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EdexTn «opéiTaasHoro ckaa». 2. Teepaicts. KBanToBa Teopis.
I'pynu I'axya

0. I. Minexk, B. M. ITymkap

ITnecmumym memanogisuxu im. I'. B. Kypdomosea HAH Ykpainu,
oyave. Axademirxa Bepradcvrozo, 36,
03142 Ruis, Ykpaina

Tsepaicts (M H) po3paxXoByeTbCsS y MPEACTAaBIeHHI 0araToeeKTPOHHUX OIle-
paToOpHUX CIIiHOPiB AK (Pa3oBUil mepexia 3 YyTBOPEHHAM «0POiTAJIBHOTO CKJIA».
Tuck imgenropa Pj; moisae (BuyTpimiHai) cunu 38’s13Ky Ee (30HHI, KOBaJIeHTHI
a6o0 in.). Exepria «opbiTaabHOro cKjaa» Eoc BUSBIAETHCSI HANOLIBIIIO0 B TOPO-
romiHHuX KaMiHHAX i Metanax (Pyg~ Eoc>> E.). Maraerse mose B? mig gac
Imepexony pasoM 3 gedopMmariiero uss BuOyZmoBye cerperariito iz L,||0z — rpyny
Tanya Gss. Y BeIuKuUX moax B? > B, JOMeHHI cTiHKI L’ BUpOMKYIOTBCA B He-
cuMeTpuUHi hasu (Byriaennb amophHMi) — AedeKTu KpucTany IiaMaHTy.

Karouosi ciioBa: «opbGiTanbHe CKJIO», KBAHTYBAHHS TBEPIAOCTH, AisIMAHT, JO-
MeHn, rpymu [anya.

Hardness (M H) is calculated by means of the method of many-electron opera-
tor spinors as phase transition with formation of ‘orbital glass’. Indenter
pressure Pjovercomes (internal) binding forces E. (band, covalent ones, etc.).
‘Orbital glass’ energy Eoc is the largest in precious stones and metals
(Puu ~ Eoc >> Ea). Magnetic field B® under transition, side by side with de-
formation uss, draws up segregation L,||0z—Galois group Gss. In large fields
B?*> B, domain walls L’ degenerate into asymmetrical phases (amorphous
carbon). These are defects of diamond crystal.

Key words: ‘orbital glass’, hardness quantization, diamond, domains, Galois
groups.
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(Ompumano 12 ciunsa 2023 p.; ocmamoun. eapisum — 30 6epesnsa 2023 p.)

1. BCTYII

HaiBamkauBinia siKicHa xapaKTepUCTHKA MaTepPisjly — TBepIicTh — €
MiKPpOBJIACTUBICTIO; BOHA CTBOPIOETHCA caMoopraHisalliero MoHiB Ta 1X-
HiX eJeKTpoHHUX B3aemojiii. llerani KoBajleHTHUX B3aeMomii HY
CTBOPIOIOTH I[I0 camoopraHisamiro. Ha ssckpaBomy npukJaani JOPOrOIliH-
Hux meranaiB (Au, Ag, Pt) i xameniB (missmanT, cMapara) o4eBUIHOIO €
cerperairist opbiTaabHIX MOMeHTIiB #oHiB L, [1]. Bigzomi ¢azosi mepexo-
ou (rpadiT—miaMaHT i T.II.) CTBOPIOIOTH MOHHY I'PATHUITIO cerperarieio
L, cyciguix #iouiB. Ille — mposaB KoBajseHTHUX 3B’ aA3KiB HV(L,). Cucre-
Ma 8B’sa3KiB #0HIB ['(Li—Ly:p) Ak map (L. ¥ T L.p) cerperye U2 ax op6i-
TajJbHe CKJIO — AK rpyny Lanya G. 3MIHIOETHCA TAKOMK THII I'PATHHUILL
[1, 2]. 3pasok U?3® neperBopioeTnes B opbiTanbHe ckio. B cromax U-Co
i T.11. IIe BUABJIAETHCA 3a 3MiHOIO hepoMarHeTHUX BJaacTUBoOcTeH ((hepo-
MarHeTHa aHizoTpomnid Ta iH.) [3]. BBogumo nomenu opbiTaabHOTO CKIa:
ysaranbHIOeMO rpymu L amya G2, G** i r.1m. Jl1s mepeBoLy 6araTogoMeH-
HOTO MiAMAHTy B OZHOJOMEHHUI (ZOPOTOIMiHHMI KaMiHb) HeoOXimmHe
TepMoMexaHiuHe 00po0JIeHHs B MAaTHEeTHOMY IT0JIi BZ.

2. TUCK P, KBAHTYBAHH{ TBEPJOCTH

Tuck P crBopioe 3arnubiaenna U. 3a 3oBHinraboro P = const saraubieH-
ua U(P) xapakrepusye TBepaicTb. Posmipu U, 3aye:xaTh Big eeMeHTap-
HuUX 30ym:xennb. MexaHiuHME BiAryK MeTasly Ha THUCK iHmemTopa P omu-
CYETBHCSA XBUJILOBUMU PiBHAHHAMUY AJIA ra3y (GoHOHIB i3 amimenHam x(t):

(m/2)(dx/dt)?=c+P/ec, (2.1)

Ile ¢ — IMBUIAKIcTh 3ByKYy. IIpaBa uacTuHa 0oro, KpiM BHYTPIiIIHIX cUJ
(3B’sIBKY) G, MiCTUTh TaKOK TuCK iHmeHTopa P. Cuiu 3B’A3KYy MiCTATH
tionHi 3B’sa3Ku ((pepmionu) i xoBasmentHi ['(r—r'). BuxopuctoByemo
IIpeJicTaBJIeHHA OaraToeeKTPOHHUX onepatopuux cuinopis (BEOC) [1]
IJs KOBAJEHTHUX 3B’A3KiB, 30KpeMa, 3 opOiTaIbHIMI YacTHHAMU 3d-
dyukmiii. Berununny TBepaocTu (aaa onmuunb Mooca M H < 10) 3maxo-
numo 3 (2.1):

G+PMH/C=O, GZZE]'<O, (2.2)
T0o6TO iHmeHTOpP (PMH > 0), cTBOpIOIOUM 3aTyINOJIEHHA, JOJIA€ BHYTPIIIHI

CUJIN 3B’ A3KY.
Poab Temmeparypu T mrykaemo, BKJIOUatouu (oHouu [4] Ta ix emep-
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rifo (siBa wactuna (2.1)). Sanexuicts Pyu(T) ogepKyemMo, BUpaKaoun
x(t) yepes MBUAKICTL 3BYKY V!

Vi=c+P/c (2.3)
Iasa Macu oua m;. Kinmeruuwna eHepris oHoHiB
Ekin = (I/vck)2 /zmi7 <E> = CVT (2.4)

BUpaKaeThcA uepesd TemaoMicTKicTs c(T). Ycepenuiowoun (2.1), omep-
JKYEMO JIJIS TBEPIOCTH:

PMH(T)ZPMH(O)—PTT, Pr~cy. (2.5)

TeepaicTh Pyy 8MEHINTYETHCA i3 3pocTaHHAM 1T, 1110 BIIJINBA€E HA TeM-
nepatypy TomwneHHI Tu(Pyw).

3. JOPOI'OIITHHI METAJIN (TA KAMIHH), OPBITAJIBHE CRJIO

Bennunna tBepaocTu Pyy — OfHA 3 XapaKTEPUCTUK MTOPOTOI[iHHAX Ma-
Tepianis: meraniB (Au, Pt ra in.), kameHiB (giamanTiB Ta iH.) i .. Pa-
30BU mepexin rpadit — miIMaHT mig THCKOM — O3HAKa 3MiHH CTPYK-
Typu (I'paTHUILL), TOOTO TTIepebynoBa foHiB. He crmocTepiraerncsa aromoBe
yIOpAIKYBaHHA, AK i cIIiHOBe.

3aniiaeTbCa, HAIPUKJIAL, cerperaiisa opoiTaabHIX MOMEHTIB HOHIB
(L), To6TO Iepexiz B «opbiTanrbHe cKiI0». Moru C'! (xBHIb0Ba (PYHKIIiA
y(r, L;)) cnaprotorbca [1] (cmonyueni 3 enepriero ['(r—r')). Cycigu r i
(r +a) cerperyiors (L, T4 Lya).

Cerperamnis op6itaabHux MoMeHTiB L, tomenu rpymu Iamya Gss (Nss
elleMeHTiB), 3a mpurjagzom U?2® [1], cTBOpPIOETBCS IApPOIO
[L3(T), L2, ({)]. Tapa momentis (L. T\ L..) 38’s3ama KoBaseHTHOIO
eHepriero

Fe=T(r-r)Y=zT/(r—r))expk(r—r'), Ns=2LNV(Gs). (3.1)

HomaTkoBa eHepria 3B A3KY B (asi opbiTambHOro ckia (miamanTy Ta
in.):

Ac(Gs3) =TNas. (3.2)
IlizcraBasiouu (3.1), omep:KyeMO JOJaHOK y ITpaBy yactuny (2.1):
AG(G33) = r0V(G33), (32,)

e V(Gss) — o6’emua gouia rpynu Gss B 3pasky. Tomi



720 O.I.MIIIEK, B. M. ITVIITKAP

AE =AcE(T), E(T)=Tg(T)=T(0)—- N(Gss)eT). (3.3)
ITo6musy nepexony (T — T¢) maemo:
E'|T—T0G|=AGT(T). (33')

3 (2.2) BU3HAUMMO TBEPHAICTL Ueped HAUPY:KeHHS iHmeHTopa Puypm.
Beogumo npy:xHiit Mogysab Css.
TeepaicTs

MHZPMH/C33=G/CC33. (34)

Byruens C!! (rpadiT) Mae BHYTPillIHIO eHepriio (eJIeKTPOHHY) Go, 1 #o-
'O TBEPIiCTH

MHZG()/CC33. (35)
Ilicna nmepexoxny rpagir—aigaMaHT Go —> Go + AC, 1 TBEPAiCTh AiAMaHTY
MHI(60+AG)/6033EAG/C033, (35')

T06TO TBepAicTs M H = 10, 1110 TOsICHIOE eKCcIIepuMeHT [5].

BuCHOBOK: yTBOpPEeHHA AiaMaHTy BuMarae audysii itouis C!! 3a marpi-
BaHHS 3 HACTYIIHUM OXOJIOMKeHHAM a0 T < Tog.

Hna yrBopeHHsa opbiTarbHOro cKJa Bumiadsemo Bics 0z (Cs)
L’ —» L3 , mix miero Hanpy:xeHHA P.. (a60 nedopmarii u..). Maraeror-

r ooz

PY*KHiCTB
E_. =)\ugL: (3.6)
Iie IpoTu auTu()epoMarHeTHoOl aHi3oTpoIil
Euur =-K) L, K>0. (3.6")

Bapisamia cym (3.6) i (3.6") mae enemenT rpynu Gss: uss = Pss/Css. 3Bin-
cu

(7)) = Mugy / 2K = (0 / 2K )y, - (3.7)
BuyTpiliHs eHeprisa opbiTaJabHOIO CKJIa

AGy, ~ TNy (I3) = Moy, / 2KCy . (3.8)
s onuiel gomenu (N3 = N)

AG,,(1) = T,,NhAo,, / 2KC,, . (3.9)
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Enepria opbiTanbHoro ckia, sriguo 3 (2.5), BU3HaYa€ TBEPAiCTD [i-
AMAaHTY:

MH = Acss/Css. (3.10)

3Bigcu MOKHA 3p00UTH BUCHOBOK, IT[0 YTBOPEHHA HAATBEPIOTO MTiAMaH-
Ty fige y Tpu eranu: 1) amopdiszamia (xaorusamnis) iouis C!, 2) opienra-
Iid opbiTalbHUX MOMeHTiB MarHeTHUM nojnem Bz (L, — L) (T a6o ¥),
3) BUCTPOIOBAaHHA eeMeHTiB rpynu I amya Gss (L, = Lzl s L="T a6o
{). KoBaseHTHi cuin Temep HaoTh cerperarmimo N eeMeHTiB map (LT,
L), N;—> N.

4. IOMEHMH B JISIMAHTI

Tpymu T'anya G; (L, L) (j=x, y, 2) Buginators gomenn (i, j). lis Ky-
O0iunoi r'paTHUIli (ZiAMaHTy) piBHOIMOBipHI Gj;. BoHu yTBOpPIOIOTHCSA ITO-
O0smusy Kepaa Byakany miciaa T — Toc. PasoBuii mepexin (rpadirt—
nismaHT) a1d T < Tos, B® > B, B KpUTHYHOMY HoJIi B?, AKe cerperye
dasoBuit mepexin, crBopioe momenu rpynou Gj; (exementu N~ N/3).
Me:xi misk momeHamu pyxomi. Bkarouenus nona B; (j=x, y, z=1, 2, 3)
JlaBU BYJKaHy cupuse cerperarii Gj. B ogmopigmomy mouri (Bs= B?) ce-
rperye ogua gpomena Gss.

O6pobieHHsa (TexXHiKa) 6araTofoMeHHOTo AiaMaHTy (mosem B? i Tuc-
KOM U33) YTBOPIOE ONHOAOMEHHUH AissmaHT. Ilepeximma noMeHHA CTPYK-
Typa[6, 7] mix gyac p0oro 3MiHIOETHCA.

5. BUCHOBERH

1. Ha mosi BEOC TBepAicTh SBHO BUPAKAETHCA Uepe3 KOBAJICHTHY B3a-
emogiro. ITepexin y cTaH opbiTaIbHOTO CKJIA 30i/IbIITYE TBEPAICTE.

2. IlepexigHi MeTamiu MarOThL TOMY MiABUINEHY TBepAicTh. Boma 306ijb-
ITYETHCS 3 IIePeX0IoM B «opbiTambHe cKI0». JlomaeThesa eHepria cerpe-
raii opbiTaIbHMX MOMEHTIB.

3. TBepmicts moporominaux meranaiB (Ag, Pt Ta im.) moB’a3ama 3 yTBO-
peHHAM «0pOiTATBLHOTO CKJIAY .

4. [lismauT (B cTaHi ogHiel nomenu (s3) BUHMKAE i yac Iepexony rpa-
diT—migMaHT 3a paXyHOK cerperaiii opbirtaarbHUX MOoMeHTiB. [[1s Tako-
ro Imepexony BasKJIUBIi medopmalrii uss Ta margetrHe noJje Bs. Boru peaJri-
3YIOTBCA IIiJ yac BUBEP:KeHHA BYJKaHy ab0 3eMJIeTpycCy.
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Electrophysical Characteristics of cBN—NbN Composite
Ceramics Doped with Al>0s, SisN4 and SiC
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Different additives’ influence on electric conductivity of ‘dielec-
tric/conductor’-type composites (namely, polycrystalline ¢cBN-based compo-
sites contained ¢BN as a dielectric phase and NbN as a conductor phase) is
investigated. Investigated samples are obtained by the application of HPHT
(high pressure-high temperature) sintering (P =7.7 GPa, T =2000°C). Elec-
trical-resistance dependences on the temperature and applied voltage are
measured for all samples. Obtained results’ analysis shows that all sintered
samples have a semiconductor nature of conductivity. It is interesting that
addition dielectrics (Al2Os, SisNy) as well as semiconductor (SiC) leads to the
electric-conductivity improve (drop in electrical resistance) for cBN-NbN
composites in some degree (despite the lower electrical conductivity of these
substances). Alumina whiskers’ addition to cBN—NbN composites leads to a
more significant drop in electrical resistance compared to powder particles’
addition (from 1.85 to 0.72 Ohm-cm for samples with whiskers (Al,Osw) and
from 1.35 to 0.17 Ohm-cm for samples with Al;O; powder). Hence, as con-
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cluded, the sample electrical conductivity is affected by both the additive
particles’ morphology and the grain boundaries’ state of the sintered poly-
crystalline ceramics.

Key words: dielectric, cBN, conductor, NbN, composite, additives, Al;Os,
SisNy, SiC, electrical resistance.

B poGori mocaimxeHno BIiMB pidHUX J00AaBOK HA €J€KTPOIIPOBiAHICTHL KOMIIO-
BUTIB THUNOY «IieJIeKTPUK/IPOBIZHMUKY» (MOJiKpUCTANiuHi 3pasKum Ha OCHOBI
¢BN mictunu ¢cBN B akocti gienrektpuunoi ¢asu Ta NbN — B AKkocTi mpoBigHOI
daswu). HocaimxyBaHi 3pasku 0yJ0 0fep:KaHo 3a JOIIOMOTOIO CITiIKaHHS 34 BU-
COKmuX THCKiB i Temmepatyp (P = 7,7 I'lla, T = 2000°C). 3ane:KHiCTh eJIeKTPUY-
HOTrO OMOpPY BiJ TeMIlepaTypu Ta IPUKJIAAEHOI HAIpPyru OyJi0 BUMIPSHO AJSA
BCix 3paskiB. AHaJtiza ofep:KaHUX pPe3yJIbTaTiB ITOKasaJia, II0 BCi creueHi 3pa-
3KM MalOTh HAIliBOIPOBiZHUKOBUII xapakKTep npoBigunoctu. IlikaBum € Te, 110
IomaBaHHA AK miedekTpukiB (AlxOs, SisNy4), Tak i mamiBopoBigaukis (SiC) me-
AKOI0 Mipo0 THOJNINye eaeKTpompoBigHicTh KomMmo3uTy cBN—NbN (HesBa-
JKalouy Ha MEHIY eJIeKTPOIPOBiAHICTh MuX peuoBmH). [JomaBaHHA BYCiB OK-
cuny Anomiriro 70 kommos3uTis cBN—NDbN npuBoauTh 10 6iIbIll 3HAYHOTO II0-
HUKEHHS eJIEKTPUYHOT'O OIIOPY HMOPIBHSHO 3 JOJaBaHHAM YACTUHOK IIOPOIIKY
okcuny Amrominiro (Bix 1,85 10 0,72 Om-cMm — guia 3paskis 3 Bycamu (AlOsw)
ta Big 1,35 10 0,17 Om-cm — 1A 3paskiB 3 mopomkom Al:Os). 3pobiaeHo Bu-
CHOBOK, III0 Ha €JeKTPOIIPOBiAHIiCTL 3pas3KiB BImBae K MOPQOJIOTis 4acTH-
HOK H00AaBOK, TAaK i CTaH MeXK 3ePeH CIIeueHol KepaMiku.

Karouosi ciioBa: gmienextpux, ¢cBN, nposiguuk, NbN, Kommosur, n00aBKwH,
Al,03, SisNy, SiC, eneKTpuuHnIii omip.

(Received February 19, 2023; in final version, April 13, 2023)

1. INTRODUCTION

Modern electronics is steadily moving towards terahertz region of elec-
tromagnetic waves. This is putting ahead the electro-physical proper-
ties necessary to achieve a high circuits’ electrons density with effec-
tive thermal management of its elements. One of the key problems is a
decreasing of charge carrier’s dissipation [1]. To lower the electron
scattering on phonons we can use a high-thermal conductivity dielec-
tric system in a thermal contact with a conductor/semiconductor [2].
Studies have been carried out of current propagation through the islet
gold films on a surface of the high-thermal conductivity ceramic die-
lectrics like aluminium nitride (AIN, 120 W/(m-K)) [3] and cubic boron
nitride (¢cBN, 160 W/(m-K)) [4], and through inclusions of metal-like
refractory compounds: titanium nitride (TiN) in polycrystalline AIN
[6] and niobium nitride (NbN) in polycrystalline cBN [6].

Materials with high thermal conductivity (diamond, GaN) and con-
ductor/high-thermal conductive dielectric systems in thermal contact
are most required for modern electronic applications. Experimental
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data’s accumulation in the field of materials for electronics applica-
tions is critically important for electron processes’ understanding in
such systems.

This article devoted to the electrical properties’ investigation of ‘di-
electric/conductor’ composites, that contains dielectric (¢cBN) and
conductor (NbN) phases. The aim of this work is to obtain the absolute
values of electrical resistance and to investigate the charge’s transfer
character (metal, tunnel, semi-conductive).

¢BN is high-temperature dielectric material. The electrical resistivi-
ty of polycrystalline cBN-based materials obtained by sintering at high
pressures and temperatures (even without activating additives’ using)
significantly depends on initial powders’ purity and can vary over a
wide range from 109 to 1013 Q-cm. The electrical conductivity of cBN-
based composite materials can be controlled by additives’ introducing
(usually electrically conductive additives use). Different refractory
compounds that are stable at high temperatures should be added to ini-
tial composition. The most widely used additions are refractory com-
pounds (nitrides, borides, and carbides of group IV transition metals
(titanium, zirconium, and hafnium)). We decided to use NbN as a
binder due to perfect properties’ set of this material (that listed be-
low). For instance, the superconducting nature of NbN has been ex-
ploited in low temperature superconducting electronics such as tunnel
junctions [7] and nanostructured single photon detectors [8]. Good me-
chanical properties such as hardness and toughness make it a suitable
material for wear protective coatings [9]. The chemical inertness of
NbN makes it a good material for corrosion protective coating. In [8],
NbN has also been studied as a possible cathode material in vacuum mi-
croelectronic devices. Furthermore, the chemical inertness, high melt-
ing point, and low resistivity are desired properties for a diffusion bar-
rier in microelectronic devices [10].

Hence, in this work ¢BN-based (dielectric material) samples with
NbN (semiconductor) using 5vol.% Al (conductor) as a sintering aid
and a getter of oxygen impurity. Dopants with different thermoelec-
trically properties and morphology were added to initial composition.
For instance, dielectric dopants (Al:Os and SisN4) with different mor-
phology (whiskers and powders) were added to the initial composition
(cBN—NDbN-AI). Samples with semiconductors’ dopant (SiCw) were al-
so sintered and investigated in the frame of this work. The investiga-
tions of microstructure and phase composition were done by the same
way as in paper [11]. It should be taken into account that in the studied
composites there is no phase interaction between ¢cBN and NbN [11].

2. EXPERIMENTAL

The stand designed for electrical conductivity measuring of superhard
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CMs was used to determine the samples’ resistance. This stand allows
to measure electrical conductivity in a wide temperatures and voltages
ranges. The electrical circuit of the stand allows to work both in the
current stabilization mode and in the voltage stabilization mode. The
electrical circuit mounted on the basis of Agilent 4339B and B79-42
electrometers. The measuring cell’s assembly is carried out using high-
quality dielectric materials that meet the electrical measurements’ re-
quirements in high-resistance electrical circuits. The measuring elec-
trodes have the form of flat parallel surfaces, between which the sam-
ple is clamped (at the same time, the volumetric characteristics of the
sample are measured). Electrical contacts were applied to the opposite
chemically cleaned surfaces of polycrystalline plates through a mask
(it was done for contact resistance’s reducing). Contacts have a shape
of a circle with a diameter of 7 mm. The use of an electrometer provides
arange of measured resistances R ~ 1075-10'3 Q3. All measurements (the
dependences of electrical resistance from applied voltage and their
temperature) were carried out in a vacuum chamber at a pressure of
p=103Pa. This allows excluding external influences. Measurements
carried out in the temperature stabilization mode in the wide tempera-
ture range (300-700 K).

The method of measuring the current and temperature dependence
based on the registration of the voltage drop on the sample depending
on the current (which passes through the sample in the temperature
stabilization mode).

The magnitude of the voltage drop across the sample was measured
using an NV724 nanovoltmeter.

3. RESULTS AND DISCUSSION

3.1. Discussion of the additions’ influence on the cBN-NbN compo-
sites’ electrical resistance

The influence of additions’ chemical nature on electrical resistance
was studied for ¢cBN-NbN, ¢BN-NbN-SiCw, and ¢BN—-NbN-SisN.w
systems by the help of methodics described before. The order of the
specific electrical resistance absolute value (Fig.1) points on semi-
conducting nature of conductivity for all samples. For all investigated
samples there was a decrease in the electrical resistance value with
temperature. This fact also evidences a semiconductor nature of elec-
trical conductivity. It is well-known fact that in semiconductor sys-
tems when the temperature increases, the number of charge carriers’
increases. Accordingly, at a constant voltage, the current increases
that means that the value of the specific electrical resistance decreases
(Table 1).
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Fig. 1. The dependence of electrical resistance on applied voltage (a, c¢) and
heating temperature (a,c,e) for samples: ¢cBN-35 vol.% NDbN (a, bd);
¢BN-25 vo0l.% NbN-10 vol.% SiCw (¢, d); cBN—25 vol.% NbN-10 vol.% SisN,w
(e, f) before (1) and after (2) heating up to 400°C.

The complex nature of specific electrical resistance dependence from
the temperature (Fig. 2) should be explained by the additives’ influ-
ence (because their introduction leads to the impurity levels’ creation
in forbidden zone). After all, it is known that intrinsic conductivity
and impurity conductivity can determine the electrical resistance of a
doped semiconductor in different temperature ranges. For instance,
temperature dependence of specific electrical resistance for aluminium
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TABLE 1. Electrical resistance of cBN-based samples with different whiskers
before and after heating.

¢BN ¢cBN cBN
Sample 35 vol.% NbN —-25vol.%. NbN | —25 vol.%. NbN
"0 ~10 vol.%. SiCw [-10 vol.%. SisN,w

Electric resistance be-

fore heating, 4.510.1 1.84+0.01 2.94+0.01
Ohm-cm

Electric resistance after

heating up to 400°C, 2.8+0.01 0.23+£0.01 2.77+£0.01
Ohm-cm

nitride has two clearly defined regions with different inclination’s an-
gles to the abscissa axis. This fact explained by the change in the con-
ductivity’s type (from intrinsic to impurity type of conductivity) [12,
13].

