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IHOOPMAIIIA (ITPABUJIA) AJIAA ABTOPIB

Hayxkosuit :xypHaa «Meramodisuka ta HOBiTHI TexHosgorii» (MHT) momicansa ny6mikye crarri, aki
paHitre 11e He TyOJiKyBaJuCcsA Ta He IepebyBaloTh Ha POSTJIALI JJIs ONYyOIiKyBaHHS B iHIINX BUAAHHAX.
CraTTi MalOTh MiCTUTH Pe3yJbTaTU €KCIEPUMEHTAJIbHUX i TEOPETUUYHUX JAOCTiIKeHb B obsacTi pisuku Ta
TeXHOJIOTi#l MeTaJsiB, CTOIIB i CIONYK 3 MeTaJiYHUMHU BJIIACTUBOCTSAMU; pelleHsil Ha MoHorpadii; indop-
Marnio npo KoH(epeHIii, ceminapu; BizomocTi 3 icropii merasodisuKy; pekJamMy HOBUX TE€XHOJOTIi,
MarepianiB, npunaaxiB. JKypHanM JOTPUMY€EThHCS 3araJbHOIPUNHATUX IMPUHIIUIIIB, 3a3HAaUEHUX HA HOTro
caiiTi B JOKyMeHTax 3 myOJIiKaIiiiHol eTUKY Ta {00 HeIPUNHATHUX MPAKTUK.

TemaTuka sxypHaxy: Enexmponni cmpyxmypa ma éiacmueocmi, [Jepexmu kpucmaaiihol rpamuu-
yi, Pasosi nepemeopennsa, Pisurxa miynocmu ma naacmuinocmu, Memaniuni noeéepxrni ma naiexu, By-
dosa ma enacmueocmi HAHOMACWMAOHUX | ME30CKONILHUX Mamepianie, Amoppruil i pidkuii cmanu,
B3aemodii 6unpominenHs ma 4acMUHOK i3 KOHOeHCO8AHOI Pewo8uHOoI0, Mamepisniu 6 eKCmpemMaibHUX
ymosax, Peaxmopre i asiaxocmiune memanoznaécmeo, Meduune memanoznaecmeo, Hosi memaanesi
mamepiaiu ma cunmemuuni memaau, Memanoemicui cmapm-mamepiaau, Pisuko-mexHiini 0CHOBU
excnepumenmy ma disizHocmuku, JJuckyciitii nogidomaeHHs.

Crarri my0IiKyIOThCA OMHIE0 3 ABOX MOB: aHTJIINCHKOIO (BiAgaeTbesa mepesara) a60 yKpaiHChbKOIO.

Crarri, B 0opopMJIeHHI AKUX He JOTPUMAHO HACTYIHUX IPaBWI N onyoaikyBanus 8 MGHT, mosep-
TAITHCSA aBTOpaM 0e3 posryiAaay mo cyri. ([JaToro HagXOMKeHHS BBAyKAEThCA [eHb TOBTOPHOT'O HAaJaHHS
CcTaTTi micya ZOTPUMAaHHA 3a3HAYEHUX HUKUe IIPABUIL. )

1. CraTTa Mae 6yTH mignucaHoro BciMa aBropamu (i3 3a3HaueHHAM IXHiX agpec eJIeKTPOHHOI ITOIITH);
¢y BKasaTu mpisBuie, iM’st Ta o 6aTHKOBi aBTOpa, 3 AKMM pefaKilis GyAe BeCTH JUCTYBaHHS, HOTO
TOLITOBY aJpecy, HoMepu TeseoHy Ta haKcy i aJpecy eJIeKTPOHHOI ITOIITH.

2. Buxiag marepisiay mae 6yTu 4iTKUM, CTPYKTypoBaHMM (po3AinaMu, Haupukaan, «1. Berym», «2.
Excnepumenransua/Teopernuna meronmka», «3. Pedynbratu Ta ix oO6roBopeHHA», «4. BucHoBKmM»,
«ITuroBaHa JiTeparypa»), CTUCINM, 0e3 JOBrux mpeamOyJ, BiAXUJIEHb i IOBTOPiB, a TaKOK 6e3 myOJiro-
BaHHS B TEKCTi JaHUX Ta0JIUIlb, PUCYHKIB i mignucis go Hux. AHOTaIis Ta po3ain « BucHOBKU» MaioTh He
Iy6JIFOBaTH OOUH OJHOTO. YMCJIOBI AaHi CJIii HABOAUTY B 3aTaJIbHOIIPUAHATAX OJUHUILAX .

3. 06’em opurinaapHOI (HeoraAxoBol) crarri Mae 6yTu He 6isibire 5000 ciiB (3 ypaxyBaHHAM OCHOBHO-
TO TEKCTY, TaOIHIlh, MiANUCiB O PUCYHKIB, CIUCKY BUKOpUcTaHUX mxKepei) i 10 pucynkis. 06’em oras-
moBoi cratti — 70 10000 cuiB Ta 30 pucyHKiB.

4. 3a moTpebu 0 pemaKIlii MOXKe HaJaBaTuCs APyKoBaHuil (A4, moxBifiHWII iHTepBaJ) IPUMIPHUK
pyKoImcy 3 inmocrpamniamu.

5. ITo penakiiii 060B’s13K0BO HajgaeTbes (o e-mail) daiis craTri, HaGpaHUl y TEKCTOBOMY peAaKkTopi
Microsoft Word, 3 HasBomw, 1110 CKJIAJa€ThCA 3 MPi3BUIA MEPIIOro aBTopa (JaTUHUIEID), HAIPUKJIAL,
Hotovchenko.docx.

6. EjleKTpOHHA Bepcis PYKOIHUCY Ta MOro ApyKOBaHU BapisHT (B pasi MOro HagaHHA) MAIOTh OyTH ieHTnY-
HuMu. BoHr MaroTh 0hOPMITIOBATHCS 34 II1A0JI0HOM, STKUI MOYKHA 3aBAHTAKUTH 3 CAUTY JKypHAITY, 1 MicTuTu 5—
7 inperciB PACS B pepaknii ‘Physics and Astronomy Classification Scheme 2010’. TekcTu craTeil MaloTh Ta-
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Synthesis and Electrical Characterization of Spinel MFe-04
(M =Ni, Co, Fe) Magnetic Nanoparticles
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In this investigation, we delve into the precise synthesis of magnetic nano-
particles with a particular emphasis on the NiFe:04 and CoFe204 ferrites, and
the FeFe:0: magnetite, employing a meticulously controlled chemical-
synthesis methodology to ensure reproducibility and optimal material prop-
erties. To verify the chemical makeup and purity of these synthesized nano-
particles, we conduct the detailed characterization through energy-
dispersive x-ray spectroscopy (EDX), which provides quantitative insights
into their elemental composition. Leveraging these well-characterized nano-
particles as the foundational components, we formulate a series of magnetic
fluids at diverse concentration levels, tailoring their rheological and magnet-
ic behaviours for potential applications in fields such as biomedicine, elec-
tronics, and environmental remediation. Additionally, to assess comprehen-
sively the thermoelectrical performance of these magnetic fluids, we perform
systematic measurements of their electrical conductivity over an extensive
temperature spectrum, thereby, elucidating how thermal variations influ-
ence their conductive characteristics and overall functionality under varying
operational environments.

Key words: magnetic nanoparticles, spinel ferrite nanoparticles, electrical
conductivity, thermoelectrical properties, concentration effects, magnetic
fluid, nanoparticles’ dispersion.
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Y npomMy mOCHimiKeHHI MU POSTIATAEMO MPEIU3iiHy CUHTe3y MarHeTHUuX Ha-
HOYAaCTUHOK i3 ocobauBuM akiieHToM Ha (epuTtax NizFe2:0, CoFe:04 Ta marHe-
TuTi FeFe204, BHKOPHCTOBYIOUM PETEIBLHO KOHTPOJBOBAHY METOIOJIOTiI0 XeMi-
YHOI CHHTEe3U [JIs1 3a0e3IeUeH A BiITBOPIOBAHOCTH ¥ ONITUMAJNBHUX BJIACTUBO-
cTelt marepiany. [aa nigTBepAKeHHA XeMiUYHOTO CKJIAy Ta YMCTOTU CUHTE30-
BaHUX HAHOYACTUHOK OYJIO IPOBEAEHO MeTalbHY XapaKTepusaalliio 3a JOImoMO-
T'OI0 eHeproauvciepciiinol peHTreniBesKol cnekTpockomnii (EDX), mo 3abesme-
YMJIO KiNBKiCHY OIiHKY IXHBOTO €JIeMEeHTHOrO CKJany. BMKOpHCTOByMOUHM ITi
IoOpe oxapaKTepr30BaHi HAHOYACTUHKY B AKOCTi 62a30BUX KOMIIOHEHTIB, 0yJI0
CTBOPEHO CEePil0 MarHETHUX DPiAWH i3 PiBHMMUM KOHIEHTPAIiHUMU PiBHAMU,
110 YMOYKJIMBUJIO IlijiecIpsAMOBaHO MoamGiKyBaTy iXHi peoJioriuni Ta maruer-
Hi BJIACTMBOCTI AJIS MMOTEHIIiITHOTO 3aCTOCYBAaHHSA B TAKUX Tally3sax, AK Oiome-
IUIIHA, eJIEKTPOHIKA ¥ mociabiaeHHsa BIIMBY Ha A0oBKiwaa. Kpim Toro, 3 me-
TOI0 KOMILJIEKCHOI OIiHKYM TEePMOEJEKTPUUHUX XaPAKTEPUCTUK IIUX MarHeT-
HUX pigwH 0yJI0 IPOBEEHO CUCTEeMATHNYHI MipAHHA IXHBOI €JIEKTPOIIPOBiHOC-
TH B IIIUPOKOMY TeMIIePaTypPHOMY HifANas30Hi, 1[0 AaJi0 3MOT'y 3’ CyBaTH BILIUB
TeMIIepaTypHUX 3MiH Ha ixHi mpoBigHI BiacTuBOCTi Ta 3aranbHy (QyHKITiOHA-
JIbHICTB y PIBHMX YMOBaX €KCILIyaTaIrii.

KarouoBi ciioBa: MarHeTHi HAHOYACTWHKY, HAHOUYACTUHKY INMIIiHEJIBLHOTO (Qe-
PUTY, €JEeKTPOIPOBiTHICTH, TEPMOEIEKTPUYHI BJIACTUBOCTI, KOHIIEHTPAIiiiHi
edeKTH, MarHeTHA PiinHA, AUCIEePCid HAHOYACTUHOK.

(Received 31 August, 2025; in final version, 13 March, 2026 )

1. INTRODUCTION

The rapid advancement of science and technology in the 215t century
has posed significant environmental challenges, necessitating innova-
tive solutions from materials science and physics. Magnetic fluids, or
ferrofluids, have emerged as versatile nanomaterials with promising
potential to address these issues through their unique magneto-
responsive properties [1, 7]. These colloidal suspensions, comprising
magnetic nanoparticles dispersed in a carrier liquid with stabilizing
surfactants, exhibit tuneable magnetic, electrical, and rheological be-
haviours, enabling applications in aerospace engineering, electronics,
mechanical systems, biomedicine, and environmental remediation
such as water and oil purification [5, 6]. This broad applicability has
garnered substantial interest from the scientific community, driving
research into their synthesis, characterization, and property optimiza-
tion.

Magnetic fluids typically consist of magnetic nanoparticles dis-
persed in a liquid carrier medium and stabilized by surface-active
agents. Among these components, magnetic nanoparticles are the pri-
mary determinants of the materials’ performance [4, 9]. While the
chemical composition governs the general quality of the fluid, the size,
morphology, and crystal structure of the nanoparticles critically in-
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fluence their fundamental physical, chemical, and functional proper-
ties. In particular, nanoparticles with the general formula MFe;0,
(M =Ni, Co, Fe) belong to the family of spinel ferrites, which are
known for their remarkable magnetic and electrical characteristics [1,
2, 6]. However, the microstructural features and the mechanisms un-
derlying the variations in magnetization and electrical behaviour in
fluids containing mixed-metal ferrite nanoparticles remain insuffi-
ciently understood [5].

Despite extensive experimental and theoretical investigations, no
unified framework describing the internal structure—property rela-
tionships of MFe:04-based magnetic fluids has been established. Fur-
thermore, the origins of variability in their electrical properties, espe-
cially as a function of composition, concentration, and temperature,
have not been comprehensively explored. In this study, magnetic na-
noparticles of MFe;04 (M =Ni, Co, Fe) were synthesized via a chemical
condensation method [11, 12]. The chemical composition of the nano-
particles was characterized using Energy-Dispersive X-Ray Spectros-
copy (EDX). Magnetic fluids with varying nanoparticle concentra-
tions, prepared using water as the base medium, were evaluated for
their electrical conductivity across a range of temperatures. The find-
ings of this work aim to contribute to the understanding of composi-
tion—structure—property relationships in spinel ferrite-based magnet-
ic fluids, thereby, facilitating their targeted design for advanced engi-
neering and environmental applications [4, 7].

2. EXPERIMENTAL DETAILS
2.1. Materials

Ferric chloride hexahydrate (FeCls-6H20, >99%), ferrous chloride tet-
rahydrate (FeCl:-4H:0, >99%), aqueous ammonia (NHs(aq), 25%), oleic
acid (CisH3402, 299%), citric acid (CeHsO7, 299.5%), and acetone
(CsHgO, >99.5%) were used as received. Deionized water (resistivity
>18.2 MQ-cm) was used in all preparations.

2.2 Synthesis of magnetite (FeFe2:0,4) nanoparticles

FeFe:0, nanoparticles were prepared by chemical co-precipitation.
Briefly, 2.0 g FeCly-4H20 and 5.6 g FeCls-6H20 (molar ratio Fel":Fel =
=1:2) were dissolved in 100 mL deionized water and heated to 96°C
under vigorous stirring. A total of 20 mL NH,OH was added dropwise
via syringe; the suspension was maintained at 96°C for 55 min. Then,
4.0 g citric acid (in 20 mL water) and 20 mL oleic acid were added se-
quentially. The mixture was heated to 100°C and stirred for an addi-
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tional 90 min.

A small aliquot was diluted twofold and exposed to a constant mag-
netic field (0.35 T) to confirm magnetic response; the colloid remained
stable in zero field. Excess unbound acids were removed by standing
for 24 h followed by filtration. The precipitate was dried at room tem-
perature for 48 h to yield FeFe:O, nanopowder.

2.3 Synthesis of NiFe;0, and CoFe;04 nanoparticles

NiFe20, and CoFe:04 nanoparticles were synthesised analogously by
substituting the corresponding divalent metal salts for Fel* while
maintaining the overall FelI":MI" stoichiometry (M = Ni or Co). Post-
addition, the suspensions were aged at 100°C for 90 min, purified, and
dried as above to obtain the respective ferrite nanopowders.

2.4 Reaction chemistry and stoichiometry

The co-precipitation proceeds via hydroxide formation, followed by in-
situ dehydration/condensation to the spinel ferrite under hydrother-
mal-like ageing (= 100°C). The stepwise and net reactions are:

(a) nickel ferrite (NiFe204):

Ni?"+ 2Fe®*+ 80H™ — Ni(OH),- 2Fe(OH)s — (100°C) — NiFe;O4;
(b) cobalt ferrite (CoFez0.):

Co?" + 2Fe?*" + 80H™ — Co(OH)z-2Fe(OH)s — (100°C) — CoFez0s;
(c) magnetite (FeFe20,):

Fe?* + 2Fe® + 8OH — Fe(OH),-2Fe(OH); — (100°C) — FesO,.

3. RESULTS AND DISCUSSIONS

Samples of FeFe;0,, CoFe:04, and NiFe;O4 were analysed for their ele-
mental composition using Energy Dispersive X-Ray (EDX) Spectros-
copy. The EDX spectra of these samples are presented in Figs. 1-3.

The elemental composition of NiFe:Os magnetic nanoparticles was
determined using EDX Spectroscopy and studied in a dispersed state.
The EDX spectrum obtained for NiFe;O, magnetic nanoparticles is pre-
sented in Fig. 1. According to this figure, the sample contains Fe at
65.3% by mass, Niat 34.5%, and Coat 0.22%.

The elemental composition of CoFe:0, magnetic nanoparticles was
determined using EDX Spectroscopy and studied in a dispersed state.
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Fig. 1. EDX spectrum of powdered NiFe:04 magnetic nanoparticles.
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Fig. 3. EDX spectrum of powdered FeFe:04 magnetic nanoparticles.

The EDX spectrum obtained for CoFe;O, magnetic nanoparticles is pre-
sented in Fig. 2. According to this figure, the sample contains Fe at
61.5% by mass, Niat0.1%, and Co at 38.4%.

The elemental composition of FeFe:Os magnetic nanoparticles was
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determined using EDX Spectroscopy and studied in a dispersed state.
The EDX spectrum obtained for FeFe;0, magnetic nanoparticles is pre-
sented in Fig. 3. According to this figure, the sample contains Fe at
99.7% by mass, Niat 0.1%, and Co at 0.2% . These results are present-
ed in Tables 1-3 below.

Based on the results from Tables 1-3, it can be concluded that
NiFez04, CoFe;04, and FeFe.0, magnetic nanoparticles were success-
fully synthesized.

The crystal structures of NiFe;04, CoFe;04, and FeFe;Os magnetic
nanoparticles were studied using x-ray diffraction (XRD) spectra. The
NiFe204, CoFe:04, and FeFe,O, magnetic nanoparticles were dried,
converted into powder form, and placed in a special container. X-ray
beams with a uniform wavelength were directed onto their surfaces at
angles ranging from 10° to 75° degrees. These reflected beams dif-
fracted in the magnetic nanoparticles when positioned at an angle sat-
isfying the Bragg condition. The dependence of the intensity of these
diffracted x-ray beams on the angle of incidence on the nanoparticle
surface is shown in Fig. 4[5, 6, 9].

The structure of the magnetic nanoparticles was studied based on
the relationship between the obtained intensity and the angle of inci-
dence. As seen in Figure 4, the x-ray diffraction spectra of the synthe-
sized magnetic nanoparticles show intensity peaks corresponding to

TABLE 1. Analysis results of the composition of NiFe:04 magnetic nanoparticles.

No.|Element| Content | Statistical Error |Spectral Line[Intensity [cps-nA™]

1 Fe 65.3 wt.% +0.0443% M: FeK. 285.91789
2 Ni 34.5 wt.% +0.0263% M: NiKq 105.82723
3 Co  0.22 wt.% +0.0061% M: CoK« 1.47739

TABLE 2. Analysis results of the composition of CoFe:04 magnetic nanoparticles.

No.|Element| Content | Statistical Error |Spectral Line[Intensity [cps nA™]

1 Fe 61.5 wt.% +0.0372% M: FeKq 312.63410
2 Ni 0.1 wt.% +0.0052% M: NiK. 0.40497
3 Co 38.4 wt.% +0.0260% M: CoKa 279.11786

TABLE 3. Analysis results of the composition of FeFe:01 magnetic nanoparticles.

No.|Element| Content | Statistical Error |Spectral Line[Intensity [cps nA™]
1 Fe  99.7 wt.% +0.0478% M:FeK. 425.83336
2 Ni 0.1 wt.% +0.0038% M: NiK. 0.31522
3 Co 0.2 wt. % +0.0071% M: CoK« 1.71781
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Fig. 4. X-ray diffraction of powdered NiFe:04, CoFez04, and FeFe:04 magnetic
nanoparticles.

(220), (311), (400), (422), (511), and (400). The spectra of the diffract-
ed x-rays indicate that all diffraction peaks for NiFe;04, CoFe204, and
FeFe:0, magnetic nanoparticles correspond to a single-phase inverse
cubic spinel structure, which is consistent with the results reported in
scientific articles [3—7] (Fig. 4).

The average crystallite size of the NiFe:O4, CoFe:0, and FeFe204
magnetic nanoparticles was estimated using the Debye—Scherrer equa-
tion from the most intense (311) diffraction peak in the x-ray diffrac-
tion (XRD) patterns:

Do 0.89L .
BcosO

Here, A is the wavelength of the x-ray radiation, j is the full width at
half maximum (FWHDM) of the spectral peak, and 6 is the angle formed
at the peak.

The lattice constants of NiFe20,, CoFe204 and FeFe;O, magnetic na-
noparticles were determined using the following formula:

a=\(h+E +1%)d? .

Here, d is the distance between parallel planes, and £, k&, [ are the Mil-
ler’s indices.
Additionally, the density of the nanoparticles was determined using
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the following formula:

Here, M represents the molecular weight of the magnetic nanoparti-
cles, Nais Avogadro’s constant, and a is the crystal lattice parameter.

The particle size, lattice constant, and average density of the mag-
netic fluid particles, calculated using semi-empirical methods, are pre-
sented in Table 4 [4, 6, 9].

In this study, the composition of the magnetic fluids was formulated
as follows:

1) NiFe;04, CoFe:04, and FeFe;0, magnetic nanoparticles were used
as the primary magnetic particles;

2) oleic acid (C1sH3402) was employed as the surface-active agent;

3) distilled water was utilized as the liquid medium. Using these
components, magnetic fluids with volumetric concentrations ranging
from 0.5% to 5%, based on NiFe;04, CoFe204, and FeFe,O, magnetic
nanoparticles, were prepared. Their electrical conductivity at room
temperature was measured using the Karlaush method.

The magnetic fluids based on NiFe:0,, CoFe:04, and FeFe:O, mag-
netic nanoparticles investigated experimentally exhibit low electrical
conductivity due to their predominantly dielectric nature. However, as
the concentration of magnetic nanoparticles in these magnetic fluids
increases, their electrical conductivity shows a significant rise. As
observed from Fig. 5, the electrical conductivity of the prepared mag-
netic fluids at room temperature is as follows:

o for FeFe:0s-based magnetic fluid, with magnetic nanoparticle
concentrations ranging from 0.5% to 5%, the electrical conduc-
tivity increased linearly from 15.6 uS/cm to 147.8 uS/cm;

o for CoFez0s-based magnetic fluid, with magnetic nanoparticle
concentrations ranging from 0.5% to 5%, the electrical conduc-
tivity increased linearly from 2.1 uS/cm to 20.2 uS/cm;

e for NiFe:Os-based magnetic fluid, with magnetic nanoparticle
concentrations ranging from 0.5% to 5%, the electrical conduc-
tivity increased linearly from 0.23 uS/cm to 10.4 uS/cm.

The electrical conductivity of magnetic fluids is explained through

TABLE 4. Results of x-ray phase analysis of NiFe204, CoFe204, and FeFe:Os mag-
netic nanoparticles.

Sample | Dxrp [nm] | a[A] | Qave [A] | VA% | pxrp [g-sm ]
NiFe204 16.9+0.1 8.30 571.8 5.45
CoFez204 10.3+0.1 8.37 8.47+0.03 587.0 5.31

FeFe204 9.7+£0.1 8.73 598.0 5.28
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Fig. 5. Dependence of the electrical conductivity of magnetic fluids on concen-
tration at room temperature.

an equation based on the Maxwell’s model. However, for low-
concentration magnetic fluids based on NiFe2:04, CoFe204, and FeFe204
magnetic nanoparticles, the enhanced Shen’s model provides a more
suitable explanation. According to this model, the following equation
is formulated for low-concentration magnetic fluids: 6 =0,, +o, +0;.
Here, o represents the electrical conductivity calculated based on the
Maxwell’s model, or denotes the electrical conductivity arising due to
electrophoretic mobility, and oz indicates the electrical conductivity
resulting from Brownian motion[11, 12].

