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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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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
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(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 —
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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-
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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

b ~ . Blend 1 a TiH, Bl
e . e VN end 2
Ay MA‘ 10 ho‘urs N . i
g :gl . % MA 10 hours
. 1% A i, A -
il | et A
[+ Fy [ ]
2 A Aa MA 3 hc‘>urs . = & . MA 3 hours
= A ey ]
g i & g
g A g
= L] . 5 A *
= Initial * 5 . . .
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AL A
s0 40 ' s0 | 60 20 | 80 40 = 50 = 60
20, ° 28, °
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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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