One of the additives in the studied composites, namely wurtzite
(hexagonal) modification of silicon nitride SisN4w (it is also designated
as f—SisNy4). p—SisN, is a good insulator (wide-band semiconductor with
5.18 eV bandgap). This addition couldn’t change the overall electrical
system resistance, because differing little in this physical quantity
from the ¢cBN matrix phase. On the other hand, the SiC addition (nar-
row-band semiconductor) has low electrical resistance. This addition
can significantly affect the overall electrical resistance of the studied
cBN-based samples.

MIRA3 TESCAN|

Fig. 2. The microstructure of non-reinforced (a) and whisker-reinforced (b)
samples.
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Niobium nitride is the main electrically conductive inclusion in the
studied system. The addition of NbN, together with others, brings the
composite with the cBN matrix phase into an integral electrically con-
ductive state. In addition, in the obtained ¢cBN-based composites, when
refractory compounds are introduced into the structure of the micro-
fibers, there is a sharp increase in the area of the interphase bounda-
ries, which can serve as charge transfer channels, i.e., additionally in-
crease the flow of electric current through the sample.

Obtained composites’ microphotographs show that the electrically
conductive phases form a continuous grid, hence, also serve as a charge
transfer channel (Fig. 2). It causes a decrease in the total electrical re-
sistance to the units (Table 1).

It can be concluded that in the studied cBN-NbN, cBN-NbN-SiCw,
and ¢cBN-NbN-SisN,w systems the electrically conductive additives’
content was equal to (or greater) than 30 vol. %. It means that the per-
colation threshold has been exceeded in these samples. i.e., they became
conductive for electric current.

Since it is known that the percolation threshold for three-
dimensional systems is approximately 17 vol. %, then the data we ob-
tained for cBN-based composites don’t contradict the general laws of
electric current flow in three-dimensional systems dielectric matrix—
conductive inclusions.

For instance, cBN-based composites with electrically conductive in-
clusions of titanium nitride (TiN) also had similar electrical re-
sistance’s behaviour [14]: the introduction of 30 vol. % TiN into the
¢BN matrix led to specific electrical resistance decreasing of material
by 10 magnitude’s orders (the electrical resistance of these composites
was 12 Q-cm).

3.1. Discussion of the additions’ morphology influence on the
¢BN-NDbN composites’ electrical resistance

Samples with the Al.O; additions also have a characteristic semicon-
ducting nature of conductivity (this is evidenced by the order of mag-
nitude of the electrical resistance) (Table 2).

The experimental results’ analysis showed that the samples’ specific
resistance both before and after heating the samples is almost inde-
pendent of temperature (Fig. 3, a and ¢). This fact indicates the homo-
geneity of the material structure of the studied samples, and may be
caused by a tunnel mechanism of a current. With the addition Al;Osw,
a more significant drop in electrical resistance is observed (Fig. 3, b
and d) than with the addition of aluminium oxide. It is explained by a
more significant increase in the area of interphase boundaries when
adding whiskers than when adding powder, and therefore, improving
the flow of electric current through the sample.
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TABLE 2. Electrical resistance of ¢cBN-based samples with Al.O; additions
with different morphology before and after heating.

¢BN ¢cBN cBN
Sample 35 vol.% NbN —-25vol.%. NbN | —25 vol.%. NbN
VoL.vo ~10vol.%. Al;05| =10 vol.%. Al,0s

Electric resistance be-

fore heating, 4.5+0.1 1.85+0.007 1.35+0.05
Ohm-cm
Electric resistance after
heating up to 400°C, 2.8+0.01 0.72+0.002 0.17+0.006
Ohm-cm
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Fig. 3. Electrical resistance’s dependence on applied voltage (a, ¢) and heating
temperature (b, d) for the samples: ¢cBN—25 vol.% NbN-10 vol.% Al:Osw (a,
b); cBN—-25 vol% NbN-10 vol.% Al:Os (¢, d) before (1) and after (2) heating up
to 400°C.

4. CONCLUSIONS

It is established that all investigated samples of dielectric/conductor
composites cBN—Al;03—SisN4/NbN-SiC both by the order of the abso-
lute value of the specific electrical resistance and by the nature of the
temperature dependence (decrease in the value of the electrical re-
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sistance with temperature) are semiconductors. The impurity mor-
phology’s influence on the electrical conductivity of sintered samples
has been shown: the addition alumina’s whiskers lead to a greater drop
in electrical resistance than the addition of alumina powders. It’s oc-
curs due to a greater increase of the interface area between the grains
(when the whiskers added), and thus an improved flow of electric cur-
rent through the sample. Authors expects that obtained results should
be also helpful for deepen understanding of electrical conductivity’s
nature of multiphase cBN-based composites. Moreover, the ability of
the developed ceramic composites to conduct an electric current is im-
portant from the point of their application in different industries. For
instance, for obtaining parts of a complex shape by the method of elec-
tric spark cutting. It’s also point on the perceptiveness of their appli-
cation in the nuclear industry (due to their good mechanical proper-
ties, oxidation resistivity [11] and electrical properties’ level at the
same time (described in this work).
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IIepmonrpuHIIMITHE MOAEIIOBAHHA IIpoliecy amopdisariii cromis
cucremu Ni—Zr

I. B. ILmromaii, A. O. Maiictperko, T. JI. Ilaperpazaceka,
0. I. ILmromaii”, O. O. Kanerux

Ruiscvruil nayionanvruil ynigepcumem imeni Tapaca Illesuernka,
8yJ. Borodumupcora, 60,

01033 Ruis, Ykpaina

‘Tnemumym memanogisuru im. I'. B. Kypdomosa HAH Yipainu,

oyave. Axademira Bepradcvkozo, 36,
03142 Kuis, Ykpaina

Hnsa ananisu nporecy amopdisarii B cucremi Ni—Zr 3acrocoBano metony ab
initio MOJIEKYJIAPHOI TMHAMIKHY i3 PO3TJISAAOM SK €BOJIIOIil aTOMapHOI CTPYK-
TypH, TaK i 3MiH eseKTpoHHUX cneKTpiB. IlosoKeHHA aTOMiB y HagKoMipIi
Niz1Zri1 6y710 3MO1eILOBAHO IIJISIX0M YHCJIOBOI0 BiIaly 3a JOIIOMOI'0I0 Teopil
GYHKITIOHANTY TYCTUHU B y3araJbHEHOMY I'pafieHTHOMY HabamkeHHi. O6GTroBO-
PIOIOTHCS 3MiHU TicTOrpaMH MiKaTOMOBUX Bimmaseir HagkoMipku NigiZry; 3a
dasoBUX MepexoniB «Kpuctaa—pignaa—amopdHa gasa». Ilokasamo, 1o 3HaU-
Ha Bapidllis JOKaJIbHOro oToueHHs aToMis (1o 30% Bix cepeaqHBOTO 3HAUCHHSA
B Me’Kax IepIrnoi KoopaumHaIifiHol chepu) mpuBOAUTH A0 IMOMITHOI Bapiarmii
JOKAJIbHUX €JIEKTPOHHUX CIIEKTPiB 1ad «amopdrOi» (hasu. [floBemeHO HE3ACTO-
COBHIiCTB ejieKTpoHHOTO KpuTepito Harema—Tayka y Bunagky amop@HUX CTO-
miB Ha ocHOBi Ni—Zr, 1110 AeMOHCTPYIOTh HAUBUIIY TEPMiUHY CTabiJIbHICTD.

Karouosi caoBa: nepexigui meranau, pasosi mepexonu, aMop@Hi cToIM, €JIEKT-
POHHA CTPYKTYypa, ab initio MoJeKyJIsIpHA TUHaAMiKa.
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Ab initio molecular dynamic approach is applied to analyse the amorphization
process in Ni—Zr system with the control both the atomic-structure evolution
and the electronic-spectra changes. The atomic positions in the NigiZri;
supercell are modelled by simulating annealing by the density functional the-
ory in the generalized gradient approximation. Changes in the histogram of
interatomic distances of the NigZr;; supercell under ‘crystal-liquid—
amorph’ phase transitions are discussed. As shown, significant variation in
the local environment of the atoms (up to 30% of the mean value within the
first co-ordination sphere) leads to a marked variation in the local electronic
spectra for the ‘amorphous’ phase. The inapplicability of the Nagel-Tauc
electronic criterion for the case of Ni—Zr-based amorphous alloys demon-
strating the highest thermal stability is proved.

Key words: transition metals, phase transitions, amorphous alloys, electron-
ic structure, ab initio molecule dynamic.

(Ompumano 30 ciunsa 2023 p.; ocmamoun. 6apisnm — 8 mpasrnsa 2023 p.)

1. BCTYII

Cromu cuctemu Ni—Zr MIUPOKO BUKOPUCTOBYIOThCA AK QPYHKIIOHAIbHI
MaTepisanu, oco0aMBO B OioMeAMIIMHiI, BOAHEBili IPOMMCJIIOBOCTi, IPU
BUTOTOBJIEHHI IMePHUX PEaKTOPiB Ta maJauBHUX eaeMeHTiB [1-5]. Moxk-
JUBUM IILJIAXOM MOAM(piKaIlii TeXHOJIOTiYHO BaKJIMBUX BJIACTHUBOCTEN
TAaKUX MaTepisjiB € 3MiHa iX aTOMHOI CTPYKTypH, 30KpemMa amMopdiza-
nisa. Bigomo, 1110 ogHOPiAHICTE aMOP(GHMX MaTepidAiB IIOKpaIye ix Qy-
HKITiOHaJbHI BJaCTUBOCTi, HAIPUKJIAL, KOPO3ifiHy cTifikicTb, MexaHiu-
Hi Ta MarHeTHi BiacTuBocTi [6, 7].

Cronu cuctemu Ni—Zr qoope aMop(disyOThCA B IIUPOKOMY AisdIa3oHi
koumenTpalii Zr (20 at.% <Zr <80 ar.%) [8, 9]. Ilepri gocimxeHns
[10] xpucrasmizamnii amopdHUX cTOmiB cucTteMu Ni—Zr BUABUIN HASIB-
HiCTh ABOX MaKCHUMYMiB TeMIlepaTypu KpuUcTaJisallil mpu KOHIIeHTpa-
miax Zr HaBkoJo 36% i 55% mobsusy eBrexTHYHOro cKJaany [11], axe
amMop(Hi cTonu 6iig eBTeKTUKM B OaraTiit Zr o0JacTi CXMJIbHI 4O JecTa-
binisamii uepes nmepeguacHe ocamixenua pasu w-Zr [10]. Ilogansmri goc-
JiMKeHHSI TiATBepAUIN, [0 HANOIiJbII TePMOCTAOIILHIMU € aMOP(Hi
cronu i3 KoHIieHTparieo Zr =35—-36% . liaa amopdHUX CTOIIiB, Omep-
JKaHUX MEeXaHIYHMM CIiKaHHAM BiAHOOBIZHWMX iHTEepMeTaJIeBUX CTPYK-
Typ, MaKCUMaJbHa TeMIepaTypa KpucTajisallii TaKoK crmocTepiraeTbes
mpu 36% [12]. Cepen 6araTbox pobiT MPUCBIYEHNX BUBUYEHHIO TEPMOC-
rabismbHOCTI amMmopduuX cTomiB cucteMu Ni—Zr ocobamBo Tpeba BigmiTu-
TH OOHY 3 ocTaHHix [13], B AKiif MeTOMy MAITMHHOTO HABUYAHHS 3aCTOCO-
BaHO IJIA IIepea0adeHHsa TepMOoCTabiIbHOCTI aMOpPGHUX CTOIIiB Ha OCHO-
Bi Ni. Aue caix BigmiTuTn, 10 B 1iif po6OTi po3raAmaBca JUIIIE IIPOMi-
SKOK MOKJIBOTO BMicTy Zr Bix 0 1o 35% , B Mexax IKOro moBeAiHKa I1a-
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pameTpiB TepMocTabiIbHOCTI G1JIBIT MEHIIT MOHOTOHHA.

HJocaimunku BigMiuarmTh, 1110 HOBediHKa aMOP(GHMUX CTOIIB CUCTEMU
Ni—Zr Bigpi3HSAETHCA BiJl 3BBUYHOI JIJIA TAKOI'O THUITY MaTepPidAaiB, HAIIPHU-
KJan Bim cromiB cucremu Cu—Zr [14], He 3Barkatoum Ha Te, 110 Cu € cyci-
mom Ni B mepiogmuniii Tabnuiii eremenTiB. Takosx OyJia BucyHyTa rimo-
Te3a [15] opo Te, 110 Ha BigMiHY Bif iHmmx amMoppHUX CTOMHIB, HATIPU-
KJaan, cuctemu Fe—Zr [16], mo amopduUuX cTomiB cucremu Ni—Zr ejeKT-
pouuuit KpuTepiii TepmoctrabdbinpHoCcTi Harenma—Tayka € He3aCTOCOBHUM.
s 3’AcyBaHHA IILOTO MUTAHHA MU IPOBEJIUN MOIENIOBAHHS IIPOIIECY
amop@disarmii amopduoOro cromy cucremu Ni—Zr meromoro ab initio moe-
KyJsapHOI auHaMiku. MeToga mepInonpuHIIUITHOL MOJIEKYJIAPHOIL J1MHA-
MiKM YMOMKJIMBJIIIOE NOCTiAUTH He TiIbKU €BOJIIOI[il0 aTOMHOI CTPYKTYpPH
MaTepidany, a TAaKOXK oJepP:KyBaTH JaHi IIPO CTaH eJIEKTPOHHOI ITificucTe-
MU, 30KpeMa OJIeP;KyBaTU eJIEKTPOHHI criekTpu. Hegomikom mpu nmpomy
€ 3HAUHa 00MeKeHiCTh PO3MipiB cucTeM, IO MOMKYTh posrianatuca. Ha
choronHi € poboru [14, 17, 18], B AKMX MeTO0I0 KJIACUYHOI MOJIEKYJIs-
PHOI IMHaAMiKM IPOBEJeHe MOJAEJIOBAHHS aTOMHOI CTPYKTypu amopd-
HUX YU HAHOKPUCTAJIUHUX CTOIiB cuctemMu Ni—Zr npu posaMipax KoMi-
PKU MOPAAKY HAHOMETPiB, ajie IIpHW IILOMY He IIPOBOAUJIOCH MOZEJIIO-
BaHHS CTAHY €JIEKTPOHHOI IIiICHUCTEMH, a OTKe HEMOJKJINBO BiAIOBiCcTH
Ha IUTAHHA IIPO 3aCTOCOBHICTH KPUTEpPiio TepMmocTabinbHOCTi Harems—
Tayxka.

2. METOJA

Metozmoio ab initio MOJEKYJAAPHOI AUHAMIKK MM TOCJiAWIN €BOJIIOIiI0
ATOMHOI CTPYKTYPH Ta €JeKTPOHHUX CHeKTpiB B cucremi Ni—Zr mpm
amop@isamii. aa momemtoBamua Oyyia odpaHa HagkoMmipka NisZri; si
CKJIQZOM OJIM3BKUM J0 eBTeKTUYHOro (= 35% Zr). fIk Bike 3a3HAUAIOCD,
caMe B ITiii obJjacTi KOHIIEHTpAIlili cIIocTepiraeTbeA HalbiJbIla TeMIle-
parypa KpucraJsaisaii cromiB cuctremMu Ni—Zr. Po3paxyHOK IIPOBOAMBCS
MeTom0I0 (PYHKITiOHANYy T'YyCTHHU B y3araJbHEHOMY I'DPaJi€cHTHOMY Ha-
onmxenui [19] sa momomororo nakera mporpam ABINIT [20].

3. EBOJIIOIIISI ATOMAPHOI CTPYKTYPH

JJisg dueaoBOTO MOJEIOBaHHSA IIPOIeCy Ojflep:kaHHA amMopdHoi ¢asu 3
PO3TONY BUKOPUCTOBYBAJIU HAAKOMiPKY, 1110 MicTuTh 32 aTroma 3 I'IIK-
cTpyKTypoio. OctanHsa Oyjia oOpaHa Tak K mpuramanua Ni Ta € mpuk-
JagoM CTPYKTYPH IITiIBHOTO IMTaKyBaHHA JKOPCTKUX cdep, IO HeIIoTaHO
omucye 0ymoBy pigmkux merainiB. Haxi 11 aromiB Ni Oysaum samimeni ma
aTomMu Zr Tak, 1100 ocTaHHiI OyJiM po3TaIllloBaHi Ha MAKCHUMAaJIbHO MOMK-
JauBiit BigcTaHi ommH Big omuoro. OcTaHHE HEOOXigHO AJIS TOTO, IITOO
YHUKHYTH KJjactepusalrii. [lna pemaxcailii BHYTPIiIlIHIX Hanpy:KeHb B
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Puc. 1. Ticrorpama mikaTomoBux Bigmaseit HaBkoso aromiB Ni Ta Zr B HagKoO-
mipiti Nig1Zr;; micasa moyaTKOBOTrO Bifmaay moJI0KeHb aToOMiB (Hal mHiKaMu 1mo3-
HauveHi KOOPAWHAIIWHI YMcIa BUXiTHOI KPUCTATIUYHOI CTPYKTYPH).

Fig. 1. Histogram of interatomic distances around Ni and Zr atoms in the
supercell of Nis Zry; after the initial annealing of the atomic positions (coor-
dination numbers of the initial crystal structure are indicated above the
peaks).

HaJIKOMIpIIi ITPOBOAUMBCA YUMCJIOBUM BiAIasl MOJIOMKEHDb aTOMIB 3a aJiro-
putMmoMm, skuii onucauuii B [21]. IIpu uucioBomy Bigmasi BigOyBasacs
peaakcallis moJoKeHb aTOMiB y BiAIMMOBigHOCTI 3 cuyiamMu, po3paxoBa-
HUMU 3 IIepPIINX NPUHIUIiB. IIpu mbomy OyJsia mo3BoJeHA 3MiHa 00’ €My
HAOKOMIipKM 3i 36epeenuaM ii dopmm (kybiuna). OcKinbku pamiioc
aToMiB Zr B MeTajeBoMy cTaHi nmpubausuo Ha 30% Oiapinuii 3a pamiioc
Ni, To B2ke HaBiTL Ha I[LOMY €Talli Ha OO0y IOBaHill HaMu ricTorpami Mmi-
*KaTOMOBUX BincTaHeir HaBKoJIO aToMiB Ni Ta Zr crocrepirajocs gocra-
THBO HOMiTHe (B Meskax 15—17% ) BapitoBaHHA MisKaTOMOBUX BifcTaHei
y HepIIIii Ta APYrifi KOOPAMHAIIIWHIN chepax Ta MOMiTHA 3MiHA eJeKT-
POHHUX cIIeKTpiB (puc. 1).

Hai ajsa BiATBOPeHHS peasibHOI IpOIeAypy OAep:KaHHA aMOPHHUX
MaTepisiB MU IIPOBEJIN YKUCJIOBE HATPiBaHHS BUXiTHOI HAIKOMIPpKI Me-
TOHOI0 ab initio MoOJeKyJAAPHOI fuHAMiKKU B KaHOHiuHOMY (NVT) arcam-
6ai mpu temmneparypi 1600 K, 61usbkiit 7o eBrekTuunoi. Ilo0ymoBana
ricrorpamMa Mi:KaTOMOBUX BifcTaHel ojep:kaHoi (YMOBHO <«PiIKoOi»)
CTPYKTypu (puc. 2) IPOAEMOHCTPyBaJjia IIOJaJIbIlle «pPO3IINPEHH»
IepIIoro KoopamHaliiHoro mika mo mpubsausuo 30% Bim cepegHBLOTO
sHauenHsa. Iliku Ha ricrorpami, mio BigmoBimaioTh ApPYyriii KoopauHAa-
MifHiT cdepi TPpaKTUUHO 3IMBAIOTHCA 3 TPETiM, K a1 aroMmiB Ni Tak i
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Puc. 2. Ticrorpama mizkaTomoBux Bigmaseit HaBkoso aromiB Ni Ta Zr B HagKO-
mipiti Nig1Zry; micna Bigmany mososkens aTromiB npu Temiepatypi 1600 K (ymo-
BHO «pigxa» ¢asza).

Fig. 2. Histogram of interatomic distances around Ni and Zr atoms in the
NigiZri; supercell after annealing the positions of the atoms at a temperature
of 1600 K (conditional ‘liquid’ phase).

IJIS aTOMiB Zr.

Mg momenioBaHHA caMe IIpolecy amopdisarii meTonoro ab initio mo-
JEeKYyJIAPHOI IMHAMIKKM MM 00paJii i3oTepMiuHO/i30eHTANbIiNHNI aH-
caM0JIb, OCKiJIBKM CTPYKTYPHI (hpa3oBi mepeTBOpPeHHS YACTO CYIIPOBO-
IKYIOThCSA 3MiHOIO BJacHOro o6’emy. UmcyioBuii Bigmas mpu Temiepa-
Typi 300 K cympoBom:KyBaBcsa 3MEHIIIEHHIM IIOBHOI eHeprii HaIol Haz-
KOMipKH, SKiCHMX 3MiH ricTorpamMu MiKaTOMOBUX BifcTaHel IIpu IbO-
My He crocTtepiranocsa (puc. 3). OcTaHHE IIIKOM 3PO3yMiJIO, OCKiIbKH
nis amopdHOI (pasu xapaKTepHe 3aMOPOKYBAaHHSA aTOMHOI CTPYKTYpH
pigkoro merany.

OpepsxaHUil HaMU Pe3yJIbTAT MOJAEJIOBAHHA €BOJIIOIil aTOMHOI CTPY-
KTypu HagkoMmipKu NizZri (235% Zr) nmpu amopdisairii mobpe Kope-
JITO€ 3 Pe3yJabTaTaMM eKCIePUMEeHTAJbHUX AOCJiKeHb MarHeTHUX BJa-
cTuBocTel amopdHUX cTomiB cuctemu Ni—Zr [22]. B pobori [22] 6yio
MMOKas3aHo, 1110 B aMop(HoMy cTaHi cronu cucteMu Ni—Zr B IITUPOKOMY
IismasoHi KOHIIEHTPAIill HNPOSBISIOTHL IIapaMarHeTHY ITOBEIiHKY, a B
KpucragsivaoMy — (pepoMarfetTHy. BificyTHiCTh MarHeTHOTO BIIOPAIKY-
BaHHA B aMopdHiil ¢asi cronmy Ni—Zr (= 35% Zr) moxe OyTHU, TAKUM YU-
HOM, IIOSICHEHa 3HAUHMM BapilOBaHHAM Mi’KaTOMOBUX BifcTaHell HaBiTH
y mepirii KoopamHatiiiHii cdepi (2 30% ). Tako:x npoBemeHuit B po6oTi
[22] anasiza MarseTHOI COPUAHATINBOCTI Ta TEMIIEPATYP IIEPEXONy IO
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Puc. 3. T'icrorpama mizkaTomoBux Bigmaseit HaBkoso aromiB Ni Ta Zr B HagKoO-
mipiti NigiZry; micas Bifmasy moJIosKeHb aTOMIB PO3YIIOPAIKOBAHOI CTPYKTYPH
npu temuepatypi 300 K (ymoBHO «amopdHa» (asa).

Fig. 3. Histogram of interatomic distances around Ni and Zr atoms in the
NigiZri; supercell after annealing the atoms positions of the disordered struc-
ture at a temperature of 300 K (conditionally ‘amorphous’ phase).

HaAAIPOBiHOCTI MOBBOJIMB aBTOpaM 3poduTu BUCHOBOK 1mpo I'TIK-
moxioHe JoKajbHe oToueHHs aToMmiB Zr B Zr—(Co, Ni, Cu) amoppuux
CTOIIaX, IO TAKOK HOOpe KOPEJIIOE 3 HAIITUM IIiTX00M.

4. ENERKTPOHHI CIIEKTPH

K B:Ke 3a3HAUATIOCH, BUKOPUCTAHHSA METOAY IEePIIONPUHITUIIHOI MoJIe-
KYJAPHOI AUHAMIKHY 3 ONHOT0 OOKY 3HAYHO 00MEKy€e pO3Mipu MOIeabo-
BaHOI cucTeMH, ajie 3 iHIITOTO OOKY YMOIKJIUBJIIOE OJepP:KyBaTu iH(Op-
MAIIilo IIPO CTAaH eJeKTPOHHOI IIiICCTeMHU PO3TJISHYTUX CTPYKTYyp. Ca-
Me TOMY HaMu i Oysia o6paHa MeTo/a MePIIONPUHITUIHOI MOJIeKYIIPHOI
IUHAMIKM JIJIS aHAaJIidy 3aCTOCOBHOCTI eJIeKTPOHHOro Kpurepiro Hare-
asa—Tayka[23] y Bunagky amopdHux cTomis Ha ocHoBi Ni—Zr.
OCHOBHOIO OCOOJIMBICTIO €JIeKTPOHHOTO CIIEKTpa OJep:KaHoi oIuca-
HUM BUIIle YMHOM «aMOpP(HOI» CTPYKTYpHU € ycepenueHa 3d-cmyra 6e3
MIOMITHHX 0co0JamBOCTell B OKOJi piBHA Pepmi. AHanisa JoKaJIbHUX
CIIEKTPiB HABKOJIO OKpeMUuX aToMiB (puc. 4) BUABHWJIA 3HAUHY BigMiH-
HicTb 3d-cMyT B 3aJI€KHOCTI BiJ JlokaJabHOT0O oTOUeHHA aToMiB Ni (pis-
HOIO KiJIbKicTIO aToOMiB Zr B mepIriii KoOOpAWHAIIIHIN cdepi), 110 y3ro-
IXKYETHCS 3 Ofep:KaHNMHU JaHNMHU 110 3HAUHIN Mopupikarmii miskaTomo-
BUX Bimcraneit B cuctemi (= 30% B mepImiii xKoopauHaIiiiHill chepi).
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Puc. 4. EHepreTryHa 3a/I€KHICTh T'YCTUHU €JIEKTPOHHUX CTaHIB «aMOPQDHOI»
HagkoMipku NizZri; Ta 3d-JTOKaNbHI eIeKTPOHHI CIeKTpH HaBKoJO aToMiB Ni
3 PisHOIO KiJBbKiCTIO aTOMiB Zr B IepIiriii KOOpAUHAIiIWHIN chepi. BepTukaiab-
HOIO JIiHi€I0 IT0O3HAYEHO HOJIOMKEeHHA piBHA Pepmi.