4. CONCLUSIONS

NiFez04, CoFe:04, and FeFe:0O, magnetic nanoparticles were synthe-
sized via the chemical co-precipitation (chemical condensation) meth-
od. X-ray diffraction analysis confirmed that all diffraction peaks cor-
responded to a single-phase inverse cubic spinel structure for each
composition, in agreement with previously reported literature data.
Particle size estimation, based on transmission electron microscopy
and the Debye—Scherrer equation, indicated average diameters of 25—
38 nm for NiFe;04, 10-30 nm for CoFe;04, and 7-30 nm for FeFe;O,.
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Electrical conductivity measurements at room temperature revealed
the lowest value of 0.23 pS:cm™ for the NiFe;O,-based magnetic fluid
at 0.5% nanoparticles’ concentration, and the highest value of 147.8
cm ! for the FeFe;04-based magnetic fluid at 5% concentration. These
findings are consistent with predictions of the Shen’s model.
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Features of the Formation of the Structure and Phase Composition
of Modified Chrome PVD Coatings
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The results of studies of the structure and phase composition of thick chromi-
um coatings on the surface of the steel obtained by vacuum-arc deposition
(arc-PVD) in an arc discharge and modified with nitrogen are presented. The
modification is carried out directly in the process of vacuum-arc deposition in
an argon-gas environment containing nitrogen. The features of the formation
of the structure and phase composition of chromium coatings depending on
the percentage of nitrogen in the chamber (from 20 to 100% ) and the effect of
the pulsed deposition mode at a fixed pressure value within the chamber
((8-7)102Pa) and substrate temperature (520-550°C) are established. The
analysis of the studies shows that chromium coatings obtained in a steady-
state mode in an argon environment (without nitrogen) have an open texture:
in the cross section, the structure is columnar and coarse-crystalline, has an
explicit relief surface with the release of fairly large pyramidal crystallites
and a small droplet phase. The use of a pulsed deposition mode in an argon en-
vironment weakens significantly the texture of the coating, ‘smooths’ the
surface with the formation of a fine-crystalline, close to globular coating
structure. The introduction of nitrogen into the argon-gas environment
changes the structure and phase composition of the coatings. With an increase
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in the percentage of nitrogen within the chamber, the structure of the coating
in the cross-section changes from columnar coarse-crystalline to globular fi-
ne-crystalline, the lattice parameter and the size of the coherent-scattering
region decrease, and the dislocation density increases. The introduction of
nitrogen into the argon-gas environment leads to the formation of the hexag-
onal close-packed phase Cr:N and the face-centred cubic phase CrN, the
amounts of which depend on the deposition parameters. The use of a pulsed
deposition mode, when modifying the coating with nitrogen, allows increasing
the amount of nitrides in the coating compared to the steady-state mode.

Key words: arc-PVD, chromium coating, structure, phase composition, ni-
triding.

IIpencrasiieHo pe3yJIbTaTH JOCHTiPKEeHD CTPYKTYPH Ta (pa30BOT0 CKJIa [y TOBCTUX
XPOMOBUX IOKPUTTIB HA IIOBEPXHI KPUIli, OFEPIKAHUX METOJO0I0 BaKyyMHO-
Iyrosoro ocam:xenus (arc-PVD) y nyrosomy pospsazi ta moxupirkosanux Hitpo-
resoM. MoaudikyBaHHA mpoBOZmMIOoCcA 0e3MOCEPETHBO B IIPOIlECi BaKyyMHO-
IyTOBOTO OCAIKEeHHS B CEPENOBUIIi aproHy, IO MiCTUTH a3oT. BcTaHOBIIEHO
ocobauBoCTi hOPMyBaHHSA CTPYKTYPHU Ta (Pa30BOT0 CKJIAy XPOMOBHUX ITOKPUTTIB
sayeskHo Bif Bincorka HiTporeny y kamepi (Big 20 7o 100% ) Ta BIiuBy iMIyab-
CHOTO DpeXUMy OCaJsKeHHsA 3a (iKcoBaHMX 3HAUYEHb THUCKY Y Kamepi
((3-7)-102IIa) Ta Temmeparypu miakmazumarm (520-550°C). Amamiza gocii-
I'KeHb ITOKasaJia, 110 XPOMOBi IIOKPUTTSA, OJEPIKAHI 3a CTAI[IOHAPHOTO PEIKUMY
B cepenoBUIIi aproHy (6e3 a30Ty), MaloTh ICKPAaBO BUPAKEHY TEKCTypPY: V IOome-
peuHoMy Iiepepisdi CTPyKTypa € CTOBIYACTON, KPYHTHOKPUCTAIIUHOIO, MA€ BU-
paskeHy penbedHY IOBEPXHIO 3 BUIIJIEHHAM JOCTATHLO BEJIMKUX ITIipaMimaiib-
HUX KpUCTAJiTiB i 1pibHOI KpanenbHol asdu. Bukopucranua iMIyJisCHOTO pe-
JKUMY OCaIKEHHS B CEPEIOBUIIi aprOHY 3HAYHO ITOCJIA0JII0E TEKCTYPY IOKPUT-
T, «3IVIAJPKyE» IIOBEPXHIO 3 YTBOPEHHAM APiOHOKpHCTanIiuHOi, OJIM3BKOI IO
T7100yISIPHOL CTPYKTYPU MOKPUTTsI. BBeIeHHS a30Ty B CEPEIOBUIIE apT'OHY 3Mi-
HIOE CTPYKTYPY Ta (a30Buil CKJIad TOKPUTTIB. 3i 36imbIienuaAM Bigcorka Hitpo-
Tr'eHy Y KaMepi CTPYKTypa MOKPUTTS B MOIEPEUYHOMY IIepepisi saMiHioeThCa Bif
CTOBITYACTOI KPYIMHOKPUCTAIIYHOL 10 I100yJIAPHOI ApiGHOKpUCTAIIYHOI, 3MEH-
ITYIOTHCA ITapaMeTep KPUCTAJIIYHNX I'PATHUIG 1 po3Mip 001acTu KOTepeHTHOTO
poscitoBaHHs, a TYCTUHA TUCJIOKAIi#l 30iabITyeThCcA. BBeieHHa a30Ty B cepemno-
BUIlE aproHy HPUBOAUTH OO YTBOPEHHS T'eKCATOHAJLHOI IMIiJILHOYIIaKOBaHOI
dasu Cra2N i rpanenenTpoBanoi Kyoiumoi pasu CrN, KiTbKicTh AKMX 3aJI€IKUTD
Bizm mapamerpiB ocaxreHHA. BUKOpHCTaHHSA iMIIyJIBCHOTO PEKUMY OCAT KEHH A
i yac mopudikyBanHA TOKPUTTA HiTporeHoM yMOMKIMBIIOE 301IBIITUTY Kilb-
KicTh HITPUAIB Y HOKPUTTI MOPiBHAHO 31 CTAI[iOHAPDHUM PEIKITMOM.

KarouoBi ciioBa: eJIeKTPOAYTrOBE HAHECEHHA HOKPUTTS (hiBMUYHUM OCaIYKEeHHAM
mapiB, XpOMOBE IOKPUTTS, CTPYKTYPAa, (pasoBuii CKIaj, a30TyBaHHA.

(Received 2 May, 2025; in final version, 15 October, 2026 )

1. INTRODUCTION

Thick chromium-based coatings are widely used as protective coatings:
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as corrosion-resistant, antifriction and wear-resistant coatings [1-6].
The galvanic method of applying thick chromium coatings has long
been one of the most widely used. The advantages of this method in-
clude its technical simplicity and the ability to obtain fairly thick and
hard coatings [7-8]; the disadvantages include poor adhesion and po-
rosity of the coating. Galvanic production is one of the most dangerous
in terms of emissions of harmful substances into the environment [9],
therefore, interest in environmental friendly technologies for obtain-
ing coatings, in particular PVD technologies, has recently increased.
One of the types of PVD technologies that allow obtaining the suffi-
ciently thick chromium-based coatings (more than 10 um thick) is the
deposition of coatings by condensation from the gas phase in a vacuum
arc discharge (arc-PVD) [10-12]. The properties of coatings primarily
depend on their structure and phase composition. Arc-PVD allows con-
trolling the structure of the coating with technological process param-
eters and achieving high adhesion to the substrate [13—15]. Having a
number of advantages over galvanic coatings, PVD chrome coatings
are still inferior to them in hardness. One of the ways to improve the
mechanical characteristics of chrome PVD coatings is to modify them
with nitrogen. Chromium nitrides can be classified as one of the most
popular materials used in surface engineering. This is primarily due to
the fact that they are characterized by very good tribological and me-
chanical properties [16, 17]. Compared to titanium nitrides, chromium
nitride coatings have lower thermal conductivity, greater resistance to
oxidation at high temperatures and greater plasticity, and have good
corrosion and chemical resistance [18, 19]. Studies [20-25] have shown
that the properties of Cr—N coatings are fundamentally determined by
their structure and phase composition. Thus, expanding knowledge
about the patterns of formation of the structure and phase composition
of chromium coatings depending on the parameters of vacuum-arc
deposition is relevant.

2. MATERIALS AND METHODS

Vacuum-arc deposition was carried out in a specialized vacuum plant
with an end-face electric arc evaporator of metals. The cathode was
made of chromium in the form of a cylinder with a diameter of 50 mm.
The coatings were deposited on flat samples made of 38 XH3M®A (ana-
logue 34NiCrMoV14-5) steel. Before applying the coating, chemical
and mechanical cleaning of the samples was carried out. The samples
were located in a plane parallel to the end surface of the cathode at a
distance of 120 mm. The air was pumped out of the chamber until a
deep vacuum P=1.3-10"2-4-10"3 Pa was achieved. After pumping out,
the working gas (argon, argon + nitrogen or nitrogen depending on the
technological process) was introduced into the vacuum chamber to a
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pressure of P =(5.3-6.7)1072 Pa. The steady-state deposition mode was
carried out at a constant arc burning current of 70 A, arc burning volt-
age of 30-40V, without bias voltage on the cathode, and the substrate
temperature of 520-550°C. The pulsed deposition mode consisted of
alternating cycles of low bias voltage of 40 V on the substrate lasting
5 minutes with a short pulse of 400 V lasting 20 s. The discharge cur-
rent, arc burning voltage, chamber pressure, and process temperature
were maintained the same as in the steady-state deposition mode.

Metallographic studies of the surface and cross-section were carried
out using a metallographic light microscope MIM-10 (magnification up
to x1200). The structure of the coating was revealed by electrolytic
etching of the ground surface and cross-section of the coatings on an
electrolytic polishing machine ‘Electro-P’ (DEVCO S.r.l) in a 10%-
solution of oxalic acid.

X-ray diffraction analysis (XRD) was performed on a DRON-2 X-ray
diffractometer in monochromatic CoK, radiation with a wavelength of
A=1.7902 A. Chemical elements and phases were identified by compar-
ing interplanar distances with the PCPDFWIN card index. The param-
eters of the crystal lattice, microstrains, and defect density were calcu-
lated using the Williamson—Hall method. The sizes of coherent scatter-
ing regions (CSRs) were determined using the Selyakov—Scherrer for-
mula. The textured state was assessed by comparing the relative inten-
sities of diffraction peaks with reference values.

3. RESEARCH RESULTS AND DISCUSSION

The influence of the percentage ratio of nitrogen and argon in the gas
environment of the vacuum chamber, as well as the use of a pulsed dep-
osition mode of the change in the structure and phase composition of
vacuum-arc chromium coatings was studied. The surface of the chro-
mium coating obtained in a steady-state deposition mode in a pure ar-
gon environment is relief with the release of fairly large pyramidal
crystallites with transverse dimensions of 5-7 pym and droplet inclu-
sions with a diameter of 2-3 ym (Fig. 1, a).

Figure 1, b shows the surface structure after electrolytic etching,
i.e., crystallites with a certain degree of faceting emerges on the sur-
face, which indicate textured growth. The structure in the cross sec-
tion is columnar with small inclusions of equiaxed crystals, which dis-
rupt the characteristic normal growth of the coating (Fig. 1, c).

To describe the process of formation of the structure of ion-plasma
coatings, various known models of structural zones (MSZ) are used
[26, 27]. The variety of such models is great and each of the models
takes into account different factors that influence the mechanism of
the initial stages of coating formation and its evolution. The main such
factors include: homologous temperature T/T, (the ratio of the sub-
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Fig. 1. Surface morphology (a), surface structure (b), cross-sectional struc-
ture (c) of the base chromium coating obtained in a steady-state deposition
mode in a pure argon environment.

strate temperature to the melting point of the deposited coating mate-
rial in kelvins), chamber pressure, arc burning current, substrate bias
voltage, distance between the cathode and the substrate and their ge-
ometry, and impurity concentration in the chamber gas environment.
In this work, we investigated the effect of nitrogen concentration in
the chamber on the coating formation process, so we chose the Barna
and Adamik MSZ [28] (Fig. 2) as a basis, according to which an im-
portant role in the formation of the coating structure is played with
the homologous temperature and the presence of active impurities that
are released during the structuring and restructuring of the coatings.
In this study, the homologous deposition temperature fluctuated in
anarrow range of T;/T, =0.36-0.38, i.e., was practically constant. The
cross-sectional structure of the chromium coating obtained in the
steady-state deposition mode in an argon environment (Fig. 1, ¢) corre-
lates quite well with the structure similar to zone 3 (Fig. 2, a). At the
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Fig. 2. Barna and Adamik MSZ: coating without impurity (base) (a), coating
with impurity percentage of = 1% (b), coating with impurity percentage of
>10% (c).

substrate-coating interface, a transition layer is observed (Fig. 1, ¢),
consisting of small misoriented crystallites.

The structure of the transition layer can be explained by the Stran-
ski-Krastanov mechanism [29]. According to this mechanism, point
nucleation centres are formed on the substrate, the rate of formation
of which depends on the local temperature on the substrate, which then
turn into two-dimensional islands, the growth rate of which depends
on the surface diffusion of adatoms over the surface of the substrate.
The relative rates of nucleation and formation of islands regulate the
grain size before coalescence. At the initial stages of deposition, before
coalescence, tangential growth predominates with the formation of
equiaxed grains, and after coalescence, normal growth becomes pre-
dominant.

The introduction of nitrogen into the chamber gas environment as
an active impurity leads to a change in both the surface morphology
and the cross-sectional structure of the chromium coatings. Figure 3
shows photographs of the morphology and surface structure of the
chromium coating obtained in the steady-state deposition mode at the
minimum (20%N280%Ar) and maximum (80%N220%Ar) percentage of
nitrogen in the chamber gas environment.

As can be seen in Fig. 3, a, the surface of the coating deposited in a
20%N280%Ar gas mixture remains relief.

The crystallites emerging on the surface are smoothed and reduced
to several microns. A subsequent increase in the nitrogen concentra-
tion in the chamber to 80%N220%Ar ‘smooths’ the coating surface
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Fig. 3. Morphology and surface structure of chromium coatings obtained in a
steady-state deposition mode in a nitrogen and argon environment with dif-
ferent percentage contents: 20%N280%Ar (a, b); 80%N220%Ar (c, d).

even more (Fig. 3, c). After electrolytic etching, globular elements are
observed on the coating surface, the sizes of which decrease signifi-
cantly with an increase in the nitrogen concentration in the chamber
(Fig. 3, b, d).

According to the Barna and Adamik MSZ, the addition of impurities
changes the coating structure. At low impurity concentrations (~ 1%),
it accumulates predominantly at the grain boundaries during coating
formation, resulting in a bimodal grain size distribution of the devel-
oping columnar structure; the diameter of the developing columns in
zone 3 becomes smaller (Fig. 2, b) than in the base coating (Fig. 2, a).
The texture, with minimized surface energy and interfacial energy, is
not as explicit as in the base coating. With increasing impurity concen-
tration, impurity segregation due to grain boundary motion becomes
effective, resulting in complete coverage of the forming crystallite
surface with a passivating layer and the development of three-
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dimensional grains (Fig. 2, ¢), which are separated by stabilized grain
boundaries. The impurity-stabilized grain size distribution is bimodal.

Similar conditions, in our opinion, are realized in this study during
the deposition of chromium in the reaction gas nitrogen environment.
Nitrogen ions, combining with chromium ions in the plasma volume,
form nitrides, which act as impurities passivating the normal growth
of crystallites, as evidenced by the structure of the coating in the cross
section in Fig. 4.

The coating deposited from the 20%N:80%Ar gas mixture is still
characterized by a columnar structure interrupted by equiaxed grains
(Fig. 4, a), but the diameter of the columns is significantly smaller
than for the base coating (Fig. 1, ¢). With an increase in the nitrogen
concentration in the chamber to 40%N260%Ar, the effect of suppress-
ing columnar growth increases, globular grains with a disordered ori-

£ Wy '
’.","‘,-’! '|; '....f-v\ »
. e !

# o

Fig.4. The cross-sectional structure of chromium coatings obtained in a
steady-state deposition mode in a nitrogen and argon environment with differ-
ent percentage contents: 20%N280%Ar (a), 40%N260%Ar (b), 60%N220%Ar
(c), 80%N220%Ar (d).
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entation are formed (Fig. 4, b). A subsequent increase in the nitrogen
concentration in the chamber gas mixture in the range of 60—-80%N.
completely disrupts the columnar growth of the coating and creates
conditions for the formation of a globular structure and a decrease in
the crystallite sizes (Fig. 4, ¢, d).

The study of coatings obtained in the steady-state deposition mode
at 100%N: in the chamber showed a very low quality of such coatings.
The coatings are friable, porous, and, during the study, they delami-
nate in planes parallel to the substrate, so they were of no interest for
their further study. In the second stage of the study on the effect of
deposition parameters on the structure and phase composition of
chromium coatings, it was found that the use of pulsed deposition
modes also allows one to ‘escape’ from the classical columnar structure
of chromium condensates.

Figure 5 shows photographs of the surface morphology and struc-
ture of chromium coatings deposited in a pure argon environment in a
pulsed mode.

Comparing the surface morphology of the chromium coating ob-
tained in an argon environment in a steady-state mode (Fiig. 1, a) and in
a pulsed mode (Fig. 5, a), it is evident that the pulsed mode significant-
ly smooths and refines the surface structure. After electrolytic etch-
ing, the release of small faceted crystallites is observed on the surface
of the coating (Fig. 5, b). The cross-sectional structure (Fig. 5, ¢) is
similar to the structure obtained in a steady-state mode with the addi-
tion of 40-60% nitrogen to the chamber, and consists of thin columns
interrupted by globular grains.

Thus, the pulse mode plays the role of a passivating factor, similar
to the effect of impurities during deposition in a nitrogen environ-
ment, which disrupts the columnar textured growth of the chromium
coating.

Adding nitrogen to the chamber during the pulsed deposition mode
leads to an effect similar to that for the steady-state mode—the surface
morphology becomes smoothed cellular (Fig. 6, a), the surface struc-
ture is globular fine-grained (Fig. 6, b), in the cross section the struc-
ture is globular (Fig. 6, ¢). Increasing the nitrogen content to 80%
leads to the formation of a layered structure (Fig. 6, d). The coating is
very fragile, breaks down along the layer boundaries.

The results of XRD of chromium obtained in steady-state and pulsed
deposition modes in an argon environment showed the presence of the
body-centred cubic phase of Cr. Figure 7 shows the diffraction pat-
terns of chromium coatings obtained in steady-state and pulsed deposi-
tion modes.

Analysis of the obtained data indicates the presence of a pronounced
[200] texture in the chromium coating obtained in the steady-state
mode.
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Fig. 5. Surface morphology (a), surface structure (b), cross-sectional struc-
ture (c¢) of a chromium coating obtained in a pulsed deposition mode in a pure
argon environment.

The use of the pulsed mode leads to a redistribution of the intensi-
ties of the diffraction maxima, which can be used to estimate the weak
[200]+[211] texture.

The lattice parameter as a result of the pulse mode decreases from
2.8985 to 2.8879 A, which indicates the occurrence of compressing
stresses. A finer crystalline and more defective structure is formed
with a CSRs size of 1340 nm and a dislocation density of 9.51:101° cm™
(for the steady-state mode, these parameters were equal to 1600 nm
and 4.04-10'° cm2, respectively). Thus, the use of the pulsed deposi-
tion mode leads to the suppression of textured growth and refinement
of the chromium coating structure.

Adding nitrogen to the gas environment of the chamber led to a
change in the microstructure, texture and phase composition of the
coating of chromium coatings. Figure 8 shows the diffraction patterns
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Fig. 6. Morphology (a), surface structure (b), cross-sectional structure (c) of a
chromium coating obtained in the pulsed deposition mode in a gas environ-
ment of 60%N220%Ar and in a gas environment of 80%N220%Ar (d).

of chromium coatings modified with nitrogen. The texture of chromi-
um modified with nitrogen in a steady-state mode at low nitrogen con-
centrations in the gas environment remains the same as for pure chro-
mium: the most intense line remains (200). With increasing nitrogen
concentration in the chamber, a redistribution of diffraction maxi-
mum occurs: the intensity of the maximum (200) decreases, while the
maximum (110) and (211) are enhanced, which is associated with pas-
sivation of the surface of growing crystals by chromium nitrides.
Phase XRD showed that modification of chromium with nitrogen leads
to the formation of two chromium nitrides—Cr:N with an hep lattice
and CrN with an f.c.c. lattice.

When modifying chromium with nitrogen in a steady-state mode in
a chamber gas environment with a nitrogen percentage of less than
40%, chromium nitrides are practically not formed (< 1%). Increasing
the nitrogen percentage in the chamber to more than 60% leads to an
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Fig. 7. Diffraction patterns of chromium coatings obtained in a steady-state
deposition mode (1) and in a pulsed mode (2) in an argon gas environment.
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Fig. 8. Diffraction patterns of chromium coatings obtained in a steady-state
deposition mode in a gas environment with different percentages of nitrogen:
20%N280%Ar (1); 40%N260%Ar (2); 60%N240%Ar (3); 80%N:220%Ar (4);
100%N: (5).

increase for the amount of chromium nitride Cra:N, reaching its maxi-
mum amount at content of 100% N in the chamber (Table 1). Chromi-
um nitride CrN is formed in a steady-state mode in a small amount (up
to 8%) only at the maximum nitrogen content in the chamber.

The pulsed deposition mode intensifies the process of chromium
modification with nitrogen. Figure 9 shows the diffraction patterns of
chromium coatings modified with nitrogen in the pulsed mode at
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TABLE 1. Microstructure and phase composition of chromium coatings under
different deposition conditions.

DepO.SI.tlon CompOSIan of Cr:N, %CrN, %| a,A |L, nm|Dx10', cm™
conditions |[the gas environment

Steady-state

e 100%Ar - ~ 2.8985 1600  4.04
o 20%N280%Ar 0.5 ~ 2.8825 1100  7.72
M,;)ﬁlf}fatlon 40%N3260%Ar 0.5 ~  2.8825 1050  8.64
Wlin;;;é’}?_en 60%N240%Ar 8 ~ 2.8870 950 9.77
state mode 80%N220%Ar 34 ~ 2.8889 920  10.59
100%N 78 8 2.8988 570 38.5
Modificati 100%Ar . ~ 2.8879 1340  9.51
in‘;)lflsleci‘n i)‘g; 60%N240%Ar 55 29 2.8880 700 34.0
80%N220%Ar 70 25 2.8988 520 39
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Fig. 9. Diffraction patterns of nitrogen-modified chromium coatings in pulse
mode: 60%N240%Ar (1), 80%N220%Ar (2).

60%N240%Ar and 80%N220%Ar in the chamber. The use of the pulsed
mode with a content of 60%N240%Ar in the chamber leads to a signifi-
cant increase for the amount of Cr:N and CrN nitrides compared to the
steady-state mode (Table 1). This effect can be associated with the ac-
tion of a short pulse with the supply a high bias voltage, which enhanc-
es the ionization of nitrogen atoms and intensifies the formation of ni-
trides.

The studies of the coating microstructure showed that the nitrogen-
modified chromium coatings become more fine-crystalline and more
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defective. The results of calculations of the lattice parameter, the sizes
of the CSRs and the dislocation density are presented in Table 1. The
values of the lattice parameter of chromium obtained in a gas envi-
ronment with the addition of nitrogen are smaller than those for a pure
chromium coating that indicates compressing stresses. With an in-
crease in the percentage of nitrogen in the chamber, the lattice param-
eter increases and reaches its highest value at 100% N; in the chamber
in the steady-state mode and 80%N220%Ar in the pulsed mode, which
may indicate the introduction of nitrogen atoms into the chromium
lattice. An increase in the percentage of nitrogen in the gas environ-
ment of the chamber leads to a decrease in the size of the CSRs and an
increase in the dislocation density.

Thus, by varying the nitrogen content in the nitrogen-argon gas
mixture in the chamber and the deposition modes, it is possible to con-
trol the structure and phase composition of chromium coatings during
their arc-PVD.

