed
structure of TiH:, which are released during its dehydrogenation
(Figs. 3, b, 5). At the same stage, the process of filling the released
voids of TiH; structure with carbon atoms begins, apparently.

At the end of the first stage of mechanical alloying, both dehydra-
tion and transformation of TiH; structure become balanced (the num-
ber of embedded V atoms does not change (Figs. 3, b, 5)). Therefore, at
the second stage of synthesis (after 5 hours of processing), in our opin-
ion, the process of embedding of Ti atoms (formed during partial de-
composition of a-Ti) into the crystal structure of VN prevails and leads
to a gradual decrease in the fraction of vacancies (Fig. 3, a).

It should be noted that during experiment, TiH: does not show any
signs of destruction (except for some dehydrogenation; Fig. 4), and its
interaction with VN and carbon leads to the formation of a compound
with the composition = TiVy.33Ho.66Co.22 (TisVH2Co.66). In turn, VN ac-
cumulates a certain amount of titanium, forming V.67Ti0.33No.03 solid
solution with about 16 at.% of Ti. These results fully correspond to the
data of Refs. [15, 16]. M. A. Roldan et al. [15] synthesized V.75Ti0.25No0.s7
solid solution in a nitrogen environment from mixture of pure metals
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Fig. 5. Dependences of the number of hydrogen atoms (circles) and carbon at-
oms (triangles) in the structure of TiH: of equimolar (IIT-4 Ti)-VN (Blend 1)
and (IIT-4 Ti)-VN-C (Blend 2) mixtures after their processing in a ball mill.
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TABLE 2. Crystal data for VN and TiH:z of (IIT-4 Ti)-VN-C mixture (Blend 2)
at the end of its processing in a ball mill (10 hour).

Atom Site ‘ Site occ. ‘ x ‘ y ‘ z
VN
A% 4a 0.640(4) 0 0 0
Ti 4a 0.300(4) 0 0 0
N 4b 0.935 0.5 0.5 0.5
Space group F-43m (No. 216)
Lattice parameter a, nm 0.41178(5)
Total isotropic B factor, nm? B=0.90(4)-102
Phase Vo.67T10.33No.93
Reliability factor Rz=0.026
Atom Site Site occ. x y z
Rhombohedrally distorted TiH:
Ti 3a 1.00(1) 0 0 0
A% 3a 0.33(1) 0 0 0.327(2)
H®1) 3a 0.66(1) 0 0 0.327(2)
C 3a 0.22(2) 0 0 0.666(2)
Space group R3m (No. 160)
Lattice parameters a, ¢, nm a=0,3120(2), c=0,7649(3)
Total isotropic B factor, nm? B=1.58(5)-102
Calculated phase content, at.% TiVo.33Ho.66Co.22
Reliability factor Rz=0.026

(Ti and V) using mechanochemical method, while according to our re-
sults [16] Vo.75Ti0.25N1.6 solid solution supersaturated with nitrogen was
synthesized by mechanical alloying of VN and TiN mixture.

Comparison of the nature of interaction between components of (ITT-4
Ti)-VN (Blend 1) and (IIT-4 Ti)~VN-C (Blend 2) mixtures based on the
kinetic curves shows that the processes studied here are occurring more
‘softly’ in the presence of graphite (Figs. 2, 3). The final products of the
blend component interaction are the following compounds: = TiV.33Ho .66
(Blend 1) and = TiV.33Ho.66Co.22 (Blend 2) based on the TiH., as well as the
solid solution = V.67 Ti0.33No.os (Blend 1, Blend 2) based on the VN.

4. CONCLUSION

1. A detailed XRD study of test samples selected after each hour of
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mechanochemical processing in a high-energy planetary ball mill of
two equimolar (IIT-4 Ti)-VN and (IIT-4 Ti)-VN-C mixtures, which
contain VN and Cg, (graphite) phases, as well as TiH; and o-Ti phases in
IIT-4 grade titanium was carried out.

2. Kinetics of interaction of the components was studied applying X-
ray diffraction method, based on the refinement of the crystal struc-
ture of each phase present in the mixtures milled.

3. It is shown that the interaction of the components of the mixtures
takes place in two stages. At the first stage, the process of formation of
vacancies in VN dominates, which is accompanied by embedding of
knocked out V atoms into the tetrahedral voids of TiH; structure and
dehydrogenation of TiH;. At the second stage, Ti clusters are embed-
ded into the structure of VN while the carbon atoms are embedded into
TiH; structure.

4. The final products of the interaction process at mechanical alloying
of the mixtures studied are following compounds: = TiVy.3s3sHo.¢s (Blend
1) and =TiVo.33Ho.66Co.22 (Blend 2) on the base of TiH:, as well as
= V.67 Ti0.33No.9s (Blend 1, Blend 2) solid solution of the base of VN.

5. The nanocrystalline (crystalline size up to 20 nm) final products of
mechanochemical synthesis, obtained in the work, will be compacted to
determine the stability of the phases formed, as well as to study the prop-
erties of these materials to find out prospects of their further application.

The work was carried out with the financial support of the Ministry
of Education and Science of Ukraine (project No. 24BF051-01) and a
grant for the promising development of the scientific direction ‘Math-
ematical Sciences and Natural Sciences’ at the Taras Shevchenko Na-
tional University of Kyiv.
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