Fig. 4. Energy dependence of the density of electronic states of the ‘amor-
phous’ supercell Nis Zri; and 3d local electronic spectra around Ni atoms with
different numbers of Zr atoms in the first co-ordination sphere. The vertical
line indicates the position of the Fermi level.

Apnxe mobpe Bimomo, IIT0 B OCHOBHOMY (popMa IIiKiB JOKAJIBLHUX €JEeKT-
POHHUX CTaHiB BU3HAYAETHLCA CUMETPIi€I0 HAKOJIMIKUOTO OTOUEHHS aTo-
Ma.

OT:xe, 3rifHO HAIIIUX PO3PAXYHKIB, JOKAJIBHUN MiHIMYyM B OKOJIi PiB-
Ha PepMi He cmocTepiraeTbes, M0 CBiAUYNTH IIPO HE3ACTOCOBHICTD KPH-
repito Harena—Tayka y BUIagKy gocJjimskeHoro cromy Ha ocHoBi Ni—Zr
3i cKJIamOM OJIM3BKUM 0 eBTeKTHUUYHOro (= 35% Zr), 1110 1006pe y3romKy-
€ThCA 3 MOIIepeIHiMU BUCHOBKAMU B poOoTi [15].

5. BUCHOBEKHI

MeTona MepIIONPUHITMIIHOT MOJIEKYJISIPHOI fuHAMiKM OyJjia obpaHa Ijis
YHCJIOBOTO BiATBOPEHHA peajibHOTO mpolecy amopdisaiiii MeraseBUx



740 1. B. ILJIIOIITAT, A. O. MAMICTPEHKO, T. JI. ITAPETPAJICBKA ra iH.

crotmriB cuctemMu Ni—Zr, Tak SK BOHA YMOXKJIMBJIIIOE OJHOYACHO i3 MoOje-
JIIOBAHHSAM €BOJIIOIil aTOMHOI CTPYKTYPH OOCJiMKeHHS 3MiHU eJIeKT-
poHHUX crneKkTpiB. IIpoBeneHa aHasida eBOJIIOIIII aTOMHOI CTPYKTYpH
NpU «KPUCTAJTiYHO-PiAUHHO-aMOP(GHOMY» IIEPEeTBOPEHHI BUABUJIA 3HA-
YyHe BapiloBaHHA Mi’KaTOMOBUX BiJcTaHell HaBiTh B MeyKaxX YMOBHOI
nepirroi koopauHaiiinoi cepu (o 30% Bix cepemunoro sHaueHus). He
IUBHO, IO TaKe 3HAUHEe BapiloBaHHS JIOKAJIBHOTO OTOUEHHA aTOMiB IIPH-
3BOJIUTH JO IIOMiTHOT'O BapilOBaHHS JIOKAJbHUX €JIeKTPOHHUX CIEKTPiB.
TakuM YMHOM 3arajbHa KapTUHA T'yCTUHU eJeKTPOHHUX CTAaHIB IJIsd
amopdHHUX cTOommiB cucTteMu Ni—Zr mo0am3y eBTEKTHKHU SABJSIE COOOIO
ycepenueny 3d-cMyry 0e3 MOMiTHMX 0COOJHMBOCTEM B 0KOJi piBHa Pep-
mi. OT)Ke IIpOBeIleHA HAMU aHaJi3a eJJeKTPOHHUX CIIEKTPIiB Ja€ MOMKJIN-
BiCTh 3pO0OMTH BUCHOBOK PO HE3aCTOCOBHICTh €JIEKTPOHHOT'O KPUTEPiio
Harena—Tayka y BUNIaAKy aMOp(MHUX CTOIIiB Ha ocHOBI Ni—Zr, 1110 ne-
MOHCTPYIOTh HaiibijbIy TepMocTabinbHicTh. Caim BigMiTuTH, IITO OnE-
peKaHui pe3yabTaT y3TOAKYyEThCS 3 IONepeIHiMu BUCHOBKAMHU B poboTi
[15], 3pobaennMu HA OCHOBI HAOIMIKEeHHA MaiyKe BiTbHIUX eJIeKTPOHIB.
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Hydrogen-Sorption Properties of the Alloy
Ti15_5ZI‘30M1138V5.5CI'5.5C05.5 Based on the Laves Phase (Type 014)

V. A. Dekhtyarenko

G.V. Kurdyumov Institute for Metal Physics, N.A.S. of Ukraine,
36 Academician Vernadsky Blvd.,
UA-03142 Kyiv, Ukraine

Microstructure and phase composition of the cast Tis5Zr30MnssVs 5Crs5Cos.5
alloy as well as the phase composition of hydrogenation and dehydrogenation
products are investigated using the methods of x-ray phase analysis and
scanning electron microscopy. As established, due to the partial replacement
of manganese with cobalt, it is not possible to expand the area of existence of
the Laves phase (type C14), since, in the phase composition of the studied al-
loy, a second intermetallic phase based on the Zr:Co compound is formed. As
determined, the change in the phase composition of the alloy does not affect
significantly the kinetics of hydrogen absorption and desorption at the first
sorption—desorption cycle. As established, the formed intermetallide based
on the Zr:Co compound interacts actively with hydrogen at room temperature
and a hydrogen pressure of 0.23 MPa. As shown, the process of hydrogen re-
lease begins with the start of heating; at a temperature of 430°C, a reversible
capacity of 95% is achieved.

Key words: Laves phase (type C14), intermetallic Zr;Co, hydrogenation, de-
hydrogenation, hydrogen capacity.

MeTtomamu peHTI'eHiBCBKOI (pa3oBOi aHaJisu Ta CKaHYBAJIbHOI eJIEKTPOHHOIL
MiKpPOCKOITil AZOCIiI:KeHO MiKPOCTPYKTYpPY Ta (Pa3oBHM CKJAaJ JUTOTO CTOIY
Ti15,5Z1r350MnssV;5,5Crs,5C05,5, a Takok as3oBuUil CKJIAL MIPOAYKTIB riipyBaHHS Ta
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IerimpyBaHHA. BcTaHoBIeHO, IT0 3aBAAKMN YacTKOBil samini Manrany Ha Ko-
6aJIbT He BIAJIOCA PO3MIMPUTHU 006JacTh icHyBanHusA JlaBecoBoi (asu Tumy C14,
OCKiJBKM y (pa30BOMY CKJAJi AOCIiI:KYBaHOTO CTONY yTBOpPMUJIAcsS Apyra (asa
— inTepMmerasig Ha ocHOBi cumoayku Zr:Co. Busmaueno, 1o smina ¢as3oBoro
CKJIAZY CTOMNY iCTOTHO He BILJIMBAE HA KiHETHUKY IIPOIECiB MOTJIMHAHHSA Ta BU/Ii-
geuuda igporeny y mepimomy IIUKJIL copOiia—mgecopbiiis. Beramosiaeno, 1o
yTBOpeHUIl iHTepMeTasiag Ha OCHOBI crionyku Zr:Co akTuBHO B3aemogie 3 M-
poreHoM 3a KiMHaTHOI TemiepaTypu Ta Tucky I'izporeny y 0,23 MIla. Iloka-
3aHO, IO IIpoIec BUAiIeHHs ['iTporeHy po3moUYMHAETHCA 3 ITIOYATKOM HATrpPiBYy;
3a remnepatypu y 430°C gocaraeTbcs peBepcuBHA MicTKicTh Ha piBHI 95% .

Kuarouogi caoBa: Jlasecosa ¢asa Tuny Cl4, inrepmerarnin Zr:Co, rinpysanus,
IerigpyBaHHs, BOJHEBA MiCTKiCTh.

(Received May 19, 2023, in final version, July 26, 2023)

1. INTRODUCTION

Among the existing variety of materials for hydrogen batteries devel-
oped today, a special place is occupied by intermetallics of type AB2[1—
6]. This is due to the fact that, unlike type AB; (LaNis), they have a
higher hydrogen capacity, and compared to type AB (TiFe), the activa-
tion process is facilitated [5]. The main representative of AB; type in-
termetallic is TiMn; compound (Laves phase (type C14)) [7, 8]. Inter-
metallic TiMn: occupies a special place among analogues in its class
(ZrCoz and ZrVy) [9]. Since it is easily activated at room temperature
and a pressure of 3.2 MPa [10], it releases all the absorbed hydrogen
when heated to a temperature of 400°C[11], has a significant hydrogen
capacity of @ 1.0 H/Me[12, 13], a large homogeneity region of 11 at.%
[14] and low specific gravity [5].

Despite all the mentioned advantages of the TiMn; binary interme-
tallic, currently, when creating materials for hydrogen batteries, more
complex alloying systems are used [15—18].

The authors of [19] suggested partial substitution of titanium for
zirconium in TiMn; intermetallic compound (as component A).

It was shown in [20] that due to the partial replacement of titanium
for zirconium, it was possible to expand the area of existence of the
Laves phase to 54.4 at.% Mn, and this, in turn, made it possible to in-
crease the hydrogen capacity to H/Me = 1.2 and decrease the hydro-
genation pressure from 3.2 MPa to 0.6 MPa. The authors showed that
this improvement in hydrogen-sorption properties occurs because zir-
conium has a higher affinity for hydrogen than titanium. The paper
[20] proved the positive effect of doping and deviation from the stoi-
chiometric composition of AB: on the hydrogen-sorption properties of
alloys based on intermetallic AB:. However, the conducted research
was done only for the partial replacement of titanium with zirconium,
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which in the AB; type intermetallic is component A. That is why the
authors [15, 17, 21] proposed to carry out a partial replacement of
component B (that is, to replace manganese, which does not interact
with hydrogen, by vanadium, which is able to interact).

This idea was developed in works [17, 22]. Using the example of the
(Tio.34Z10.66)Mni.1 Vo1 alloy, the effect of partial replacement of compo-
nent B (manganese with vanadium) on the hydrogen sorption proper-
ties of intermetallic type AB: was investigated [22]. Referring to liter-
ature data [17, 21], the authors [22] note that the partial replacement
of manganese with vanadium allows lowering the homogeneity region
to 49 at.% Mn. The interaction of this alloy with hydrogen took place
at room temperature at a high speed, while it was possible to reach the
value of the amount of absorbed hydrogen at the level of H/Me =1.3.
The authors explain the improvement of the hydrogen-sorption prop-
erties of the investigated alloy by a significant expansion of the homo-
geneity region.

From literature data, it was found [23, 24] that chromium is also
able to effectively influence the kinetics of hydrogen sorption-
desorption processes, as well as the hydrogen capacity of alloys based
on the TiMn; intermetallic. In works [25, 26], it was proved that addi-
tional doping of the alloy (Ti¢.34Z10.66)Mn1.1Vo.1 with chromium (the in-
vestigated composition (Tio.34Zr0.66)Mno.96 Vo.12Cro.12) allows decrease the
hydrogenation pressure from 0.6 to 0.23 MPa, and increase the hydro-
gen capacity to H/Me = 1.38.

The authors of Refs. [25, 26] claim that the increase in hydrogen ca-
pacity to the specified level is a consequence of reducing the amount of
manganese to 44 at.%.

However, the ever-increasing requirements for the hydrogen bat-
tery [27—-29] (time of operation on one charge) require further im-
provement of the developed material (Tio.34Z10.66)Mno.06V0.12Cro.12, that
is, the search for elements for additional alloying. Based on certain lit-
erary data [30], it was established that cobalt is a promising element
for additional alloying. The choice of cobalt as an alloying element is
related to the fact that it is able to form a chemical compound with hy-
drogen, as well as to dissolve in Laves phases [31].

The aim of the present study establishes the effect of the expansion
of the homogeneity region of the Laves phase (type C14) below 44 at.%
Mn, due to partial replacement by cobalt, on its hydrogen-absorption
properties. The alloy Tiis.4Zrs0.2MnsVs4Crs (formula composition
(Tio.34Z10.66)Mng.96Vo0.12Cr0.12) Was chosen for the investigated, the hy-
drogen sorption-properties of which were described in detail in [25,
26], in which partial substitution was carried out manganese, by 5.5
at.% cobalt (as in previous experiments [22, 25]). In the investigation,
the effect of doping with cobalt was considered only at the first cycle of
hydrogen sorption—desorption.
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2. EXPERIMENTAL/THEORETICAL DETAILS

An alloy weighing up to 1 kg was obtained by the method of induction
melting in an argon atmosphere using open crucibles with Al:Os. Tita-
nium sponge (TG-110), iodide Zr (99.975), electrolytic Mn (99.9), elec-
trolytic V (99.5), electrolytic Cr (99.5) and electrolytic Co (99.5) were
used as starting components. To obtain the alloy, a previously devel-
oped technological scheme was used, which is described in detail in the
paper [32]. It should be noted that during the preparation of the charge
additional were added, 4% wt. of manganese compared to the nominal
composition, since in [17], when studying the hydrogen sorption prop-
erties of the Tig¢Zro1Mni.2Vo1 alloy, the authors proved that exactly
this amount of manganese is lost due to evaporation during the prepa-
ration of the alloy.

The phase composition and lattice parameters of the alloy were de-
termined by x-ray phase analysis at a DRON-3M diffractometer.

Metallographic examinations were performed at a scanning electron
microscope VEGA3 TESCAN equipped with EDX detector
XFlash610M (Bruker).

For the study of hydrogen absorption properties, a bulk cast alloy
was used. The interaction of the alloy with hydrogen was studied by the
Sieverts’ method at an IVGM-2M unit [33] at room temperature and a
pressure of 0.23 MPa. The hydrogen desorption process was also inves-
tigated on IVGM-2M equipment at an initial pressure of 0.0002 MPa.
The amount of absorbed hydrogen was determined by weighing with an
accuracy of 1.5-10°g and calculation of changing the pressure in a
closed volume.

3. RESULTS AND DISCUSSION
3.1. Phase Composition and Microstructure

Since all components of the melt, especially titanium, zirconium, and
chromium, could react relatively easily with the crucible material, it
was important to establish, whether an interaction between the melt
and the crucible material had occurred. Since it is well known that al-
uminium has a negative effect on the hydrogen-sorption properties of
titanium and alloys based on it [34], the chemical composition of the
molten alloy was determined using EDAX energy dispersive analysis
(Table 1). It was established that aluminium in the ingot is present in a
small amount, from which it can be concluded that there was no signif-
icant interaction between the crucible material and the melt.

As can be seen from the presented chemical composition data, the
obtained alloy had a slightly increased manganese concentration, and
all other elements within the measurement error of +0.3 at.% coincid-
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TABLE 1. The composition of the obtained alloy.

Elements, at.%

Composition
Ti Zr Mn Vv Cr Co Al
Initial materials 15.5 30 38 5.5 5.5 5.5 -
Alloy 15.34 29.68 38.58 5.22 5.42 5.65 0.11

ed with the nominal composition. The increased final concentration of
manganese is due to the fact that the total amount in the charge (par-
tial replacement by chromium and cobalt) was significantly less com-
pared to the alloy, for which the calculations were made [17]. That is
why, despite the fact that an ingot weighing up to 1 kg was obtained in
an open crucible, the manganese burnout turned out to be somewhat
less than predicted one.

The phase composition of the Tils ;Zr3MnssV;.5Crs 5Cos.5 alloy at is-
sue was determined using x-ray phase analysis (Table 2, Fig. 1, a). It
was established that the investigated alloy was multiphase, a hexago-
nal Laves phase (C14 type) of space group P6s/mmc (structural type
MgZn;) was found in the structure. In addition, the presence of a sec-
ond phase was established, which was identified as an intermetallic
based on a Zr:Co compound with a face-centred cubic lattice of the
space group Fd3m (structural type Ti2Ni).

To determine correctly the changes occurring in the unit cell of the
Laves phase when doping with cobalt, based on the data of x-ray phase
analysis and presented in works [35, 36], the volume of the unit cell
and the radius of the tetrahedral internode were calculated. Because it
was proved in Ref. [36] that, regardless of the type of crystal lattice of
the Laves phase, it is the tetrahedral internodes, which are the sites of
hydrogen localization during dissolution. The authors of [35, 36]
showed that the radius of the tetrahedral internode is calculated from
the approximation of ‘hard spheres’ using the expressions
Rs(C14)=0.074475a, Rs(C15)=0.052662a (where a is crystal lattice
parameter). The calculation was made exclusively for one type of in-
ternodes A:B;. Since, the authors of [35, 36] proved that hydrogen,
when dissolved in the crystal lattice of the Laves phase, occupies only
them. It was determined that the volume of the unit cell is 182.42 A3,
while the radius of the tetrahedral internode is 0.83753 A, for the origi-
nal alloy Tiis.4Z1r302MnyVs.4Crs [25, 26] 185.52 A% and 0.3778 A, respec-
tively. Their comparison indicates a significant decrease, which may
further negatively affect the amount of absorbed hydrogen, as it was
shown earlier [5].
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TABLE 2. The results of x-ray phase analysis.

Parameters of crystalline lattice of phases £0.0009 nm

Alloys Initial Hydrogenated Dehydrogenated
r—C14 New A—C14 New A—C14 New
Til5,4Zr30,2Mn44V5_4Cr5 a=0.5073 _ a=0.5489 _ a=0.5074 _
[25, 26] c=0.8334 c=0.9017 c=0.8335
. a=0.5040 a=0.5469 a=0.5058
Tl15,5ZI’30MH38V5,5CI'5,5CO5,5 c= 0.83020 = 11907C -0.8917 a=1.2455 c=0.8291 a=1.1936

With the use of scanning electron microscopy, it was confirmed the
data obtained by the x-ray phase analysis method, regarding the fact
that two phases are observed in the structure of the investigated alloy
Tii5.52r350MnssVs.5Cr5.5C05.5 (Flg 2, b), while in the original alloy [25,
26], only one (Fig. 2, a).

Since a second phase of intermetallic based on Zr:Co is formed in the
structure of the investigated Tiis.5Zr30MnssVs.5Crs.5Cos.5 alloy, it is im-
portant to determine the chemical composition of the coexisting phas-
es. This will make it possible to establish, how the cobalt introduced
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Fig. 1. X-ray diffraction pattern of alloy Tiis.5Zr30MnssV;.5Crs.5Cos.5: cast state
(a), hydrogenated (b), after dehydrogenated (c).
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into the alloy is distributed. With the use of EDAX energy-dispersive
analysis, it was established that the dark-coloured phase (Fig. 2, b) had
a composition of 9.71Ti—26.76Zr—45.25Mn—-6.26V-7.95Cr—4.08Co
(at.%) (with composition formula (Tio.27Zro.73)Mn1.24V0.17Cro.22C00.11)
based on the amount of manganese; it can be stated that these are Laves
phase crystals. The light-coloured crystals had a composition of
17.54Ti—-41.09Zr-28.93Mn-3.66V-3.25Cr-5.563Co (at.%). From the
obtained data, it can be seen that only part of the cobalt introduced into
the original Tii5.4Zr30.2Mn4V;5.4Crs alloy [25, 26] dissolved in the Laves
phase. Most of the cobalt having combined with other components of
the alloy form an intermetallic compound based on Zr:Co.

Based on the obtained chemical composition of Laves phase crystals,
for the studied alloy Tiis.5Zr30MnssVs 5Crs.5C0s5.5, it is possible to explain
the decrease in the volume of the unit cell and the radius of the tetra-
hedral internode in comparison with the original alloy [25, 26]. Corre-
sponding changes are primarily associated with a decrease in their
chemical composition, the concentration of titanium (atomic radius
0.147 nm) and zirconium (0.160 nm), which have a significantly larger
atomic radius compared to all other alloy components [37]. Secondly,
according to literature data [38], partial replacement of manganese
with cobalt also leads to corresponding changes.

It is also important that, according to JCPDS data (International
Centre for Diffraction Data), the binary intermetallic of the stoichio-
metric composition Zr:Co has the unit cell parameter a=1.2551 nm,

SEM HV: 20.0 kV WD: 14.78 mm i i VEGA3 TESCAN] SEM HV: 200 kV WD: 14.96 mm I 1q __!__' VEGA3I TESCAN|
View Niekd; 111 ym Det: SE View field: 55.6 ym Det BSE 10 pm
SEM MAG: 5,00 ke Date{midy): 111818 G.V. Kurdyumov P SEM MAG: 5.00 kx  Date(midly): 10718722 G.V. Kurdyursov IMP

Fig. 2. The microstructure of the cast alloy: Tii5.4Zr30.2MnV;.4Crs [25, 26] (a),
Ti15,5ZI‘30MII38V5,5CI'5,5CO5,5 (b).
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while the one calculated for the formed intermetallic (Table 2) is sig-
nificantly smaller. This is due to the fact that a large part of zirconium
(25.61 at.%) in the formed intermetallic is replaced by other compo-
nents (primarily titanium). In comparison with zirconium, the other
components of the investigated Tiis5Zr30MnssVs 5Crs 5Cos.5 alloy have a
smaller atomic radius ranging from 8 to 22% [37]. This fact clearly
demonstrates the significant influence the size of the atom of the ele-
ment used for doping has on the parameters of the unit cell of the
formed compound.

In addition, the ratio of the number of coexisting phases was deter-
mined in the work using the ImagedJ program (distributed without li-
cense restrictions as public domain). This will make it possible to estab-
lish, how the presence of the second phase affects the main hydrogen
sorption characteristics of the original alloy Tiis.4Z1r30.2MnVs.4Crs [25,
26]. Since coexisting phases can significantly differ in terms of hydro-
genation—dehydrogenation and hydrogen capacity, it was established
that the volume fraction of the Laves phase (type C14) for the investi-
gated alloy is 82.6% (dark crystals), and the intermetallic based on
Zr:Cois 17.4% , respectively.

In Ref. [31], the influence of cobalt doping on the phase composition
of the alloy Zr(Mn;_.Co,)2 (x =0, 0.2, 0.3 and 0.4) with the Laves phase
(type C14) structure was investigated. The authors experimentally
proved that within the indicated limits of alloying, the alloy retained
its original structure, but at the same time, the crystal lattice parame-
ters of the Laves phase gradually decreased. Based on the data present-
ed in [39], the authors claim that the corresponding decrease in param-
eters occurred as expected. However, as it was established in this in-
vestigate, alloying of the Tiis.4Zrs0.2Mn4 Vs 4Crs alloy with cobalt in the
amount of 5.5 at.% leads to the formation of the second phase of the
intermetallic based on Zr:Co. The specified differences in the effect of
cobalt on the phase composition of the alloy were considered in the lit-
erature [31] and this investigation is related to significantly different
stoichiometry. The authors of Ref. [31] considered alloys, which had a
stoichiometric composition of AB:, while, in this investigation, an al-
loy with a non-stoichiometric composition of AB;: was considered.
Based on the determined chemical composition of Laves phase crystals
for the investigated Tiis.5Zr30MnssVs.5Crs.5Cos.5 alloy and literature data
[32, 40], it can be stated that the area of homogeneity Laves phase
(type C14) cannot be expanded below 44 at.% Mn, with this manufac-
turing method alloy, fails.

3.2. Kinetics of Hydrogen Sorption—Desorption

According to literature data [25, 26], the process of active absorption
of hydrogen by the original Tiis4Zrso.2MnsVs4Crs alloy began ten
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minutes (incubation period) after contact with the hydrogen environ-
ment (hydrogen pressure of 0.23 MPa, room temperature) and contin-
ued five minutes (Fig. 3, a), while the hydrogen capacity was reached
at the level of 2.05% wt. (H/Me =1.34). Further exposure for 60
minutes, with the same hydrogenation parameters, led to a slight in-
crease in the amount of absorbed hydrogen by 2.08% wt. (H/Me
~1.36). Increasing the exposure time to 24 hours did not lead to an in-
crease in the amount of absorbed hydrogen.

The process of hydrogen saturation of the investigated alloy
Ti15.5Zr30MnssVs 5Crs 5Cos5 was carried out at the same hydrogenation
parameters as for the original alloy, for the possibility of correct com-
parison of hydrogen-sorption properties. It was established that the
process of active absorption of hydrogen by the investigated alloy be-
gan from the first second of contact with the hydrogen environment
(there is no incubation period) (Fig. 3, a). The investigated alloy in the
first 6 minutes, from contact with a hydrogen environment, absorbs
the main part of the sorbet hydrogen 1.61% wt. (H/Me = 1.05) (unlike
the original alloy). Increasing the exposure time to 35 minutes, with
the same hydrogenation parameters, it possible to increase the amount
of absorbed hydrogen to 1.86% wt. (H/Me = 1.22). Further exposure
for 48 hours did not lead to recovery of the hydrogen absorption pro-
cess.