4. CONCLUSIONS

The work establishes the patterns of formation of the structure and
phase composition of chromium coatings obtained by arc-PVD in an
argon-nitrogen gas environment, on the basis of which the following
conclusions can be made:

—the coating obtained in the steady-state deposition mode in an argon
environment has a columnar coarse-crystalline structure with a CSRs
size of 1600 nm and an explicit texture [200];

— the use of a pulsed deposition mode in an argon environment signifi-
cantly weakens the degree of texture, reduces the CSRs size to 1340 nm
and disrupts the columnar growth of the coating with a transition to a
columnar-globular structure;

—an increase in the percentage of nitrogen in the gas mixture in the
chamber under steady-state deposition conditions helps to reduce the
CSRs size from 1100 nm to 920 nm, increase the density of disloca-
tions, and change the structure of the coating from columnar to globu-
lar;

—modification of the chromium coating with nitrogen in the steady-
state deposition mode leads to the formation of 8% Cr:N at a content of
60%N240%Ar in the chamber to 34% Cr:N at 80%N:20%Ar in the
chamber;

— the use of pulse mode during modification with nitrogen helps to in-
crease the amount of nitrides in the coating from 55% Cr:N and 29%
CrN with a content of 60%N240%Ar in the chamber to 70% Cr:N and
25% CrN with 80%N220%Ar in the chamber;

— coatings obtained in an environment of 100% N2 have unsatisfactory
quality: non-uniform in thickness, brittle, delaminated in planes par-
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allel to the substrate.

The established patterns of the structure and phase composition of
modified chromium coatings can be used to predict their mechanical
properties and to build models of structural zones.
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Shape-memory alloys are metallic smart materials, which can recover their
original shape after deformation and primarily consist of two main solid
phases. This study develops physical principles for selecting chemical compo-
sitions for quaternary alloys with shape-memory effects and other functional
properties obtained using conventional and unconventional technologies.
Studies on the (TiHf)s50(NiCu)so system obtained by rapid cooling have re-
vealed that amorphous—crystalline or completely amorphous phases can
form, depending on the composition. Furthermore, it is determined that the
martensitic-transformation temperature, which depends on copper concen-
tration in the alloys, does not change in rapidly cooled strip samples.

Key words: shape-memory alloy, sheet metal, planar flow casting, amorphous
structure, enthalpy of mixing.
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CKJIaal0OThCA 3 JBOX OCHOBHUX TBepAux (has. ¥ IbOMY IOCTiI:KeHHi po3pobe-
HO (isVUHi TPUHIIMON BUOOPY XE€MiUHOTO CKJIAAY AJA YOTUPOKOMIIOHEHTHUX
cToImiB 3 epekTaMuy nam’ATi hopMu U iHMUMY PYHKIIIOHAIBbHUMYU BJIACTHUBOC-
TSAMU, OJEPKAHUMH 3a JOIOMOT0OI0 TPAAUIINHUX i HeTPaAUIiMHUX TEeXHOJIO-
riti. Hocaimxenua cucremu (TiHf)so(NiCu)so, omep:kamoi IIBUAKUM OXOJIO-
I'KEeHHAM, IIOKas3ajau, 110, 3aJIe’KHO Bifl CKJIamy, MOKYTH YTBOPIOBATHCA aMoO-
pdHO-KpHCcTaniuHi abo moBHicTIO amopdHi dhasu. Kpim Toro, 6y10 BcTaHOBIIE-
HO, IO TeMIepaTypa MapTEeHCUTHOr'O IIEPETBOPEHHA, KA 3aJIE€KUTDh BiJf KOH-
nenTtparnii Kynpymy y cromax, He 3SMiHIOETBCSA y IITBUAKOOXOJOMKEHUX 3Pas-
KaXxX CTPiuKw.

KarouoBsi cioBa: cron 3 mam’ ATTIO DOPMU, JIUCTOBUMN MeTAaJI, IUTTA ILIAHAPHUM
IIOTOKOM, aMOpP(HA CTPYKTYpa, €HTAJIbIIid 3MillIaHHA.

(Received 18 November, 2025; in final version, 15 December, 2025 )

1. INTRODUCTION

Today, technology is rapidly evolving to meet increasing needs. This
rapidly advancing technology brings with it new generations of mate-
rials and instruments.

In addition to the physical properties of materials, different types of
materials with different functionalities have been developed today [1].
High functionality can be achieved by controlling and monitoring the
micro-level movements of smart materials, which are products of ad-
vanced technology, and by changing their internal structures in re-
sponse to environmental effects [2, 3]. One of the most functional
structures among smart metals is the shape-memory alloy [4]. Shape-
memory alloys are defined by the ability of the material to return to its
original shape, usually by heating, after severe deformations that oc-
cur at relatively low temperatures [3, 5, 6]. The shape-memory effect
in shape-memory alloys is due largely to the solid—solid diffusionless
thermoelastic martensitic transformation between cubic B2 austenite
and monoclinic B19’ martensite phases[4, 7].

How B2 austenite transforms into B19’ martensite and how twin-
ning occurs during the martensitic transformation, it has been inves-
tigated using atomistic simulations [8]. It is observed that when mar-
tensite grains nucleate within austenite, they form a twin relationship
as a natural consequence of the crystal structure (Fig. 1). Atomic mix-
ing is all that is required for the lattice transformation and twinning,
and since the twinning plane cannot be kept fixed during the lattice
transformation, no homogeneous slip occurs on the twinning plane. In
this case, the twinning mechanism does not involve dislocations, and it
is possible to achieve thermoelastic martensitic transformation.

The thermoelasticity of the transformation arises from the
material’s ability to elastically accommodate the stresses caused by the
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B19’ twin

Fig. 1. Lattice transformations between B2, B19’, and mirrored B19’ [8].

volume change during the crystallographic rearrangement of different
phases[5, 8]. As a general rule, the volume effect during thermoelastic
martensitic transformation is very small (<1%), which allows the con-
sistency of the austenite/martensite interfaces to be maintained dur-
ing the transformation [9]. The kinetic parameters of the thermoelas-
tic martensitic transformation in shape-memory alloys can be followed
by different kinetic models [10]. Common models for the simultaneous
study of martensitic transformation are the Flynn—Wall-Ozawa and
Kissinger models. The Kissinger approach determines a specific acti-
vation energy and thermal activation required for the transformation
as a result of the effect of the heating/cooling rate on the reaction [4,
11]. The Ozawa approach is very similar to the Kissinger approach ex-
cept that the reaction order is not affected by the heating/cooling rate
[12].

Nanoscale precipitates are used in shape-memory alloys to tailor
thermoelastic martensitic transformations [13]. These precipitates
significantly affect the thermoelastic martensitic-transformation
properties by introducing concentration heterogeneity, coherent stress
field and geometric confinement in the parent phase[1, 14].

Among the shape-memory alloys, NiTi alloys stand out due to their
good functional and mechanical properties such as ductility, fatigue
strength, deformation rate [8, 9]. Today, NiTi alloys constitute the
majority of shape-memory alloys used practically in industry, especial-
ly in biomedical fields [11]. However, since the transformation tem-
peratures of NiTi alloys are below 100°C, their use is limited in areas
requiring high temperatures such as aerospace, automobile and petro-
leum industries [15]. Therefore, researchers are working on develop-
ing materials with transformation temperatures above 100°C [16]. The
most important alloy systems emphasized in the studies are the mate-
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rials obtained by increasing the transformation temperatures of these
alloys by alloying and precipitation formation methods using the NiTi
binary alloy system as a base [17, 18]. Thus, the good properties of Ni-
Ti alloys are utilized and alloys that can exhibit phase transformation
at high temperatures can be obtained [19, 20]. One of the most im-
portant methods used for this purpose is alloying [16].

When combining NiTi binary alloys with a third alloying element,
both the transformation temperatures of these alloys can be increased
and some mechanical properties can be improved [4, 12—-14]. With the
changes made, it has been observed that the transformation tempera-
tures of the elements V, Fe, Al, Mn, Cu, and Co added as third alloying
elements decrease, while the phase transformation temperatures of
Hf, Zr, Pt, Au, and Pd increase [15, 21]. Because Au, Pt, and Pd are
very expensive, among these elements, which increase the phase-
transformation temperatures, researchers have focused mostly on Hf
and Zr[2, 4, 9]. Among these two elements, it has been determined that
Hf is more preferred than Zr in terms of ductility, work production
capacity, and cost [12—-15, 21]. Moreover, the phase transformation
temperatures of NiTiHf alloys can be adjusted between 100-300°C.
The transformation temperatures of NiTiHf alloys do not increase neg-
ligibly up to 10% Hf content. However, it increases rapidly after 10%
Hf addition and when the Hf ratio is 30%, the phase transformation
temperatures continue above 500°C[9, 21].

The main disadvantages of NiTiHf alloys with low Ni content can be
listed as low ductility, high thermal hysteresis (>50°C) and low
strength. Various studies have been carried out to increase the
strength of these alloys [22]. One of these is to increase the strength by
means of high deformation and the dislocations formed in the micro-
structure as a result [23]. As a result of these studies, it has been ob-
served that the reversible deformation obtained increases and the
thermal hysteresis values decrease [21-23]. Another method for im-
proving the properties of NiTiHf alloys is precipitation hardening.
This method is one of the methods that have been successful in increas-
ing the strength. Studies have increased the strength and improved the
functional properties of NiTiHf alloys by precipitation hardening [24—
25].

Kollerov et al. [26] investigated a titanium-—nickelide alloy alloyed
with up to 1% Co, Cr, and Fe, up to 3% V, and up to 8% Nb. Kolomytsev
et al. [27] investigated the effects of Fe, Al, and Cu on phase transfor-
mations in TiNi alloys.

Most metallic materials used in practice are not in complete thermo-
dynamic equilibrium, corresponding to the maximum free energy. Ob-
taining alloys in a metastable state is considered an effective approach
to ensure their physicochemical properties [4, 10, 28]. It is known that
upon cooling below the melting temperature (Tw), the alloy either
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transforms into an amorphous state or crystallizes. When crystalliza-
tion occurs, the viscosity, volume, and internal energy change abrupt-
ly. If crystallization can be prevented, these properties change contin-
uously and rapidly with temperature [2, 10, 14]. The crystallization
kinetics of amorphous alloys is determined by the combined effects of
thermodynamic factors and kinetic parameters [28—-31].

Research has shown that the strengthening of the TiNi compound
cannot be achieved sufficiently by alloying alone [16, 20—25].

This work offers a thorough thermodynamic—structural correlation
for the quaternary (TiHf);0(NiCu)so system created by planar flow cast-
ing under rapid cooling, in contrast to earlier research that focused
exclusively on NiTiHf or NiTiCu systems. This study is noteworthy in
that it demonstrates how differences in the enthalpy of mixing and
amorphous phase stability produced by copper influence the behaviour
of the martensitic transition following rapid quenching. Furthermore,
the study develops a new framework for forecasting amorphous—
crystalline transitions in multicomponent Ti-based shape-memory al-
loys by fusing theoretical modelling of mixing enthalpies (Ni—Ti vs.
Ni—Hf subsystems) with actual calorimetry. For (TiHf)—(NiCu) sys-
tems, the dual thermodynamic—kinetic methodology allows for a quan-
tifiable relationship between alloy composition, enthalpy landscape,
and structural state evolution that has not before been demonstrated
in the literature. As a result, the findings contribute to the develop-
ment of high-temperature shape-memory materials with tuneable mar-
tensitic-transformation temperatures above the NiTiHf threshold and
adjustable amorphous stability.

2. RESEARCH METHODOLOGY
2.1. Technology of Obtaining Layers as a Result of Ultra-Fast Cooling

For the preparation of the studied alloys, titanium (Ti), hafnium (Hf),
nickel (Ni) and copper (Cu) chemical elements with a purity of 99.9—
99.99% are used. The alloys are prepared by the induction method (the
total weight of the casting varies from 30 g to 60 g).

For ultra-fast cooling, the ‘master’ alloys given in Table1 were
used. The samples were prepared by the planar casting method. In this
method, the distance between the rapidly moving mass disk and the
liquid metal is stable (less than 1 mm; in our alloys, this distance was
0.15-0.2 mm). The hole, into which the liquid metal is poured, is of
0.3-0.35 mm, and its length is of 7—10 mm. These distances allow the
cross-section of the obtained ribbons to be large. A 5—-15 g section of
the mentioned ‘master’ alloy is placed in a quartz tube and heated by
the induction method. The temperature is controlled by pyrometers.
The temperature of pouring the alloy onto the casting drum is taken



372N.A.GURBANOV, H. A. AHLATCIL K. H. ISMAYILOVA, and Y. A. ABDULAZIMOVA

TABLE 1. Nominal chemical composition, alloy heat treatment temperature
T'heat treat. [°C] and symbols of the studied samples.

Alloy symbol Alloy composition, at.% Thheat treat., °C
SMA (1.1) Tis2Hf18Niso 1300
SMA (1.2) Tis2Hf18NissCus 1280
SMA (1.3) Tis2Hf18NissCuis 1220
SMA (1.4) Tis2Hf18Niz2sCuss 1220

50-150 K above the liquidus line, while the viscosity of the alloy is also
taken into account. The pouring process is carried out in an argon at-
mosphere under a pressure of 0.2 MPa. The material of the disk onto
which the alloy is poured is made of Cu (Co—Be), and its diameter is of
200 mm. The rotation speed of the disk is between 5—30 m/s (optimal
speed of 19 m/s, pressure of 0.2 MPa) (Fig. 2).

Heat Treatment of Samples. A tubular vacuum furnace was used for
heat treatment of samples. This furnace belongs to the class of electric
resistance furnaces and allows full temperature control. For complete
thermal stabilization of samples, they are placed in a package (two par-
allel steel sheets).

The heat treatment process combines the following sequence: cut
strips (flakes) are collected in a special package and placed in the mid-
dle of a quartz tube. With the help of a forevacuum pump, the pressure
is brought to 1072 torr, and with the use of a turbomolecular pump, to
107°. After that, the thermal treatment mode is set: heating rate, tem-
perature, holding time (at a specified temperature) and the cooling
process of the package.

Branch Lab Dresden

Fig. 2. The device used to produce ultra-fast hardened layers operates using
the planar casting method.
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The heating rate can be set to 300 K/h and 600 K/h, the isothermal
holding mode can be set in the range of 300—-900°C from 2 minutes to 4
hours, cooling is carried out in air. At this point, the sample package is
removed from the quartz tube (and the quartz tube is cooled in a vacu-
um, as mentioned).

After the heat treatment process, the structure of the alloys was
systematically studied using x-ray diffraction analysis, electron mi-
croscopy, and calorimetric methods.

X-Ray Diffraction Analysis. X-ray diffraction analysis was performed
on a Philips diffractometer using CuK, radiation (CoK,) (voltage of 40
kV, current of 30 mA). The 20 angle was determined between 10—-90°.
Transmission Electron Microscopy (TEM). A JEOL 1220 JEM
transmission electron microscope (TEM) was used to determine the
structure and phase boundaries of the samples.

Differential Scanning Calorimetry (DSC). Differential scanning cal-
orimetry was used to study accurately any phase transformations that
depend on temperature.

3. RESULTS AND DISCUSSION
3.1. Formation Enthalpy of Liquid Alloys of the (TiHf)so(NiCu)so System

The heat of formation of liquid alloys of the two-component systems
Ni—Ti and Ni—Hf was studied by the calorimetric method at 1873 K.
The experiment consisted in continuously adding a certain mass of re-
fractory metals and recording the thermal effect of their dissolution.

Several experiments were conducted for each system to study the
enthalpies of mixing of refractory metals with nickel. It was found
that the indicators of each of them were the same, and then they were
processed together. The method of approximation of the experimental
results consisted in constructing a simple polynomial model to describe
the concentration dependence of the function of aMe partial enthalpy
of mixing. The optimal degree of the polynomial was determined using
the Fisher statistical criterion. Then, by integrating the dependence
obtained according to the Gibbs—Duhem equation, the concentration
dependence of the partial property of the second component and the
integral enthalpy of mixing were calculated. It was carried out at a
value of 0.95 for all quantities (amounts).

The phase diagrams of the studied system [32—34] show that in the
crystalline state there is a strong interaction between the particles of
the components, which determines the presence of a significant num-
ber of intermetallic compounds in them: three for the Ni—Ti system,
eight for the Ni—Hf one. In addition, the thermal stability (stability or
durability or strength) of the more difficult to melt of them is compa-
rable to the thermal stability of pure nickel. The similar picture of the
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phase diagrams [20, 22, 25] allows us to assume that a significant neg-
ative deviation from ideality should be observed for alloys of this sys-
tem. The conducted experimental studies and the analysis of the litera-
ture data on the thermodynamic properties of alloys [21, 23, 30, 34,
35] have proven this assumption.

Ni-Ti System. The partial mixing enthalpies of titanium with nickel
have been determined in the composition interval xr; = 0—0.6. The par-
tial enthalpies of mixing titanium with nickel are more exothermic
quantities. We have been able to express their concentration depend-
ence by the following equation, kC/mol:

— 2[-194.90 -151.54x,, - 1313'4936'%1 + 18937.6736% - 43418.8736% +
AHTiZ(l—xTi) .

+29329.04x),

The first minimum enthalpy of mixing of titanium is —-194.9+11.0
kC/mol. This value is in complete agreement with the value at 1873 K
(-185.0+8.0 kC/mol) in Ref. [36].

The integral enthalpy of mixing of the components is expressed as
concentration dependence, kC/mol:

~194.89 - T4.16x,, - 462.33x% +4710.12x -]

AH:xTi(l—xTi)[ ) .
-8881.36x. +5010.65x,

The minimum integral enthalpy of mixing is at xm = 0.37: 41.6+1.1

kC/mol. The enthalpies of mixing obtained in Refs. [19, 33] at 1741
and 1838 K, respectively, agree with our results within the experi-
mental error. However, the results of Refs. [22, 36] show a higher exo-
thermic value at 2000 K. In our opinion, such a picture does not cor-
rectly reflect the nature of the temperature dependence of the enthalpy
of mixing in the Ni—Ti system, but rather indicates the inaccuracy of
individual experimental studies.
Ni—-Hf System. The concentration dependence of the enthalpy of mix-
ing for the Ni—Hf system was also studied. For this purpose, two ex-
periments were conducted with xus = 0—0.48. The equation for the con-
centration dependence of the enthalpy of mixing of Hf, kC/mol, is as
follows:

»(-246.43 + 852.33xx,,, - 5630.42x%, + 3221072122, -

AHyt = (1-2y) . 5
-59429.21x;;, +34285.09xy,

The enthalpy of mixing of hafnium at infinite dilution is of
—244.4+10.4 kC/mol. According to the results of the studies, the first
enthalpy of mixing of hafnium was calculated at 1873 K and the value
was determined to be of -214.0+10.0 kC/mol.

The following equation was derived to express the concentration
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dependence of the integral enthalpy of mixing in the Ni—-Hf system,
kC/mol:

~244.21 + 88.04x,, — 942.52x>, + 3951.07x’, —]

AH =x..(1-x

e Hf)(—asgs.lsxﬁﬁ

In the composition of hafnium xu: = 0.1, the integral enthalpy of
mixing takes a minimum value of -49.6 + 1.8 kC/mol.

The analysis of the conducted research and literature data [20-25]
shows that the enthalpies of mixing in the Ni—Ti and Ni—Hf systems
take anomalously large (for metal-metal type systems) exothermic
values. When passing from titanium-containing alloys to hafnium-
containing alloys, the magnitude of their exothermicity is observed.
This regularity is confirmed for the first enthalpy of mixing of the
components and the minimum values of the enthalpies of mixing.

It is obvious that the mentioned regularity is also reflected in the
interaction of these elements in the crystalline state, which is ex-
pressed by the increase in the thermal stability of the intermetallic
phases in this (Ni-Ti) > (Ni—Hf) system. The change in the energetic
characteristic of alloy formation of the system and the electrochemical
factor, which we used the phasor of the square of the electronegativi-
ties of the components, correlates with the change in its character.

The large difference between the electronegativities of the compo-
nents, the high exothermic heat of their alloy formation, the finding of
the minimum integral enthalpy of mixing in the density interval where
the most difficult-to-melt intermetallics are present, allow us to specu-
late about the possibility of localization of chemical bonding in the
studied metallic alloys and, as a result, the occurrence of structure-
density diversity in the type of chemical combination in them.

A quantitatively similar (identical) hypothesis can be carried out by
modelling the thermodynamic properties of alloys within the frame-
work of the theory of associated ideal solutions.

It should be noted that the interest of researchers in the thermody-
namic properties of alloys formed by nickel with Ti and Hf is primarily
related to their high amorphous formation properties. Within the
framework of experimental studies and the results of the proposed
(applied) modelling, it can be assumed that the thermodynamic param-
eters of the alloy formation processes are such that the strong interac-
tion of the components and the tendency of the alloy to form associates
allow the alloy to become amorphous during rapid cooling.

3.2. Structure of Rapidly Quenched Alloys of the (TiHf);(NiCu)so System

As mentioned above, one of the main reasons for the formation of
amorphous phases during rapid annealing of metallic alloys is the spe-
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cific nature of the interaction between the components of liquid solu-
tions. By studying the thermodynamic properties of amorphous for-
mation systems, for example, the integral formation enthalpy of in-
terparticle interaction of components in different aggregate states, we
were able to determine the composition of the alloys [16-20, 22, 25,
37-39].

Although the total length of the layers for each alloy was 15-16 me-
ters, the thickness varied depending on the annealing temperature and
speed. 1 m was selected from the central part of the layer for the study,
and each end of the part was examined by x-ray structural analysis. In
order to clarify the difference between the parts close to the drum and
free parts of the layers, the structure of both faces was studied. Then,
the layers were cut into 20 cm lengths and checked for uniformity.

3.3. Structure of Rapidly Quenched Tis2Hf1sNiso-.Cu. Alloys

The first series of Tiz2Hf1sNis Cu. (x =0, 5, 10, 15 and 25 at.%) alloys
of the (TiHf)s50(NiCu)so system, which were quenched at high speed,
were selected as the research object.

Initially, the rapidly quenched TissHf1sNissCuis alloy was investigat-
ed. Its x-ray structure was studied, and a diffractogram was recorded.
The diffractogram was obtained using CoK, radiation (Fig. 3). As seen
in this figure, in the range of 206 = 40—-55°, a broad interference peak
appears in the first coordination sphere. In the second coordination
sphere, a weaker interference peak was identified in the range of 20 =
70—-85°. According to the literature, such spectra are characteristic of
amorphous materials; however, in order to confirm with certainty that
the alloy possesses an amorphous structure, it is also essential to exam-
ineits structure using electron microscopy.

For this purpose, the investigated Tiz2Hf1sNis;Cuis alloy was addi-
tionally studied by electron microscopy. The results of this investiga-
tion are presented in Fig. 4. As can be observed, the rapidly quenched
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Fig. 3. Diffractogram of the initial state of the Tis2Hf1sNissCuis alloy
quenched at high speed. T'= 20°C, free surface of the layer.
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Fig. 4. Initial state image (a) and corresponding electron-diffraction pattern
(b) of the high-speed quenched Tis2Hf1sNizsCuis alloy. T'= 20°C, free surface of
the layer.

TiseHf1sNissCuis alloy has an amorphous structure (Fig. 4, a). The cor-
responding microelectron-diffraction pattern exhibits a diffraction
halo, which provides further evidence of the amorphous structure.
Since the rapidly quenched Tis2Hf1sNissCus alloy was found to exhib-
it a different structure based on the initial results, its investigation
was carried out using several additional methods. The x-ray structure
of this alloy was studied over a wider range, and a diffractogram was
obtained. The diffractogram was recorded using CoK, radiation (Fig.
5). As seen in the figure, in the range of 20 = 40-55°, a broad interfer-
ence peak appears in the first co-ordination sphere; however, superim-
posed on this peak are lines characteristic of a crystalline structure. In
the second co-ordination sphere, no interference peak was detected.
Table 2 lists the possible phases, which can be formed in the studied
samples (NiTiHf and TiNiCu are taken as the base elements), the possi-
ble structure and lattice parameters, which can be formed in them.
When the diffractogram shown in Fig. 5 is calculated to the corre-
sponding crystal structure, the presence of two crystal structures was
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Fig.5. Diffractogram of the initial state of the high-speed quenched
Tis2Hf1sNissCus alloy. Free surface of the layer at T'= 20°C.
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TABLE 2. Possible phases that can be formed in the studied samples (NiTiHf
and TiNiCu were taken as the base elements).

Alloy | Phase | Structure | Unit cell parameters
R B2 CsCl type, b.c.c. a=0.3075nm
NisoTheHbis — pigs o onoclinic  @=0.304, b=0.409, ¢ =0.438, p = 102.4°
B2 CsCl type, b.c.c. a=0.29-0.31 nm

TisoNiso-xCux B19 orthorhombic a=0.29,b=0.427,¢=0.451 nm
B19’ monoclinic a=0.29,b=0.40,c=0.45, 3 =100.2°
NiTi, NiTiHf Ti2Ni a=1.1324 nm

TABLE 3. Calculation of the diffractogram of the initial state of the
Tis2Hf1sNissCus alloy quenched at high speed. T =20°C, free surface of the
layer.

Line number | @hni experimental, LT | Identification
1 3.08931 B2 (100)
2 2.41858 B19(101)
3 2.35371 B19(002)
4 2.18244 B2(110)+B19(020,111)
5 2.05069 B19(012)
6 1.54068 B2 (200)

revealed: B2 (CsCl type, b.c.c.) and B19 (martensite with orthorhombic
crystal structure). All calculated parameters are given in Table 3.

The TissHf1sNissCus alloy was also studied using a transmission elec-
tron microscope (TEM). Figure 6 shows the structure of the initial
state (a—c) and the corresponding electron diffraction patterns (d—e) of
the Tis2Hf1sNissCus alloy quenched at high speed. The thickness of the
B19-martensite plates increases from =20.3-0.4 uym (Fig. 6, a) to =0.75
pm (Fig. 6, b). Figure 6, b shows a dislocation cluster in the martensite
phase, such a structure is often found in crystal structures. Figure 6, ¢
shows the self-assembly groups of the martensite plates. Figure 6, d
shows the electron diffraction pattern corresponding to the (a) struc-
ture, and Fig. 6, e shows the electron diffraction pattern correspond-
ing to the (b) structure. All images were taken at room temperature
(T =20°C), from the free surface of the layer. Images taken by an elec-
tron microscope show that the sample has an amorphous—crystalline
structure.

Analogous results were obtained for the other two alloys studied:
TisoHf1sNiso is amorphous-crystalline, and Tis.Hf1sNi2sCuss alloy has an
amorphous structure. All results, except for the characteristic tem-
peratures of the martensite transformation after crystallization, are
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Fig. 6. Initial structure of the rapidly quenched Tis2Hf1sNissCus alloy (a—c)
and the corresponding electron-diffraction patterns (e—f): (a) plates of B19
martensite (20.3—-0.4 um thick), (b) plates of B19 martensite (=z0.75um
thick), (c) dislocation clusters in the martensitic phase, (d) self-
accommodation groups of martensite plates, (¢) electron-diffraction pattern
corresponding to structure (a), (f) electron-diffraction pattern corresponding
to structure (b). T = 20°C, free surface of the foil.

not presented in this paragraph, since they are completely repeated. In
order to double-check the results of the studies, the phase transitions
of TisxHf1sNiso .Cu, (x = 0, 5, 15, 25 at.%) alloys quenched at high
speed were investigated in a calorimetric device.

All transformations occurring in alloys annealed at high speed with
temperature changes are characterized by the graphical structure pre-
sented in Fig.7. Figure7 shows the calorimetric curve of the
TiseHf1sNissCuis alloy annealed at high speed (initial state, heating rate
of 20 K/min). As can be seen from the figure, the layers with an amor-
phous structure have a number of special properties. Such properties
can be better recorded by the calorimetric study method. When the
sample is heated from T = 200°C to T, (glass transition temperature),
an exothermic reaction causes a small variation in the heat flux, which
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Fig. 7. Calorimetric curve of Tis2Hf1sNi3sCuis alloy, high-speed annealing,
heating rate of 20 K/min, initial state (first and second cycles).

in turn leads to structural relaxation in the amorphous phase.

The T, parameter was determined to explain the temperature transi-
tion ‘supercooled liquid—solid glass’ in glasses and polymers. In our
research objects, the T, parameter is intended as a parameter indicat-
ing the approach of a supercooled liquid to a crystalline state in metal-
lic amorphous alloys, a change in linear dependence. The T« parameter
is marked as the initial temperature of crystallization. As is known
from the literature, at the beginning of crystallization, a smaller vol-
ume crystallizes (10™), and only then does total crystallization occur.
The T, and Ty temperatures depend on the heating rate, which, in turn,
can be controlled by thermal analysis and calorimetry methods.

It is considered important to conduct heat treatment in high-speed
hardened TissHf1sNiso .Cu, (x =0, 5, 15, 25 at.%) alloys to study the
effect of structural changes on properties.

4. CONCLUSIONS

The following main results were obtained as a result of studying the
structure and properties of high-speed quenched (TiHf)s0(NiCu)so al-
loys.

e The physical basis for the selection of chemical composition for four-
component alloys with shape-memory effect and other functional
properties, which can be obtained by traditional and unconventional
technologies, has been developed. In alloys of the (TiHf)s;0o(NiCu)so
system, which are annealed at high speed, it is possible to obtain dif-
ferent structural states depending on the composition: amorphous—
crystalline or amorphous.

e The nature of the temperature dependence of the martensite trans-
formation on the copper concentration in alloys of the
(TiHf)50(NiCu)so system does not change in layers obtained by depo-
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sition from the liquid state.

In alloys of the (TiHf)s0(NiCu)so system, partial crystallization of the
amorphous phase occurs (heating rate of 20K/min) after thermal
treatment in the T,—T interval.
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It is presented the description of the testing method of alloyed Fe—C alloys
and ‘high-entropy’ alloys (HEAs) for wear under dry friction conditions and
data of laboratory equipment. For comparison with alloyed steels and cast
irons, test samples of HEAs are obtained using the cast by gas model (CGM)
process, and, thus, the possibility of its cast production is proven in practice.
The structural features of the test castings are identified, and their hardness
is determined on the Brinell’s scale. The tribotechnical properties of the cast
samples are also investigated, and it is established experimentally that these
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characteristics are not affected by their hardness, which is determined on the
Brinell’s scale. The dependences of the slide friction force and the slide fric-
tion coefficient of the pair ‘cast (liner)—counter body (shaft)’ on the friction
path are analysed, and functional relations of the type I, = f(t) and iy = ¢(t) are
derived, which describe analytically how the wear and wear rate of the test
material change, respectively, on an arbitrary segment of the time interval.
The microstructure of the of cast iron is characteristic of the microstructure
of alloyed cast irons with special properties, and the microstructure of cast
steel samples depends on microalloying and the regime of their heat treat-
ment. The main structural components of the experimental HEAs are single-
phase (b.c.c., f.c.c.) and multiphase (b.c.c. + f.c.c.) solid solutions, which fur-
ther determine their properties. Graphical interpretation and mathematical
processing of experimental data show that the structure and properties of the
obtained HEAs primarily determine its chemical composition.

Key words: ‘high-entropy’ alloys, cast, wear, sliding friction coefficient,
counter body, hardness, tribotechnical properties, wear rate.

Onucano meroguKy BUIpoOyBaHHA JieroBaHuX Fe—C-cTomiB i «BUCOKOEHTPO-
mitiaux» cromiB (BEC) Ha 3HOmIyBaHHA B YMOBaX CyXOT'0 TEPTA Ta HAaBEAEHO
IaHi Ipo 1abopaToOpHY YCTAaHOBKY. [lJig MOPiBHAHHA i3 JIeTOBAaHMMU KPUIAMU
Ta yapyHamu 3a JII'M-nporecom (nuTTa 3a rasmudikoBaHUMU MOJEIAMU) OJe-
p:xaHo TecToBi 3pasku BEC, a TumM caMuM Ha IPaKTHI JOBEIEHO MOMKJIUBICTD
iXHBOTO JUBAPHOTO BUPOOHUIITBA. I3 3acTOCYBaHHAM MeTasiorpadiuHoil aHai-
3W BUSBJIEHO OCOOJIMBOCTiI CTPYKTYPOYTBOPEHHS IIiNMOCHiTHUX BUJIUBKIB, a
TAaKOKX BM3HAYUEHO iXHIO TBEPAiCTh 3a BpiHessmeBoio ImIKajoio. JlocaimsxeHo
TPUOOTEXHIUHI BJIACTUBOCTI JUTMX 3Pa3KiB Ta eKCIIEPUMEHTAJILHO BCTAHOBIIE-
HO, ITI0 HA IIi XapaKTePUCTUKY He BILINBAE IXHA TBEPHiCTh, AKY 0yJI0 BU3HAUE-
HO 3a BpinemmeBoio mikamoio. IIpoamarizoBaHo 3a/I€KHOCTI CUIU TEPTSI KOB-
3aHHA I KoedilieHTa TepTa KOB3aHHS MapU «BUJINBOK (BKJIAIUIN)—KOHTPTIIO
(Bam)» Bim MIIAXY TePTA Ta BUBEAEHO (PYHKITIOHAJBLHI CIIiBBiHOINIEHHS TUITY
Iy =f(z) # iq = @(7), 110 AaHATITUYHO ONMUCYIOTh AK 3MiHIOIOTHCSA 3HOIITYBAHHSA Ta
MIBUAKICTD 3HOCY IiAAOCJIiAHOTO MaTepiany, BiAmoOBiAHO, HA MOBLILHOMY Bif-
pisky uacoBoro iHTepBasy. PesysbraTu MeTanorpadiuHol aHaNIi3M YaBYHHUX
BUJIMBKiB ITOKAa3aJiu, 110 MiKPOCTPYKTypPa MaTepPifAly € XapaKTePHOIO AJIA MiK-
POCTPYKTYPH JIETOBAaHUX YaBYHIB 31 CIeIissIbHUMY BIACTUBOCTAMY, a8 MiKPO-
CTPYKTypa JUTHUX 3PA3KiB 3 KPUIIi 3aJIEKUTD Bil MiKpPOJIETYBaHHA Ta PEXKUMY
iXHBOTO TepMiuHOTO 00pOOGJeHHA. OCHOBHUMHU CTPYKTYPHUMU CKJIATOBUMU
migmocraigaux BEC e ommodasui (OILK, I'ITK) Tta 6araTodasui (OILK + I'ITK)
TBEPZi PO3UMHY, AKi Yy HOZAIBIIIOMY BU3HAYAIOTh iXHi BiacTusBocti. ['padiuna
iHTepmpeTrania Ta MaTeMaTUUYHe 00POOJIEHHS eKCIEePUMEHTAJIbHUX JAHUX II0-
KasaJju, III0 CTPYKTYpPy Ta BiaacTuBocTi oxep:xkanux BEC, y nepmry uepry, Bu-
3Hauae IXHill XxeMiuyHMI CKJIa .

KarouoBi ciioBa: «BUCOKOEHTPOMiMHI» cTONM, JUTTS, KoedillieHT TepTa KOB-
3aHHS, KOHTPTiJIO0, TBEPAiCTh, TPMOOTEXHIUHI BJIACTHUBOCTI, IIBUAKICTE 3HOCY.

(Received 28 May, 2025; in final version, 15 October, 2025)
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1. INTRODUCTION

In many branches of the national economy, in particular in the ma-
chine-building sector of the economy, for the implementation of mod-
ern technological processes, products made of metals and alloys based
on them with high physical and mechanical, special, technological
properties are often required. This is due, first of all, to the operating
conditions of the detail, its cost and other factors. Such a set of charac-
teristics, today, can only be provided by high-alloy steels and alloys,
among which high entropy alloys (HEAs) occupy a worthy place.

It is known [1-16] that HEAs have an optimal microstructure and
high physical, mechanical and special properties. There are the factors
that ensure, in particular, the mechanical characteristics of HEAs,
which are [3, 5, 11]: temporary resistance to fracture (cv, MPa), relative
elongation (85, %), Brinell’s hardness (HB, kgf/mm?) and impact tough-
ness (an, J/cm?), which will be discussed further in the text. Such factors
include significant distortion of the crystal lattice, which occurs due to
the presence of atoms of chemical elements with different electronic con-
figuration, sizes and thermodynamic characteristics, slow diffusion of
atoms of components that are part of the HEAs and their cooperative
movement ensure the stability of its phase composition during heat
treatment (HT), interaction of impurity atoms, which form, among other
things, hybrid bonds in the crystal lattice of the solid solution, which
provides a compositional effect of strengthening the HEAs at the atomic
level [3]. At the same time, HEAs have the prospect of practical applica-
tion as a coating of the working surface of a tool for metal cutting, cast-
ing moulds, stamps, moulds and spinnerets [5], and can also be used as
diffusion barriers and targets for magnetron sputtering.

However, the production of HEAs by traditional methods [3—5, 10—
14]is generally a low-productivity and uneconomical process. In addi-
tion, the mass-dimensional parameters of such products are limited.
The production of workpieces from HEAs by casting allows avoiding
the above-mentioned disadvantages [2, 79, 15, 16]. The most promis-
ing method of cast production of HEAs, which combines high dimen-
sional accuracy with low cost of suitable casting, is the cast by gas
model (CGM) process[17].

Based on these and other considerations, the goal of this research
was formulated and set, which was to select a HEAs with such chemical
composition that would allow it to be effectively used for operation in
dry friction conditions. Since the main characteristics of such material
are its hardness in combination with high tribotechnical properties,
when performing the task, it was necessary to investigate, first of all,
the hardness of cast samples, determined by the Brinell scale, their
wear and/or wear rate, wear of the counter body material (CBM) and
the coefficient of sliding friction of the ‘HEAs—CBM’ pair. To justify
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the economic feasibility of the research, a parallel can be drawn be-
tween the tribotechnical characteristics of the studied HEAs and simi-
lar properties of traditional wear-resistant materials (cast steels and
cast irons), as well as to work out the progressive technology of its cast
production.

The object of investigation was the analysis of the structure of cast
samples and the analysis of the dependence of the tribotechnical prop-
erties of Fe—C alloys and HEAs on their hardness and friction path, as
well as the determination of the type and nature of the relationship of
an arbitrary segment of the time interval with wear and wear rate of
the test material during its wear testing under dry friction conditions.
The microstructure, hardness and wear resistance of non-standard
high-alloy cast irons with special properties of alloy 1 and alloy 2,
wear-resistant low-alloy steels of alloy 3 and alloy 4 (Table 1), as well as
anumber of HEAs are the subject of this research.

The research methods were: optical microscopy analysis of the
structure of steels and alloys, determination of the hardness of cast-
ings on the Brinell’s scale and testing of cast samples for wear under
dry friction conditions, which involved computer processing of the
functional dependencies f = fi(l;) and F = fa(l;). The reliability of the ob-
tained results was ensured by graphical interpretation and mathemati-
cal processing of the experimental data. The type and character of the
influence of an arbitrary segment of the time interval on the wear and
wear rate of the tested material during its testing for wear resistance
under dry friction conditions were found out using the provisions of
the theory of differential and integral calculus.

The methodology for testing alloys of ferrous and non-ferrous metals
for wear under dry friction conditions, proposed by the authors, should
be attributed to scientific novelty and practical value. The idea of cast
production of HEAs can also be considered scientific novelty, as well as
an analytical description of the influence of the duration of testing of
the tested steels and alloys on its wear, wear rate and wear of the HEAs.

2. GENERAL TERMS AND DEFINITIONS

In this section made an emphasis on the tribotechnical characteristics
of HEAs and their hardness, and also clarifies the type and nature of
the bond between its.

2.1. HEAs

HEAs, by formal criteria, are nothing more than baseless alloys con-
taining 5 or more metal elements and it is worth noting that the con-
centration of each of its should range from 5% to 35% (atomic frac-
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tion). From the standpoint of classical physical chemistry, any multi-
component alloy will be high-entropic one, if its entropy factor (TAS)
in the Gibbs phase equation, which from a mathematical point of view
can be represented as dependence [19]

AG = AH —TAS, 1)

where AG is the change in the isobaric-isothermal potential (Gibbs free
energy) of the system [J], AH is the enthalpy of formation (enthalpy
factor) of the chemical compound [J], T is the temperature of the sys-
tem [K], AS is the change in the entropy of the alloy [J/K], is greater
than the enthalpy of formation (AH) of the most stable chemical com-
pound on the binary or ternary phase diagrams of the elements form-
ing this system [18], i.e.,

TAS > AH. (2)

The types of HEAs known to materials scientists today [19]: amor-
phous, single-phase (b.c.c., f.c.c.), multiphase (b.c.c. +f.c.c.), and also
ordered solid solutions. Multicomponent intermetallic systems deserve
special attention of researchers. Such intermetallics are usually: Laves
phases (hexagonal MgZn; (C14), cubic MgCu: (C15)), c phases (such as
FeCr), u phases (such as FerMos), R phases (such as MosFe;Crs).

2.2, Tribology Studies

Tribology studies the processes of contact interaction of solid bodies
that are deformed. In other words [18—20], tribology studies the pro-
cesses of interaction of solid bodies during their relative movement.
The field of tribological research is, in particular, the processes of fric-
tion and wear. Tribology directly studies friction processes, and tribo-
technical studies its application in practice in machine and mechanism
assemblies.

Today, the well-known cast HEAs [8], which operate on wear under
dry friction conditions in contact with other structural materials, for
example, CBM, form a tribological system with its. The physical ad-
measurements that quantitatively characterize this system [18] in
practice are the coefficient of slide friction of the pair ‘HEAs—CBM’,
the wear rate and/or wear of the cast sample, as well as the wear of the
CBM. The physical meaning of these admeasurements, from the stand-
point of classical tribology and tribotechnics, is described in detail in
the works [18-22].

A special case of tribosystems are antifriction systems [18, 19]. A
distinctive feature of such systems is low tribotechnical characteris-
tics [8]: wear I, and wear rate i, of the material of the experimental
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cast, wear Icpm and wear rate icgy of the CBM, as well as the coefficient
of sliding friction f of the pair ‘cast sample—counter body’.

Antifriction systems largely ensure the engine life, safety, reliabil-
ity and durability of all technical equipment and they are among the
main objects of research in tribology [2]. During these studies, prob-
lems arise that are associated with the lack of equilibrium and the dy-
namics of states in tribological contact, as well as the complexity of the
measurement process, which is connected not only with low resolution
of devices and tools, but also with the internal mechanism of tribologi-
cal processes [20]. Friction and wear are generally considered as types
of the destruction process [2], in particular, friction is the overcoming
of resistance to the destruction of cold-welding bridges and surface de-
formation by irregularities of the counter body, and wear is the result
of microcutting, cohesive fatigue detachment of particles from the
surface of a solid body or brittle destruction of films of chemical com-
pounds on its surface [2]. Such mechanistic representations [20] do not
correspond to real processes in antifriction systems. Even under the
condition of constancy of the initial dimensions and mass of solids, in
heavily loaded tribological systems complex physical-and-chemical and
thermal-and-physical processes occur, synthesis of new substances and
formation of structures occurs, and any forms of destruction and de-
formation of the friction surface are considered as signs of their future
failure [18]. The author of Ref. [20] showed that in the process of wear
in tribological contact tribostructures are spontaneously formed, which
fluctuate near the average value in the stationary regime. At the same
time, at certain time intervals the dimensions of solids can even increase
due to the temporary growth of tribological structures, therefore, due to
the limited test time, unreliable results can be obtained [2, 18, 20].

The mathematical apparatus underlying practical calculations of
tribotechnical properties of materials and friction pairs (I, Ics, iq, ics,
f) was reflected in a number of publications [7, 8, 23—26]. The authors
made their calculations with reference to the scientific works of do-
mestic authors [18—-22].

2.3. Mechanical Properties of Materials

The conditional maximum possible mechanical stress [27] that occurs
in the material under the influence of an external load on the sample
during deformation leads to the destruction of the tested material
(rupture of the sample), and corresponds to the maximum on the de-
formation diagram [27]. The ultimate strength or temporary re-
sistance to fracture [MPa]is determined by the formula [28]

c,=R_/S,, (3)
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where R, is the fracture force (load) of the test material [N], Sy is the
initial value of the cross-sectional area of the cast sample [mm?].

The next important mechanical characteristic of the material is its
relative elongation (%)—a quantitative measure of deformation,
which is given by the relation [28]:

e=AL/l,, (4)

where [y is the length of the body (rod) before deformation [mm], Al is the
increase or decrease in this length during tension or compression [mm].

Relative elongation is a simplified characteristic of body defor-
mation (4), which is usually used for long thin bodies, i.e., rods. In the
general case, the deformation should be characterized by the defor-
mation tensor, since elongation is usually accompanied by a change in
the transverse dimensions of the body, and therefore in the notation of
the deformation tensor [28]:

g, =Al/l,. (3)

A distinction is made between engineering elongation and true elon-
gation. Engineering elongation is given by formula (4), while true
elongation is determined from the relationship given below [29]:

de. = AL/, (6)

where [ is the length of the body at any moment of deformation [mm].
Therefore, for finite deformation the following mathematical trans-
formation is valid [29]:

ly+Al
de,= [ (dl/l)=In[l+dl/l|=Inl+g. (7)
b

At small deformations, the true and engineering elongations coin-
cide, and at large deformations, the true elongation is usually less than
the engineering one.

In cast production, the most widespread method of determining the
hardness of the test material is the Brinell scale. The Brinell hardness
value is mathematically the ratio of the load acting on the ball to the
surface area of the resulting imprint:

HB=P/F, (8)

where P is the applied load [kgf], F is the surface area of the ball seg-
ment [mm?]:

F = nDh, 9)
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where D is the diameter of the ball [mm], £ is the depth of the impres-
sion (hole) [mm]:

h (10)

=D—\/D2—d2
2 b

where d is the diameter of the imprint (hole) [mm].
Then, the surface of the spherical segment will be given as

F:%(D—\/Dz—dZ), (11)
and the formula for determining the hardness value on the Brinell’s
scale will have the following form:
~ 2P

nD(D —\D? —d?)

Knowing the hardness by the Brinell’s scale, it is possible to deter-
mine the strength limit by the formula

HB (12)

c,=KHB, (13)

where K is the proportionality coefficient, which is a constant value
for a particular material depending on the hardness of tested cast (for
carbon steels, K=0.36 at HB>175kgf/mm?; for alloyed steels,
K=0.34 at HB< 175 kgf/mm?).

When calculating the temporary resistance to fracture of grey cast
irons, in practice, a dependence of the following form is used:

o, =(HB-40)/6. (14)

Impact toughness is estimated by the work done to break a notched
specimen during impact bending, related to its cross-sectional area at
the notch[3, 5,11, 28].

The specific impact toughness at bending is defined as the ratio of
the work required to break a special specimen by impact to the cross-
sectional area at the notch:

a,=A/S, (15)

where A is the work spent on the destruction (breaking) of the sample
upon impact [J], S is the cross-sectional area of the cast sample at the
incision site [cm?].

The work spent on the destruction of the test sample upon bending is
defined as
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A =mg(H —h), (16)

where m is the mass of the pendulum [kg], g is the acceleration of grav-
ity, H is the height of the pendulum centre of gravity before impact
[m], % is the height of the pendulum centre of gravity after impact [m].

3. METHODS

This section includes a description of the method of melting and cast-
ing cast iron, steel and HEAs, methods of experimental castings for
wear under dry friction conditions testing and mechanical testing of
cast samples.

The laboratory equipment is descripted below.

3.1. Melting and Cast of Steels and Alloys

The metal was melted in an induction furnace of the IST type with a
frequency of 20 kHz and a capacity of 6 kg. The schematic diagram of
the melting unit is described in Ref. [8].

The charge was calculated using the program ‘Charge’ (version 2.0)
which was created by specialists of the Physico-Technological Institute
of Metals and Alloys, N.A.S. of Ukraine in 2000.

The chemical composition of wear-resistant low-alloy steels of alloy
3 and alloy 4 is regulated by TV 4112-78269737-001-2005. The compo-
sition of the experimental HEAs is described in Ref. [8], and the chem-
ical composition of high-alloy cast iron and steels with special proper-
ties are given in Table 1.

The experimental castings were obtained by the CGM process. The
parameters of the CGM process were described by V. S. Shulyak in Ref.
[17].

Samples for testing cast steels and alloys for wear resistance were
made by cutting. The HT regime of wear-resistant complex Alloy 4 is
given in Ref. [30].