A certain decrease in the total amount of hydrogen absorbed by the
studied Tiis.5Zr30MnssVs.5Crs.5Co5.5 alloy compared to the original alloy
may be due to the simultaneous action of several factors. First, with a
significant change in the chemical composition of Laves phase crys-
tals. In their chemical composition, the amount of manganese (which
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Fig. 3. Change in hydrogen capacity over time during for investigated alloy
Tii5.5Zr50MnssVs 5Crs.5C05.5 in the process: hydrogenation (a), dehydrogenation

(b).
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does not interact with hydrogen) has increased, due to the decrease in
the amount of titanium and zirconium (which have a high hydrogen
capacity). The obtained result, regarding the fact that the decrease in
the amount of titanium and zirconium in the composition of the Laves
phase leads to a decrease in the total amount of absorbed hydrogen,
correlates well with the data presented in works [5, 10]. In addition,
there was also a decrease in the volume of its unit cell and the radius of
the tetrahedral internode, which was mentioned above. Secondly, due
to the formation of the second phase of intermetallic based on Zr:Co.

Figure 3, a show that the process of hydrogen absorption by the in-
vestigated Tiis5Zr30MnssVs.5Crs.5Co5.5 alloy is slightly different from
the original one. In the original alloy Tiis.4Zrs0.2Mns Vs 4Crs [25, 26],
almost all hydrogen is absorbed in five minutes; however, this indi-
cates that the entire volume of the material absorbs hydrogen simulta-
neously; whereas, in the investigated alloy, the absorption process oc-
curs in two stages (Fig. 3, a), which differ in absorption speed.

At the first stage, the time interval from the start of absorption to
the achievement of a hydrogen capacity of 1.61% wt., hydrogen satu-
ration of the Laves phase occurs, most likely, and the absorption rate is
0.268% wt./min (this assumption is made based on the volume frac-
tion of each of the phases and the amount of absorbed hydrogen). Due
to the high rate of the hydrogen absorption process and the room tem-
perature of hydrogenation, the monolithic sample is destroyed into a
powder state [41], and as a result, surfaces free from oxide films are
formed.

At the second stage, thanks to the already formed surface free from
the oxide film, saturation of the second phase, an intermetallic based
on Zr:Co, occurs. At the same time, the reaction rate decreases by sev-
eral orders of magnitude.

The x-ray phase analysis method confirmed (Fig. 1, b, Table 2) the
assumptions made regarding the fact that both phases can be saturated
with hydrogen at the specified hydrogenation parameters. The result-
ing hydrogenation product consists of a hydride based on the Laves
phase, as well as a hydride based on a new phase. This shows, however,
that, during hydrogenation, there is no formation of new or dissolu-
tion of already existing phases. The obtained data coincide with the lit-
erature [42] in that during hydrogenation there are no changes in the
structure of the metal matrix of the Laves phase (type C14), but it is
only accompanied by an isotropic increase in the volume of the unit cell
by 20%.

The process of desorption of hydrogen from the hydrogenation
products obtained when the investigated Tii5.5Zr30MnssVs.5Crs.5Cos.5 al-
loy was saturated with hydrogen was carried out at an initial pressure
of 0.0002 MPa. At a heating rate of 3°C/min, active hydrogen release
begins with the start of heating (Fig. 3, b), and the process takes place
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in four stages. The first stage, from the start of heating to a tempera-
ture of 60°C, the release process occurs relatively slowly at a rate of
0.0045% wt./min, while only 3% of absorbed hydrogen is released.
Starting from a temperature of 60°C, the rate of hydrogen release in-
creases to a value of 20.047% wt./min, and up to a temperature of
300°C, it is possible to release 80% of the total amount of absorbed hy-
drogen. Above 300°C, the release rate decreases to 0.0077% wt./min,
and up to a temperature of 400°C, it is possible to increase the amount
of released hydrogen to 92%. When heated to a temperature of
~430°C, it was possible to desorb about 95% of the total amount of ab-
sorbed hydrogen.

Using the x-ray phase analysis method, it was established that after
the desorption process, two phases remained present in the structure
of the investigated alloys (Table 2, Fig. 1, ¢). The obtained data made it
possible to state that, during desorption of hydrogen from the formed
hydrides, there are no changes in the phase composition of the investi-
gated alloy. When comparing the crystal lattice parameters of the
phases for the investigated alloy in the cast state, after hydrogenation
and partial desorption of hydrogen (Table 2), it was established that
residual hydrogen is found in both phases, but with a preference to-
wards the Laves phase.

A comparison of the data obtained in this study and those in the lit-
erature [31, 40] regarding the effect of cobalt doping on the hydrogen-
sorption properties of alloys based on the Laves phase (type C14) made
it possible to note an important regularity. The introduction of cobalt
into alloys based on the Laves phase (type C14) of non-stoichiometric
composition should be in such an amount that does not lead to a change
in the phase composition of the original alloy and as a result of a
change in hydrogen-absorption properties.

4. CONCLUSIONS

1. It was shown on the example of the alloy Tiis.5Zr30MnssVs.5Crs 5Cos.5
at issue that it was not possible to expand the homogeneity of the Laves
phase below 44 at.% Mn, with the considered method of obtaining the
alloy.

2. Doping with cobalt did not significantly affect the processes of hy-
drogen sorption—desorption by the original alloy, but led to a certain
decrease in the hydrogen capacity. The specified changes occurred due
to a change in the phase composition and a decrease in the number of
atoms active in relation to hydrogen (titanium, zirconium) in the unit
cell of the Laves phase (type C14).

These results are obtained within the personal grant of the
Verkhovna Rada of Ukraine for young scientists—doctors of sciences.
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As established, the implantation of aluminium in a stream of nitrogen ions on
the stainless-steel surface leads to a partial recrystallization (‘ferritization’,
inoculation with defect formation) of the carrier matrix. The SEM shows the
formation of aluminium coating with thickness up to 100 nm on the carrying
surface as a result of implantation. The results of XPS surface study demon-
strate that this surface layer contains of the x-ray amorphous aluminium ni-
tride, oxide and oxynitride compounds. The oxidation of composite (implant)
leads to the destruction of nitrogen-containing compounds, and alumina be-
come the base surface-layer compound. Both the specific surface area and the
mechanical strength of the surface layer increase significantly after implan-
tation and oxidation of implant as well as growth of the implantation dose
too. The changes of the surface structure and morphology as well as for-
mation of chemical compounds on the carrying agent influence on the ther-
mal-physical characteristics (namely, increase of surface temperature and air
near-surface temperature is observed) in comparison with the untreated
sample.
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BcranoBaeno, mio iMmnaanTamia AsmoMinito B morori ioriB HiTporeny ma mo-
BEePXHIO Heip:KaBilfHOI KPHUI[i HPUBOAUTH IO YACTKOBOI peKpucraiisaiii («de-
puTusaiii», iHoKyaAIii 3 yrBopeHHAM gedekTiB) HecHoi maTpuili. CEM moxka-
3aJia YTBOPEHHSA aJIOMiHifI0BOT0 MOKPUTTA TOBINKMHOI A0 100 HM Ha moBepxHi
HOcisa B pesyJabrati iMmmaanTaiii. Pesyastaru POEC-gocaigsKeHHa TOBepXHI
MIOKAas3aJii, M0 IIed IMOBEPXHEBUU IIIap MICTUTHh PEHTIeHOaMOpP(dHiI HiTpuaHi,
OKCUIHI 1 OKcuHiITpuAHI cmoayku AuoMminio. OKMCHEHHS KoMoosutry (im-
IJIAHTATy) IIPUBOAUTL 0 PYHUHYBAHHSA HITPOI'€HBMIiCHUX CIIOJYK, i OKCHT,
AnromiHio cTae 6a30BUM ITOBePXHEBUM I1apoM. IluTomMa moBepXHs Ta MexXaHi-
YHa MII[HiCThL IIOBEPXHEBOTO IMapy 3HAYHO 3POCTAIOTH ITicjaA iMILTaHTaIllii i
OKMCHEHHS iMIIJIAHTATY Ta IMiABUIIeHHS 03U iMILTaHTaIlii. 3MiHU CTPYKTYypHU
Ta Mop(doJorii mIoOBepXHi 1 YTBOPEHHA XeMiUHIUX CHOJYK Ha HOCil BOJIMBAIOTH
Ha TemyIo(disuuHi XapaKTepucTuKH (HiABUIITYIOTLCSA TEMIepaTypa IIOBEPXHi Ta
MIPUIIOBEPXHEBA TeMIepaTypa HOBiTPA) HOPiBHAHO 3 HEOOPOOJIEHUM 3pa3sKOM.

Kuarouogsi caoBa: mopgoJioris, oHHA iMmaanTaisa, (pasoBuii cKJIag, MeXaHiu-
Ha MIiITHiCTB.

(Received November 9, 2022; in final version, February 28, 2023)

1.INTRODUCTION

Aluminium is widely used as a modifier of the different materials with
a purpose to improve a whole range of their characteristics. In particu-
lar, presence of aluminium-based compounds in the metals and alloys
leads to changes in their mechanical strength, heat resistance, electri-
cal and thermal conductivity [1-4]. Formation of coatings containing
these compounds permits to obtain thermal insulation, barrier, and
catalytic layers [5—8]. Thus, the application prospects of the use of ob-
tained alloys as the materials for the big spectrum of chemical, ther-
mal, gas and petrochemical equipment opens.

The important investigation problem is the technology of alumini-
um insertion into the materials and preparation of compounds based on
it. The existing methods of aluminium introduction have a number of
advantages and disadvantages, which determine the choice of synthe-
sis ways depending on the purpose of the prepared target materials [5,
6, 9]. The ion implantation is method deprived of the most of disad-
vantages [10—14] and this technology is the perspective for obtaining
of aluminium compounds in the surface layer of metals (supports) due
to their bombardment by ion beam.

The stainless steel is most perspective material for the ion implanta-
tion and it is widely used in different industries as a base for the prepa-
ration of heating elements, working parts of the equipment, carriers
for catalysts, etc.[15—-18].

In view of the above, in this work, foil of the steel 12Cr18Nil0Ti
[19] was used as an initial sample (support), and the aluminium ions
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were implanted in it. The physical, chemical, and thermophysical
properties of the obtained composites were studied.

2. EXPERIMENTAL TECHNIQUE

The technique of composites synthesis (low-temperature ion implanta-
tion method) was detail described in the papers [20—22]. The samples
were prepared on the base of foil from stainless steel 12Cr18Nil0Ti
with the thick equal to 0.1 mm. The amount of implanted aluminium
and nitrogen (working atmosphere) in the ions’ flow were controlled by
the parameters of implantation process (by the ion current strength
and the ions energy) and in result was 2.5-10'" and 5-10'7 ion/cm? of
aluminium ions implanted, which corresponds to penetration of target
ions into the depth on tens nanometres order. The part of the samples
after implantation was oxidized at temperature of about 600 °C in air.

The obtained samples were examined using small-angle x-ray scat-
tering at an angle § = 270—-360° on the device 2D X-ray Rigaku (Dmax
rapid), which used for the study of thin films (XRD of thin films). In-
vestigations of the samples by scanning electron microscopy (SEM)
were realized on the device Hitachi S-400 at 5 kV with energy disper-
sive spectrometer Philips Cm 200 (Fritz Haber Institute, Berlin, Ger-
many). Study of the samples surface using visible microscopy was car-
ried out on microscope MIM-7, additionally equipped with digital cam-
era Kodak EasyShare C1013 under degree of magnitude 1:1500. The
specific surface area of the samples was determined on ASAP 2020
(Micromeritics Instr. Corp.) by krypton adsorption. The morphology of
the samples surface was studied by atomic force microscopy (AFM) on
Nanoscope Multi Mode V.

The assessment of mechanical strength of the modified surface layer
was carried out by sclerometric method according to GOST 21318-75.

The samples surface was study by x-ray photoelectron spectroscopy
(XPS) in ultrahigh vacuum (1-107 Pa) with a spectrometer equipped by
semi-sphere analyser (SES R 4000, Gammadata Scienta) and calibrated
according to ISO 15472:2001 (magnesium anode with energy of K-line
1253.6 eV). Spectrums were calibrated on a line relative to the line of
Cls-electron with binding energy 285 eV. An effective depth of analy-
sis calculated for a carbon matrix was of 3—5 nm.

In the laboratory setup with the ceramic base of standard hot plate,
thermophysical properties of synthesized nanocomposites were ex-
plored according to[23].

3. RESULTS AND DISCUSSION

The results of the synthesized samples surface study by the method of
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x-ray phase analysis of thin films [21, 22] show the presence in the sur-
face layer of implants the structures which can be identified as phase
of austenite, the peaks from planes (111), (220) and (200), which are
correspond by the material of the carrier (austenitic steel). It is neces-
sary to note, that the same fact was noted in the works [24, 25], but for
the samples prepared under other modes of metal ions deposition and
other metals.

The absence of the reflexes from implanted metal or its compounds
can be connected with their amorphous state or the very low concentra-
tion in the surface layer (less appropriate hypothesis). In the same
time, the changes of the relative intensity of peaks at the angles 20
close to 44°, 51° and 74° can testify the effect of the stainless steel sur-
face etching in this implantation process. The intensity of reflex from
the plane (220) increases and the peak towards (200) appears can indi-
cate about ‘exposure’ of bulk matrix, for which they are, in fact, char-
acteristic.

The detailed analysis of the obtained x-ray spectra presented in
Fig. 1 shows the more profound changes and difference of the surface
structures of original carrier (stainless steel) and synthesized by alu-
minium implantation samples. The displacement of all three reflexes
(111), (200) and (220) towards big angles shows that during aluminium
implantation quantitative ratio of the phases austenite and ferrite
changes in the direction of the ferrite concentration increasing. The
same is shown for a reflex at 20 close to 44° in corrosion-resistant steel
that is nitrogen-alloyed [26] and for a reflex at 260 close to 51° in elec-
trospray-treated steel [27]. The difference in 20 angle values for fer-
rite and austenite is less than 1 degree in these cases. As known accord-
ing to the standards, the content of ferrite in initial stainless steel is
less than 10%, which may complicate the identification of this phase
on surface. This fact is agreeing well with the literature data [28]: ac-
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Fig.1.Thedetailed diffractograms of the samples.
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cording to which, aluminium is a ferritisator for alloyed steel like
12Cr18Nil0Ti, similar to Titanium, Niobium, etc. It is known also [29]
that nitrogen is an inoculant, which can initiate the formation of ni-
tride compounds (in particular with aluminium or titanium) and grind-
ing of the substrate structure. As results, a decrease of the crystal lat-
tice parameters and the shift of reflexes in the direction of large angles
in diffractograms can be observed. In same time, the narrowing of
these peaks for the implanted samples (Fig. 1), demonstrates an in-
crease in ‘crystallinity’ or the degree of surface ordering in compari-
son with the untreated (initial) carrier.

The obtained results permit to propose that the implantation of al-
uminium and nitrogen into a stainless steel carrier leads to recrystalli-
zation of the surface layer, and this process intensifies during sample
oxidation. This effect can be connected with the redistribution of the
substrate internal energy caused by the introduction of high-energy
particles with energy of about 30 keV and the formation of chemical
compounds in the surface layer.

The methods of optical microscopy (Fig. 2) and SEM with the shoot-
ing mode of elastically reflected electrons (Fig. 3) were used to study
the state of the composites surface. The microphotographs of the sam-
ples presented below show to smoothing of surface irregularities on
height as a result of implantation of aluminium and nitrogen ions. It is

Fig.2. Surface microphotographs: a—SS, b—Al/SS, implantation dose
2.5-10'7 ion/cm?, c—Al/SS, implantation dose 5-10'7 ion/cm?2. Magnification
x1,500.

o R R D 1 '
WZ2-1 20.0kV x2 00k YAGBSE WZ6-120.0kV x1 00k YAGBSE

I' icrophotograhs (SEM) of the cross-se.ion of h smples: (a) , (b)
Al/SS, (¢) O/Al/SS.
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necessary to note that the relief smoothing is observed at different im-
plantation doses (Fig. 2, b, and ¢). The data presented in Fig. 3, b (cross
section) demonstrates that, along with the implantation, there is pro-
ceeding formation of a coating with a thickness of about 100 nm too.

The presence of aluminium in this coating is confirmed by the spec-
trogram (Fig. 4, b), which was obtained in face of the implants and
demonstrates in addition to the peaks from the carrier elements (Fe,
Cr, Ni, Ti, C) weak intensity signal from the AlK-line which indicates
the low content of this component on carrier surface.

During the oxidation of composite with implant layer, the coating
thickness increases to approximately 200 nm (Fig. 3, ¢). This indicates
that the surface microgeometry is influenced not only by the number of
implanted ions (implantation dose), but also the subsequent treatment
(oxidation), and this fact should be taken into account when the im-
plants will be using as heating elements, catalysts, etc.
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Fig. 4. Results of the surface composition analysis of the sample Al/SS on the
energy dispersive spectrometer.
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Fig. 5. AFM microphotograph (a) and 3D view (b) of the carrier surface (SS).
Profile (c) along the line of the cross section shown in Fig. 6, a.
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For a more detailed study of the sample surface, the AFM method
was used (Fig. 5). The obtained results confirmed the data of optical
microscopy and SEM on the smoothing of the sample topography after
implantation and revealed important regularities of the prepared com-
posites morphology.

As can be seen in Figs. 2, a, 3, a and 5, b, the surface of the untreat-
ed carrier is significantly heterogeneous. The local character of heter-
ogeneity is clearly demonstrated by the cross section profile (Fig. 5, c)
along the line determined in Fig. 5, a, in which the individual peaks
with a height of almost 600 nm and large cavern are noticeable.

The implantation of aluminium and nitrogen leads to the smoothing
of the surface microrelief that is proved by the data in Fig. 6 and Table
1 and is in good accordance with the data reported above. It is evident
that the surface of the support after implantation becomes more uni-
form. It is proved by the similar dimension in the value height of the
peaks (Fig. 6, ¢) and much smaller difference between the maximum
and average height of the surface (Table 1) in comparison to the initial
medium.

The oxidation of the composite with implanted Al and N leads to an
appearance of the new narrow and shallow peaks (Fig. 7, ¢) in compari-
son to the Al/NS composite. In the same time, the surface inhomogene-
ity of the sample increases. So, in this case, the formation of secondary
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Fig. 6. AFM microphotograph (a) and 3D view (b) of the implant surface with
aluminium (Al/SS). The profile along the line of the cross section shown in
Fig. 7, a—c.

TABLE 1. Characteristics of sample surface microgeometry.

Sample SS Al/SS O/Al/SS
Maximum height of irregularities, nm 590.9 342.4 504.0
Average height of irregularities, nm 158.8 188.9 267.3
Average surface roughness, nm 139.8 68.1 118.3

Specific surface area, cm?/g 13.9 18.5 38.7
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Fig.7. AFM microphotograph (a) and 3D view (b) of the oxidized implant
with aluminium (O/Al/SS). The profile along the line of the cross section
shown in Fig. 8, a—c.

surface heterogeneity, which may be related to the appearance of pores
because of the surface layer oxidation, can be proposed. As result, the
implant oxidized by air has the more developed surface. A higher value
of the specific surface area of the treated samples opens up the pro-
spect of their application in catalysis as catalyst carriers.

In order to find out the state of the elements forming the surface
layer of the treated samples the XPS method was applied. The overview
of the XPS spectrum of the Al/SS composite is shown in Fig. 8, a. In
addition to Al and N introduced by ion implantation, the presence of
Fe, Ni, Ti included in the carrier (steel 12X18H10T) and O and C,
which may be exist in the source material and can be sorbed from the
environment (air, water, vacuum oil vapour, lubricants, etc.), was es-
tablished. The detail study of the XPS spectra of individual elements
presented below.

The decomposition of the Ols-electron spectrum (Fig. 8, b) shows the
presence of five peaks for the implanted composite. Any problems with
identification of four of them exists: they belong to oxygen of the crys-
tal lattice (B), oxygen of carbonate (C) and hydroxyl groups (D), and
the peak with the highest value of electrons binding energy (E) is the
adsorbed oxygen on the composite surface (Fig. 8, b).

The first peaks of oxygen (A) characterized by the lowest value of BE
of Ols-electrons (E, = 527.6 eV), which can be connected with the addi-
tional transfer of electron density from the elements of the composites
to oxygen. The analysis of the spectrum of N1s-electrons (Fig. 8, ¢) can
provides additional information connected with this fact. In this spec-
trum the peak with binding energy value above 400 eV, which, accord-
ing to the literature [30], belongs to the NO groups with significant
electron density transfer from nitrogen to oxygen is observed. As the
result of this effect, the peak with a low binding energy in the spec-
trum of Ols-electrons appears. The two other peaks in the spectrum of
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N1ls-electrons are associated with the formation of implanted metal
nitrides and the presence of elemental nitrogen in the surface layer of
the samples.

After oxidation of the sample, the changes occur both in the Ols-
electron spectrum and in the N1s-electron spectrum (Fig. 8, d, and e).
The spectrum of the last element practically disappears and only one
component can be distinguished in it (Fig. 8, e¢), which refers to the el-
emental nitrogen, obviously incorporated into the carrier matrix,
which oxidation occurs with low rate. In the Ols-electron spectrum
(Fig. 8, d), three components, which refer to the lattice oxygen of the
implanted metal oxide, carbonate groups C=0 and chemisorbed water,
remain (the reflex from later has the maximum intensity among them).

The analysis of Ols-electron and N1ls-electron spectra permits to
suggest that after implantation of aluminium and nitrogen on stain-
less steel foil in the surface layer of composites the formation of alu-
minium nitride, oxide and oxynitride compounds proceeds. After oxi-
dation, the composite with implants lose a large amount of nitrogen,
with alumina formation and this elemental rearrangement leads to
texturing changes shown by SEM and AFM data, which are accompa-
nied by an increase of SSA of the sample.

The results of the study of the spectrum of Al2s-electrons (Fig. 8, f)
have good accordance with presented above based on analysis of Ols-
and N1s-electron spectra. Three peaks can be distinguished in this
spectrum of Al2s-electrons. The first one with E;, =116.3 eV, according
to the literature data [30, 31], refers to metallic aluminium (relative
intensity of 8% ). The second peak (E, = 119.1 eV) characterizes the
formation of aluminium nitride and its relative intensity is 20% . For
the third peak, a high value of binding energy of the Al2s-electron
(E»=122.4 eV) was found, which characterizes a significant transfer
of electron density from metal to another element(s). Such values are
usually observed for aluminium compounds with ligands that have a
significant negative charge (Cl, F). In our case (due to the absence of
fluorine or chlorine in the sample), this may be due to the formation of
NO groups (see above), which provokes an additional electron density
transfer from aluminium. In general, the data on the XP-spectra of
O1s-, N1s- and Al2s-electrons are each other accordance and indicate
the presence of oxide, nitride and oxynitride aluminium compounds in
the surface of synthesized composites.

The oxidation of the implant by air oxygen leads to a significant
change in the spectrum of Al2s-electrons (Fig. 8, g). There is only one
peak in the spectrum with E, = 118.9 eV, which characterizes the pres-
ence of Al in its oxide compounds. This fact agrees well enough with
the changes in the spectrum of Ols-electrons (Fig. 8, d), which shows
the presence of oxygen in metal oxides, as well as with the spectrum of
N1ls-electrons (Fig. 8, e), in which only elemental nitrogen is present.
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Fig. 8. Overview of the XPS spectrum of the Al/SS composite (a), Ols-
electron spectrum of the Al/SS (b), N1s-electron spectrum of the Al/SS (c),
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0/Al/SS (e), Al2s-electron spectrum of the Al/SS (f), Al2s-electron spectrum
of the O/A1/SS (g).



ALUMINIUM ION IMPLANTATION IN STAINLESS STEEL 767

The resistance of the synthesized composites to mechanical stresses
was tested in sclerometry studies implemented according to the meth-
od described in [32].

The smooth scratch edges on the composite samples (Fig. 9, b, ¢),
without visible tears, which are observed for composites with different
doses of implantation testify the high plasticity of the surface layer in
comparison to the original carrier (Fig. 9, a). The observed defor-
mation character and the reduction of the groove thickness demon-
strate an increase in the strength and hardness of the implant surface
compared to the original carrier. The data obtained by sclerometry
study demonstrate the high adhesive strength of the supported im-
plant layer, the formation of which on the carrier was shown above and
it is in good accordance with the mechanical strength calculations real-
ized according to the method [32] (Table 2). The observed hardening
effect in composite surface can be due to defect formation in the carri-
er matrix under the embedding in the support material of nitrogen and
aluminium ions, which agrees with the data of the XRD of thin films
and XPS study. In addition, the cascade of perturbation caused by im-
purity particles can lead not only to the concentration of the Schottky
and Frenkel defects, but also to the redistribution of stresses, up to the
output of energy waves on the surface, which is reflected in the form of
its topography and is confirmed by optical microscopy, SEM and AFM
results.

To determine the possibility of application of the synthesized com-
posites as the elements of heaters, gas burners, catalysts, etc., their
thermophysical characteristics were studied. The comparison of ther-

Fig. 9. Microphotographs of the carrier surface (SS) (a), and Al/SS samples
with implantation doses of 2.5:10'7 ion/cm? (b) and 5-10'7 ion/cm? (¢) after
scratching. Magnification x200.

TABLE 2. Characteristics of mechanical strength of the samples surface.

Sample SS Al/SS  0O/Al/SS

Implantation dose, ion/cm? — 2.5-10%7 5-10%7
Mechanical strength, GPa 1.7 3.4 5.7
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mal properties of the implants and the initial medium was carried out
according to the technique [23] in a laboratory flow-through facility at
an air flow rate of 600 1/hour and by passing through materials (sup-
port and composites) an electric current of different power.

The obtained results show (Fig. 10, a) that the implants (composites)
have a higher value of heat transfer coefficient from the sample to the
air than initial carrier does. This can be connected with the difference
in samples surface area, their surface shape and temperature.

Since the differences in area and microgeometry of the samples sur-
face were shown above by BET, AFM, SEM methods, we realized the
temperature studies. The obtained presented in Figs. 10, a and b. This
data show that, firstly, the air temperature near to the implants sur-
face is approximately 25—35°C (in dependence from electric power)
higher than the air temperature near the untreated support surface.
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Secondly, the surface temperature of implant is average on 30—40°C
higher than the temperature of the initial support surface.