TABLE 1. Chemical composition (% wt.) of high-alloy cast iron with special
properties.

Allo Alloyed elements (Fe—base) (% wt.)
Y[ c[si [Mo]Cr[NiJCu] V][Ti | P | 8
1 3.00 2.00 1.00 02.0016.003.00 - - 0.035 0.025
2 2.96 0.615 2.005 22.35801.950.00 0.252 0.241 0.10 0.08
3(70XJI) 0.751 0.434 0.852 0.958 — - - - 0.029 0.020

4(75XPTJ) 0.782 0.487 0.906 0.953 - — 0.075 0.115 0.030 0.021
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3.2. Metallographic and Phase Analysis of Casting Alloys

The microstructure of the experimental cast irons, casting steels and
HEASs was studied using an automatic microscope-analyser ‘Epiquant’.
The method of making metallographic sections of steel and alloys is
described in Ref. [8]. The microhardness of the phases was determined
using a microhardness tester IIMT-3.

Using an x-ray microprobe MS-46 from Cameca, the chemical com-
position of individual phases was studied. Phase analysis was carried
out by x-ray diffractometer ‘IPOH-3’ using radiation CoK, and MoK,.
Measurements were carried out in the angular range of 10—60° with a
step of 0.02° and a pulse acquisition time of 2 s [8]. To determine accu-
rately the crystal lattice parameters in the region of distant peaks at
large angles, a step of 0.01° and a pulse acquisition time equivalent to
12-16 s were chosen, depending on the type of sample[8].

3.3. Mechanical Testing Methods

Mechanical testing of cast specimens (tensile strength, relative elonga-
tion, Brinell’s hardness, impact toughness) was carried out according
to standard methods. For this purpose, universal equipment was used.

Static tensile tests of steels and alloys were carried out using a uni-
versal hydraulic tensile machine P-50. For this purpose, standard
samples were used to determine the temporary resistance to fracture
and relative elongation of cast alloys. The optimal test temperature is
20+15°C, the highest limit load of the machine is 50 tf, which is
equivalent to 500 kN and the power consumption is 2.8 kW.

The hardness of the castings from high-alloyed cast irons, low-alloyed
steels and HEAs was determined by the standard Brinell method. The
most advanced device for determining the hardness of metals and alloys
by the Brinell’s scale is the lever-mechanical device of the TIII-2 model.

Impact testing of cast samples from high-alloy cast irons, low-alloy
steels and a number of HEAs was carried out on a pendulum-type of
MEK-30 model. The limiting energy of a pendulum die is 300 J. The
speed of the blade of such a die varies from 4 to 7 m/s, which corre-
sponds to raising the blade of the pendulum to a height of 0.8 to 2.6 m.

3.4. Methods for Testing Steels and Alloys for Wear under Dry
Friction Conditions

The study of cast samples for wear under dry friction conditions was
carried out according to the original methodology proposed by special-
ists of the Physico-Technological Institute of Metals and Alloys,
N.A.S. of Ukraine. For this purpose, in the Department of Al and tech-
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nological processes of casting of aluminium alloys at the Physico-
Technological Institute of Metals and Alloys, N.A.S. of Ukraine labor-
atory equipment (friction machine) was designed and manufactured
for testing cast alloys for wear resistance (Fig. 1).

This equipment provides for computer processing of experimental
data (F:= @1(ls), f = ¢2(l¢)) and the principle of its operation is similar to
the principle of the friction machine of the model M-22M [31]. Testing
of experimental castings for wear under dry friction conditions was
carried out according to the scheme ‘sample—counter body (shaft)’,
which is described in [32—36]. The algorithm for mathematical pro-
cessing of the results of experiment, which is the basis of the method-
ology for calculating the tribotechnical characteristics, is given in
Refs. [31, 33, 34, 36]. As a counter body material in the research, tool
steel alloyed with Cr, W and Mn of the 01 AISI was used, the hardness
of which after HT was about 66 HRC. Overall dimensions of the coun-
ter body [mm]: diameter is of 40, thickness is of 12, overall dimensions
of the cast sample [mm]: diameter is of 8, height is of 24 + 1. Parame-
ters of the friction process: test duration is of 6000 s, contact area of the
pair ‘sample (liner)—counter body (shaft)’ is of 5.024-107! cm?, counter
body rotation frequency is of 1000 rpm, linear speed of rotation of the
counter body is of 2.1 m/s, the normal reaction force of the support (load)

Fig. 1. Laboratory equipment (friction machine) for testing of the cast alloys
for wear under conditions of dry friction: general view of the equipment for
testing samples for wear resistance [8] (a), control unit and measurement of
loading and coefficient of sliding friction (b), mounting unit of test sample
(¢), program interface for recording the sliding friction force (d).
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is of 0.25 kgf (except for wear-resistant high-alloy cast iron of alloy 1,
for which this parameter is of 0.5 kgf), the friction path (distance) is of
10 km. The change in the mass of the counter body and cast samples at
the beginning and end of the studied interval was controlled by weighing
on an analytical balance of the Radwag XAS 100/C.

The amount of wear of the casting alloy, as well as the wear of the
tool chromium—tungsten—manganese of 01 AISI steel (CBM), is deter-
mined as the ratio of the mass loss of the material of the investigated
cast sample and counter body, respectively, to the product of the nom-
inal contact area of the pair ‘sample—counter body (shaft)’ and the fric-
tion path[31, 33, 34, 36]:

1,1y =Am/Sl, (17)

where Am is the mass loss of the cast sample and counter body [mg], S
is the contact area of the pair ‘sample—counter body’ [em?], I; is the
friction path [km].

The mass loss of the material by both the test casting and the coun-
ter body, in turn, can be determined as

Am=m-m,, (18)

where mo, m: are masses of casting and counter body before and after
testing, respectively [mg].

Both wear rate of the cast steels and alloys (cast irons, HEAs), and
the wear rate of CBM, i.e., tool steel alloyed with Cr, W and Mn, can be
determined, if necessary, using the ratio (13) given in Ref. [26]. The
sliding friction coefficients of pairs ‘HEAs—01 AISI steel’ as well as
the sliding friction force were obtained experimentally.

4. RESULTS AND DISCUSSION

This section studies the structure and properties of high-alloy cast irons
of alloy 1 and alloy 2 (Table 1), wear-resistant low-alloy steels of alloy 3
and alloy 4, as well as the HEAs of systems Fe2sNiisCraoMnis5Cu17Cs.7Si1 s,
Fe24Niig5CrisAl12CuziMng 3Cs.2Sis, Fez0.5Nii9.4Crie.5Cu20Mni9Cz 5Siz 3,
Fe24Nii9Cri55Cu20.5Al15Mng.5Cs 5512, Fe2;NiziCrisCussAlig sMng 5,
Fe24NizoCrisMni1sCussSi, respectively. Working formulas for calculating
the wear and wear rate of the material of cast samples from the duration
of their testing, i.e., I,=f(t) and i; = () are also derived.

4.1. Microstructure of Steels and Alloys

Typical microstructures (Fig. 2) of alloy 1 and low-alloy alloy 4 steel,
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Fig. 2. Microstructure (x500 (a, ¢, d, e, f), x100 (b)) of steel and alloys: high-
alloy cast iron of the alloy 1 (a), low-alloy steel of the 7T5X®TJI type (b), HEAs
of systems Fe24NiisCr20Mnis5.5Cu17C3.7Si1.8, Fe20.5Ni19.4Cri6.5Cu20Mn19C2.3Siz.3,
Fe24NiioCris.5Cuz0.5Al1sMno.5Cs.5512, Fe2sNizoCrisMnisCuz2Si (c—f).

as well as the HEAs systems of the Fe—Ni—Cr—Cu—Al and Fe—Ni—Cr—
Cu—Mn are given below. The structure of alloy 1 (Fig. 2, a) consists of
an austenitic matrix and acicular high-chromium carbides of the (Cr,
Fe);C; type. The influence of HT on the microstructure of wear-
resistant low-alloy alloy 4 steel was also investigated. For this purpose,
the steel samples were heated for quenching to 1333 K, held at this
temperature for 1200 s and subsequently cooled through water into oil.
To remove residual stresses material was subjected to low tempering.
The tempering temperature of the steel castings was 473 K, and the
duration of the isothermal holding was 3600 s. After that, the samples
of alloy 4 steel were cooled together with the furnace. The composition
of the studied material includes martensite and retained austenite, and
also Me,,C, inclusions occur (Fig. 2, b).

The amount of retained austenite in the structure of the steel cast-
ings is 45—50% (by area). Alloys of the Fe—Ni—Cr—Cu—Mn system have
a two-phase structure which consists of primary dendrites and a second
phase (Fig. 2, ¢, d, e), which is formed from the residual liquid and
forms the interdendritic space. The branches of the dendrites have an
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elongated oval shape. In the HEAs samples of the Fe—Ni—Cr—Cu—Al
system, granular dendrites and lamellar eutectic (Fig. 2, e) are ob-
served in the interdendritic space. The formation of needle-shaped
Me,,C,, which in cross section have a hexagonal shape (Fig. 2, c, d, ¢e),
is due to the high content of C and Cr. C appeared in the HEAs, since
cast iron was used as the source of Fe. In the cast structure of the sam-
ple presented in Fig. 2, e, Me,,C, does not occur due to the low content
of C in the starting materials. The charge material used was stainless
Cr—Ni steel (Fe—10% wt. Cr—-18% wt. Ni—L (cast steel)). Preliminary
microprobe analysis of the HEAs of both systems showed that in the
branches of the dendrites there are more refractory elements such as Fe
and Cr, and in the interdendritic space there are elements with a lower
melting point: Cu, Mn, Al, and Ni in equal concentrations is distributed
between the 2 phases. The concentration of valence electrons indicates
the probability of the formation of 2 solid solutions with f.c.c. and b.c.c.
lattices in the HEASs of the Fe—Ni—Cr—Cu—Al system, and 2 f.c.c. lattices
with different atomic lattice parameters: f.c.c.-1 (structure similar to
the y-Fe structure), f.c.c.-2 (structure similar to the Cu structure).

4.2. Hardness of the Test Castings

The hardness (Table 2) of the cast samples (Fig. 3) by the Brinell’s scale is
in the range from 156.0 kgf/mm? to 635.3 kgf/mm?2. Such a ‘fluctuation’
of this characteristic is due, first of all, to the structure of the test materi-
als, which, in turn, depends on their chemical composition and HT regime.

For example, in the structure of steel castings, such a metastable phase
as residual austenite during operation transforms into deformation mar-
tensite. At the same time, the microstructure of high-alloy cast irons and
HEASs has been sufficiently considered and described in [8].

4.3. Wear Resistance of Cast Samples

It was studied the tribotechnical characteristics (Table 2) of cast irons,
steels and HEAs. These characteristics were as follow: wear of the test
casting, wear of the CBM and the coefficient of sliding friction of the
contact pair ‘cast sample—01 AISI Steel’.

Graphical interpretation of the experimental data (Fig. 4) made it
possible to find out that the wear of the test casting (Fig. 4, a) is in the
range from —-0.106 mg/(cm?km) to +1.358 mg/(cm?-km), wear of the
MCT (Fig. 4, b) varies from 0.060 mg/(cm2km) to 1.781 mg/(cm?km),
and the coefficient of sliding friction (Fig. 4, ¢) of the contact pair ‘cast
sample—01 AISI Steel’ is 0.243-0.904.

As in the previous case, this is due to the structure of the material,
which is described in[7, 8, 30].
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TABLE 2. Hardness and wear resistance of cast irons, steels and HEAs, where
WHT—without heat treatment, QOLT—quenching with oil cooling and low-
temperature tempering.

HB, I, Iceu,

Sample Alloy kgf/mm? mg/(cfn2-km mg/(zlixzkm f
001 Alloy 1 410.5 +0.740 0.361 0.637
002 Alloy 3 (WHT) 362.5 +0.995 0.348 0.609
003 Alloy 4 (WHT) 415.4 +0.786 0.119 0.666
004 Alloy 4 (QOLT) 635.3 +0.438 0.617 0.589

005 Fe2yNigCraoMnis55Cu17C3.7511 8 227.0 -0.106 1.380 0.904
006 FezyNig 5CrigAl2Cuz Mng 3C328i.  363.0 +0.352 1.781 0.798
007 Fez5Nig 4CrissCuz0Mn 9C2 3Siz 3 207.0 -0.106 0.647 0.813
008 Alloy 2 158.0 +1.111 0.318 0.831
009 FezuNioCris5Cusze sAlisMng 5Cs58i 336.0 +0.113 0.727 0.900
010 Fe2sNiz CrisCussAlig sMng 5 228.0 +1.358 0.524 0.620
011 F624Nizocr15Mn1sCU2zsi 1560 +0033 0060 0243

4.4. Dependence of Sliding Friction Force and Sliding
Friction Coefficient on Sliding Friction Path, the Influence
of Sliding Friction Force on Sliding Friction Coefficient

It has been experimentally proven (Fig. 5) that the sliding friction
force and sliding friction coefficient of the contact pair ‘HEAs system
Fe24NizCrisMni1sCu22Si—01 AISI Steel’ depend on the friction path. For
example, Figure 5, a clearly demonstrates the presence of insignificant
peaks on the filtration line F¢=@1(ls), which indicates, hypothetically,
the chemical and, as a consequence, the structural heterogeneity of the
HEAs in the zone of its contact with the CBM. The same can be said
about the functional dependence of the sliding friction coefficient of
the pair under consideration on the sliding friction path (Fig. 5, b), i.e.,
= @2(ls).

Graphical interpretation (Fig. 5, c¢) of the ratio of physical quanti-
ties f=@s(F:), which were initially given in tabular form and its math-
ematical processing allowed us to derive, as a result, an empirical
equation that analytically describes the influence of the sliding fric-
tion force on the sliding friction coefficient of the contact pair ‘HEAs
Fe24NizCrisMni1sCus2aSi system—01 AISI Steel’. This equation, with the
maximum possible value of the approximation reliability (R?=1):

f=4-10°F, +2-107°. (19)
The long process of testing materials (t:=6000s), which took place

under conditions of dry sliding friction without a running-in stage,
and the hardness and wear resistance indicators (Table 2) of the com-
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Fig. 3. Hardness of cast steels and alloys: I—high-alloy cast iron alloy 1, 2—
low-alloy steel alloy 3 (WHT), 3—Ilow-alloy steel alloy 4 (WHT), 4—low-alloy
steel alloy 4 (QOLT), 5—HEAs system Fe2sNiigCrzoMnissCu17Cs.7Si1s, 6—
HEAs system Fe24Ni10.5CrisAli12Cu21Mno.3Cs.2Si2, 7—HEAs system
Fez0.5Ni19.4Cri6.5Cuz20Mni9C2.3Siz.3, 8—high-alloy cast iron Alloy 2, 9—HEAs
system Fe24Ni19Cri15.5Cuz0.5Al15Mno.5Cs.5512, 10—HEAs system
Fe22Niz1Cri4CuzsAliosMnos, 11 —HEASs system Fe24Ni2oCrisMnisCusz2Si.

ponents of the contact pair indicate high mechanical and tribotechnical
characteristics (I, Icsm, f) of the cast samples. Based on these and oth-
er considerations, the HEAs system FezsNi2oCrisMni1sCu22Si can be used
in tribotechnics as an antifriction material.

4.5. The Influence of the Duration on Wear and Wear Rate

Since the wear rate of the tested material, in the general case [22], is noth-
ing more than the first derivative of its wear with respect to time, i.e.:

i, =dlI, /dx, (20)

and the wear of cast specimens [35, 40, 41, 43] can be represented in
the form of dependence (17), then given as

L, =vrt, (21)

where v; is the linear speed of rotation of the counter-body (friction
speed), m/s, tis the current time, s, at the output we obtain the follow-
ing relation:
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Fig. 4. Tribotechnical properties of cast alloys [8]: 1—cast iron alloy 1, 2—steel
grade alloy 3 (WHT), 3—alloy 4 (WHT), 4—alloy 4 (QOLT), 5—HEAs system
Fe2sNiisCrzoMnissCui17Cs.7Si1s, 6 —HEAs of Fe2sNiigs5CrisAli2Cu2iMno.3Cs.2Sis
system, 7—HEAs system Fez05Nii9.4Cris.5Cu20Mni9Ce.3Siz2.3, 8—Alloy 2, 9—
HEAs of FexuNiiCrissCuzs5AlisMnosCssSiz system, I10—HEAs  of
Fe2:NizCri4aCuzsAliosMnos system, 11—HEAs of FezsNi2oCrisMnisCuzeSi sys-
tem, the wear of the test casting (a), the wear of the MCT (b), the coeffi-
cient of sliding friction (c).

I, = Am/(Sv1). (22)

If we determine the first derivative of the wear of the test material
with respect to time:

dl, _ Am'(Svr) - Am(Sy;1)' _ AmSv, _ Am

= = , 23
dt (Sv,1)° (Sv,1) Sy, (23)

then, the wear rate of cast samples (cast irons, cast steels and HEAs)
and their wear can be represented using mathematical expressions, re-
spectively:

. Am
i

1T G (24)
f
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Fig. 5. Dependence of the sliding friction force (a) and the sliding friction co-
efficient (b) of the contact pair ‘HEAs system Fe24Ni2oCrisMnisCu22Si—01 AISI
steel’ on the sliding friction path, as well as the influence of the sliding fric-
tion force on the sliding friction coefficient (c¢) of the contact pair ‘HEAs sys-
tem Fe24Niz2oCrisMnisCuz2Si—01 AISI steel’.

Amdrt
dl_ = - . 25
4 Sv,t* (25)

Integrating relation (25) and given Am [35, 40, 41, 43], we obtain as
aresult

o Amids_am( 1 1) am(1 1) o0
Sv; ;T Sv, 1, T Sv, (1, T,

where 7o, tr are the initial and final moments of the casting wear test,
respectively, s,

Am =m, —m,, (27)
where mo, m: are mass of the cast sample before and after testing it for

wear, respectively, mg, and also semi-empirical equations that analyti-
cally describe the dependence of the wear rate and wear of steels and
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alloys on the duration of their testing under dry friction conditions,
respectively:

. m, —m;
i = 28
d Sv,t* o (28)
m,—-m, _ _
I = OSu L' -, (29)
f 19#0,7;#0

The mathematical relations (20)—(29) presented above can also be
applied to the CBM material, i.e., tool alloy HVG steel after its heat
treatment. For this, in formulas (20), (22)—(26), (28), (29) it is neces-
sary to replace the symbols of physical quantities, such as ‘i’ and ‘I,
with the symbols ‘icgm’ and ‘Icem’, respectively.

4.6. Studies of the Tribostructure of Sliding Friction Pair Components

The results of metallography showed (Fig. 6, a) that the microstruc-
ture of Fe2sNizCrisMnisCugSi without HT is typical for the micro-
structure of HEAs of this class. HEAs of the ‘Fe—Ni—Cr—Mn—Cu’ sys-
tem, which include C as an impurity, have a heterogeneous two-phase
structure. The main structural components of these alloys are primary
dendritic-type crystals and a secondary phase that is released after the
formation of dendrites and forms the interdendritic space. The
branches of the dendrites have an elongated oval shape. It was showed
(Fig. 6, a) that relatively refractory elements (Fe, Cr) are present in

Fig. 6. Micro- (x500 (a)) and tribostructure (x200 (b, c)) of friction pair com-
ponents: HEAs Fe24Ni2CrisMni1sCuz2Si (a, b), 01 AISI steel (¢).
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significant quantities in the branches of the dendrites, and elements
with a lower melting point (Cu, Mn) are present in the interdendritic
space, while Ni is distributed in equal concentrations between the two
phases. The increased concentration of Cr and Fe in the branches of the
dendrites led to the fact that their microhardness is approximately in
1.1 times higher than the microhardness of the substance of the inter-
dendritic space. The concentration of valence electrons indicates the
probability of the existence of 2 solid solutions based on phases that
have an f.c.c. lattice (f.c.c.-1 is similar to y-Fe in its crystal structure),
and f.c.c.-2 in the branches of the dendrites and the interdendritic
space is close in structure to the Cu crystal lattice, which is confirmed
by the results of x-ray diffraction.

In the process of synthesis of the compositions, a microheterogene-
ous structure was formed, which is presented below (Fig. 6, b, ¢), and
which is the subject of future research: the plastic component of cast-
ing alloys—thermally stable solid solutions of the elements of the stud-
ied alloy, with b.c.c. or f.c.c. lattices; the strengthening phase of the
experimental castings is intermetallics (Me} Me. ) and possibly a mix-
ture of solid solutions of the components of the HEAs and intermetal-
lics, i.e., an eutectic, which is allocated in the form of a closed network
at the boundaries of crystal grains.

During the wear test of a material under dry friction conditions, on
the one hand, its plastic deformation and fracture occur, and on the
other hand, the interaction of the environment with its surface occurs,
which change the chemical and phase composition, as well as the struc-
ture of the friction surface material and play a significant role in the
process of testing the contact pair ‘HEAs FezsNisCrisMnisCuseSi sys-
tem—01 AISI steel’. Accordingly, in the friction process, the determin-
ing factor is not so much the initial state of the material structure (Fig.
6, a), but the structure of its surface layer (Fig. 6, b). The latter de-
pends on the primary structure of the material, the formation and oc-
currence of which is characteristic of the complex conditions of the
friction process. Based on these and other considerations, it is neces-
sary to investigate not only the initial structure and phase composition
of the tested material, but also the structure and phase composition of
the friction surface.

Under the influence of sliding speed, pressure from the applied load
and temperature in the dry friction zone during the wear test of the
contact pair ‘HEAs Fe2sNizoCrisMnisCuseSi system—01 AISI steel’,
complex physics-and-chemical processes occur in the studied HEAs
system, which lead to the formation of a tribological structure on the
friction surface (Fig. 6, b, ¢). We are talking about the so-called sec-
ondary structure, that is, a fundamentally new structure of the mate-
rial that is formed on its surface during the tribosynthesis process.
This is usually a thin deformed layer of material, the chemical compo-
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sition of which, structural state, physical-and-mechanical and special
properties are radically different from those they were before the fric-
tion process began. In this case, we are talking about oxide films on the
surface of both the HEAs Fe24NizCri:Mn;sCu22Si system and the CBM
(Fig. 6, ¢), i.e. high-carbon tool 01 AISI steel, which determine the tri-
botechnical and operational properties of this friction pair.

5. CONCLUSIONS

An original and progressive method for testing steels and alloys for
wear under dry friction conditions was proposed. The possibility of
cast production of hard and wear-resistant cast irons, cast steels and
HEASs using the LGM process was proven.

The peculiarities of the structure formation of high-alloyed cast iron
with special properties of the alloy 2, wear-resistant low-alloy alloy 4 steel
after heat treatment, as well as cast HEAs Fe2yNi;sCraoMnis 5Cu17Cs.7Siy s,
Fez0.5Niig.4Cri6.5Cu20Mni9Cz 58iz 3, Fe24NiigCri55Cuz0.5Al15Mno 5Cs 5512,
Fe24NizCrisMnsCussSi were clarified.

The main structural components of wear-resistant high-alloy cast
iron of the alloy 2 are hard needle-like inclusions of high-chromium
carbides of the (Cr, Fe):Cs type in a soft austenitic matrix, and the
composition of the wear-resistant low-alloy steel of the alloy 4 includes
martensite and residual austenite (45-50% (by area)) after heat
treatment and single inclusions of Me,,C,, while the HEAs structure is
formed by solid solutions of the elements included in its composition,
with b.c.c. and f.c.c. lattices, as well as Me, Me!' type intermetallics
and a mixture of solid solutions of HEAs components and intermetal-
lics, i.e. eutectic, which is separated in the form of a closed network at
the boundaries of crystal grains.

Mechanical tests of cast samples made it possible to find out that the
hardest of all the test materials is the wear-resistant low-alloy alloy 4
after heat treatment—its hardness according to the Brinell scale is
equivalent to 635.3 kgf/mm?.

An original and progressive method of testing steels and alloys for
wear under conditions of dry sliding friction is proposed, which allows
computer processing of the results of experiment in real time.