The reason of the difference in the temperature indices above for
initial sample and composite can be the presence (according to the XPS
results) of aluminium, oxygen and nitrogen-based aluminium com-
pounds (oxides, nitrides and oxynitrides) in the implant surface layer,
which impairs the electrical and thermal conductivity in the layer and
as a result can lead to the local overheating of surface. In addition, the
existence of coating layer in support surface (detected by SEM, cross
section; Fig. 3) can, in its turn, act as a thermal barrier preventing the
dissipation of heat deep into the material and promote its concentra-
tion on the surface.

4. CONCLUSION

The obtained results shown that the implantation of aluminium in a
stream of nitrogen ions on stainless steel surface leads to a complex
effect on the initial material properties.

It is shown that the introduction of Al and N ions into the carrier
matrix accompanied by its partial recrystallization (‘ferritization’,
inoculation with defect formation). The partial introduction of im-
planted aluminium and nitrogen ions into stainless steel leads to the
changes of the support near-surface layer structure.

The formation of aluminium coating with thickness up to 100 nm on
carrier surface as result of implantation was observed. It was estab-
lished that this surface layer contains the x-ray amorphous aluminium
nitride, oxide and oxynitride compounds. The oxidation of composite
(implant) leads to the destruction of nitrogen containing compounds
and alumina become the base surface layer compound.

It was established that the specific surface area and the mechanical
strength of the surface layer increase significantly after implantation
and oxidation of implant and the growth of the implantation dose too.

It is established that the structural and morphological changes as
well as formation of chemical compounds on the carrier increase the
thermal-physical characteristics of the implants in comparison with
the properties of the untreated sample.

Therefore, the practical usefulness of the synthesized composites
can be connected with their application as support for catalysts syn-
thesis, elements of heating devices and other construction materials of
chemical, oil, and gas industry.
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PACS numbers: 62.20.Qp, 68.35.Ct, 68.35.Gy, 68.55.J-, 68.55.Ln, 81.15.Rs, 81.40.Pq

BaacTuBocTi moBepXxoHSB JeTaJMiB i3 KpHIIi 31 3HOCOCTIHKNMHU

nmokpurTamu crkaaxy 1M i 90% BK6 + 10% 1M, HaHeceHUMU
METO/IOM eJIeKTPOiCKPOBOTO JIEI'YBAHHA 3 BHKOPMCTAHHAM
CHEI[iITbHUX TeXHOJOTiYHUuX cepenoBuil. Y. 2. 3HOCOCTIHKiCTD,
TonorpagiuHi i MexaHiuHi BJIacTHBOCTI

B. B. Tapenbuuk, O. Il. 'amonosa®, H. B. TapenbHuK,
€. B. Konomnguuenko, C. I'. Bougapes, O. B. Pagionos, M. M. Maiidar,
A.B.

Oxpimenko®, M. 0. Ilymanuyk, K. I'. CupoBanbKuii

CymcvoKuil HAUIOHAbHUTL azpapHUTL YHiGepcumem,
sya. I'epacuma Kondpamvesa, 160,

40021 Cymu, Yrpaina

*Cymcovruil Oeprcasruil yrigepcumem,

sys. Pumcvrozo-Kopcaxosa, 2,

40007 Cymu, Yrkpaina

B crarTi B pesysnbTaTi mMOpiBHAJNBHUX BUIIPOOYBAaHb BCTAHOBJIEHO, IO JIIIIIITY
CTifiKiCTh TPOTH TiApoabpasuBHOTO 3HOCY MAlOTh 3Pa3KM KPUILi 45 3 TOKPUT-
TSM, HaHECEeHUM MeTOAOM eJieKTpoickpoBoro JseryBaunuda (EIJI) emexTpomoro 3
TBepaoro croiry BK6 3 BUKOPUCTAHHAM CIIEIisIJIbHOTO TEXHOJIOTIUHOTO cepero-
puia (CTC) ckaany 0,5%Si+ 0,5%B + 2%Cr + 7%Ni + 90% Baserin, 3HOC SKUX
micasa 24 roguH BunpoOyBaHHA ckJjaazae 221 mr, mo Ha 122% MmeHIe, HiXK y
3pasKiB 6e3 moKpuTTs, Ha 15% i 31% — HiK y 3pasKiB 3 MOKPUTTAMU, HaHECe-
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HUMH ejJexkTpoaaMu 3 Hixpomoporo apory X20H80 3 Burkopucramaam CTC
cxaany 0,5%Si+ 0,5%B + 59%BK6 + 40% Bazesin i CTC ckaagy 5%Si+ 5%B +
+ 90% Baseiu BigmoBigHo, Ta Ha 22% 1 47% MeHIIle, HiXK 3 TOKPUTTAMU, HAHE-
CEeHUMU eJIEKTPOJaMU, BUTOTOBJIEHUMHU METOIOM ITOPOITKOBOI MeTaxyprii (ITM)
craaxy 90%BK6 + 10%1M i 1M sigmoBigwmo. Haa kputi P6M5 minmry crifikicTs
IIPOTH TipoabpasuBHOTO 3HOCY MAIOTh 3PA3KY 3 HOKPUTTAM, HAHECEeHUM METO-
nom EIJI enextpomoio 3 TBepaoro crony BK6 3 Buxkopucranuam CTC crkiany
0,5%Si+ 0,5%B + 2%Cr + 7%Ni + 90% BaseJin, 3H0C AKUX Iicasa 24 roguH BU-
mpoOyBaHHA cKJanae 188 mr, 1o Ha 43% MeHIe, HidK y 3pasKiB 0e3 MOKPUTTS,
Ha 6% i 15% — Hix y 3pas3KiB 3 mOKpUTTAM, HaHeceHuM meromoM ELJI emexT-
pomoio 3 Hixpomosoro apory ckjaany X20H80 3 suropucranuam CTC craany
0,5%Si + 0,5%B + 59%BK6 + 40% Bazeniu i CTC cxkaaxy 5%Si + 5%B + 90% Ba-
3eJliH BimgmoBimHO, Ta Ha 24 i 27% MeHIle, Hi’K 3 MOKPUTTAMU, HAHECEHUMHU
eJIeKTpogamMu, Burorosienumu metonom IIM, ckaagy 90%BK6 + 10%1M i 1M
BigmoBiguo. 3a EIJI enekTpomaMu-iHCTpyMeHTaMM, BUTOTOBJIEHUMU SK METO-
mom IIM, Tak i 3a HOBOIO TexHoJorieio 3 apoty X20HS80 i TBepmoro cromy BK6 i
CTC, merauis i3 kpuii 45 i xpuni P6Mb Big0yBaeThCA MOHMMKEHHA MEXi MiIl-
HOCTH Ta MeXKi INIMHHOCTH BiAIIOBiZHO, a BifHOCHE IIOIOB}KEHHS Ta BiTHOCHE
3BYKEHHS 3pPOCTalOTh. 3a MOJAJBIITOro npoBenenuada BY®O me:xka mMimHOCTH Ta
MerKa IJIMHHOCTU 30iJbIIyIOThCA, a BiJHOCHE MOJOBXKEHHSA Ta BilHOCHE 3BY-
JKeHHS 3MeHINyITheA. [lo mpakTrnyHOl peasrisallii mponoHyOThECA 3HOCOCTINKI
TMOKPUTTS, chOPMOBAHI 3a HOBOIO TeXHOJOTi€I0, 3 BUKOPUCTAHHAM €JIeKTPO/I-
incTpymenTiB 3 gpotry X20H80 i TBepmoro crory BK6 Ta CTC y nBa eTamu 3 Ha-
crynauM BY®O, 3pocTaHHA MeKi MIiITHOCTM Ta MeKi MIMHHOCTU SKUX 30iJb-
IIYIOThCA IJid Kpuii 45 i kpuni P6M5, Bigmosiguo, Ha 4,9% i 4,6% Tta 3,5% i
2,7%, a BimTHOCHe HOJOB:KEHHSA Ta BiJHOCHE 3BYKE€HHS 3MEHIIYIOThCA, BiAmO-
Bigmo, Ha 1,7% i 1,3% Ta 2,0% i 1,7%; B TOM Ke 4Jac IIIEePCTKiCTh IIOBEPXHi
cxaagae Ra=1,1 MmKM, a cymiasaicts — 100%.

KuarouoBi ciioBa: eJleKTpPOiCKpoBe JieI'yBaHHSA, eJeKTPOoAa-iHCTPpYMEeHT, IIOK-
puTTs, «6iauii map», MiKPOTBEPIiCTh, MIEPCTKICTh, CYIIiIbHICTh.

In the article, as a result of comparative tests, it is established that steel sam-
ples with a coating applying the electrospark alloying method (ESA) with a
BEK6 hard-alloy electrode with the use of a special technological environment
(STE) with a composition of 0.5%Si+ 0.5%B + 2%Cr + 7%Ni+ 90% vaseline,
the wear of which after 24 hours of testing is of 221 mg that is 122% less than
that for samples without coating and 15% and 31% for samples with coatings
applying the nichrome-electrodes’ wire X20H80 using STE composition of
0.5%Si + 0.5%B + 59%BK6 + 40% vaseline and STE composition of 5%Si+
5%B + 90% vaseline, respectively, and by 22% and 47% less than with coat-
ings applying the electrodes made by the method of powder metallurgy (PM),
the composition of which is of 90%BK6 + 10%1M and 1M, respectively. For
P6Mb5 steel, better resistance against hydroabrasive wear is possessed by sam-
ples with a coating applying the ESA method with an electrode made of hard
alloy BK6 using STE composition of 0.5%Si+ 0.5%B + 2%Cr + 7%Ni+ 90%
vaseline, the wear of which after 24 hours of testing is of 188 mg that is 43%
less than in samples without coating and by 6% and 15% in samples with a
coating applying the ESA method with an electrode made of nichrome wire of
the composition X20H80 using STE composition of 0.5%Si+ 0.5%B +
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+59%BK6 + 40% vaseline and STE composition of 5%Si + 5%B + 90% vaseline,
and by 24% and 27% less than with coatings applying the electrodes produced
by the PM method with a composition of 90%BK6 + 10%1M and 1M, respec-
tively. In ESA with electrodes-tools made both by the PM method and by the
new technology of wire X20H80 and hard alloy BK6 and STE, parts made of
steel 45 and steel P6M5 have a decrease in the strength limit and yield limit,
respectively, and both the relative elongation and the relative narrowing in-
crease. With further abrasive-free ultrasonic finishing (AFUF), both the
strength limit and the yield strength increase, and both the relative elonga-
tion and the relative narrowing decrease. For practical implementation, wear-
resistant coatings formed according to the new technology, using tool elec-
trodes made of X20H80 wire and hard alloy BK6 and STE in two stages with
the following AFUF are proposed, the growth of the strength limit and the
yield limit of which increase for steel 45 and steel P6M5 by 4.9% and 4.6%
and 3.5% and 2.7%, respectively, and relative elongation and relative con-
traction decrease by 1.7% and 1.3% and 2.0% and 1.7%, respectively. At the
same time, the surface roughness is Ra = 1.1 um, and the integrity is of 100%.

Key words: electrospark alloying, electrode tool, coating, ‘white layer’, mi-
crohardness, roughness, integrity.

(Ompumano 7 kgimnsa 2023 p.; ocmamouH. apiasnm — 13 kgimusa 2023 p. )

1. BCTYII

B nepmriii vactuui [1] muKay craTeit onmucamno HOBuUi cmoci6d opmyBam-
HS 3aXMCHUX MOKPUTTIB AeTAJiB i3 KpuIli, 1110 IpaIoioTh B YMOBax ao-
PasuBHOTO 3HOIIIYBAHHS, SIK B 3araJJbHOMY MaIIuHOOYAYBaHHi, CKJIaIy
90%BK6 + 10%1M, Tak i Ha BUPOOHUIITBAX, A€ MOKe OyTH pamidiiiine
ornpominoBauuda — 1M (70%Ni, 20%Cr, 5%Si, 5%B), mIaxom HaHe-
CEeHHsA iX MeToJmoM esieKTpoicKkpoBoro JeryBaHHsa (EIJI) koMmakTHUMHT
eJIeKTpoJaMu-iHcTpyMeHTaMu 3 Hixpomosoro apoty X20HS8O0 i TBepaoro
crony BK6 Ta BUKOPHCTaHHS CIEIiAJbHIX TEXHOJOTIUHNX CepemIoBHIIL
(CTC), B crJIam AKX BXOAATH BiICYyTHI Jer'yBaibHi eTeMeHTH.

B pesyabraTi mpoBeieHUX MOCIiAKeHb BCTAHOBJIEHO, IO TOBEePXHEBi
mapu kpuii 45 i P6Mb miciis HaHeceHHs 3HOCOCTIHKUX IMOKPUTTIB Ma-
IOTh CTPYKTYPY, AKa CKJIANAETHCA 3 TPHOX MiJIAHOK: 3BepXy «Oinmit
1ap», HK4Ue mepexigHa 3oHa i OCHOBHUM MeTas. 13 30iIbIIIeHHAM eHe-
prii pospany (Wp) 3 0,52 mo 2,6 JI;k 3poCcTaioTh TOBITUHU «0ijioTo ImIa-
Py» Ta mepeximHol 30Hi, iXHA MiKpPOTBEepIiCTh i IIepPCTKiCTL ITOBEPXHI,
ajie CyIiJIbHICTh HAHECEHOr0 IMOKPUTTA 3MeHITyeThcsa. HaliBuima Mik-
porBepaicts 9750-12800 i 14250-14600 MIIa Hajge:XuUTh MOKPUTTAM,
copMoBaHUM, BiAmoBigHO, Ha Kpuili 45 i P6M5 3a EIJI xoMmmakTHUMHT
eJIeKTPoAaMI-iHCTPpyMeHTaMu 3 TBepaoro cromy BK6 i cmemisabHOTrO
rexHoJsioriunoro cepemposuina (CTC) ckaxany 0,5%Si+ 0,5%B +2%Cr +
+ 7%Ni + 90% BazeiH.

AKTyalbHIMHI 3aJadyaMM, AKi TaKOK MOTPiOHO BUPIIINTH, 3aJIUIIIA-
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IOThCSA: OI[IHKA 3HOCOCTiHKOoCTH MOKPUTTIB cKaany 90%BK6 + 10%1M i
1M (70%Ni, 20%Cr, 5%Si, 5%B), po3podaeHX HOBUM CIIOCOOOM, a Ta-
KOK IXHill BIJIMB Ha MeXaHiIUYHI BJIAaCTUBOCTI JeTaJiB.

2. AHAJII3A OCTAHHIX TOCJIIZKEHD I IIYBJIK AT

B pesysbraTi aHaa i3y MaTeHTHUX 1 JIiTepaTypHUX KEpPeJ, TPOBeIeHUX
BuactuHi 1 [1] mamoro MUKy crareii, HeOOXiAHO BigMiTHUTH, 10 BEJINKA
yBara Ha MAIIWHOOYAiBHMX IIAOPUEMCTBAX IIPULIIAECTHCA BUCOKIi
SAKOCTi IIPOAYKILii, IIT0 BUNYCKAEThCA AK Ha BUPOOHUIITBAX 3araIbHOTO
IpuU3HauUeHHd, TaK i TUX, pobdoTa AKMUX IIOB’A3aHAa 3 PASIAIIHHNM OIIPO-
MiHooBanHAM [2—-4]. BpaxoByouu Te, 110 3HOIITYBAHHA Ta PYHHYBaHHS
JeTaliB BUPOOiB IIOUMHAETHCA IIEPEBAKHO 3 IIOBEPXHEBUX IMapiB, IIep-
HIopAAHe 3HAYEeHHA Ma€ HaJaHHA IM 3aXMCHUX BJIACTUBOCTEM, IO JOCA-
raeThbCcAd PiBSHUMU TEXHOJOTiAMU, AKi BUKOPHUCTOBYIOTh AK Ha CTail BU-
TOTOBJIEHHSA, TaK i i yac ix peHosairii. [[1d 3axXucTy ITIOBEPXOHD eTaJiB
nepeBaskKHO BUKOPMCTOBYIOTh MOKPUTTA, AKi HAHOCATH AK OKPEMUMHU Te-
XHOJIOTiIMM, HAIPHUKJAZ, HAIOPOMIEHHAM TBEPAUMM 3HOCOCTiHKIMN
Marepianramu [5—7], mazsepaumM 006pobieHHAM [8—11], HaHeceHHAM HaHO-
Kommo3uTiB [12], Tak i B KoMOiHAIIi] 3 iHITUMY, TOETHAHHA AKUX € e(eK-
THUBHiIIE OKpeMo B3ATuX [13—-15].

Cepen pOSTIIAHYTHX METO]l BiIHOBJIEHHS JEeTaJiB BeJIUKOI yBarm 3a-
cayroBye eaexTpoickpone seryBaunua (ELJI), ake e ekosoriumo 6esmeu-
HUM ¥ OCTaHHIM YacoM BCe YacTillle 3aCTOCOBYETHCA B PEMOHTHOMY BHU-
pobuunTi [16—18]. MeTton EIJI mae pan cuenudivHEmX 0COOJIMBOCTEMH:
MaTepian amoau (MaTepidaa SKUM JIeI'YIOTh) MOXKe YTBOPIOBATHU Ha ITOBe-
pxHi KaTogu (MOBEPXHA AKY JEI'VIOTH) IIap HOKPUTTS, HaA3BUUYANHO
MiITHO 3UeIlJIeHNH 3 IOBEepPXHe. ¥ IIbOMY BUIIAAKY He TiJIbKU BigCcyTHSA
MesKa MOALIIy MisK HaHeCeHM MaTepisjioM i MeTaJioM OCHOBH, aJie i BiJ-
OyBaeThcA HaBITH Au@ysisa emeMeHTiB aHomm B Karony [19-21]; mery-
BaHHA MOKHA 3iICHIOBATH Y 3a3HAYEHUX MicIiax (pamirocoM BiJ 4acTOK
MijiMeTrpa Ta O0ibIle), He 3aXUITAI0YN PEINTY IIOBEPXHi AeTajio; TeXHO-
Jgoria EIJI MeTaieBuX IIOBEPXOHE AY:Ke IIPOCTA, a HEOOXigHA amapaTypa
He 3aiiMae 0araTo MicIls Ta JOCTATHLO JIETKO TPAHCIIOPTYETHCS.

ITopsan 3 HUBKOIO ITepeBar, OCHOBHUMU 3 IKUX € MiITHe 3UellJIeHHs I1e-
PeHeceHOro MaTepisaly 3 OCHOBOIO, HiIBUINEHHS TBEPAOCTH, KOPO3iiHOI
CTiAKOCTH, 3HOCO- Ta KAaPOCTIAKOCTH HOBEPXOHb, IO TPYThCS, METO.
ELJI mae i HUBKY HenoiKiB (30iIBITIEHHS IITEPCTKOCTH ITOBEPXHi, BUHN-
KHEHHS B IIOBEPXHEBOMY IIIapi PO3TATryBAJIbHUX HAIIPYKEHb, 3MEHIIIEH-
HS YTOMHOI MIiITHOCTH Ta iH.), AKi iCTOTHO MOHMIKYIOTH HOT0 BUKOPUC-
TaHHA [22, 23].

IlonepenuiMm mocCaimKeHHIMMN HaMMP BCTAHOBJIEHO, IO BEJUYUHY
IIIEPCTKOCTY IIOBEPXHEBOTO Iapy micasd oopobiaenusa meromom EIJI mo-
JKHa IMOHUBUTH IIOJAJILINNM JIET'YBAHHAM €JeKTPOIA0I0-iHCTPYMEHTOM 3
TAKOTO K MAaTepiasy, ajie BUKOPHCTOBYIOUM MEHIIIOI eHeprii pos3psn
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[10], a 3smMiHuTH PO3TATYBAJIbHI HAIIPYKeHHSA HAa CTUCKAJIbHI Ta 36iJb-
HINTU YTOMHY MiITHiCTh MOKHA IIJIAXOM BUKOpHcTaHHA mmiciaa EIJI rex-
HOJIOTii moBepxHEBOI mmactTrnynoi nedopmarii (IITI0) [22, 23].

Caix BigmiTuTu, 1o Kpuii 45 i P6M5 gocTaTHBO IITMPOKO BUKOPUCTO-
BYIOTh Y MAaIINHOOYAYBAHHI AJA BUTOTOBJEHHS, BiAIOBigHO, meTasiB
MAIIIUH i MeTajiopisaidbHUX iHCTpyMenTiB. Tak, srigmo 3 [24], HaMOiAbII
NOITUPEHUMM MaTepisjaMu BaJiB JJId HACOCIB 3arajbHOro IIpM3HaAUYEH-
Hs, IIT0 IIePEKaUYyIOTh X0JO0LHY BOAY, € KpuIlli Mapok 40, 45, 40X. Taxkox,
y [25] onmucaHO pes3yJsbTaTH eKCIepUMEHTAJNILHUX MOCIiAMKeHb IIPOIecy
cBepAIiHHg 3paskiB i3 kpuili 40X, saraproBanoi g0 TBepgoctu HRC 38—
40 cBepmmamu Mapku HSS (aHasor mBUIKOPisaabHOI JeroBaHOI KPHILi
P6M5) mBetinapeskoi ¢dipmu IRWIN. Ceepaninma spiificHioBasgocsa He-
3MIITHEHNMHU CBepajaMu Ta 3MirmtHeHuMu mMetonom ELJI TBepaumu croma-
mu TK i BK, mopomkosum aporom I1]1 80X20P3T, a Tak0:K TOPOIITKOBUM
aporoMm I111] 80X 20P3T 3 mogaBanHAM M0 HUX KOMIIOHEeHTY «K». Berano-
BJIEHO, IO CTifKiCTL cCcBephes, B3MiITHEHWX MNOPOIIKOBUM JIPOTOM
ITI80X20P3T+«K», mopiBHAHO i3 cepiiiTHUM He3MiITHeHUM 30iIbITHIaCT
Maitike y 7 pasiB. MeTaJjiopizajabHi iHCTPYMEHTH B IIPoOIleci poOOTH ITigIs-
raloTh OXOJOIKEHHIO MaCTUILHO-0X0JI0THOIO PiguHOIO0 [26].

Bpaxosyiouu Te, 1110 geTaJi i3 Kpuiri 45 i meraymopisanbHi iHCTpyMeH-
T4 i3 Kpuni P6M5 B mpolieci poboTu miggaoThCca aOpa3sMBHOMY 3HOIIIY-
BaHHIO B PiAIMHHOMY CEpPEeIOBUIIi, IIPEACTaBJISI€ HAYKOBUM i IIpaKTHU-
HUH iHTepec HOCHiAMTH IXHIO CTiHKicTh 0e3 MOKPUTTIB i 3 IOKPUTTAMU
ckaany 1M i 90%BEK6 + 10%1M, maneceaumu MmetogoM EIJI Ha moBepx-
Hi JeTaJiB i3 KpHUIli B yMOBaX rijpoadpas3mBHOTO 3HOIITYBAHHSI.

OT:xe, MeTOIO ITiel YaCTUHU ITUKJY cTaTell € BUBHAUEHHS BILJIHNBY 3a-
xucHUX NOKpuTTiB cKaany 1M (70%Ni, 20%Cr, 5%Si, 5%B)i 90%BK6 +
+ 10%1M, mamecenux metogoM EIJI Ha moBepxHi AeTaJIiB i3 KpHUIli KOM-
MaKTHUMHN eJeKTPOJaMU-iHCTPYMEeHTaAMH 3 HiXpPOMOBOTO IPOTY
X20HS80 i 3 TBepmoro crony BK6 3 Buxkopucranaam CTC, Ha IXHIO CTiii-
KicTb 3a rimpoabpasuBHOIO 3HOIITYBAHHSA Ta MeXaHiUHi BJIaCTUBOCTI.

3. METOJIUKA TOCJIIKEHD

3 MeTOI0 OIliHKM 3HOCOCTiMKOCTH IIPOTHU Jii Ha IIOBEPXHIO, IIT0 3HOIITYETLCS,
a0pasuBy BUTOTOBJIAIN 3PasKu i3 Kpuilb 45 i P6M5 posmipom 15x15x10
MM 0€e3 IIOKPUTTIB i 3 TOKPUTTAMU, HAHECEHNMH 3TigHo 3 Tabu. 1.

Hamu B momepenHixX MOCHiMKeHHAX AJS IPOBENeHHsS BUIPOOYyBaHb
3pasKiB Ha Trigpoabpas3sMBHY 3HOCOCTIMKiCTh OYJIO pO3p00JIeHO KOHCTPY-
KI[if0 i BUTOTOBJIEHO HOCHiTHY ycTaHOBKRY (puc. 1, a) [27]. Ak abpasus-
HUH MaTePisiyi BUKOPUCTOBYBAJIN BOAHY CYMIII ITiCKY 3 PO3MipoM uac-
ok y 0,1-0,5 MM (puc. 1, 6) i KoHmerTparieoy 100 r/i.

3pasKku A5 BUBHAUEHHS iHTEer'paJIbHOTO 3HOCY Bciel moBepxHi mepen
BUITPOOYBaHHAM 3BaKyBau Ha aHadiTnuHuX Barax BJIA-200 3 TounicTio
1o 0,0001 r. IaTerpanbHuii (BaroBuit) 3HOC BU3HAYAIN K PisKHUITIO Baru
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TABJINIIA 1. Cepii 3paskis aas BunpobyBaHb Ha CTifiKicTb mpoTu rigpoabpa-
3MBHOTO 3HOIIIYBAHHS.