The HEAs of FegsNisCrisMnisCussSi system can be used as an anti-
friction material in tribotechnics, since its wear (0.033 mg/(cm?km)),
the wear of the CBM (0.060 mg/(cm?-km)) working with it in a pair,
and the sliding friction coefficient of this pair (0.243) are the lowest
among all the tested materials.

The sliding friction force and the sliding friction coefficient of the
contact pair ‘HEAs of Fe2sNizoCri:MnisCusz2Si system—01 AISI steel’ de-
pend on the friction path, which indicates the chemical and structural
heterogeneity of the HEAs in the area of its contact with the CBM.
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In the process of dry sliding friction, the determining factor is not
so much the initial state of structure of the material under test, but the
structure of its surface layer, because it is the surface layer that ab-
sorbs deformation energy, which determines the ability of the material
to resist wear.

AUTHORS’ CONTRIBUTIONS

I. A. Nebozhak: introductory part, research methodology, planning
and setting up of the experiment in the part of foundry production,
analysis of the results of research, conclusions. V. D. Babiuk: testing
of cast samples for wear under dry friction conditions. R. A. Sergiien-
ko: justification of the choice of materials and methods of testing for
wear under friction conditions without lubrication. Ye. A. Zhydkov:
methodology for testing the test material for wear under dry friction
conditions. Ie. M. Dzevin: graphic interpretation of experimental data,
conclusions. O. V. Derev’yanko: obtaining micro- and tribostructures
of cast samples. I. A. Shalevska: analysis of results, editing. T. M.
Chevychelova: metallographic analysis of the material. V. P. Shkoly-
arenko: justification, conclusions. O. Yo. Shinsky: research tasks in
the field of foundry production, conclusions. A. M. Verkhovliuk: for-
mulation of the task of metallographic analysis and testing of cast
samples for wear, conclusions.

REFERENCES

1. M. V. Karpec, O. M. Myslyvchenko, O. C. Makarenko, M. O. Krapivka,

V. F. Gorban, and A. V. Samelyuk, Problems of Friction and Wear, No. 2: 103
(2014) (in Ukrainian).

2. M. V. Karpec, V. F. Gorban, O. M. Myslyvchenko, S. V. Marchenko, and
M. O. Krapivka, Electrometallurgy Today, No. 1: 560 (2015) (in Russian).

3. M. V. Karpec, O. M. Myslyvchenko, O. C. Makarenko, M. O. Krapivka, and
V.F. Gorban, Fizyka i Khimiya Tverdoho Tila, 15, No. 3: 661 (2014) (in
Ukrainian).

4. N. A. Shaburova, M. A. Ostovari, S. N. Veselkov, M. V. Sudarikov,

0. V. Samoylova, and E. A. Trofimov, Physical Mesomechanics, 24, No. 4: 28
(2021) (in Russian).

5. M. V. Karpec, O. M. Myslyvchenko, O. C. Makarenko, V. F. Gorban, and
M. O. Krapivka, Powder Metallurgy, No. 5—6: 118 (2015) (in Ukrainian).

6. R. A. Sergienko, O. A. Schereckij, A. M. Verkhovlyuk, and D. Yu. Matkovskij,
Proc. of Symp. ‘Perspective Technologies, Materials and Equipment in Cast
Production’ (Sept. 25-27, 2023 ) (Kramatorsk: 2023), p. 105 (in Ukrainian).

7. I. A. Nebozhak, R. A. Serhiyenko, A. M. Verkhovlyuk, O. A. Shcherets’kyy,
Ye. H. Byba, D. S. Kanibolots’kyy, V. D. Babyuk, and Ye. A. Zhydkov, Abstr.
XIII Int. Conf. ‘Processec of Mechanical Treatment, Machines and Instru-
ments’ (November 9—10,2023 ) (Zhytomyr: Zhytomyrska Politehnika: 2023),


https://doi.org/10.15407/sem2015.01.09
https://doi.org/10.24412/1683-805X-2021-4-28-39
https://doi.org/10.24412/1683-805X-2021-4-28-39

10.
11.

12.

13.

14.

15.
16.

17.

18.

19.

20.
21.

22.

23.

24.

25.

26.

27.

28.

29.

INVESTIGATION OF THE POSSIBILITY OF CAST PRODUCTION 405

p- 19 (in Ukraine).

Fizyko-Khimichni Zakonomirnosti Protsesiv Oderzhannya Vylyvkiv z
Vysokoehntropiynykh Splaviv [Physical and Chemical Regularities of the Pro-
cesses of High Entropy Alloys Casts Obtaining] (Kyiv: FTIMS: 2023) (in
Ukrainian).

T. L. Kuznetsova and N. P. Brodnikovskij, Casting Proc., 154, No. 4: 58 (2023)
(in Ukrainian).

J. W.Yeh, Y. L. Chen, and S. J. Lin, Mater. Sci. Forum, 560: 1 (2007).

E. D. Tabachnikova, M. A. Laktionova, U. A. Semerenko, C. E. Shumilin,

A. V. Podolskij, M. A. Tikhonovskij, J. Mishkuf, and K. Chah, Low Temp.
Phys., 43, No. 9: 1381 (2017) (in Russian).

M. V. Karpec, O. M. Myslyvchenko, O. S. Makarenko, V. F. Gorban,

M. O. Krapivka, and A.I. Degula, J. Superhard Mater., No. 3: 52 (2015) (in
Ukrainian).

I. V. Luniov, Vysokoehntropiyni Splavy [High-Entropy Alloys] (Kharkiv: KhAI:
2024) (in Ukrainian).

D. G. Duhota, Formuvannya Struktury Bahatokomponentnoho Splavu
AlFeCrTiMoCoNi pid Chas Mekhanichnoho Leguvannya [Formation of the Struc-
ture of a Multicomponent AlFeCrTiMoCoNi Alloy During Mechanical Alloying]
(Thesis of Disser. for Bachelor) (Kyiv: NTUU KPI: 2021) (in Ukrainian).

1. F. Lihackij, Casting Proc., 157, No. 3: 53 (2024).

I. F. Lihackij and M. M. Voron, Metal and Casting of Ukraine, 30, No. 3: 102
(2022) (in Ukrainian).

V.S. Shuliak, Lit’e po Gazifitsiruemym Modelyam [Gas Model Casting] (Saint
Petersburg: Professional: 2007) (in Russian).

D. I. Garkunov, Tribotekhnika [Tribotechnics] (Moskva: Mashinostroenie:
1985) (in Russian).

M. V Kindrachuk, E. A. Kulgavij, O. L. Shevchenko, and A. P. Danilov, Proc. of
NAU, 1, No. 1: 102 (2009) (in Ukrainian).

E. A. Kulgavij, Problems of Tribology, No. 3: 51 (2003) (in Russian).

M. V Kindrachuk and E. A. Kulgavij, Proc. of NAU, No. 4: 67 (2005) (in Rus-
sian).

M. V Kindrachuk, E. A. Kulgavij, D. I. Perro, and V. O. Podlesnij, Proc. of
NAU, 4,No. 4: 32 (2009) (in Ukrainian).

I. A. Nebozhak, V. G. Novyckij, O. J. Shinskij, and V. P. Gavryliuk, Sci.
Treatment Metal., No. 2: 62 (2004) (in Russian).

I. A. Nebozhak, Ya. I. Nebozhak, V. V. Peresenchuk, and O. Y. Shynskyy, Met-
al and Casting of Ukraine, 29, No. 4: 30 (2021).

I. A. Nebozhak, V. H. Novyts’kyy, O. V. Derev’yanko, D. S. Kanibolots’kyy,
and A. M. Verkhovlyuk, Metal and Casting of Ukraine, 31, No. 3: 8 (2023).

I. A. Nebozhak, V. G. Novytskyi, Ie. M. Dzevin, and A. M. Verkhovliuk,
Metallofiz. Noveishie Tekhnol., 46, No. 5: 385 (2024).

DSTU 2825-94. Rozrakhunky Mitsnosti ta Vyprobuvannya. Terminy ta
Vyznachennya Osnovnykh Ponyat’ [Strength Calculations and Tests. Terms and
Definitions of Basic Concepts] (in Ukraine).

G. S. Pisarenko, O. L. Kvitka, and E. S. Umanskij, Opir Materialiv [Resistance
of Materials] (Kyiv: Vyshcha Shkola: 1993) (in Ukrainian).

0. V. Mylnikov, Opir Materialiv [Resistance of Materials] (Ternopil: Vydavnyc-
tvo THTU: 2022) 257p.


https://doi.org/10.15407/plit2023.04.058
https://doi.org/10.15407/plit2024.03.053
https://doi.org/10.15407/steelcast2022.03.102
https://doi.org/10.15407/steelcast2022.03.102
https://doi.org/10.18372/2310-5461.4.5151
https://doi.org/10.18372/2310-5461.4.5151
https://doi.org/10.15407/scin15.04.005
https://doi.org/10.15407/scin15.04.005
https://doi.org/10.15407/steelcast2023.03.008
https://doi.org/10.15407/mfint.46.05.0385

406

30.

31.

32.

33.

34.

35.
36.

I. A.NEBOZHAK, V. D. BABIUK, R. A. SERGIIENKQO et al.

L.S. Malinov, N. A. Solidor, and V. A. Milentiev, Viiyanie Mikrolegirovaniya i
Razlichnykh Rezhimov Termoobrabotki Stali 70KhL, Obespechivayushchikh
Povyshenie eyo Mekhanicheskikh Svoystv i Abrazivnoy Iznosostoykosti [The In-
fluence of Microalloying and Various Modes of Heat Treatment of 70XJI Steel,
Which Provide an Increase in its Mechanical Properties and Abrasive Wear Re-
sistance] (Rostov-na-Donu: GOU RGASHM: 2008) (in Russian).

V. P. Gavryliuk and V. G. Novickij, Metodika Opredeleniya Iznosostoykosti
Materialov v Usloviyakh Treniya Skol’zheniya na Mashine Treniya M22M
[Methodology for Determining Wear Resistance of Materials under Sliding
Friction Conditions on a M22M Friction Machine] (Kyiv: FTIMS: 2002) (in Rus-
sian).

V. G. Hyshnijak and V. I. Korol, Fizyka i Khimiya Tverdoho Tila,4,No. 1: 161
(2003) (in Ukrainian).

L.I. Kuksenova, V. G. Lapteva, A. G. Kolmakov, and L. M. Rybakova, Metody
Ispytaniya na Trenie i Iznos [Friction and Wear Test Methods] (Moskva:
Intermet Ingeneering: 2001) (in Russian).

0. V. Zakalov and I. O. Zakalov, Osnovy Tertya y Znoshuvannya v Mashynakh
[Basics of Friction and Wear in Machines] (TNT Puliyja: 2011) (in Ukraine).

E. T. Mamykin and A. 1. Yuga, Powder Metallurgy, No. 1: 67 (1973) (in Russian).
I. V. Kargelskij, M. N. Dobychin, and V. S. Kombalow, Osnovy Raschetov na
Trenie i Iznos [Basics of Friction and Wear Calculations] (Moskva: Mashi-
nostroenie: 1977) (in Russian).



Metallophysics and Advanced Technologies © 2026 G.V.Kurdyumov Institute for Metal Physics,

Memanoi3. HOBIMHI MeXHOL. National Academy of Sciences of Ukraine
Metallofiz. Noveishie Tekhnol. Published by license under
2026, vol. 48, No. 4, pp. 407-417 the G. V. Kurdyumov Institute for Metal Physics—
https://doi.org/10.15407/mfint.48.04.0407 N.A.S. of Ukraine Publishers imprint.
Reprints available directly from the publisher Printed in Ukraine.

PACSnumbers: 52.77.-j, 61.72.Ff, 62.20.Qp, 68.35.Dv, 81.40.Ef, 81.65.Lp, 81.70.Bt

Effect of Plasma Nitriding on Mechanical Properties of Tensile
Specimen of 25Cr2Ni4W Low Alloy Steel

0. Hamidane™"™, B. Chermime™™, M. M. Alim*"*, and M. Fellah”

*Department of Mechanical Engineering,
University Abbes Laghrour,
Khenchela-40000, Algeria
*Advanced Materials Science and Engineering Laboratory ISMA,
Khenchela-40000, Algeria
“*Centre for the Development of Advanced Technologies (CDTA ),
City 20 August 1956, B. P. 17, Baba Hassan,
Algiers, Algeria

This study investigates the effect of plasma nitriding on the tensile speci-
mens of 25Cr2Ni4W low-alloy steel, aiming to enhance their mechanical and
tribological surface properties. The experimental analysis compares treated
and untreated specimens to evaluate the influence of nitrogen diffusion on
the material performance. Results reveals that plasma nitriding led to an in-
crease in elastic resistance (R.) and a decrease in plastic resistance (R,), at-
tributed to self-induced heating during treatment. Optical microscopy (OM)
confirmed the formation of a distinct nitride layer on the treated surface.
The enhancement of the elastic phase contributes to an increase in elongation
(L1), indicating improved ductility. Furthermore, nanoindentation tests
demonstrate a significant rise in nanohardness for the nitrided samples com-
pared to the untreated ones, confirming the strengthening effect of nitrogen
incorporation and nitride phase formation.
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Y mboMy mOCHimyKeHHI BUBUAETHCS BILIUB ILIA3MOBOTO a30TyBaHHS HA 3pasKu
HusbKoseropanoi kpuii 25Cr2Ni4dW, 1o miagmaioThCs pPO3TATYBAaHHIO, 3 Me-
TOIO IOJIINIIIEHHA IXHiX MeXaHiYHMX i TPMOOJIOTiYHMX BJIACTUBOCTEH IIOBEPX-
Hi. B eKcmepuMeHTaNIbHIN aHaNidi mopiBHIOIOTHECA 00p0OJIeHI Ta HEOOPOOIeHi
3pasku IJisa omiHKu BrauBy audysii HiTporeny Ha xapaKTepucTHKU MaTepi-
Any. PesyabTaTy MOKasyIOTh, IO IIJIA3MOBE a30TyBaHHS IPUBEJIO M0 306iJb-
IIeHHA IPYKHBOTO0 onopy (R.) i sMeHmIenHa niactuyHoro onopy (Rp), 1o mo-
SACHIOETHCSA CAMOIHAYKOBAHWM HATPiBaHHAM IIig yac oO0pobOaamua. OnTuuHa
MiKPOCKOIIid mifATBepAMIa YTBOPEHHA YiTKOTO HiTPHUIHOrO mapy Ha oOpobJie-
Hi#t moBepxHi. IIpupicT npy:xkHBOI (hasu cupuse 30iJbINTEHHIO MOJOBMKEHHA
(L1), 1110 CBimUMTH PO MOJIITIITIIeHHA IIacTuyHOCTH. KpiM ToTo, BUmpoOyBaHHA
Ha HAHOIHJEHTAIIiI0 IEMOHCTPY€E 3HAYHE MiABUIIEHHA HAHOTBEPAOCTH AJIA a30-
TOBAHUX 3Pa3KiB y MOPiBHAHHI 3 HEOOPOOJIEHUMH, IO ITiATBEPAMKYE 3MIiITHIO-
BanbHUY eeKT BKIOUeHHA HiTporeny 1 yrBopeHHA HiTpuaHOI (hasu.

Karouosi ciioBa: miasMoBe a30TyBaHHSA, 3pa30K HA PO3TAT, IIJIACTUYHUN OLip,
IIPY’KHiN OIIip, HAHOTBEPAiCTh, HU3HKOJIEI'OBaHA KPUILA.

(Received 14 October, 2025; in final version, 10 March, 2026 )

1. INTRODUCTION

Surface modification of metallic materials is essential for improving
their service performance in mechanical, tribological, and corrosive
environments. Among various surface engineering techniques, plasma
nitriding has gained significant attention due to its ability to enhance
surface hardness, wear resistance, fatigue strength, and corrosion re-
sistance without compromising the bulk properties of the substrate
[1-3]. The process involves the diffusion of nitrogen atoms into the
surface of a metallic material under low-pressure plasma at elevated
temperatures, typically between 450°C and 600°C, forming a nitrogen-
enriched layer composed of hard nitride phases [4, 5].

Unlike conventional gas or salt bath nitriding, plasma nitriding of-
fers several advantages such as faster diffusion kinetics, shorter
treatment durations, minimal distortion, and the ability to treat com-
ponents with complex geometries [6—8]. The plasma environment al-
lows precise control of critical process parameters, including tempera-
ture, pressure, gas composition, and bias voltage, enabling the tailor-
ing of the surface microstructure and properties to specific industrial
needs [9-11]. These advantages have made plasma nitriding a pre-
ferred surface treatment in the automotive, aerospace, tooling, and
energy sectors, where components are frequently subjected to severe
mechanical and thermal loading [12-14].

During plasma nitriding, nitrogen diffuses into the metallic sub-
strate, forming a compound layer (often called the ‘white layer’) com-
posed mainly of &-Fes; 3N and y'-Fe;—sN phases, followed by a diffusion
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zone rich in dissolved nitrogen [15, 16]. The compound layer contrib-
utes significantly to surface hardness and wear resistance, while the
diffusion zone improves fatigue performance through the generation
of beneficial compressive residual stresses [17, 18]. These residual
stresses act to inhibit crack initiation and propagation, thereby en-
hancing the fatigue life of nitrided components [6, 19]. Furthermore,
the formation of stable nitride compounds and the reduction in surface
porosity can improve the corrosion resistance of steels and alloys
treated by plasma nitriding [2, 4]. This effect is particularly relevant
for applications in aggressive environments, such as marine, chemical
processing, and aerospace industries [5, 9]. The relatively low temper-
atures used in plasma nitriding ensure that dimensional stability is
preserved, making it suitable for precision-engineered components
where tight tolerances must be maintained [7, 8]. Recent research has
focused on optimizing plasma nitriding parameters to achieve desired
surface characteristics and to understand the relationship between
process variables and resulting properties. Studies reported in
‘Metallofizika i Noveishie Tekhnologii’ have contributed valuable in-
sights into the mechanisms of nitrogen diffusion, phase formation,
and structural transformations under glow-discharge conditions
[7,12, 14]. For example, glow-discharge nitriding and multiplex plas-
ma treatments have been used to improve both hardness and oxidation
resistance in ferrous and titanium-based alloys. Similarly, recent in-
vestigations on low-temperature plasma nitriding of steels have
demonstrated the formation of expanded austenite (S-phase) with su-
perior wear and corrosion performance, broadening the applicability of
the technique to stainless steels and other low-alloy systems [8]. In this
context, the present work aims to investigate the influence of plasma
nitriding parameters specifically temperature, gas composition, and
bias voltage on the microstructure and mechanical properties of low-
alloy steel. The study is designed to elucidate the relationship between
process conditions, the morphology of the nitrided layers, and the re-
sulting mechanical performance. The findings contribute to the broad-
er understanding of plasma-assisted thermochemical treatments, in
alignment with recent developments reported in ‘Metallofizika i
Noveishie Tekhnologii’ and other materials science journals [12, 14].

2. EXPERIMENTAL PROCEDURE

The low-alloy steel 25Cr2Ni4dW finds extensive application in the
manufacturing of pipes, railroad tracks, automobile and aircraft bod-
ies, as well as in onshore and offshore structural engineering. The
chemical composition of this low alloying steel is detailed in Table 1.
The presence of nickel and chromium imparts excellent tensile
strength, wear resistance, and ductility to 25Cr2Ni4W, while manga-
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TABLE 1. Chemical composition of 25Cr2Ni4W.

25Cr2NidW | ¢% | Mn | o | N | W | P | s
wt.% 028 05 1.5 3.97 0.73 0.02 0.012

nese enhances its hardenability. In addition, tungsten contributes to
improved thermal stability and secondary hardening, making this al-
loy suitable for components operating under high stress or tempera-
ture conditions. The investigation of surface treatments such as plas-
ma nitriding provides valuable insight into the diffusion mechanisms
and resulting microstructural transformations within this alloy.

2.1. Condition of treatment

Figure 1 shows the standardized tensile specimen prepared from the
25Cr2Ni4dW low-alloy steel. The specimen was machined according to
the standard to ensure the accuracy and repeatability of the tensile
tests. Its geometry, with a reduced central section, allows uniform dis-
tribution of stress during loading and accurate measurement of elon-
gation. The schematic diagram of the specimen is also presented to il-

RF Generator [S]+ Inductive source

Reactive spicies

Substrate

Pumping
unit

Substrate holder

| Voltage power supply

Fig. 2. Plasma nitriding system setup [13].
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TABLE 2. Parameters of experience.

Parameter Value
First pressure 3:107° mbar

w 400 W

A% 3.5kV

Holding time 60 min

lustrate its dimensions and configuration.

The standard experimental configuration of the PIII system is
graphically illustrated in Fig. 2, which includes a spherical vacuum
chamber of 930 mm diameter. The vacuum chamber was pressurized to
8:10 % mbar, then filled with nitrogen gas to 8102 mbar. Treatment
time was 60 minutes. Alim and colleagues [13] optimized the PIII
treatment parameters (frequency, negative bias voltage) mentioned in
Table 2 using the same PIII system.

The nitriding conditions were carefully selected to ensure optimal
nitrogen diffusion in the low-alloy steel. An initial pressure of
3-107° mbar ensures adequate vacuum to purify the chamber before gas
introduction. The applied power of 400 W and voltage of 3.5 kV pro-
mote the formation of stable and energetic plasma. Finally, a holding
time of 60 minutes allows for uniform nitrogen penetration into the
material’s surface in Table 2.

3. RESULTS AND DISCUSSION

Table 3 summarizes the mechanical properties of the low-alloy steel
25Cr2Ni4W before and after plasma nitriding. The initial diameter
(Do=10 mm) was identical for both specimens, ensuring comparable
testing conditions. After the tensile test, the final diameters were
D; =6 mm for the untreated and D; =8 mm for the nitrided specimen,
confirming that the treated steel exhibited less plastic deformation
due to surface hardening. The maximum load and ultimate tensile
strength increased from 61:103 N (1214 MPa) to 62:103 N (1636 MPa),
indicating a significant improvement in mechanical strength after ni-
triding. Similarly, the yield strength rose from 995 MPa to 1402 MPa,
demonstrating enhanced resistance to elastic deformation. However,
the elongation at fracture decreased from 20.4% to 16.6%, reflecting
the expected reduction in ductility following surface hardening.
The area of tensile specimen

S=nD?/4. 1)
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TABLE 3. Results of treatment.

Designation | 25CraNidW
Settings Untreated Treated
Do [mm] 10 10
D;i [mm] 6 8
F,[N] 61-10° 62-10°
R,[MPa] 1214 1636
F.[N] 50-102 54.103
R.[MPa] 995 1402
Lo[mm] 50 50
Li[mm] 60.2 58.3
A[%] 20.4 16.6

The plastic resistance

R,=F,/S. (2)
Elastic resistance
R.=F./S. (3)
Elongation on %
A% = (L1 — Lo)/Lo. (4)

3.1. Microstructure

Figure 3, a and Figure 3, b show the microstructure of the 25Cr2Ni4W
low alloy steel untreated tensile sample and after plasma nitriding
treatment. As seen in Fig. 3, a, the untreated tensile sample consists of
ferrite and pearlite phases. In Figure 3, b, the microstructure shows
three different regions inwards from the surface. These regions con-
sist of the diffusion layer. In our research, we have also tested the
change in strength of bonded joints with different heat treatment meth-
ods on specimens that have been surface treated in different ways.

3.2. Effect of Plasma Nitriding on Strength

As shown in Fig. 4, the results illustrate the effect of the plasma ni-
triding treatment on the tensile behaviour of the material. The materi-



EFFECT OF PLASMA NITRIDING ON MECHANICAL PROPERTIES 413
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Fig. 3. Microstructure of the 25Cr2Ni4dW low alloy steel treated (b) and un-
treated (a) tensile sample.
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Fig. 4. Effect of nitriding treatment on the plastic resistance (R,) and elastic
resistance (R.).

Avarage tensile (MPa)

al’s resistance to permanent deformation increased, as evidenced by
the rise in ultimate tensile strength (R,) from 1214 MPa in the un-
treated specimen to 1636 MPa after treatment. Similarly, the yield
strength (R,) improved from 995 MPa to 1402 MPa, indicating an en-
hanced ability of the material to withstand elastic deformation before
yielding. The simultaneous increase in both R, and R, clearly demon-
strates the effectiveness of the plasma nitriding process in strengthen-
ing the overall mechanical properties of the steel.

Figure 5 illustrates the comparison of elongation (in mm) between
the tensile specimens before and after plasma nitriding. The untreated
specimen exhibited a higher elongation of 60.2 mm, whereas the ni-
trided specimen showed a reduced elongation of 58.3 mm. This de-
crease in elongation indicates a loss of ductility resulting from the
plasma nitriding process. Plasma nitriding, a surface hardening tech-
nique based on nitrogen diffusion into the metal surface, enhances
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Fig. 5. Elongation of the tensile specimen.

Elongation (mm)

hardness, wear resistance, and fatigue strength. However, it also re-
stricts dislocation motion and introduces residual stresses, which can
limit plastic deformation and consequently reduce elongation. There-
fore, the results demonstrate that plasma nitriding under the applied
conditions (3.5 kV, 60 minutes, 400 W) led to a slight reduction in
elongation, reflecting the typical trade-off between increased surface
hardness and decreased ductility.

3.3. Hardness Measurement

The nanohardness analysis (see Fig. 6) provides valuable insights into
the effect of plasma nitriding on the mechanical behaviour of the
25Cr2Ni4dW steel. The untreated specimen serves as the baseline, ex-
hibiting the natural hardness of the core material. In contrast, the

—o—Treated

350 Untereated
300 W
250
200
150
100
50
0

DAY @ oAy P
0 Ly b y 3 m" Q)‘
qﬁb’» Gb% %%Q\\\b\cb‘b:b\h\%\[bQ Cbb‘

Nano-hardness (HV)

N
Depth (nm)

Fig. 6. Hardness measurement.
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treated specimen shows significantly higher nanohardness values,
confirming the formation of hard nitride phases on the surface. The
hardness depth profile reveals a sharp increase near the surface corre-
sponding to the nitride zone followed by a gradual decrease toward the
core. This gradient reflects the diffusion of nitrogen atoms, which
form hard nitride compounds in the outer layer. The markedly higher
surface hardness of the treated specimen indicates a substantial im-
provement in wear resistance. Moreover, the increased hardness and
the depth of the hardened layer demonstrate the effectiveness of the
plasma nitriding process in enhancing surface durability and re-
sistance to fatigue. The mechanical behaviour curves further confirm
improved elastic properties, as evidenced by the increase in yield
strength (R.), allowing the material to sustain higher loads without
permanent deformation. Despite the hardening effect, the material
retains acceptable ductility, as shown by its elongation (L), ensuring a
good balance between hardness and toughness. Overall, the results
highlight the formation of a hard, wear-resistant nitride layer that
significantly improves the material tribological performance, making
it well suited for high-wear mechanical applications such as gears,
cams, and other machine components.

4. CONCLUSION

As determined, the plasma nitriding treatment applied to 25Cr2Ni4W
low-alloy steel significantly improves its mechanical and tribological
surface performance. The systematic investigation has revealed a clear
correlation between nitrogen diffusion and the resulting modification
of surface properties. The analysis showed that the elastic tensile
strength (R,) increases notably after nitriding, indicating a strength-
ening of the elastic phase and an enhancement in the material ability to
withstand higher loads without permanent deformation. Conversely, a
slight decrease in plastic tensile strength (R,) was observed, mainly at-
tributed to the self-heating effect within the vacuum chamber during
treatment.

Optical microscopy confirmed the formation of a continuous and
compact nitride layer at the surface, while nanoindentation measure-
ments evidenced a pronounced increase in nanohardness, validating
the presence of hard nitride phases. The improvement in elongation
(L1) further indicates that the material retains acceptable ductility de-
spite the surface hardening effect, ensuring a good balance between
strength and toughness.

Proceeding from the performed research, it can be concluded that
plasma nitriding is an efficient surface engineering process for en-
hancing the wear resistance, hardness, and durability of 25Cr2Ni4W
steel without significantly compromising its ductility. The results
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highlight the potential application of this treatment for high-wear me-
chanical components such as gears, cams, and precision-engineered
parts operating under severe loading conditions.
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Review of Modern Practices for Ensuring Strength
and Durability Under Multiaxial Loading
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The article combines theoretical and applied aspects of the multiaxial fatigue
problem. It presents a brief overview of modern theories and hypotheses, as
well as examples of methods, for quantitatively assessing fatigue damage in
metallic structures under multiaxial loading. The necessity of conducting
this analysis arises, firstly, from the importance and prevalence of the issue
of multiaxial cyclic loading, and secondly, from the extensive number of at-
tempts to address it. The analysis includes characteristics of classical ap-
proaches, contemporary models of multiaxial-fatigue damage, and examples
of normative documents and methodologies, which have found broad practi-
cal application. The aim is to synthesize information on methods for deter-
mining damage accumulation under multiaxial loading to identify their po-
tential for further development and application in ensuring the strength and
durability of aerospace structural elements. As shown, existing methods for
assessing accumulated fatigue damage and predicting durability under mul-
tiaxial cyclic loading can be divided into two groups: those ones effective for
proportional loading and those ones effective for more complex, non-
proportional loading, including in-phase and out-of-phase conditions. Alt-
hough methods developed for non-proportional loading, particularly based on
the critical-plane concept, take into account the geometry of the localized
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damage plane, they do not consider the crystallographic slip direction on the
critical planes. Accounting for rolling texture, as shown while considering
aviation aluminium alloy 2024 T3, can bring the Huber—Mises approach for
multiaxial loading closer to the real processes occurring in structural materi-
als at the microscale level.

Key words: aerospace structures, multiaxial fatigue, strength theories, pro-
portional loading, non-proportional loading, equivalent stresses, critical
plane, irregular loading, crystallographic factor.

VY craTTi moeAHAHO TEOPETUYUHI Ta MMPUKJIAIHI acTIeKTH mpodaeMu 6araToBicHOI
BTOMU. IIpemcTaBieHO KOPOTKUI OIJISA Cyd4acHUX Teopilt i rimores, a TaKok
IIPUKJIAIN METOZiB KIIbKiCHOI OI[iHKY MOIMKOAKEHDb Yepe3 BTOMY y METAJIeBUX
KOHCTPYKIIiAX 3a OaraToBicHOro HaBaHTasKeHHA. HeobximmicTs, mpoBemeHHA
mmiei aHaJIi3u BUHUKAE, IO-TIepIle, Yepe3 BaKJIMBICTL i MOMIUPEHICTh MUTAHHA
6araToBiCHOTO ITMKJIIUHOTO HAaBaHTAKEHHSA, a IO-APyre, Uepes3 BENUKY Kilb-
KicTb cripob #oro BupimmeHHA. AHaIi3a BKIIOYaE XapPAKTEPUCTUKYU KIACUIHIX
migXOo/iB, cCyYacHi MozeJIi OMKOyKeHb Bil 0araToBicHOI BTOMHU, a TAaKOMK MPU-
KJIaqu HOPMATUBHUX IOKYMEHTIB i MeTOZ0/I0TiH, AKi 3HANIIIIIN IITPOKE IIPAK-
TUYHe 3acTocyBamuA. MeToo € cuHTe3a imdopmallii mpo MeToau BU3HAYEHHS
HaAKONUYEHHS MOITKOAKeHb 3a 6araToBiCHOro HaBaHTAYKEHHS, 11100 BUBHAUUTH
IXHill TOTEHITiAJ JIA MOJAJNBIITOr0 PO3BUTKY Ta 3aCTOCYBaHHA y 3a0e3meueHHi
MiITHOCTH Ta JOBrOBiYHOCTU €JIEMEHTiB aePOKOCMIUYHIMX KOHCTPYKIIi#. Ilokasa-
HO, IIT0 HAsBHi MeTOAM OIiHKYM HAKOTMUYEHUX MOIITKOIKeHb Bifi BTOMH Ta IPO-
THO3YBAHHSA JOBTOBIiUHOCTY 3a 0AraTOBICHOrO MUKJIIYHOTO HABAHTAMKEHHSI MO-
JKHAa PO3AinmTY Ha ABi rpynu: eeKTUBHI 114 IPONOPIIiIHHOr0 HABAHTAKEHH A I
e(PeKTUBHI 1A OiIbIIT CKJIaTHOTO, HEIPOIOPITiMHOrO HaBaHTAMKEeHH I, BKJIIOYA-
oum cuH(pasHi Ta HedasHi ymMoBH. X0oUua METOIU, PO3POOJIEHI I HEIpOomop-
IiAHOTO HaBaHTAKE€HHS, 30KpeMa 3aCHOBAHi HA KOHIEMI[il KPUTUYHOI MJIOIIH!-
HU, BPAaXOBYIOTb T€OMETPiI0 IJIOMIMHY JIOKAJi30BAHOTO IIOITKOMKEHHA, BOHU
He BPAXOBYIOTH HANPSIMOK KpucTajorpadiuyHOro KOB3aHHA Ha KPUTUUYHUX
IJIOMMHAX. BpaxyBaHHA TEKCTYyPU KOUEHHSA, K IIe IIOKa3aHOo 3a PO3TJIALY aBi-
AmifiHoro asmiomimiiioBoro cromy 2024 T3, moxke Habausutu migxim I'ybepa—
Miseca 110710 6araToBicHOr0 HaBaHTAKEHHSA [0 PeaJLHUX IIPOIIECiB, 1110 Bia0y-
BAIOTHCA Y KOHCTPYKI[IMHUX MaTepisagax Ha MiKpOpPiBHi.

KarouoBi ciaoBa: aepokocMiuHI KOHCTPYKILii, 6araToBicHa BTOMa, Teopii mirr-
HOCTHU, TPOTIOPIlifiHe HaBaHTAKEHHS, HEIPOIOPIliliHe HaBaHTAYKEHHSA, €KBi-
BaJIEHTHi HAUPY'KeHHA, KPUTUYHA IIJIOIIVHA, HEPIiBHOMipHe HaBaHTa'KEHHH,
KpucTasorpadiunumii paxTop.

(Received 23 February, 2026; in final version, 23 March, 2026 )

1. INTRODUCTION

The necessity of analysing and systematizing information presented in
published articles on methods for predicting the durability of struc-
tural elements operating under multiaxial loading arises from the
complexity and persistent relevance of the multiaxial fatigue problem.
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The complexity of multiaxial loading, damage, and failure has led to
the emergence and development of numerous theories, calculation
methods, and experimental studies. Existing analytical methods differ
in their practical applicability, which is largely determined by their
key parameters and the limitations imposed by the physical and me-
chanical properties of materials and the characteristics and conditions
of their loading.

Multiaxial cyclic loading and the corresponding fatigue damage are
classified as proportional and non-proportional, in-phase and out-of-
phase. An example of a structure subjected to multiaxial cyclic loading
is amodern aircraft.

Loading in aircraft components, particularly the fuselage arises
from: excessive pressure in the cabin, causing axial and radial stresses;
loads transferred from the wings and empennage during flight; land-
ing gear loads not only during landing but also during ground move-
ments.

It is noteworthy that the proportional loading caused by cabin pres-
surization combines with aerodynamic forces leading to bending and
torsion of the aircraft structure. These loads are irregular and non-
proportional.

Simultaneously, the stringent airworthiness requirements for air-
craft, as reflected in relevant international airworthiness standards,
must be emphasized. These standards demand detailed analysis and
robust methodologies for fatigue life prediction [1].

Not all modern developments of failure and damage models under
multiaxial loading have found practical application or representation
in normative documents. However, their contribution to the advance-
ment of the science of multiaxial loading undoubtedly has a cumula-
tive effect.

2. STANDARDS AIMED AT SOLVING PRACTICAL PROBLEMS OF
ENSURING STRENGTH AND DURABILITY UNDER BIAXIAL
LOADING

Ensuring strength and durability under biaxial loading is a common
task for strength specialists in many fields of engineering. This has led
to the development and application of numerous standards for per-
forming calculations and making decisions. Typically, these standards
are based on practices that have proven their effectiveness. Below are
some examples that provide an understanding of the widespread use of
standardized, verified approaches to addressing multiaxial loading
issues. Methods for determining equivalent and permissible stresses
under static loading are covered in the Ukrainian State Standard
DSTU 2464-94 [2].

The technical report of the International Organization for Standard-
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ization (ISO/TR) [3] addresses the fundamental existing principles of
testing and analysing fatigue damage under multiaxial loading. It pre-
sents experimental data accumulated over 80 years, with the initial
studies conducted in the 1930s. The evolution of methodologies has
progressed from investigating specific conditions of biaxial loading,
such as torsion, bending with torsion, cantilever bending, and loading
with internal pressure, to universal methods employing two standard
types of specimens: tubular and cruciform, along with the correspond-
ing designs of testing machines.

The main methods of fatigue testing under multiaxial loading are as
follow.

1. Bending with torsion. This type of testing was the first methodology
for combined loading in the field of high-cycle fatigue at room tem-
perature. Between 1930 and 1950, numerous machines were devel-
oped to study the fatigue of steels used in aviation engines, particu-
larly for crankshafts.

2. Axial loading with torsion.

3. Axial loading with internal and external pressure.

4. Axial loading combined with internal pressure, external pressure,
and torsion.

5. Low-cycle loading of cruciform specimens.

6. Loading of cruciform specimens with a stress concentrator in the
central zone of the specimen.

The same document discusses modern methods for analysing fatigue
damage under multiaxial loading. When designing structural elements
operating under multiaxial cyclic loading, the finite element method
holds a well-justified and established position for determining stresses
and strains.

Tresca’s yield criteria (maximum shear stress criterion) and Huber—
Mises criteria (octahedral shear strain criterion), combined with the
linear Palmgren—Miner rule, are used to estimate fatigue life. Howev-
er, these approaches are not always supported by experimental evi-
dence.

The ASTM E2207-15 standard [4] specifies the methodology for
testing materials under combined axial and torsional loading. The
standard addresses strain-controlled testing for axial, torsional, com-
bined proportional, and non-proportional combined loading using thin-
walled tubular specimens under isothermal conditions, as well as at
room and elevated temperatures. Figurel explains the terms ‘in-
phase’ and ‘out-of-phase’ loading.

The recommended dimensions of the thin-walled tubular specimen
are shown in Fig. 2.

It is worth noting that the standard emphasizes the geometric fea-
tures in connection with the material microstructure. The wall thick-
ness of the specimen must be sufficient to prevent stability loss under
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Fig. 2. Thin-walled tubular specimen for combined testing under axial force
and torsion.

cyclic loading. At the same time, to meet the definition of a ‘thin-
walled tube’, the diameter-to-wall-thickness ratio must be at least
10:1. Besides, there are microstructural requirements: the wall thick-
ness of the tube must contain at least 10 grains, ensuring isotropy.

The standard, jointly developed by the API (American Petroleum
Institute) and ASME, addresses multiaxial stresses in pipelines and
pressure equipment. The standard incorporates the critical plane
method proposed by Brown and Miller, the ‘strain—life’ equation, and
the method of incremental correction of the material’s stress—strain
state proposed by Neuber, utilizing the nonlinear kinematic hardening
model by Chaboche.

In many cases, existing standards include finite element analysis to
model complex stress states, as exemplified in Refs. [10-13].

Regulatory documentation for conducting experimental studies
does not provide for the implementation of all possible combinations of
principal stresses, which are infinite. As a result, the task of predict-
ing durability under multiaxial loading is addressed using various ana-
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lytical methods that account for the specific characteristics of the
loading and materials.

The foundation of many analytical methods lies in classical theories
formulated for predicting static strength.

3. CLASSICAL STRENGTH THEORIES

The first studies and hypotheses date back to the works of outstanding
scientists of the past, Leonardo da Vinci (1452-1519) and Galileo Gali-
lei (1564-1642), who initiated research on the strength of materials
and structures. With the development of materials science, strength
theories and the corresponding criteria have been further developed.
Today, the primary, i.e., fundamental strength theories are the first,
second, third, fourth, and fifth (Mohr’s theory).

According to the first strength theory, strength under complex
stress states is determined by the maximum normal stresses. The au-
thors of the first strength theory are G. Galilei and W. Rankine (1820—
1872). This theory does not take into account the effect of the other
two principal stresses and is proved effective only for brittle materials.

The second strength theory was proposed by E. Mariotte (1620—
1684) and later developed by B. Saint-Venant (1797-1886). According
to the second strength theory, if the first principal strain reaches the
limit value of uniaxial tension, this leads to failure. The theory was
used for some time in the XIX* century, but insufficient justification
and inconsistency of application results led to the search for more ef-
fective approaches to predicting the limit state.

According to the third strength theory, the limit state is caused by
reaching a critical value of the maximum shear stress. The theory was
proposed by Henri Tresca (1814-1885). According to the proposed
maximum shear stress criterion, the condition for reaching the limit
state is a critical value of the equivalent stress, which is defined as the
difference between the algebraic maximum and minimum principal
stresses. For plastic materials, this has been experimentally con-
firmed, but an obvious drawback is the neglect of the second principal
stress.

The fourth strength theory has found the widest application in
strength calculations under complex stress states, especially under
static loading. The strength criterion is the specific potential energy of
distortion accumulated during deformation. The theory was developed
by Huber (1872-1950) and Mises (1883—1953). Its theoretical justifi-
cation was found in the works of G. Hencky (1885-1951); so in scien-
tific literature, this criterion is often referred logically to as the ‘Hu-
ber—Mises—Hencky criterion’.

In modern computer-aided design and analysis systems, which are
based primarily on the finite element method and determine the pa-
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rameters of the stress—strain state of structures, the corresponding
equivalent stresses are referred to as Mises’s stresses.

According to the Huber—Mises theory, the critical state occurs when
the potential energy of distortion reaches a critical value.

It should be noted that the Huber—Mises criterion assumes identical
material properties in all directions; however, a significant number of
metals are anisotropic. For example, rolled sheets of aluminium alloys
exhibit anisotropy as a result of deformation during the manufactur-
ing process of such sheets. In this case, anisotropy may be related not
only to changes in the shape of metal grains but also to the formation
of rolling texture, which is determined by preferred crystallographic
slip directions and preferred crystallographic slip planes.

The fifth strength theory was proposed by Mohr (1835-1918).
Mohr’s theory is most effective for materials that exhibit different
resistance to tension and compression. According to Mohr’s theory,
allowable stresses depend on the relationship between the components
of the stress state, which is determined graphically using Mohr’s cir-
cles. Mohr’s theory is most effective in determining the limit state of
brittle materials and requires a significant experimental database. If
the allowable stresses in tension and compression are the same, the
calculation results according to Mohr’s theory coincide with the third
strength theory.

The first studies of multiaxial stress states under monotonic loading
considered the classical strength theories of Lamé and Tresca from the
late XIX'" century and the Huber—Mises model from the early XX
century. According to the Huber—Mises formula, the equivalent stress
can be found as

6 =0.5[(c, —0,)* + (5, ~6,)* + (0, — 0,)*] + {3(c%, + 7%, +12)

where o, is equivalent Huber—Mises stress; ox is longitudinal (axial)
stress; oy is hoop stress; o, is transversal stress; Ty, Tyz, Tzx are shear
stress components.

Unfortunately, the direct application of the aforementioned
strength theories for fatigue analysis is not always sufficiently effec-
tive.

While the first combined tests date back to the work of Lanza in
1886 [14], systematic studies of multiaxial fatigue were conducted by
Gough and Pollard in the 1930s [15]. Their research on fatigue under
combined bending—torsion loading created the foundation for models
proposed by Gough [16], Sines [17], and Findley [18] in the 1950s. In
most early studies of multiaxial fatigue, plastic deformation was gen-
erally insignificant.

The study [19] demonstrated that classical yield criteria, such as the
Huber—Mises distortion energy criterion, are often applied for predict-
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Fig.3. Fatigue curves for 1050N steel under proportional and non-
proportional cyclic loading.

ing multiaxial fatigue.

Such criteria may be effective for in-phase or proportional loading,
but they do not account for the reduction in durability observed under
out-of-phase or non-proportional loading. For example, in the case of
out-of-phase sinusoidal axial-torsional loading with a phase shift of
90°, where axial stress is related to torsional stress through\/g , the
Huber—Mises equivalent stress does not change during the loading
process. This should theoretically lead to unlimited durability, which
highlights the limitations of this criterion and its unsuitability for
out-of-phase or non-proportional loading.

The reduction in durability under non-proportional loading is ex-
plained by additional deformation-induced hardening. Under non-
proportional loading, the loading components change independently.
In this case, not only do the magnitudes of the principal stresses
change during loading, but their directions also vary.

The comparison of fatigue durability for in-phase and out-of-phase
(90°) loading of T1050 steel is shown in Fig. 3 [20]. Titanium alloys do
not exhibit strengthening under non-proportional loading, whereas for
steel, the strengthening is in the range of 10-15%. The dependence of
the number of load cycles on the Huber—Mises equivalent stress for
1050N steel is shown in Fig. 3.

4. MODERN FATIGUE DAMAGE MODELS FOR MULTIAXIAL
CYCLIC LOADING OF METALLIC STRUCTURES

For high-cycle in-phase fatigue of ductile materials, the equivalent
stress criteria of Tresca and Huber—Mises, initially proposed for static
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loading, have found some application, while the Rankine’s criterion is
used for brittle materials. However, these criteria are not effective for
low-cycle fatigue analysis.

A range of equivalent stress criteria is reviewed in Ref. [21], includ-
ing the Manson—McKnight method and its modifications. This method
involves using equivalent strain energy to assess fatigue levels. The
total energy of plastic and elastic deformations is considered decisive
for crack initiation and growth processes. The method employs a crite-
rion that accounts for both normal and shear stresses, enabling more
accurate evaluation of crack initiation conditions under multiaxial
loading. The Manson—McKnight method has been applied in aviation,
particularly for predicting the durability of aviation engine compo-
nents [22].

Methods based on the concept of a critical plane, initiated by Findley
[18], are increasingly being applied and incorporated into regulatory
documents for fatigue calculations under multiaxial loading. Findley’s
fatigue criterion focuses on stresses acting on specific planes, referred
to as critical planes; these are the planes where the maximum damage
criterion is reached. A critical plane is defined as the plane where an
extreme combination of shear stresses/strains and normal stress-
es/strains occurs. The fatigue process is governed by the combination
of stresses and strains acting on the critical plane. Findley’s model is
based on the observation that cyclic shear stresses lead to crack initia-
tion in ductile materials, while normal stresses influence their propa-
gation.

In general form, this model has a view max(t,,, + koc,) =, where
Tan is the shear amplitude on a plane with a unit normal n, i.e.,
T,. = A1, /2, and o, is the normal stress on the same plane. The two
material parameters £ and f can be determined from two fatigue-
loading tests.

Brown and Miller [6] expanded this theory by demonstrating the
role of both shear strain and normal one on the maximum-shear plane.
They introduced the concept of constant-life contours defined by prin-
cipal strains (&1, &2, €3) and graphically represented by the equation

€ — & :f|:81+83:|

2 2

Their work initiated widespread adoption of a new approach, namely,
the critical plane concept, which has been further developed in academ-
ic research and practical applications for evaluating durability under
multiaxial cyclic loading. The study demonstrated how the orientation
of stress components affects fatigue damage and failure.

The critical plane concept is used for both proportional and non-
proportional loading, but it is particularly valuable for analysing non-
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proportional cyclic loading, where equivalent stress models are not
always effective.

Fatigue damage models based on the critical plane concept are cur-
rently considered the most effective for analysing multiaxial cyclic
loading. In Ref. [23], the effectiveness of several critical plane models
was examined, including the Wang—Brown model, the Fatemi—Socie
model, the Smith—Watson—Topper model, and others. These models
were evaluated under both proportional and non-proportional multiax-
ial loading conditions for a wide range of durability, covering both the
low-cycle fatigue zone and the high-cycle fatigue zone, and for various
metals. The Wang—Brown and Fatemi—Socie approaches were found to
be the most accurate.

The Fatemi—Socie model [24] extends the Brown’s and Miller’s mod-
el to predict multiaxial fatigue under in-phase and out-of-phase load-
ing. It is based on the premise that maximum shear strain governs
crack initiation, while normal stress must be considered in the damage
parameters to account for the additional strengthening effect under
non-proportional cyclic loading. The Fatemi—Socie model uses the am-
plitude of shear strain and the maximum normal stress on the critical
plane as fatigue damage parameters:

!