TABLE 1. Series of test specimens for resistance to water-abrasive wear.

. Marepian Craapg
Marepian ExexTpona- . .
. €JIEeKTPOaM - CIIEI[1AJIBHOI'O TEXHOJIOT'1YHOTI'O
3paska iHCTpyMeHT .
iHCTPpYMEHTY cepefoBUIla
Kpuma 45 - - -
Rpuna _ B B
P6M5
90%BK6 + 10%1M -
Kpuma 45
Burotosie- 1M -
HUII MeTO-  90%BK6 + 10%1
Kpunsa  gom IIM M -
P6M5
1M -
Hixpomo- 5%S1i + 5%B + 90% Basemnin
BH# ApiT X20H80 0,5%Si + 0,5%B + 59%BK6
&3 MM +40% Basenin
Kpuna 45 cragnaprai
IJIACTUHU TBEPAUH CTOII 0,5%S1i+ 0,5%B + 2%Cr + 7%Ni +
poamipom BEK6 +90% Bagemin
2x3x30 MM
Hixpomo- 5%S1i + 5%B + 90% Basemnin
BUI piT X20H30 0,5%Si + 0,5%B + 59%BK6 + 40%
&3 Mm BaseJiH
Kpuna

P6M5 Crammaprai
ILJIaCTUHI TBEPIUU CTOII 0,5%Si+ 0,5%B + 2%Cr + 7%Ni +
posmipom BEK6 +90% BageJsin
2x3x30 MM

3pasKa Mo i micsia mpoBeeHHA BUTTPOOyBaHb. IIOKa3HUKM KOHTPOJIIOBAIN
yepes KOKHi 6 roguH. [ocaigKeHHA TPOBOAUIIN IIPOTATOM 24 TOAMH.
3pasku (pikcyBaam Ha IUCKY 3a JOIOMOTOI0 TpuMmauiB (puc. 1, 8, 2).
KpinnenHsa TpuMaua 0 AMCKa YMOMKJIUBJIIOBAIO 3MiHIOBATH KYT KOHTA-
KTy 3paska 3 abpasuBoM. B mpoiieci Bunpo6yBaHb 3paski, 3aKpillieHi
mig KyTom y 45°, obepranucs 3i mBuakictioy 120 06/xB.
3pasku 6e3 MOKPUTTIB i 3 MOKPUTTAMU, 3TigHO 3 TabJ. 1, BUIIpodyBa-
JIW IBOMA MapTiAMH’: OKpeMo i3 Kpuili 45 i kpuni P6M5, o 6 3paskis y
KOXKHIiN maprii:
1-71 3pasoK — 6e3 MOKPUTTS;
2-11 3pasok — mokputTta 90%BK6 + 10%1M (eseKTpoay BUTOTOBJIEHO
mertoxom ITM);
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a 0

Puc. 1. Jocaigua ycTaHOBKA AJS BUSHAUEHHS rigpoabpasmBHOI 3HOCOCTiMKOC-
TH: cxeMa (a), po3sMip YacTUHOK IIicKy (0), (pikcaria sapaskiB Ha gucky (8), pos-
MillleHHS TpuMadviB Ha Jucky (2) [27].

Fig. 1. Experimental setup for determining hydroabrasive wear resistance:
scheme (a), size of sand particles (6), fixation of samples on the disc (8),
placement of holders on the disk (2) [27].

3-11 3pa3oKk — moKpuTTa 1M (esIeKTpoay BUroToBIeHO MeTonom ITM);
4-7i 3pasoKk — IOKPUTTS €JEeKTPOAOI0-iHCTPYMEHTOM 3 HiXPOMOBOTO
npory ckiaany X20H80 3 Buxopucranuam CTC ckmaazy 5%Si+ 5%B +
+90% BaszeJin;
5-11 3pa30K — MOKPHUTTSA eJEeKTPOLOIO-iHCTPYMEHTOM 3 HiXpPOMOBOTO
apory ckaany X20H80 3 suropucranaam CTC craaxy 0,5%Si+
+0,5%B + 59%BEK6 + 40% Baszein;
6-i1 3pa30K — IIOKPUTTS €JIEeKTPOI0I0-IHCTPYMEHTOM 3 TBEPJOr0 CTOMIY
BK6 3 Buxopucrauuam CTC ckmaxy 0,5%Si+ 0,5%B +2%Cr + 7%Ni +
90% BaseaiH.

3riguo 3 ICTY 7809, nis mociimKeHHA BILIUBY PiSHUX TEXHOJIOTiH
3MinHeHHA Ha (GisMKO-MeXaHiuHi BJIACTUBOCTI JeTaJiio 0yJI0 BUTOTOBJIE-
HO 3pasku i3 kpuri 45 i xpuii P6M5 (puc. 2).

3MminHeHHs BUKOHYyBajgoca Ha ycraHobii EIJI «Emxitpou-52A» B aBa

Puc. 2. 3pasku 11 BUTpoOyBaHHA HA PO3PUB.

Fig. 2. Tensile test specimen.
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TABJINIIA 2. SacTocoBaHi MeToau 00po0IeHHA 3pa3KiB [IJid BUIPOOYBAHHS HA
po3puB.

TABLE 2. Applied methods of sample processing during tensile testing.

Marepisan

3pasKa TIOKPUTTSA

EJIGKTpO,lI&- oTe

iHCTpyMeHT

. 0e3 TOKPUTTA
BUTOTOBJIEHU . .
KPHUIA merozom IIM 90%BK6 + 10%1M
45 1M
5%Si + 5%B + 90% Baseuin
X20H80

0,5%Si+ 0,5%B + 59%BK6 + 40% Bazenin
tBepauii cron BK6 0,5%Si+ 0,5%B + 2%Cr + 7%Ni + 90% Bazesin
6e3 MOKPUTTA

BUT'OTOBJIEHUU 90%BR6 4 10%1M
metomom IIM
KpHUILA 1M
P6M5 5%Si + 5%B + 90% Basenin
X20HS80

0,5%8Si+ 0,5%B + 59%BK6 + 40% Baseiin
TBepauii cron BK6  0,5%8Si + 0,5%B + 2%Cr + 7%N1i + 90% Basesin

eTamnu:

1-it eram iz Wp = 2,6 I3k i npoagyKTUBHiCTIO, Bigmosiguo, T = 2,0 cm?/xB;
2-#1 eran iz Wp=0,13I:x i mpoxykTuBHicTIO, Bigmosimmo T =0,5
cm?/XB.

Pexxumu o6pobsennsa merogom ELJI i MaTepiss HOKPUTTS 3a3HAUEHO
B Tabu. 2.

ITicas o6pobiernns merogoMm EIJI meaki spasku iz Kpuili 45 smitiaro-
BaJI MeTOAO0M 0e3a0pa3rBHOrO YJIbTPa3BYKOBOTrO (hiHIIITHOTO 06p00IeH-
Ha (BY®O0).

IIlepcTricTs BuMipioBaam Ha mpujianai mpodimorpad-mpodisomerep
mox. 201 sasomy «Kamiop» HIISXOM 3HATTA ¥ 00pobiieHHs mpodisio-
rpam.

4. PESYJBTATHU JOCJIIKEHD
4.1. Ouinka rizpoadpa3uBHOI 3HOCOCTIMKOCTH

3 MeTOoI0 OIiHKHM rifpoabpasuBHOI 3HOCOCTIAKOCTH IIOKPUTTIB, chopMo-
BaHUX 3a Pi3HOIO TEXHOJIOTi€I0, IPOBOAMUJINCS BUNIPOOYBAaHHS Ha 3HOC.
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TABJHUIIA 3. PesynbTaTu iHTeHCUBHOCTY 3HOIIIEHHA 3pa3KiB Kpuiri 45.

TABLE 3. Results of wear intensity of steel 45 samples.

Yac 3HOIIyBaHHS, I'OJ.

3pasok | 3pasok
Ne Iloxkpurta 6 12 18 | 24 o micaa
3HOCY 3HOCY

Brpara Baru, Am, mr

1. 0e3 MOKPUTTA 103 215 344 491

enxexTpomoio 100% 1M,

71 146 230 325
BUTOTOBJIEHOIO MeTogoM ITM

€JIeKTPOI0I0
3. 90%BEK6 + 10%1M, 61 124 193 270
BUT'OTOBJIeHOI0 MeTogoM ITM

€JIEKTPO/IOI0 3 HiIXPOMOBOI'O
apory ckaaxy X20H80
3 Buxkopucranuam CTC cknamy
5%Si + 5%B + 90% Baszesin

€JIEKTPO/IOI0 3 HiXPOMOBOT'O
apory ckaaxy X20H80
5. sBuxopuctanuam CTCckiaamzy 58 118 183 254
0,5%Si+0,5%B+ 59%BK6 +40%
BaseJIiH

65 133 207 289

€JIEKTPO/IOI0
3 TBeporo crornry BK6
6. sBuxopucranHaM CTCcrmamy 51 104 160 221
0,5%Si +0,5%B + 2%Cr + 7%Ni +
+90% Bazein

B rabauii 3 mpeacTaBIeHO Pe3yabTATH HOCTiMKeHHA 3pasKiB KPHIIi
45 0e3 TOKPUTT i 3 TOKPUTTAMU, HaHeceHUMU MeTomoM EIJI: exexTpo-
ITaMu, BUrorosjaeHumMu merogom IIM, Bigmosiguo, 1M i 90%BK6 + 10%,
Ta 3a HOBOIO TEXHOJIOTI€I0, BIiAIIOBiHO, KOMIAKTHOI €JEeKTPOI0I0-
iHCTPpYyMeHTOM 3 HixpoMoBOro ApoTry ckjaany X20HS80 3 BukopucTaHHIM
CTC crkaamy 5%Si+ 5%B+90% Basenin i ckaaxzy 0,5%Si+ 0,5%B +
+59%BEK6 + 40% BaseniH, a TaKOX KOMIIAKTHOIO eJIeKTPOI0I0-
imcTpymeHTOM 3 TBepaoro crony BK6 i 3 Bukopucranaam CTC criaamy
0,5%Si+ 0,5%B + 2%Cr + 7%Ni + 90% BaseiH.

Ha pucyury 3 npencrasiaeHo rpadiku 3MiHi BTpaTu Macu 3a rigpoad-
pasuBHOIO 3HOITYBAHHA 3pasKiB Kpuili 45 6e3 mokpuTTta (1) i 3 mOKpuUT-
TSIMU, HaHeceHUMU MeTomoM EIJI erekTpomamu, BUTOTOBJIEHUMI METO-
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Puc. 3. 3amexHicTh TrigpoabpasuBHOTO 3HOCY (II0 BTPATi MacH) Bijf yacy BUIPO-
OyBaHHA 3pas3KiB Kpurti 45: 6e3 moxkpurtsa (1), EIJI exexktponoro 1M, BUTOTOB-
aeuoio metomom IIM (2), EIJI eneKTpomoio 3 HiXpPOMOBOrO APOTY CKJIALY
X20H80 3 Buropucragaam CTC craazy 5%Si+ 5%B + 90% Basesin (3), EIJI
enxexTponoio 90%BK6 + 10%1M, Burorossenoo meromom IIM (4), ELJI enexrt-
pozoro 3 HixpomoBoro apory ckiaany X20HS80 3 surkopucranuam CTC criaany
0,5%Si + 0,5%B + 59%BK6 + 40% Basesiu (5), EIJI emreKTpomoio 3 TBepaOTro
crony BK6 3 Buxkopucramuaam CTC ckaxany 0,5%Si+ 0,5%B + 2%Cr + 7%Ni +
90% Baszeiu (6).

Fig. 3. Dependence of hydroabrasive wear (by mass loss) on the test time of steel
45 samples: without coating (1), ESA with a 1M electrode made by the PM meth-
od (2), ESA with an electrode made of nichrome wire of the composition X20H80
using STE of the composition of 5%Si+ 5%B + 90% vaseline (3), ESA electrode
90%BK6+10%1M manufactured by the PM method (4), ESA electrode made of
nichrome wire of composition X20H80 using STE composition of 0.5%Si+
+0.5%B + 59%BK6 + 40% vaseline (5), ESA electrode made of BK6 hard alloy
using STE composition of 0.5%Si + 0.5%B + 2%Cr + 7%Ni + 90% vaseline (6).

mom IIM, BigmoBiguo, 1M (2) i 90%BEKG6 + 10%1M (4), i 3a HOBOIO TEXHO-
JIOTi€0, BiZITTIOBiZHO, KOMIIAKTHOIO €JIEKTPOJOI0-iHCTPYMEHTOM 3 HiXpPo-
moBoro apoty ckjaany X20H80 3 suxopucranuam CTC ckaaxy 5%Si+
+5%B + 90% Bagemin (3) i crkmamy 0,5%Si+0,5%B + 59%BK6 + 40% Ba-
3eyiH (5), a TaKOXK KOMIIAKTHOIO eJIEKTPOI0I0-iHCTPYMEHTOM 3 TBEPAOTO
crony BK6 i 3 Bukopucramuam CTC ckaamy 0,5%Si+ 0,5%B + 2%Cr +
+ 7%Ni + 90% Baseuid (6).

B pesyabrari anasrisu Tabu. 3 i puc. 3 3’sicoBaHO, IO JIiMOIITy CTiHKiCTh
IPOTH TiApPoadbpasmBHOTO 3HOCY MAIOTh 3Pas3Ky KPUIli 45 3 IOKPUTTAM,
HaneceauM MmetonoMm ElLJI erexTpomoio 3 TBepaoro cromry BK6 3 Bukopu-
cragaam CTC ckaany 0,5%Si+ 0,5%B + 2%Cr + 7%Ni + 90% Bazemin.

Ilicia 24 rogue BUIIPOOYBaHL 3HOC IIMX 3paskiB ckJjaamae 221 mr.
3HOC 3pas3KiB ¢ MOKPUTTAM, HaHeceHM MeTonoM ElLJI exexTpomoro 3 Hi-
xpomoBoro apory ckiaaxy X20H80 3 Bukopucramaam CTC ckaamy
0,5%Si+ 0,5%B + 59%BK6 + 40% Bazenia i CTC ckaamy 5%Si+ 5%B +
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+90% BageJsin, ckiaamae, BimmoBigHO, Ha =15% i 31% OiaswIre, ToOTO
254 mri 289 mr, a 3 TOKPUTTAMU, HAHECEHIMU eJIeKTPOSaMU, BUTOTOB-
geaumu metoxom IIM, ckaany 90%BK6 + 10%1M i 1M 6inwire, Bigmmo-
BigHOo, HA=22% i47%, To6TO 270 MIi 325 Mmr.

Haii6inpmimii 3HOC — y 3pasKiB 6e3 MOKPUTTA, AKUM cKkaagae 491 mr,
1o Ha 122% 6inblmne, HidK y 3pasKka 3 IOKPUTTAM, HaHECEHUM METOAO0M
EIJI 3a HOBOIO TEXHOJIOTi€IO €JIEKTPOA0I0 3 TBepAoro crorny BK6 3 BuKo-
puctaraam CTC ckaany 0,5%Si+ 0,5%B + 2%Cr + 7%Ni + 90% Bazemin.

Amnajiza e)eKTUBHOCTH IIPOIlECY 3HOIIMYBAHHS IIOKAa3aJia, IIo 3i 30i-
JBIIEHHSIM Yacy 3HOIITYBAaHHSA 3a PiBHI NPOMiKKM Yacy IIOCTYIIOBO 30i-
JbmryeThesa. Tak, AIsa 3paskiB 0e3 MOKPUTTA Ta 3pasKiB 3 HANMEHIIINM
3HOCOM 3 IIOKPUTTSAM, HaHeceHUM MeTomom EIJI 3a HOBOIO TeXHOJIOTiEI0
eleKkTpomoio 3 TBepzoro crony BK6 3 Buxopucramuam CTC cxiaanmy
0,5%Si + 0,5%B + 2%Cr + 7%Ni + 90% Bazesin, 3HOC Yy Mipy 30iabIIeHHA
yacy 3a KOKHi 6 ToIMH TOCTifHO 301IBIITYEThCA Ta CKJIaa€, BiAIOBiTHO,
103,112,129, 147 mri b1, 53, 56, 61 mr.

BisyannHa amajisa 3spaskiB moxasaJia, 1o micad 24 roguH BUIIPOOY-
BaHb IIiJ Aicl0o aO0pasMBHUX YACTHUHOK 3O0BHIIIHIA BUIJIAL HTOBEPXOHb
3paskiB 3amiHmuBcs. IloBepxHi BcixX 3paskiB 3 MOKPUTTAMM, HAHECEHU MU
metomom ELJI, cramu Ginbit OMCKYyUYNMU, a TPOQiab IIIEPCTKOCTH CTaB
MEHIITIM 3a po3MipoM i Oiabmn mokatum («poamutuM»). Komip s3paska
0e3 MOKPUTTA HaBIaKM IIOTEMHIB, 1110 Big0yJI0Ch, OUEeBUIHO, Uepes IOosd-
BY CJimiB abpasuBHOIO 3HOCY Ta 3a0pyAHEHHS 3alaAuH i iHIINX Hemoc-
KOHAJIOCTel, AKi BUHUKJIM B Pe3yJIbTaTi 3HOMTYBaHHA (AuB. Tab. 3).

B rabauii 4 nmpeacTaBaeHO Pe3yabTATH HOCIiMIKeHHA 3pasKiB KPHIIi
P6M5 0e3 mOKpUTTA i 3 MOKPUTTAMU, HaHeceHuMH MeTogoM ELJL: emek-
TpogaMu, BUTOTOBJIeHMU MeTomoM IIM, Bigmomimmo, 1M i 90%BK6 +
+10%, i 3a HOBOIO TEXHOJIOTi€10, BiAMIOBiJHO, KOMIAKTHOIO €JIeKTPO0I0-
iHCTPpYyMeHTOM 3 HixpoMoBoOro ApoTry ckjaany X20HS80 3 BuKopucTaHHIM
CTC ckaamy 5%Si+ 5%B+90% Basenin i ckaazy 0,5%Si+ 0,5%B +
+59%BEK6 + 40% BaseniH, a TaKOX KOMIIAKTHOIO eJIeKTPOI0I0-
imcTpymeHnTOoM 3 TBepaoro crony BK6 i 3 Bukopucranuam CTC criaamy
0,5%Si+ 0,5%B + 2%Cr + 7%Ni + 90% BaseJiH.

Ha pucyuky 4 mpezcrasiaeHo rpadiku rigpoadpasmBHOTO 3HOIIIYBAH-
Hd 3paskiB kpuiri P6Mb 6e3 moxkputTs (1) i 3 MOKPpUTTAMY, HAHECEHUMU
metomom ELJI.

B pesyabTari aHasisu tabJa. 4 i puc. 4 BCTAaHOBJIEHO, IO JIilIly CTili-
KicTh IpoTH TigpoadpasuBHOTO 3HOCY MAaloTh 3pas3ku Kpuili P6M5 ¢ mo-
KpurTtam, HaneceHuM MetogoM ELJI enexkTpomoio 3 TBepgoro crony BK6
3 BukopucramaaMm CTC crkaaxy 0,5%Si+ 0,5%B + 2%Cr + 7%Ni + 90%
BaseJiH.

Ilicia 24 rogue BUIPOOYBAaHL 3HOC IIUMX 3paskiB ckJjaazae 188 mr.
3HOC 3pas3KiB ¢ MOKPUTTAM, HaHeceHM MeTonoM ElLJI exexTpomoro 3 Hi-
xpomoBoro apory ckiaaxy X20H80 3 Burkopucramaam CTC ckaamy
0,5%Si + 0,5%B + 59%BK6 + 40% Basenim i CTC cxaamy 5%Si+ 5%B +
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TABJIUIIA 4. PesyabTaTl iHTEHCUBHOCTY 3HOIIIEHHA 3pasKiB Kpuri P6M5.
TABLE 4. Results of wear intensity of P6M5 steel samples.

Yac 3HOITYBaHHS,

Tox. 3 3pasox

b pasox 10 .
Ne IToxkpurra 6 | 12 ‘ 18 ‘ o sHOCY micasa
3HOCY

Brpara Baru, mr

1. 0e3 HOKPUTTS 61 124 192 268

exexrpozoio 1M, 57 115 175 238
BUTOTOBJIEHOIO MeTogoM ITM

enxexTpooio 90%BK6+10%1M,

3.
BUTOTOBJIEeHOI0 MeTogoM ITM

53 108 167 234

€JIEKTPO/IOI0 3 HiIXPOMOBOTO APOTY
4. crkaany X20H80 3 BukopucranuaM 49 100 155 216
CTC ckamany
5%Si+5%B+90% Basein

€JIEKTPO/I0I0 3 HiIXPOMOBOTO APOTY

crkiaanzy X20H80 :

5. s BukopucraHHam CTC ckmany 45 92 143 200 E

0,5%Si+0,5%B+59%BK6+40%
BageJiH

€JIEKTPO/I0I0 3 TBEP0I'0 CTOIY
BK6 3 BuKopucTaHHAM
6. CTC cxaany 41 84 132 188
0,5%8Si+0,5%B+2%Cr+7%Ni +90%
BaseJiH

+90% Basesin, cKkIazae, BigmoBiguo, Ha = 6% i 15% 6iawire, TooTo 200
Mr i 216 Mr, a 3 IOKPUTTAMU, HAHECEHUMH €JeKTPOJaMM, BUTOTOBJIE-
Humu metoxom IIM, ckaany 90%BK6 + 10%1M i 1M o6inbiie, BigmoBifg-
HO, Ha=24% i 27%, To6TO0 234 Mri 238 Mmr.

Haii6inpmmii 3HOC — y 3pas3kiB 6e3 MOKPUTTA, AKUH cKIamae 268 mr,
1o Ha 43% OinbIe, HiXK y 3paska 3 MOKPUTTIM, HAHECEHNM METOAO0M
EIJI 3a HOBOIO TEXHOJIOTi€IO €JIEeKTPOA0I0 3 TBepAoro crorny BK6 3 BuKo-
puctaraam CTC ckaany 0,5%Si+ 0,5%B + 2%Cr + 7%Ni + 90% Bazemin.

Amnajiza e)eKTUBHOCTH IIPOIlECY 3HOIIMYBAHHS IIOKAa3aJia, IIo 3i 30i-
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Puc. 4. 3anexHicTh rigpoadpasuBHOro 3Hocy (II0 BTpaTi Baru) Bij yacy BUIIPoOy-
BaHHA 3paskiB kpuili P6M5: 6e3 mokpurta (1), exrekrponoio 1M, BUTOTOBJIEHOO
metonom ITM (2), enexkrponmoro 90%BK6 + 10%1M, BurorossieHoio metogzom IIM
(3), enekTpomoro 3 HixpomoBoro apoTy ckimany X20H80 3 sukopucranuam CTC
craany 5%Si + 5%B + 90% Baseuniu (4), eJIeKTPOIOIO 3 HiIXPOMOBOTO IPOTY CKJIALY
X20H80 3 suropucraguam CTC ckaany 0,5%Si+ 0,5%B + 59%BK6 + 40% Base-
aium (5), emextpomoio 3 TBepmoro crormy BK6 3 Bukopucramnam CTC ckaamy
0,5%Si+ 0,5%B + 2%Cr + 7%Ni + 90% Bazemiu (6).

Fig. 4. Dependence of hydroabrasive wear (by weight loss) on the test time of
P6M5 steel samples: without coating (1), with a 1M electrode made by the PM
method (2), with a 90%BK6 + 10%1M electrode made by the PM method (3),
with an electrode of nichrome wire of the composition X20H80 using STE com-
position of 5%8Si + 5%B + 90% vaseline (4), electrode of nichrome wire composi-
tion X20H80 using STE composition of 0.5%Si + 0.5%B + 59%BK6 + 40% vase-
line (5), electrode made of hard alloy BK6 using STE composition of
0.5%Si + 0.5%B + 2%Cr + 7%Ni + 90% vaseline (6).

JBIIEHHSIM Yacy 3HOC 3a PiBHI IPOMIKKH YacCy IIOCTYIOBO 3061JIBINTYETh-
cda. Tak, naa 3paskiB 0e3 TOKPUTTS Ta 3pasKiB 3 HATMEHIITIM 3HOCOM i3
OOKPUTTAM, HaHeceHUM MeTonoM EIJI 3a HOBOIO TeXHOJIOTiE€IO eJIEeKTPO-
moo 3 TBepaoro crony BK6 3 Buxopucramuam CTC ckaaxy 0,5%Si+
+0,5%B + 2%Cr + 7%Ni + 90% Basesiz, 3H0C y Mipy 30inbIlIeHHSA Yacy
3a KOKHi 6 roguH IoCTiiiHO 306inbIIyeThCcs 1 cKIamae, BigmoBigmo, 61,
63, 68,76 mri4l, 43, 48, 56 mr.

Bisyannua amajisa spaskiB moxasaJia, 1o micad 24 roguH BUIIPOOY-
BaHb IIiJ Aicl0o aO0pasMBHUX YACTHUHOK 3O0BHIIIIHIA BUIJIAL HTOBEPXOHb
3paskiB 3amiHuBcs. IloBepxHi BCixX 3pas3kiB 3 MOKPUTTAMU, HAHECEHU MU
metomoMm ELJI, cramm GinbIin cBiTIiIMMu, a TPO@disahb IMIEPCTKOCTHA CTaB
MEHIITIM 3a po3MipoM i Oiabmn mokatum («poamutuM»). Komip s3paska
0e3 IOKPUTTA, HABIAaKM, IOTEMHIiB, 1110 Bi0yI0Ch, OUeBUIHO, Yepes II0-
ABY CJimiB abpasuBHOTO 3HOCY i 3a0pyAHEHHA 3amagnH i iHIINX Hemoc-
KOHAJIOCTel, IKi BUHUKJIY B Pe3yJIbTaTi 3HOMTYBaHHA (AuB. Tab. 4).
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4.2, Pe3yabTaT OOCJIIKEHHS BIINBY CIIOCO0IB HAHECEHHS 3HOCOCTIN-
KHX MOKPUTTIB Ha TomorpadiuHi Ta MexaHiUHi BJIACTUBOCTI JeTaJIiB i3
Kpuiti

o TomorpagiuHMx napaMeTpiB HOKPUTTIB, cHOPMOBAHUX METOJOIO0
ELJI, ciig BimHECTH TOBUIMHY, IIEPCTKICTD i CYIiIbHICTD, a 10 MexaHiy-
HUX BJIACTHUBOCTEH — ME)KYy MII[THOCTU, MEXKY ILIMHHOCTH, BiTHOCHE II0-
IOBKEHHS Ta BiTHOCHE 3BYKEHHSA JeTaJIi.

B rabiuiri 5 mpeacTaBiieHo 3BeeHi JaHi pesyIbTaTiB JOCTiIKeHHs BILIM-
BY PiBHUX TeXHOJIOTi# HaHeceHHA MOKpuTTiB MeTomoM ELJI i EIJI+ BY®O na
Tormorpadiio Ta MexaHiUHi BJJacTUBOCTI AeTasriB i3 Kpuilb 45 i P6M5.

TABJINIIA 5. PesyabraTl OCTiAKeHHSA BIJIMBY Pi8HUX TE€XHOJIOTiH, 110 3Mi-
IIHIOIOTH, Ha Tonorpagiio Ta MexaHiuHi BJIaCTHUBOCTI AeTaJsIiB i3 Kpuiri.

TABLE 5. Results of the study of the impact of various strengthening tech-
nologies on the topography and mechanical properties of steel parts.

' ! ' =)
® . a8 S (el |8
g g =i REEIERS G
BE | £ |EE|EE|SE|ed B S
Merop nanecenns mokpuTTa | %5 | b G 5= 52 H E 55 % | E
8RR | QE |sE|lg= g5 8|5
o &.9. 5 5 FE § 5 OE 2 =4
<5} . P
& RS = -~ I =
+
Kpuia 45
0e3 IMOKPUTTA

P - ~ 355 600 16 40 05 -

B HOpMAaJIi30BAHOMY CTaHi
2,6 2,0 315 552 18,0 41,0 6,5 70
€JIEKTPOAOIO, -12,7 8,7 +12,5 +2,5
BUTOTOBJIeHOIO MeTomom ITM,
cxmany 90%BK6+10%1M 2,6+0,13 2,0+0,5 343 575 17,5 40,5 1,9 80

3,56 4,9 +9,4 +1,3

EJIEKTDONIOIO, 2,610,13 2,0:0,5 362 615 15,9 39,7 1,3 90
BUTOTOBJIeHOIO MeTomom ITM,
CKJIany
90%BK6+10%1M+BY®O +1,97 42,5 0,6 0,8
2,6 2,0 320 563 18,0 41,0 6,3 60
eJIeKTPOI010, ~10,9 6,6 +12,5 42,5
BUTOTOBJIeHOIO MeTomom ITM,
cxnany 1M 2,6+0,13 2,040,5 333 582 17,5 40,5 1,9 70
-6,6 -3,1 +9,4 +1,3
eITeKTPOION, 2,6+0,13 2,000,5 368 622 15,7 39,6 1,2 80

BUTOTOBJIeHOIO MeTomom ITM,
ckaagy 1IM+BY®O +3,7 +3,7 -1,9 -1,0
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IIpodosicenns TABJIUI]I 5.
Continuation of TABLE 5.
2,6 2,0 325 569 18,0 41,06,1 70
€JIEKTPOJIOI0,
BUI'OTOBJIEHOIO 3 ipoTy X20H80 9,2 -5,4+12,5+2,5
o S(ETC CKJially ) 2,6+0,13 2,040,565 343 584 17,5 40,41,6 90
5%Si+5%B+90% Bazesin 35 -2.7 194 +1,0
€JIEKTPO/I010, 2,6+0,13 2,040,565 371 625 15,8 39,31,1 100
BUTOTOBJIEHOIO 3 poTy X 20H80
3 CTC cxaany +4,5 +4,2 -1,3 -1,8
5%Si+5%B+90% Bazenin+BY®O
€JIEKTPOIOM, 2,6 2,0 327 571 17,9 40,96,5 70
BUTOTOBJIEHOIO 3 ipoTy X20H80 86 -5.0+11.9+2.3
3CTC crauany ’ ’ ’ ’
0,5%Si+0,5%B+59%BK6+ 2,6+0,13 2,0+0,5 345 585 17,5 40,4 1,8 2,6+0,13
+40% Bazenin -2,9 -2,6 49,4 +1,0
€JIeKTPOI0I0,
BHTOTOBIEHO0 3 1poTy X20HS0 2,6+0,13 2,0+0,5 371 627 15,7 39,6 1,2 100
3CTC ckuagy
0,5%8Si+0,5%B+59%BK6+ 4,5 +4,5 -1,9 -1,0
+40% Basenin+BY®DO
eTeKTPOOI0, 2,6 2,0 332 575 17,8 40,85,9 170
BUT'OTOBJIEHOIO 3 TBEPIOI0 6.9 -4.3+11.3+0.2
crony BK6 3 CTC ckamany ’ ’ ’ ’
0,5%8Si+0,5%B+2%Cr+7%Ni+ 2,6+0,13 2,0+0,5 349 588 17,5 40,41,5 95
+90% Basesnin 1,7 2,0 49,4 +1,0
€JIeKTPOI0I0,
BHTOTOBIICHOIO 3 TBEPJIOTO 2,6+0,13 2,0+0,5 375 630 15,7 39,6 1,0 100
crony BK6 3 CTC ckamany
0,5%Si+0,5%B+2%Cr+7%Ni+ 56 +5.0 —1.9 —1.0
+90% Baseniz+BY®O A
Kpuma P6M5
Ges moxpuTTa . - - 510 850 12,0 14,00,5 -
B HOPMAJIi30BaHOMY CTaHi
2,6 2,0 460 790 13,0 15,05,3 80
€JIeKTPOoA0IO, -10,9 -7,6 +8,3 +7,1
BUTOTOBJEHOIO MeTomom IIM,
cxnany 90%BK6+10%1M 2,6+0,13 2,0+0,5 480 819 12,7 14,72,0 90
-6,3 -3,8 +5,8 +b
€JIeKTPOI0I0, 2,6+0,13 2,0+40,5 520 865 11,9 13,91,3 95
BUTOTOBJEHOIO MeTomom IIM,
CKJIAmy +2,0 +1,8 -0,8 -0,7

90%BK6+10%1M+BY®0
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IIpodosicenns TABJIUI]I 5.
Continuation of TABLE 5.
2,6 2,0 455 797 13,0 15,0 5,3 80
€JIEKTPOAOIO, -12,1 -6,6 +8,3 +7,1
BUTOTOBJIeHOI0 MeTomom ITM,
cxmany 1M 2,6+0,13 2,0+40,5 476 815 12,7 14,7 1,9 90
-7,1 4,3 +5,8 +5,0
€JIEKTPO/I00, 2,6+0,13 2,0+40,5 520 865 11,9 13,9 1,2 95
BUTOTOBJIeHOI0 MeTomom ITM,
cxaany 1IM+BY®O0 +2,0 +1,8 0,8 0,7
2,6 2,0 465 810 13,0 15,0 5,3 80
€JIEKTPOJIOIO,
BHUTOTOBJIEHOIO 3 ipoTy X 20HS80 -9,7 4,9 +8,3 47,1
, .B(ETC CKJ(I)alIY ) 2,6+0,13 2,0+0,5 480 830 12,6 14,6 1,9 90
5%Si+5%B+90% Basesin 6.3 24 150 +4,3
€JIEKTPO/I010, 2,6+0,13 2,0+40,5 525 870 11,8 13,8 1,1 100
BUTOTOBJIEHOIO 3 ApoTy X 20H80
3 CTC crmany +3,3 24 -1,7 -14
5%Si+5%B+90% Bazenin+BY PO
€JIEKTPOZI0IO, 2,6 2,0 470 815 13,0 15,0 5,7 80
BI/II‘OTOBJIeHOIOGI[pOTyX2OH80 —8,5 _4’3 +8,3 +7’1
3CTC craany
0,5%Si+0,5%B+59%BK6+ 2,6+0,13 2,0+0,5 490 835 12,6 14,6 1,9 90
+40% Basesin —4,1 -1,8 +5,0 +4,3
€JIeKTPO/I00,
BUTOTOBIEH0I0 3 1poTy X20HS0 2,6+0,13 2,0+40,5 527 873 11,8 13,8 1,1 100
3CTC criamy
0,5%8i+0,5%B+59%BK6+ +3,3 +2,7 -1,7 -1,4
+40% Basenin+BY PO
eJIeKTPOZOIO, 2,6 2,0 472 817 12,9 14,9 5,9 80
BHUT'OTOBJIEHOIO 3 TBEPAOT'O CTO- 81 4.0 +7.5 +6.4
ny BK6 3 CTC ckaany ’ ’ ’ ’
0,5%9i+0,5%B+2%Cr+7%Ni+ 2,6+0,13 2,0+0,5 495 840 12,8 14,8 1,9 90
+90% Basesin 3,0 -1,2 46,7 +5,7
€JIeKTPO/I00, 2,6+0,13 2,0+40,6 530 875 11,7 13,7 1,1 100
BUT'OTOBJIEHOIO 3 TBEPIOI'0 CTO-
ny BK6 3 CTC ckaany
0,5%8Si+0,5%B+2%Cr+7%Ni+ +3,9 +29 -26 2,2
+90% Basenin+BY®O

B pesynbTaTi anamisu Tabauili BcTaHoBIeHO, 1o 3a EIJI exekTpona-
MU-iHCTPYMEHTAMM, BUTOTOBJeHUMU MeTomoM ITM, 3paskiB iz kpuns 45
i P6M5) BimbyBaeThCca MOHMMKEHHSA MesKi MIITHOCTH Ta MeKi IJIMHHOCTH,
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Bigmosinmo, ma 11,8% i 7,7% ta 11,5% i 7,1%, a BigHOCHE IIOLOBKEeHHA
i BimHOCHe 3BY)KEeHHS 3pOCTalOTh, Bimmosigmo, = ma 12,5% i 2,5% Ta
8,0% i6,9%.

Caix BigmiTuTH, IIIO €JIEKTPOICKPOBI MOKPUTTA, MiABUITYIOUM OIHI
eKcITyaTariiiai xapakrepuctTuku (Y, 8), HEPiAKO HOTipUIYIOTH iHII
(0B, or). lle MOKHA MOSCHUTH HacTyIHUM uYnHOM. HaHeceHHA MeTomaoM
EILJI moKpuTTiB CyIPOBOAKYETHCA 30iIbIIIEHHAM IIEPCTKOCTU IOBEPX-
HeBoro 1mapy (8 Ra=0,5 KM 10 Ra=5,3-6,5 MKM) i M0ABOIO 3HAYHOI
K1JIBKOCTH KOHIIEHTPATOPiB HANPYKeHb; CYI[IJbHICTh HOKPUTTA CKJa-
mae 70—-80%. Taxosk y IIOBEPXHEBOMY IIIapi BUHNKAIOTEL 3aJUIITKOBL pO3-
TATYBAJNbHI HAIPYy:KeHHA. 3a HaHeceHHs 3HococTiikux EIl, cdhopmona-
HUX y ABa eTanu, BILJINB HeraTUBHUX IIPOIleciB 3HaAUHO MeHInuii. Tak,
IIePCTKicTh 3MeHITyeThesa 00 Ra=1,9-2,0 MKM, a CYIiIbHICTL IOKPUT-
Tsa 30imbInyeTbeda g0 90% i, ax pesyabTaT, MesKa MIiITHOCTH Ta MexKa
IJIMHHOCTY 3MEHIIYIOThCA A Kpuili 45 i kpumi P6M5b, BigmosigHo, =
Ha 5,1% i 4,0% Ta 2,7% i 2,4%, a BigHOCHe IIOJOBXKEHHA 1 BiJfHOCHE
3BYIKEHHSA 3POCTAIOTh, Bifmosiguo, ~ua 9,4% i1,3% ta 5,8% i 5,0%.

3a mogasabmroro BY®O miepcTKicTh ITOBEPXHI CTAHOBUTHLCS IITe MEH-
oo (Ra=1,9-2,0 MKM), CyIIiIbHICTE MOKPUTTS 30iabITyeThCA 10 95%,
a 3aJIMITKOBI HAaNIPYyKEeHHA CTAlOTh CTHUCKaJbHUMU. B pesysbraTi Merxa
MIITHOCTHM Ta MeKa IJIMHHOCTU 30iJbINYIOThCA AJMA Kpuili 45 i Kpwui
P6M5, BigmoBiguo, =~ ua 2,8% 13,1% Ta 2,0% i 1,8%, a BigHOCHE IIOLOB-
JKEHHS Ta BiJHOCHE 3BYsKEHHSA 3MEHINYIOThCA, Bigmosimuo, = Ha 1,3% i
0,9%1a 0,8% i0,7%.

XapakTep 3MiHU MeXaHiUHUX BJAaCTHUBOCTel He 3MiHIOETHCSA 3a HaHe-
CeHHS 3HOCOCTIiMKHUX IMMOKPHUTTIB Ha Kpuilio 45 i kpuirro P6M5 3a HOBOIO
TeXHOJIOTi€I0 3 BHUKOPUCTAHHIM €JIEKTPOA-IHCTPYMEHTIB 3 OPOTY
X20H80 i TBepmoro crory BK6 Ta crelisIbHIX TeXHOJOTIYHNX Cepeo-
BUIII.

Age caix BimmiTuTH, 1110 3a HaHeceHHs 3HococTiiikux EII, cdhopmosa-
HUX 34 HOBOIO TEeXHOJIOTi€l0, K 3a OAUH eTall, TaK i B ABa eTalu, IIOHU-
JKeHHS Me)Ki MIiIfHOCTH Ta MeXKl IJIMHHOCTY 3HAUHO MEHIIII Ta CKJaga-
I0Th, Bigmosiguo, 8,2% i4,9% ta 2,7% i 2,4% 1 8,8% 14,4% ta 4,5% i
1,8%, a BifHOCHE TIOAOBYKEeHHS Ta BiTHOCHE 3BYKEHHA 3POCTAIOTEh TAKOMK
MeHIe, Bigmosiguo, a 11,9% 11,7% ta 9,4% 1 1,0% Ta 8,0% i 6,9%
Ta 5,6% 1 4,8%. 3a nmogaubinoro BY®O spocranHsa Meski MirHOCTHA Ta
MesKi IJIMHHOCTY TaK0K 30LIbINYyIOThCS IJad Kpuii 45 i kpumi P6M5,
Bigmosiguo, Ha 4,9% i 4,6% Ta 3,5% i 2,7%, a BimiHOCHE IOJOBKEHHS
Ta BiJHOCHE 3BYKEHHSA 3MEHIIYIOThC, Bigmosiguo, Ha 1,7% 1 1,3% Ta
2,0% i 1,7%. IllepcTricTs 3MeHIIyeThes 00 Ra=1,1 MKM, a CYI[iIb-
HicTb cKiazae 100%.

BUCHOBRH

1. B pesyabTaTi mOpiBHAMLHUX BUOPOOYBaHb BCTAHOBJIEHO, IO JIIIIITY
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CTiMiKicT®L IPOTHU TiApoadpasuBHOIO 3HOCY MAIOThL 3PasKM KPHUIli 45 3 mo-
KpurTtam, HaneceHuMm MmetogoM ELJI erexkTpomoio 3 TBepaoro crony BK6
3 Burkopuctanuam CTC ckaaxy 0,5%Si+ 0,5%B + 2%Cr + 7%Ni+ 90%
BaseJIiH, 3HOC AKUX Iicaa 24 roauH BUOPOOyBaHHA cKJaagae 221 Mr, 110
Ha 122% meHIe, HixK y 3paskis 6e3 mokpurta i Ha 15% i 31% Hix y 3pa-
3KiB 3 NMOKPUTTAMU, HAHECEHUMU €JEKTPOJAMMU 3 HiXPOMOBOI'O IAPOTY
X20H80 3 Bukopucramuam CTC ckaxamy 0,5%Si+ 0,5%B + 59%BK6 +
40% Baseuim i CTC crmaany 5%Si+ 5%B + 90% Basemnin Ta Ha 22% i 47%
MeEHIIIe, YAM 3 HOKPUTTAMM, HAHECEHUMU eJIeKTPOJaMMI, BUTOTOBJIEHM-
mu MmetogoMm IIM, ckaany 90%BK6 + 10%1M i 1M.

2. Jlinmy cTifikicTh mpoTH rimpoabpaswMBHOTO 3HOCY MAalOTh 3pasKH i3
Kpuii P6M5 3 mokpurtam, HaHeceHuM MeTogoM EIJI emexTpomoro 3
tBepmoro crony BK6 3 sukopucranaam CTC ckaaxy 0,5%Si+ 0,5%B +
+ 2%Cr + 7%Ni + 90% BazesiH, 3HOC AKUX Iicjas 24 ToAUH BUIIPOOYBaHb
ckiaagae 188 mr, 1o Ha 43% MewHIle, HiK y 3pas3kiB 6e3 MOKPUTTA Ta Ha
6% 1 15% Himx y 3paskis 3 HOKpUTTAM, HaHeceHUM MeTonoMm EIJI enexT-
pozmoio 3 HixpomoBoro apoty ckiaany X20H80 3 suxopucranaam CTC
cxaany 0,5%Si+ 0,5%B + 59%BK6 + 40% Basenin i CTC craany 5%Si +
+ 5%B + 90% Basemin, Ta Ha 24% i 27% MenIe, HiXK 3 IOKPUTTAMM, Ha-
HECEeHUMH eJIEKTpogaMu, BuUTroToBJIeHHMHN wMeTromzom IIM, craanmy
90%BK6 + 10%1M i 1M.

3. Anaiiza eeKTHBHOCTH TPOIleCy 3HOIIYBAHHS IIOKasaJja, 1Mo 3i 30i-
JBIIEHHSIM Yacy 3HOC 34 PiBHI IPOMIiKKH YacCy IIOCTYIOBO 3061JIBINTYETh-
ca. Tak, gjisg 3paskiB 3 i 6e3 MOKPUTTA Ta 3pasKiB 3 HAWMEHIIINM 3HOCOM
3 IOKPUTTIAM, HaHeceHUM MeTomoM EIJI 3a HOBOIO TeXHOJIOTIE€IO €JIeKT-
poxoio 3 TBepaoro crony BK6 3 suxopucranuam CTC ckaxany 0,5%Si +
+0,5%B + 2%Cr + 7%Ni + 90% Basenin, 3HOC IO Mipi 30iJbIIIeHHS Yacy
3a KOKHi 6 TOOWH MOCTiiiHO 30iIBIITYEThLC i CKIagae IJId Kpulli 45, Bif-
mosiguo, 103, 112, 129, 147 mri 51, 53, 56, 61 mr, a gaa kpuni P6M5,
Bigmosimwmo, 61, 63, 68, 76 mri4l, 43, 48, 56 mr.

4.3a EIJI enxekTpomaMu-iHCTPYMEHTAMM, BUTOTOBJEHUMM METOAOM
IIM, merasis i3 kpui 45 i xpuii P6M) craeThecsa MOHMKEeHHA MKl Mi-
ITHOCTHU Ta MeKi mamuHocTH, Bigmosiguo, ma 11,8% i 7,7% Ta 11,56% i
7,1%, a BigHOCHE IIOAOBKEHHS Ta BiJHOCHE 3BYK€HHSA 3pPOCTAIOTh, Bil-
noBiguO, Ha 12,5% i 2,5% Ta 8,0% i 6,9%. IllepcTKicTh MOBEPXHEBOTO
miapy 3pocrae 3 Ra=0,5 mxm 1o Ra=5,3-6,5 MKM, a CyI[iTbHIiCTE TOK-
putrta cxaagae 70-80%.

5. 3 ma"neceHHaM 3HococTiiikux ElIl, chopmoBanmx B ABa eTamu, IIIepCT-
KicTh moBepxHi 36inbmyeTbea 3 Ra=0,5 Mmkm 1o Ra=1,9-2,0 MKM, a
CYILJIBHICTE MOKPUTTA 306inbmryeTbesa mo 90% i, Ak pesyabTar, Mexxa
MiITHOCTH Ta Me’Ka ILTMHHOCTH 3MEHIIVIOThCA OJA Kpuiti 45 i xpwui
P6MS5, Bigmosiguo, Ha 5,1% i4,0% Ta 2,7% i 2,4%, a BimHOCHE MOIOB-
JKeHHsI Ta BiJHOCHEe 3BY)KEeHHSA 3POCTAIOTh, Bimmosigmo, = Ha 9,4% i
1,3%Ta 5,8% i 5,0%.

6. 3a mamecennsa 3HococTitikux EIl, copmMoBaHUX B ABa eTamu, Ta Ipo-
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BegeHHa BY®PO 1epcTKicTh IMOBEpPXHi CTAHOBUTHLCS IME MEHIIIOI0 —
Ra=1,9-2,0 MKM, CYI[iTbHIiCTE HOKPUTTA 30iabIIyeThCA H0 95%. B pe-
3yJIbTATi MeyKa MIiITHOCTH Ta MeKa ILINHHOCTU 30iJbIIyIOTHCA OIS KPU-
i 45 i kpuni P6Mb, sigmosiguo, Ha 2,8% i 3,1% Ta 2,0% i 1,8%, a
BifHOCHEe HOJOB:KEHHS Ta BiJHOCHE 3BYsKE€HHS 3MEHIIYIOTHCHA, BiAIro-
Bigmo, HA 1,3% 10,9% Ta 0,8% i 0,7%.

7.3 namecenuam s3HococTiiikux EIl, chhopmMoBaHMX 3a HOBOIO T€XHOJIOT -
€10 3 BUKOPUCTAHHAM eJIeKTPOoA-iHcTpyMeHTiB 3 apory X20HS80 i TBep-
nmoro crony BK6 ta CTC, ak 3a oguH eTal, Tak i y Ba eTanu, IIOHUKeH-
HA MeXXi MIiITHOCTH Ta MeXKi INIMHHOCTY 3HAYHO MEHIIe i CKJIajae, Bif-
HOBi/IHO, 8,20/0 i 4,90/0 Ta 2,70/0 i 2,4% i 8,80/0 14,40/0 Ta 4,50/0 i 1,8%, a
BiTHOCHe IOJOBXKEHHS TA BifHOCHE 3BY;KeHHS 3POCTAIOTH TAKOMK MEH-
mre, BigmoBimuo, Ha 11,9% i 1,7% Ta 9,4% i 1,0% i 8,0% i 6,9% Ta
5,6% i 4,8%. 3a nmogaubinoro BY®O 3pocTaHHSa MeXXi MIiITHOCTH Ta Me-
JKi IIMHHOCTU 301IBINYIOTHCS AJIA Kpuili 45 i kpuni P6M5, sigmoBigHo,
Ha 4,9% 1 4,6% Ta 3,5% i 2,7%, a BiIHOCHE MOLOBXXEHHSA Ta BiJHOCHE
3BYIKEHHSA 3MEHIIYIOThCA, Bigmosigmo, Ha 1,7% i1,3% 1a 2,0% i1,7%.
IIlepcTkicTs mOBepxHi 3MeHIIyeThea g0 Ra=1,1 MKM, a CyIiJIbHICTE
cxJazae 100%.

8. Jlo mpaxTuuHOi peasisaiii mpomonyioTbesa 3uococTiiiki EII, cdopmo-
BaHi 3a HOBOIO TEXHOJIOT'i€I0 3 BUKOPUCTAHHAM €JeKTPO/I-iHCTPYMEHTIiB
3 apoty X20H80 i TBepmoro crony BK6 Ta CTC B gBa eTanu 3 HaCTYIITHUM
BY®O, spocTanua Mexi MIiITHOCTH Ta MeXi IINHHOCTHA AKUX 30iIBIITy-
I0ThCca s Kpuni 45 i xpumi P6M5, Bigmosigmo, ma 4,9% 1 4,6% Ta
3,5% i 2,7%, a BimHOCHE IIOJOBKEHHSA Ta BiJJHOCHE 3BYKEHHA 3MEHIIIY-
I0ThCH, Bigmosiguo, Ha 1,7% 11,3% ta 2,0% i 1,7%. IllepcTKicTh mIOBe-
pxHi npu bomy ckJaagae Ra=1,1 MmKM, a cyniasaicTs — 100%.
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A Review on Additive Manufacturing Process
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The new generation of manufacturing methods that extends over subtrac-
tive type is introduced by additive manufacturing. The benefit of additive
manufacturing is that it directly uses 3D CAD models to create three-
dimensional objects by adding more layers of material and joining them to-
gether. It is commonly utilized in the motor sector, aerospace industry, bi-
omedical applications, prototyping, fashion such as creation of custom-
made jewellery, accessories, and even clothing and many more. Additive
manufacturing technology is extensively employed because of its numerous
benefits, which include multimaterial goods, improved product ergonomics,
on-demand manufacturing, short production runs, and so on. Various fabri-
cating methods, which include rapid prototyping, stereolithography, elec-
tron-beam melting, fused-deposition modelling, 3D printing (3DP), selec-
tive laser sintering, etc. Understanding the complex relationships between
fundamental process parameters, flaws, and the finished product of the AM
process depends heavily on mechanical testing. Because of the growing use
of additive manufacturing in a variety of industries, it is critical to evaluate
the mechanical performance of the components created.

Key words: additive manufacturing, mechanical properties, DMLM, EBM.

Meroau BUPpOOHUIITBA HOBOT'O MOKOJIIHHS, SIKi IO PIOIOTHCSA Ha CyOTPaKTUB-
HUH IITaMI, IIPeJCTaBJIeHO afUTUBHUM BUPOOHUIITBOM. IlepeBara aguTuBHOTO
BUPOOHUIITBA IIOJIATAE B TOMY, 1[0 B HHOMY 0€3I10cepeJHb0 BUKOPUCTOBYIOTHCS
3D-CAD-mozesti o CTBOPEHHS TPUBUMIPHHX 00’€KTiB ILIAXOM AOJABAHHS
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mapis MaTepisany ta 3’egHaHHA IX pasom. Takmii migXig ITHPOKO BUKOPUCTO-
BYETBHCSA B aBTOMOOiJIBbHil Ta aePOKOCMIiUHii IPOMHCIIOBOCTSX, OioMeaAuIiuHi,
IJIS CTBOPEHHSA IIPOTOTHUIIIB, B MOJi, HAIPUKJIAM, IJIs CTBOPEHHS iHAUBiAyaIb-
HUX TIPpUKpAac, aKkcecyapiB i HaBiTh oAAry. AAWTUBHE BUPOOHUIITBO IMTHPOKO
BUKOPHCTOBYETHLCA 3aBASAKM CBOIM UMCJIEHHUM IIepeBaram, cepefl AKX — MO-
JKJINBiCTh BHPOOJATH OaraTOKOMIIOHEHTHI TOBapwu, IIOJIIIIeHa epProHOMiKa
OPOAYKTY, BUPOOHUIITBO HAa BUMOT'Y, KOPOTKi BUPOOHMYI ITUKJIKU TOIO0. BUKO-
PHUCTOBYIOTHCA Pi3HOMAaHITHI MeTOIM BUTOTOBJIEHHS, 30KpeMa Taki, AK IIIBUAKE
IPOTOTUIYBAaHHS, cTepeosiTorpadisa, TONIEHHA eJIeKTPOHHUM IIPOMEHEeM, MO-
IeI0OBaHHSA HATOILIIOBAHHA, 3D-IPYKYBAHHSA, CEeJIEKTUBHE Ja3depHe CIiKaHHS
TOI1[0. PO3yMiHHSA CKIATHUX 3B’ A3KiB MiXK OCHOBHIMU IIapaMeTpaMu IpoIecy,
HeIOoJIiKaMH Ta KiHIeBIM IPOAYKTOM IIPOIECiB aAUTUBHOTO BUPOOHUIITBA 3HA-
YHOIO MipOI0 3aJIe’KUTh Bil MexaHiuHUX BUIPOoOyBaHb. Uepes 3pocTaioue BUKO-
PUCTAaHHA agUTHUBHOTO BUPOOHUIITBA B Pi3HUX Tay3aX IIPOMUCJIOBOCTH KPU-
TUYHO Ba’KJIMBO OI[IHIOBATH MeXaHiUHi XapaKTepUCTUKU CTBOPEHUX KOMIIOHE-
HTiB.

Kiarouori ciioBa: afuTrBHE BUPOOHUIITBO, MeXaHIUHi BJIaCTHUBOCTI, IpsaIMe Ja-
3epHe TOIJIEHHA MeTaJy, eJJeKTPOHHO-ITPOMEHEBE TOILJIEHH .

(Received 15 May, 2023; in final version, 26 July, 2023)

1.INTRODUCTION

The fundamental idea behind additive manufacturing is that it directly
uses CAD-generated three-dimensional models to build three-
dimensional objects by layering and fused materials. The notion that the
invention of 3D printing has transformed the industrial world in such a
manner as no other product has achieved this tremendous success over
the past 35 years is supported by more than adequate statistics.

Although they were first known as rapid prototyping in the context
of product development, these technologies have advanced significant-
ly in recent years, going from manufacturing prototypes to produc-
tion-ready parts. These technologies are also known as ‘3D printing’, a
term that MIT used for inkjet printing focused on additive manufac-
turing (AM), which they developed in the 1990s. As a result, these
terminologies are inadequate to characterize more recent technological
developments in the industry.

2. HISTORY

The fabrication of components with intricate, multiscale geometries,
including interior structures, is possible with AM [1]. Moreover, mul-
ti-material AM provides programmable material heterogeneity via dis-
crete layers including composition gradients [2]. The ISO/ASTM
52900:2015(E) standard specifies [8]. AM processes are defined as
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‘creating three-dimensional components by sequential addition of ma-
terial’ [4]. Seven families of AM technologies have been established,
each of which is based on the way that additive processes are joined:
vat photopolymerization, powder bed fusion, binder jetting, material
jetting, sheet lamination, material extrusion, and directed energy
deposition. [5] AM can be done in one step (referred to as ‘direct’) or
through a number of steps (referred to as ‘in-direct’) [5, 6].

A laser is used in the stereolithography (SL) process to harden tiny
layers of UV light-sensitive liquid polymers pioneered the use of AM
for commercial purposes in 1987. World’s first available commercially
AM machine and also the progenitor of the earlier well liked SLA 250
machine was the SLA-1, which acted like a beta testing system (SLA is
an abbreviation for stereolithography apparatus). The Viper S—L-A
product has long since taken the place of the SLA 250.

The first generation with acrylate resins was released in 1988. Due
to collaboration with 3D and Ciba-Geigy, SL materials were made pos-
sible. In the same year, DuPont developed materials and the Somos SL
tool. Loctite also entered in SL resin market in late 1980s, but it left
the industry in 1993.

NTT Data CMET and Sony/D-MEC of Japan commercialised stereo-
lithography variants around 1988 and 1989, respectively, before 3D
Systems began selling SL in the US.

Solid object ultraviolet plotter (SOUP), a subsidiary of Nabtesco,
was the name given to its system, while Solid Creation System was the
name given to Sony/D-(now MEC’s D-MEC) product (SCS). SL systems
for D-MEC were no longer produced by Sony after 2007.

Asahi Denka Kogyo introduced the first epoxy resin for such CMET
SL machine in 1988. The following year, DSM Desotech and Japan Syn-
thetic Rubber (now JSR Corp.) began offering resins for such machines.

German company Electro Optical Systems (EOS) sold the very first
stereolithography system in 1990.

The Mark 1000 SL system, made by Quadrax that year, utilized visi-
ble light resin. The visible light resin product was introduced the fol-
lowing year by Imperial Chemical Industries for use with the Mark
1000. About a year later, when Quadrax collapsed as a result of a legal
dispute with 3D System, ICI ceased selling its resin. Figure 1 below de-
picts the timeline of developments of additive manufacturing.

3. TYPES OF AM
3.1. Powder Bed Fusion
Powder bed melting process (also known as PBF) includes direct metal

laser sintering (DMLS), selective laser sintering (SLS), selective ther-
mal sintering (SHS), and electron beam melting (EBM). This technolo-
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gy is used by a lot of people. Metal melting using lasers (DMLM) ap-
plies subsequent material layers over the top of freshly fused fine sub-
stance layers that are dispersed across a platform to use an electron as
well as laser beam [7].

Until the component has the desired geometry, successive layers are
added. Powder bed fusion produces components with excellent quality
and precise resolution.

3.2. Direct Energy Deposition

Direct energy deposition melts a material as it is applied because it us-
es focused heat energy. For the purpose of melting the raw material,
powder, wire, or filament of metal, an electron beam-gun as well as la-
ser positioned on a 4-axis and 5-axis arm is required. Polymers, ceram-
ics, and metals are just a few of the materials that can be employed
with the procedure.

3.3. Material Extrusion

The most used AM technique is material extrusion. A heating nozzle
linked to a movable arm extrudes or stretches the rolled polymer. Alt-
hough beds as well as nozzles move both horizontally and vertically the
molten material would be layered layer after layer [8]. By carefully
controlling the temperature or by using chemical adhesives, proper
bonding between layers can be achieved. This approach has low costs

Invention of SLA

Invention of SLS Arburg Plastic

by Charles Hull DLP patent X
by DTM by Al Siblani Freeforming )
Invention of Fused C.outuluou:ss: carbon
Deposition Modelling Binder Jetting (BJT) FDM patent fiber 3D Printer
(FDM) by Scott Crump Desktop Metal
Sheet lamination Material Jetting acquires
by HELISYS by OBJET SLS patent Envisiontee

1983 1987 1988 1989 1991 1992 1994 1999 2002 2009 2011 2013 2014 2016 2018 2021

FDM

3D Modeler High temperature

SLA -1 printer 3D printing
by 3D System Farsoon service system by EOS
EOS is founded is founded Markforged

is founded ~ Multi Jet
Stereos 400 (SLA) Envisioniec Fusion
is founded Makerbot
is founded Carbon
is founded
Ultimaker

is founded

EOSSINT P350 (SLS)

Fig. 1. Timeline of developments in AM.
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and a quick turnaround time.

3.4. Stereo Lithography

By using photo polymerization and stereo lithography, also known as
SLA, models, prototypes, and patterns are built up layer after layer. The
body of the sculpture is created through the photo polymerization pro-
cess, in which light joins the molecular chains to create a polymer [9].

3.5. Material Jetting

Material jetting, an AM process, injects liquid wax materials onto such
a build platform using an inkjet print head. Layers can be placed on top
of one other while the material hardens and cools. To make 3D objects,
print heads generally oscillate the x, y, and z axes. When this object is
cooled or exposed to UV radiation, the layers will cure. This method
has benefits including printing on several materials and excellent sur-
face finishing [10, 11].

3.6. Binder Jetting

A print head with in binder injection method includes additional possi-
bilities surrounding layers on metal powder and layers of liquid behav-
iour, in contrast to the material injection process. Inkjet print heads
cover a thin layer of powder with a liquid binder. By gluing bits of ma-
terial together, you may build pieces layer by layer. Binder injection
technology can be applied to make components out of a wide range of
materials and colours[12, 13].

3.7. Sheet Lamination

Laminate object manufacturing (LOM) and ultrasonic additive manufac-
turing are the two processes available for laminating sheets (UAM). Alt-
hough LOM utilizes alternating layers on paper and adhesive, UAM con-
nects thin metal plates using ultrasonic technology. Using LOM, it is easy
to make models of objects that are perfect for aesthetic or visual model-
ling. This approach has low costs and a quick turnaround time [14, 15].

4. PROCESSES
4.1. Rapid Prototyping

Rapid prototyping was developed in the 1980s to create models and
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prototype components, reducing time and money, allowing for human
involvement, and improving product development. Rapid-prototyping
was invented to broaden the scope of the conditions evaluated
throughout the prototyping process, and it is today utilized to create
final products. CAD, CAM, and CNC allowed rapid production, ena-
bling the printing of three-dimensional [16, 17]. Figure 2 below shows
the schematic flow chart of rapid prototyping.

4.2, Electron Beam Melting

Electron beam melting (EBM) is a derivative or variant of SLS. Alt-
hough this method is still quite young, it is expanding quickly. This uti-
lizes a maximum of 60 kV to propel an electron laser beam, melting the
powder in this procedure. Since the technique is designed to create metal
parts, oxidation problems are avoided by operating in a high vacuum
chamber. The method is very identical to SLS aside from this; a wide
range of prealloyed metals can also be processed by EBM [18]. Since eve-
rything is done in a high vacuum environment, manufacturing in space
is one of the method potential future applications. Figure 3 below shows
the schematic representation of Electron Beam Melting EBM process.

4.3. Stereo Lithography

Stereo lithography (SL) is a liquid-based method of curing or harden-
ing a photosensitive polymer in the presence of an ultraviolet laser. It
begins with a CAD model and is transferred to an STL file [19]. A plat-
form is built to support the overhanging structures and anchor the
work. When the layer is complete, the extra water is drained and re-
used. MicroSL is a higher resolution technology that allows for layer
thicknesses of less than 10 m. The process of converting a liquid mon-

Desi Parametric Analysis and Creating of Prototype
esign A TR .

: design |— optimization —3{ prototypes testing and
COnsEDLS (CAD) (CAE) (RP) evaluation

Meet
design
criteria

Final
product

Fig. 2. Flowchart of rapid prototyping.
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omer or polymer into a solidified polymer by using UV light is known
as photopolymerization. Figure 4 below depicts the schematic repre-
sentation of SL process.

4.4. Selective Laser Sintering

A powder is fused or sintered using a laser of carbon dioxide in this
three-dimensional printing method. The temperature within the
chamber has nearly reached the material’s melting point. For each lay-
er that the design called for, the laser fuses the powder in a precise lo-
cation. When a layer is done, a piston that controls the bed lowers it by
the same amount as the layer thickness, causing the particles to float
around loosely. Materials that could be employed in this procedure in-
clude a wide range, including: metals, metal alloys, metal and polymer
mixtures, and metal and ceramic alloys are among the materials that
can be used. Acrylic styrene and polyamide (nylon) are two examples of
polymers that could be utilized; they almost exactly match the mechan-
ical characteristics of the injected portions. Composites or reinforced
polymers can be created by combining polyamide and fiberglass. Met-
als like copper could be used to reinforce them as well. A binder is im-
portant for metals. This might be a polymer binder that will be re-
moved later, or it could be a mix of metals with varying melting tem-

—Electron beam top column
Ys—Filament

Astigmatism lens
Focus lens

Electron beam Deflection lens

1 :
Vacuum chamber

Fig. 3. Schematic representation of electron beam melting.
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peratures. Alumina components with high strength can be constructed
using the organic binder polyvinyl alcohol. The variety of materials
that can be used is one of this technology’s key benefits. Powder left
over can be recycled. The limitations of accuracy due to material parti-
cle size, force the need to conduct the process in an inert gas atmos-
phere to prevent oxidation, and the requirement that the procedure is
carried out at a constant temperature close to the melting point are the
drawbacks. This technology is also known as direct metal laser sinter-
ing. Figure 5 below depicts the schematic representation of SLS pro-
cess [20—-22].

4.5. 3DP

The 3DP process is an MIT-licensed method for printing data from a
CAD drawing by spraying a water-based liquid binder over a starch-
based powder. When the binder is blasted, the powder particles are ce-
mented together in a powder bed. 3DP refers to this technology be-
cause it is similar to the inkjet printing process used for two-
dimensional printing on paper. This method can work with a wide
range of polymers [23—25].

4.6. Fused Deposition Modelling

Fused deposition modelling (FDM) is an additive manufacturing tech-
nology in which a thin plastic filament is fed into a machine where a
print head melts and extrudes it in thicknesses of 0.25 mm or less. This
technique makes use of acrylonitrile butadiene styrene (ABS), PC-ABS

Laser source
v N

Resin tank

X-Y scanning
mirror

4

UV curable resin

4

Cured layers Elevator

A
g —

Movable build
platform

Fig. 4. Schematic representation of stereo lithography.
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blends, polycarbonate (PC), polyphenylsulfone (PPSF) and PC-ISO, a
medical grade PC. The key benefits of this technique are that there is
no need for chemical post-processing, no resins must be cured, and the
equipment and supplies are less expensive, resulting in a more cost-
effective procedure [26].

The downside is that the z-axis resolution is low when compared to
other additive manufacturing technologies (0.25 mm), necessitating a
finishing process if a smooth surface is desired, and it is a time-
consuming process that can take days to construct large complex
items. Some models provide two time-saving modes: a completely dense
and scant mode, which saves time but significantly reduces mechanical
characteristics [27—30]. The schematic representation of FDM process
is depicted in Fig. 6 below.

4.7. Laminated Object Manufacturing

A part is constructed layer by layer using LOM process, which incorpo-
rates both additive and subtractive processes. Sheets are the materials
used in this technique. The layers are joined together by applying pres-
sure, heat, and a thermal adhesive covering. Carbon dioxide laser is
used to influence the material to the shape of each layer depending on
the 3D model information in the CAD and STL files [31]. This method’s
advantages include its low cost, lack of the need for post-processing

Lenses

o
AR
‘________-—X—Y scanning mirror

L Laser beam
assh / Sintered part
Leveling roller

Powder feed Powder bed
supply

Powder feed piston
Powder feed supply

Powder feed piston
Build chamber

Build piston

Fig. 5. Schematic representation of selective laser sintering.
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and otherwise initialisation of supporting structures, sudden loss of
distortion rather than phase switch throughout the process, but rather
ability to produce large parts. Low surface definition, directional de-
pendence of the material for machinability, and waste of the fabrica-
tion material are the drawbacks. Figure 7 below depicts the Schematic
representation of LOM process.

4.8. Prometal

A three-dimensional printing method called prometal is used to create
injection tools and dies. Stainless steel is utilized in this powder-based
method. The printing process begins whenever the liquid binder is jet-
ted onto steel powder. The particles are stacked in a powder bed, which
is moved by feed and build pistons, which provide material with each
layer and lower the bed when a layer is done. After completion, the
leftover powder needs to be cleaned up. There is no need for post pro-
cessing while creating a mould. Sintering, infiltration, and finishing
operations are necessary when creating a functional part [17]. During
the sintering process, a portion would be heated to 350°F for 24 hours,
in a 60% porosity specimen, hardening the binder and fusing it with
the steel. The sculpture is infused with bronze powder during the infil-
tration process after being heated to over 2000°F in an alloy of 60%
stainless steel and 40% bronze. In the production of rocket nozzles,
tungsten carbide powder sintered with zirconium copper alloy was
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Build material filament———
/‘ Extrusion head

Drive wheels
Liquifiers D %
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A nozzles |

Part
—
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. - Part support
Build platform\.\ oy )’
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Fig. 6. Schematic representation of fused deposition modelling.
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used; this method has also been used with other materials, and the re-
sults have been superior to CNC-machined parts made of the same ma-
terial.

4.9. Polyjet

Using inkjet technology, this additive manufacturing method creates
physical models. The inkjet head travels in the x and y axes once each
layer is complete, depositing a photopolymer that is later cured by UV
lamps. Due to the 16 m layer thickness that may be produced with this
process, the created components have superior definition [32]. Howev-
er, when compared to processes such as stereolithography and selective
laser sintering, the items produced by this method are less durable. A
gel-type polymer supports the overhang features, which are then water
blasted once the process is complete. This method creates pieces in a
variety of colours. The Schematic representation of polyjet printing
process is depicted in Fig. 8.

4.10. Laser Engineered Net Shaping

Using this method of additive manufacturing, metal powder that is
injected into a specified location is melted to make a part. It is heated
by a powerful laser beam until it melts. The substance solidifies as it
cools. The procedure is carried out in an argon-filled sealed chamber.
This procedure allows for the use of a wide variety of metals and metal
alloys, such as stainless steel, tool steel, titanium-6 aluminum-4 vana-
dium, nickel alloys and copper alloys [33]. You can also utilize alumi-

Cutting tool laser

Mirror

Fig. 7. Schematic representation of laminated object manufacturing.
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na. Additionally, this method is utilized to fix sections that would be
difficult or expensive to fix using another method.

The residual strains caused by uneven cooling and heating opera-
tions, which are significant in high-precision processes such as repair-
ing turbine blades, could pose a problem in this process.

5. BENEFITS

The additive manufacturing provides massive benefits in different in-
dustrial sectors.

Multi-material goods: they enable the simultaneous use of many ma-
terials in the same solid during product manufacturing. The technique
appears to overcome one of the present restrictions on the
weight/mechanical strength when assessed by adding new features or
reducing production costs [34].

Lite-weight goods: they make it possible to create items with tailored
features and functionality, such as lighter products for cost, strength,
or weight reasons. A model can be filled with various levels of porosity
using some additive manufacturing techniques without changing the
material.

Product ergonomics: by customizing each person’s precise anthro-
pometric features (prostheses), the design of the components can in-
teract with the user to a greater extent without necessarily influencing
the production costs.

Comprehensive mechanisms: they make it possible to create mecha-
nisms that are fully integrated into the finished product and don’t re-

Object and support

materials UV lamp ke

XY axes

l Z stage

Fig. 8. Schematic representation of polyjet printing process.
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quire further assembly or adjustments, such as a journal bearing, a
roller bearing, a spring and its support, and a screwed-on worm gear.

Rapid prototyping: compared to traditional production methods, AM
can quickly manufacture functioning prototypes, enabling designers
and engineers to test and improve their designs.

On-demand manufacturing: AM can manufacture parts as needed,
doing away with the need for vast inventories and cutting down on the
time and expense of supply chain management.

A quicker timeframe for the commercialization of new designs: if AM is
used to produce the finished product rather than just prototypes, many
of the current launch and validation procedures might be drastically
shortened. Another advantage is that it provides tremendous flexibility
when it comes to adjusting to continuing changes in market demand.

Short runs of production: the size of the run may be so small as to on-
ly affect production costs on a per-unit basis (if and when the deprecia-
tion of the equipment is not considered). The lack of a need for tooling
is one of the features that makes this possible and is a significant im-
provement over traditional production techniques.

Errors in assembly are reduced, as are the costs involved. It is possi-
ble to purchase pre-assembled parts; the only extra element is the qual-
ity control examination.

Reduction in assembly errors and the expenses associated with them:
it is possible to purchase pre-assembled parts, and the quality assur-
ance inspection is the only additional step [34].

Hybrid production technique: combining multiple production pro-
cesses is always an option. Combining AM techniques with traditional
techniques would be intriguing in this situation to maximize the bene-
fits of both and They can be especially helpful for enhancing surface
quality by lowering the ‘stepping effect’ generated along by AM meth-
ods when combined with mechanical material removal. A backwards
hybridization process is also achievable, involving the use of subtrac-
tive manufacturing techniques to begin with a block before adding
those very complex traits that provide significant value via AM.

Maximum material utilization: little material waste is produced.
Recycling is simple and may be done with any waste.

A more sustainable manufacturing process: a more environmentally
friendly manufacturing process avoids the direct use of significant
amounts of hazardous chemicals.

6. LIMITATIONS

When deciding which technology is best suited to the needs of the
product to be created, it is important to keep in mind that additive
manufacturing techniques do have some disadvantages [35].

An effect known as stepping effect is created during additive layer
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production. The drawbacks of these phenomena include a very rough
surface quality and difficulties in forming geometric forms. As a re-
sult, circular cross-sections must normally be formed into shafts and
holes during manufacturing. The piece’'s roundness would not be ac-
ceptable if they were not. Alternatively, and setting roundness aside,
arranging the component in a different direction may be advantageous
based upon the application, it might be engrossing to design an upside-
down sliding axis that prevents ‘interlocking’.

Small production runs can benefit greatly from some technologies
because the manufacturing process itself might be labour-intensive.
As the manufacturing run reaches a certain scale, conventional tech-
nologies may still be used even though they have a number of limita-
tions, particularly geometrical ones.

Some technologies’ materials might not be appropriate for the prod-
uct being created.

Material layering produces anisotropic materials. Many industrial
components are acted by several forces, which stress the material, and
are designed to use the least amount of material; it is possible that the
components’ performance in relation to the forces they must withstand
while in service is adequate.

The bulk of additive manufacturing techniques still yield higher
tolerances than conventional manufacturing techniques, namely those
relying on material removal.

7. APPLICATIONS

Prototyping: rapid prototyping is one of the applications of additive
manufacturing. It allows designers to quickly create and test product
concepts, reducing the time and cost of the development process[19].

Aerospace: AM is being used to create lightweight and complex aero-
space components which are difficult to produce by the methods of tra-
ditional manufacturing. It also enables the production of parts with
intricate internal structures, such as fuel nozzles and turbine blades.

Medical: AM is used in the medical field to create customized im-
plants and prosthetics for patients. It allows for precise and personal-
ized designs that can match the specific needs of each individual.

Automotive: the automotive industry is using additive manufactur-
ing to create lightweight parts and components that can improve fuel
efficiency and reduce emissions. It also enables the production of cus-
tomized parts for vehicles.

Fashion: AM is being used in the fashion industry to create unique
and innovative designs. It allows designers to create custom-made jewel-
lery, accessories, and even clothing with intricate patterns and shapes.

Architecture: AM is being used to create intricate and unique archi-
tectural models and designs. It allows architects to create complex
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models quickly and easily, which can help in the planning and con-
struction process.

Education: AM is being used in education to teach students about
design and engineering concepts. It allows students to create proto-
types and models of their designs, which can help them had better un-
derstand the design process.

Food: AM is being used in the food industry to create custom-shaped
food products. It allows chefs and food designers to create unique and
intricate designs using edible materials.

Jewellery: AM is being used in the jewellery industry to create com-
plex and intricate designs, which are difficult to produce using tradi-
tional methods. It allows for the production of custom-made and per-
sonalized pieces.

Art: AM is being used by artists to create unique and intricate sculp-
tures and art pieces. It allows artists to create complex shapes and
structures, which might be impossible or difficult to produce using
traditional methods.

8. CONCLUSIONS

To conclude, AM has transformed the way we think about production and
design. New opportunities have been made possible by this technology in a
number of sectors, including healthcare, aircraft, and fashion. AM pro-
vides unrivalled flexibility and customization possibilities because of its
ability to construct complicated shapes and maximize material utilization.

However, AM, like any nascent technology, has limitations and ob-
stacles. Some of the difficulties that still need to be addressed include a
lack of uniformity and the need for more effective quality control
methods. Furthermore, the high cost of equipment and materials, as
well as the requirement for qualified operators, continue to be substan-
tial impediments to general use.

Nonetheless, the advantages of AM greatly exceed the drawbacks. It
is expected that as technology advances and costs fall, it will become a
more common manufacturing technique. It could change how things
are produced and created, making them more effective, sustainable,
and fitted to the needs of people and industries. Overall, it is a technol-
ogy that contains the potential to revolutionize the manufacturing sec-
tor, with effects felt in a variety of industries and applications.
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