A G max i ! ©
Yénax (“kc}—J = £(2N)" 47 (20,)"

y

where Aymax/2 is maximum amplitude of shear; on,ma.x is maximum nor-
mal stress in the critical plane; oy is yield limit; G is shear modulus; b,,
¢y, T, V; are coefficients of the Coffin—Manson equation for pure tor-
sion at symmetrical cycle; % is correction coefficient.

In work [25], a comparison of several equivalent stress methods and
critical plane approaches was conducted. The criterion of absolute
maximum principal stress and the signed Mises’s criterion were chosen
as equivalent stress methods due to their widespread use in industry,
attributed to their simplicity and computational speed.

A signing is used to reflect the real load spectrum:

Cpy = (sign)%\/(c1 —02)2 +(c52 —03)2 + (01 - 03)2 .

It is mentioned in the work [25] that there exist different approach-
es for signing procedure: signing should be applied according to prin-
cipal stresses or by the sign of the first stress invariant.

The Findley’s and Matake’s criteria were selected for comparison
because they have similar formulations but differ in the definition of
the critical plane. Both methods yield excessively non-conservative
results. It was concluded [25] that the results strongly support the crit-
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ical-plane concept.

Reviews of multiaxial fatigue calculation methods for structural
materials are also provided in works [26—28].

An example of a model aimed at addressing the issue of ensuring the
durability of aviation hydraulic pipelines is presented in work [29].
This study proposes an enhancement to the WYT (Weighted Yielding
Theory) model, which assumes that different components of the stress
state have varying ‘weights’ (significance) in their contribution to the
overall effect, such as yielding or failure. In the modified model, the
maximum shear stress Tma.x is replaced with the maximum absolute
shear stress |1 :

Avénax (1+ |Tn:axj+Agn (1+Gn»_ij] = F(N,).

T¢ G

The service-life prediction results for four material samples demon-
strate that the modified model yields better results compared to the
original WYT model. The prediction error using the modified model
falls within the range of 2¢ to 3c.

The influence of anisotropy in multiaxial loading models based on
equivalent stress approaches is most prominently represented in the
Hill’s and Barlat’s models [30, 31].

Regarding classical critical plane models, such as by Findley’s and
Matake’s ones, they do not account for anisotropy, which can lead to
errors in predicting the fatigue behaviour of materials with pro-
nounced texture, such as rolled aluminium alloys. This necessitates
the development of modified models and their experimental verifica-
tion.

V. T. Troshchenko has made a significant contribution to the study
of metal fatigue, including the development of fatigue failure criteria
and methods for assessing strength under multiaxial loading. For in-
stance, in work [32], deformation and energy criteria for metal fatigue
failure were formulated and experimentally validated. Methods for
accelerated determination of fatigue limits based on deformation and
energy criteria were analysed, and approaches for predicting fatigue
resistance characteristics of metals were presented. These approaches
take into account the effects of stress concentration, complex stress
states, loading modes, and the presence of fatigue cracks.

5. ASSESSMENT OF ACCUMULATED FATIGUE DAMAGE UNDER
IRREGULAR MULTIAXTAL LOADING

To evaluate accumulated fatigue damage under irregular multiaxial
cyclic loading, it is necessary to have load history data, appropriate
damage criteria, and a summation rule for accumulated damage.
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The calculation of accumulated fatigue damage remains an unre-
solved challenge, even for uniaxial loading. Regarding multiaxial pro-
portional and non-proportional loading, it can be confidently stated
that this problem is far from being solved.

Work [33] provides a detailed review of fatigue damage accumula-
tion theories. Despite the well-known shortcomings of the Palmgren—
Miner rule [34], it remains the fundamental model for assessing accu-
mulated fatigue damage under irregular cyclic loading, including mul-
tiaxial scenarios. According to it, the failure happens when the sum of
relative damage riches 1: >(n, / N,) =1, where n; is the number of
loading cycles at stress level i; N; is the number of cycles to failure at
stress level i, determined from the Wohler’s curve.

At the same time, non-linear rules for fatigue damage accumulation
have been proposed. These aim to correct non-linearity by accounting
for the actual sequence of stress cycles and the effect of stresses below
the fatigue limit.

In work [35], it is noted that the shortcomings of the Palmgren—
Miner rule may be due to the use of an incorrect damage parameter. It
was shown that, in the calculation of accumulated fatigue damage un-
der uniaxial loading of stainless steel, the linear summation rule pro-
vides sufficiently accurate results if a parameter is used that accounts
for both stress and strain, rather than the conventional stress—cycles
(S—N) or strain—cycles (¢e—N) curves.

In the case of multiaxial fatigue, changes in loading modes can also
influence durability. Studies [36, 37] have demonstrated that torsion
preceding tension is more damaging than tension preceding torsion. In
work [38], this phenomenon was explained by the fact that torsion cy-
cles lead to the initiation of microcracks on planes where normal
stresses promote their growth, whereas tensile stresses do not facili-
tate crack initiation.

At the same time, as demonstrated in work [39], in the case of low-
cycle fatigue of titanium, the ‘tension—torsion’ sequence proved to be
slightly more damaging than the ‘torsion—tension’ sequence.

Significant contributions to addressing this issue are the reviews
presented in works [40, 41].

6. APPLICATION OF SOFTWARE PACKAGES FOR ANALYZING
MULTIAXTAL CYCLIC LOADING

The capabilities of various software packages can be demonstrated
through practical applications.

In work [42], the study focused on turbine blades of aircraft engines
operating under high temperatures and pressures. The finite element
method (FEM) implemented in ANSYS was used to model operating
conditions and identify critical zones. The Chaboche’s model [43],



REVIEW OF MODERN PRACTICES FOR ENSURING STRENGTH AND DURABILITY 431

which describes material behaviour under cyclic loading, served as the
baseline. For evaluating the fatigue life of turbine blades, models such
as Fatemi—Socie [24], Wang—-Brown [44], and modified Smith—
Watson—Topper [45] were employed. These models assess the strength-
ening effect under non-proportional cyclic loading and the influence of
mean stress in multiaxial fatigue. They are applicable to both propor-
tional and non-proportional loading scenarios.

Work [46] focused on practical cases of fatigue damage analysis us-
ing ABAQUS and Fe-Safe. As an example, the study analysed the fa-
tigue damage of a nose landing gear support made of SAE4130 steel.
The loading scenario included vertical load, lateral force, and internal
pressure in a fluid-gas shock absorber, resulting in multiaxial repeated
loading. The fatigue life of the nose landing gear support under multi-
axial loading was assessed using the critical plane criterion. The orien-
tation of the critical plane was determined by the Fe-Safe algorithm
based on the Brown—Miller model [6], which is widely accepted for
SAE4130 steel.

Among software packages for analysing multiaxial fatigue, notable
examples also include Nastran [47], LS-DYNA [48], and others.

7. CONSIDERATION OF CRYSTALLOGRAPHIC ORIENTATION IN
MULTIAXIAL FATIGUE CALCULATIONS

One of the factors driving the development of the critical plane concept
was Findley’s observation [18], which noted the crystallographic na-
ture of damage localization. However, the process of microplastic de-
formation is determined not only by the orientation of the slip plane
but also by the slip direction. For face-centred cubic crystals, there are
12 equivalent slip systems, comprising 12 combinations of slip planes
in the {111} family and slip directions in the [110] family [49].

It is widely accepted that slip under loading begins in the system
with the maximum value of the Schmid’s factor, which is determined
as m = cos(¢)cos(L) , where ¢ is angle between the axis of loading and
perpendicular to the slip plane; A is angle between the axis of loading
and slip direction.

Work [50] demonstrated that accounting for the actual stress com-
ponents in the slip systems of crystallites when calculating the Mises’s
equivalent stress under proportional cyclic tension—torsion loading of
aluminium alloy 2024 T3 samples improves the accuracy of accumulat-
ed fatigue damage assessment and failure prediction. The crystallo-
graphic orientation of the crystallites was assumed to follow the tex-
ture formed during rolling. This approach was further developed in
the work [562] by application for the solving the practical issue: repair
of the damaged aircraft structure by the patches oriented for minimiz-
ing equivalent stresses at the multiaxially loaded spot of the structure.
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However, it should be noted that the maximum Schmid’s factor is
not the sole determinant in analysing the slip process. For instance, in
work [53], it was shown that slip activation can occur in slip systems
with Schmid’s factors lower than the maximum among the 12 slip sys-
tems. Experiments involving tension of zone-refined, ribbon-shaped
aluminium single crystals, using the Lang’s x-ray topographic meth-
od, revealed multiple activated slip systems. At early stages of plastic
deformation, slip systems with lower Schmid’s factors may activate
earlier than those with higher factors, depending on the crystal orien-
tation relative to external surfaces.

8. CONCLUSION

The multitude of theories and models for multiaxial cyclic fatigue
damage indicates the absence of a universal approach. The most com-
monly used methods are equivalent-stress models and critical-plane
criteria, each with its own optimal application domain.

Despite well-known criticisms of the Huber—Mises theory, particu-
larly regarding its neglect of anisotropy in metallic structural ele-
ments, the equivalent stress formula remains widely used in many
methodologies for analysing stress—strain states.

The critical-plane criterion has proven its effectiveness and is wide-
ly applied, especially, in automated computations. It has been inte-
grated into software packages designed to address the challenge of
damage assessment under multiaxial cyclic loading.

Incorporating anisotropy in metallic materials is advisable at the
microstructural analysis level. This approach views the damage pro-
cess as aresult of microplastic slips along slip systems.

AUTHORS’ CONTRIBUTIONS

M. V. Karuskevych, T. P. Maslak contributed to the formulation of the
problem and methods for its solution. O. M. Karuskevych, T. P. Maslak
verified the analytical approaches, conducted a literature review that
combines theoretical and applied aspects of the problem of multiaxial
fatigue. T. V. Turchak, M. V. Karuskevych verified the analytical ap-
proaches, synthesized information on methods for determining dam-
age accumulation under repeated loading, and prepared the manu-
script of the article. All authors reviewed and approved the final ver-
sion of the manuscript.

REFERENCES

1. European Union Aviation Safety Agency. Certification Specifications and Ac-



REVIEW OF MODERN PRACTICES FOR ENSURING STRENGTH AND DURABILITY 433

= O

11.

12.

13.

14.
15.
16.
17.

18.
19.
20.
21.
22.

23.
24.

25.
26.
27.
28.
29.

30.

ceptable Means of Compliance for Large Aeroplanes (CS-25) (2023).
Rozrakhunky ta Vyprobuvannia na Mitsnist. Metody Vyznachennia Ekviva-
lentnykh i Dopustymykh Napruzhen vid Statychnoho Navaazhennia [Calcula-
tions and Strength Tests. Methods for Determining Equivalent and Allowable
Stresses from Static Loading], DSTU Standard 2464-94, Derzhstandard
Ukrainy (Kyiv: 1994).

ISO/TR12112:2018. Metallic Materials — Principle and Designs for Multiaxial
Fatigue Testing (Geneva: ISO: 2018).

ASTM E2207-15 ‘Standard Practice for Strain-Controlled Axial-Torsional
Fatigue Testing with Thin-Walled Tubular Specimens’.

American Petroleum Institute & American Society of Mechanical Engineers.
API 579-1/ASME FFS-1 Fitness-for-Service (4" ed.) (Washington, DC: API:
2021).

M. Brown and K. J. Miller, Proc. Inst. Mech. Eng., 187, Iss. 1: 745 (1973).

J. Draper, Modern Metal Fatigue Analysis (Warrington, UK: EMAS Publish-
ing: 2008).

Y.-L. Lee, M. E. Barkey, and H.-T. Kang, Metal Fatigue Analysis Handbook:
Practical Problem-Solving Techniques for Computer-Aided Engineering (1% ed.)
(Oxford, United States: Elsevier Science & Technology: 2012).

J. L. Chaboche, Int.J. Plast., 2, No. 2: 149 (1986).

BS EN 13445-3:2021+A1:2025. Unfired Pressure Vessels. Part 3: Design (Lon-
don: BSI: 2025).

NORSOK N-004:2021. Design of Steel Structures (5 ed.) (Lysaker: Standards
Norway: 2021).

AASHTO LRFD. Bridge Design Specifications (10" ed.) (Washington, DC:
American Association of State Highway and Transportation Officials: 2023).
SAE J2432. Fatigue under Combined Loading (Warrendale, PA: SAE Interna-
tional: 2017).

G. Lanza, Trans. ASME, 8: 130 (1886).

H. J. Gough and H. V. Pollard, Proc. Inst. Mech. Eng., 131: 3 (1935).

H. J. Gough, J. Appl. Mech., 17, No. 2: 113 (1950).

Behavior of Metals Under Complex Static and Alternating Stresses. Metal Fa-
tigue (Eds. G. Sines and J. L. Waisman) (New York: McGraw-Hill: 1959).

W. N. Findley, J. Eng. Ind., 81, No. 4: 301 (1959).

A. Fatemi and N. Shamsaei, Int.J. Fatigue, 33, No. 8: 948 (2011).

N. Shamsaei and A. Fatemi, Fatigue Fract. Eng. Mater. Struct., 32: 631 (2009).
J. Papuga, M. Vargas, and M. Hronek, Eng. Mech., 19, Nos. 2/3: 99 (2012).
J.Z. Gyekenyesi, P. L. N. Murthy, and S. K. Mital, NASALIFE—Component
Fatigue and Creep Life Prediction Program (Washington, DC: 2005).

Ye. V. Savchuk and S. M. Shukaiev, Mech. Adv. Technol., 7, No. 3: 279 (2023).
A. Fatemi and D. F. Socie, Fatigue Fract. Eng. Mater. Struct., 11, No. 3: 149
(1988).

Z.Engina and D. Coker, Procedia Struct. Integr., 5: 1229 (2017).
Y.Y.Wangand W. X. Yao, Int. J. Fatigue, 26, No. 1: 17 (2004).

A. Karolczuk and E. Macha, Eng. Fract. Mech., 75, Nos. 3—4: 389 (2008).

Y. Jiang, O. Hertel, and M. Vormwald, Int.J. Fatigue, 29, No. 8: 1490 (2007).
Y. Wang, Y. Qiu, J. Li, J. Bai,and Y. Wang, Materials, 17, No. 24: 6154
(2024).

R. Hill, Proc. R. Soc. A, 193, No. 1033: 281 (1948).


doi:%2010.1520/E2207-15R21
doi:%2010.1520/E2207-15R21
doi:%20https%20:%20//doi.org/10.1016/C2010-0-66376-0
doi:%20https%20:%20//doi.org/10.1016/C2010-0-66376-0
doi:%20https%20:%20//doi.org/10.1016/C2010-0-66376-0
https://doi.org/10.1016/0749-6419(86)90010-0
https://doi.org/10.1115/1.4061787
https://doi.org/10.1243/PIME_PROC_1935_131_008_02
https://doi.org/10.1115/1.4010088
https://doi.org/10.1115/1.4008327
https://doi.org/10.1016/j.ijfatigue.2011.01.003
https://doi.org/10.1111/j.1460-2695.2009.01369.x
https://www.engineeringmechanics.cz/pdf/19_2_099.pdf
https://doi.org/10.20535/2521-1943.2023.7.3.287522
https://doi.org/10.1111/j.1460-2695.1988.tb01169.x
https://doi.org/10.1111/j.1460-2695.1988.tb01169.x
https://doi.org/10.1016/j.prostr.2017.07.049
https://doi.org/10.1016/S0142-1123(03)00110-5
https://doi.org/10.1016/j.engfracmech.2007.01.021
https://doi.org/10.1016/j.ijfatigue.2006.10.028
https://doi.org/10.3390/ma17246154
https://doi.org/10.3390/ma17246154

434 M. V.KARUSKEVYCH, T.P. MASLAK, T. V. TURCHAK, and O. M. KARUSKEVYCH

31.
32.

33.
34.
35.

36.
37.

38.

39.

40.

41.
42.

43.
44.

45.

46.

47.

48.

49.

50.

51.

52.

F. Barlat and K. Lian, Int.J. Plast., 5, No. 1: 51 (1989).

V. T. Troshchenko, Deformatsiya i Razrushenie Metallov pri Mnogotsiklovoy
Nagruzke [Deformation and Fracture of Metals under Multicyclic Loading] (Ki-
ev: Naukova Dumka: 1981) (in Russian).

A. Fatemi and L. Yang, Int. J. Fatigue, 20, Iss. 1: 9 (1998).

M. A. Miner, J. Appl. Mech., 12, No. 3: 159 (1945).

J. Colin and A. Fatemi, Fatigue Fract. Eng. Mater. Struct., 33, No. 4: 205
(2010).

J. Miller, Mater. Sci. Technol., 9, No. 6: 453 (1993).

S. Harada and T. Endo, On the Validity of Miner’s Rule Under Sequential Load-
ing of Rotating Bending and Cyclic Torsion, Fatigue Under Biaxial and Multi-
axial Loading (Eds. K. Kussmaul, D. McDiarmid, and D. Socie) (London: Me-
chanical Engineering Publications: 1991).

D. F. Socie and G. B. Marquis, Multiaxial Fatigue (Warrendale: SAE Interna-
tional: 2000).

N. Shamsaei, M. Gladskyi, K. Panasovskyi, S. Shukaev, and A. Fatemi, Int.J.
Fatigue, 32, No. 11: 1862 (2010).

A. Niestony and E. Macha, Spectral Method in Multiaxial Random Fatigue
(Berlin—Heidelberg: Springer-Verlag: 2007).

C. Braccesi, F. Cianetti, G. Lori, and D. Pioli, Int.J. Fatigue, 74: 107 (2015).

J. Zhou, Safety and Reliability — Safe Societies in a Changing World (Eds. S.
Haugen et al.) (Trondheim: CRC Press: 2018).

J. L. Chaboche, Int.J. Plast., 5, No. 3: 247 (1989).

C.H. Wang and M. W. Brown, Fatigue Fract. Eng. Mater. Struct., 16, No. 12:
1285 (1993).

T. Lagoda, S. Vantadori, K. Gtowacka, M. Kurek, and K. Kluger, Materials, 15,
No. 10: 3481 (2022).

R. Lee, ABAQUS for Engineers: Engineering Fatigue Analysis with Fe-Safe,
(Boca Raton, FL: CRC Press: 2023).

MSC Nastran 2023. 2 Embedded Fatigue User Guide (Newport Beach, CA: Hex-
agon AB: 2023).

Y. Huang, Z. Cui, and Z. Chen, Proc. of the 16" International LS-DYNA Confer-
ence (Detroit, USA: 2020).

A. G. Jackson, Slip Systems. Handbook of Crystallography (New York, NY:
Springer: 1991).

T. Maslak and M. Karuskevich, Fatigue Fract. Eng. Mater. Struct., 46, No. 3:
1211 (2023).

M. Karuskevich, S. Ignatovych, T. Maslak, and O. Karuskevych, Aviation, 28,
No. 4: 255 (2024).

O. Lohne, Phys. Status Solidi A, 25, No. 2: K179 (1974).


https://doi.org/10.1016/0749-6419(89)90019-3
https://doi.org/10.1016/S0142-1123(97)00081-9
https://doi.org/10.1115/1.4009458
https://doi.org/10.1111/j.1460-2695.2009.01429.x
https://doi.org/10.1111/j.1460-2695.2009.01429.x
https://doi.org/10.1179/mst.1993.9.6.453
https://doi.org/10.4271/R-234
https://doi.org/10.4271/R-234
https://doi.org/10.1016/j.ijfatigue.2010.05.006
https://doi.org/10.1016/j.ijfatigue.2010.05.006
https://doi:%2010.1007/978-3-540-73823-7
https://doi:%2010.1007/978-3-540-73823-7
https://doi.org/10.1016/j.ijfatigue.2015.01.003
doi:%2010.1201/9781351174664-185
doi:%2010.1201/9781351174664-185
https://doi.org/10.1016/0749-6419(89)90015-6
https://doi.org/10.1111/j.1460-2695.1993.tb00739.x
https://doi.org/10.1111/j.1460-2695.1993.tb00739.x
https://doi.org/10.3390/ma15103481
https://doi.org/10.3390/ma15103481
doi:%2010.1201/9781003388753
doi:%2010.1201/9781003388753
https://doi.org/10.1007/978-1-4612-3052-6_7
https://doi.org/10.1007/978-1-4612-3052-6_7
https://doi.org/10.1111/ffe.13940
https://doi.org/10.1111/ffe.13940
https://doi.org/10.3846/aviation.2024.22724
https://doi.org/10.3846/aviation.2024.22724
https://doi.org/10.1002/pssa.2210250241

Metallophysics and Advanced Technologies © 2026 G.V.Kurdyumov Institute for Metal Physics,

Memanoi3. HOBIMHI MeXHOL. National Academy of Sciences of Ukraine
Metallofiz. Noveishie Tekhnol. Published by license under
2026, vol. 48, No. 4, pp. 435—-447 the G. V. Kurdyumov Institute for Metal Physics—
https://doi.org/10.15407/mfint.48.04.0435 N.A.S. of Ukraine Publishers imprint.
Reprints available directly from the publisher Printed in Ukraine.

PACSnumbers: 06.30.Dr, 06.30.Gv, 62.25.Jk, 81.05.Bx, 81.70.Ha, 81.70.Jb, 81.70.Pg

Experimental Method for Determining the Composition
of Materials in a Sample Using an Intelligent Ballistic Dual-
Channel Gravimeter
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This article proposes and examines an experimental method for determining
the composition of materials in a sample using a new intelligent ballistic du-
al-channel transformer gravimeter (IBDTG) in a diagnostic setup (the GS
gravimetric system). It is demonstrated that the IBDTG accuracy, speed, and
reliability are superior to those of currently available gravimeters. Its design
and operating principle are described. Currently, there are no theoretical or
practical studies devoted to the feasibility and practicality of using an intel-
ligent ballistic dual-channel transformer gravimeter to analyse metal compo-
sition in a sample or on a surveyed area of the Earth’s surface. A new intelli-
gent ballistic two-channel transformer gravimeter contains a fixed tube, a
magnetized test body in the form of a ball, a device for holding the test body
in the initial position, a computer and an inductance winding, which is dis-
tinguished by the fact that the fixed tube is made of a dielectric material, the
inductance winding acts as a primary excitation winding connected to a pow-
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er source, which additionally contains two identical sections of a secondary
output winding, connected in series-opposite to create two measurement
channels, and the device for holding the test body in the initial position con-
tains an electromagnet, which consists of an anchor made of a soft magnetic
material and an additional winding, which is connected through a switch to
an additional power source. This improves accuracy and reliability, reduces
temperature dependence and sensitivity to cross-accelerations, and enhances
linearity. The influence of vertical acceleration, instrumental errors, and
errors due to non-identical parameters of the two channels are eliminated.
The output signal power of the new IBDTG is increased by feeding the output
signals of the two IBDTG channels to a computer, which generates an output
signal from the gravimeter equal to twice the acceleration of gravity. The
computer output signal is fed to a pre-trained Fuzzy module, which deter-
mines the metal composition of the sample or the area of the Earth’s surface
being studied.

Key words: Fuzzy module, intelligent ballistic two-channel transformer gra-
vimeter, automated diagnostic gravimetric system, disturbance effect, vi-
bration acceleration, acceleration of gravity.

¥ mi#i craTTi 3aIPOIIOHOBAHO Ta POITJIAHYTO €KCIIEPUMEHTAJIBHUIN METO[ BU-
3HAYEHHA CKJIAAYy MaTepidAJiB y 3pasky IIJIAXOM BUKOPHCTAHHS HOBOIO iHTe-
JIEKTYaJILHOTO 0AJIiCTHYHOTO JBOKAHAJIBHOTO TPaHC(HOPMaTOPHOTO I'paBimMeTpa
(IBITT) misrHocTHuHoi ycTraHoBKY (IpaBiMerpuusoi cucremu I'C). O6r'pyHTO-
BaHO, IO TOUHICTh, IIIBUAKOIiA Ta HALINHICTD IB,HTT BUIIE BifoMUX HUHI I'pa-
BimeTpiB. Onucano Horo KOHCTPYKIito Ta npuHanun aii. Hunxi BigcyTHi HaykKo-
BO-TE€OPETUYHI Ta IPAKTUYHI pOOOTH, IPUCBAYEHI JOCHiIIKEeHHAM MOYKJINBOC-
THU Ta MOMiMTBHOCTY BUKOPUCTAHHA iHTEJEKTYAJIbHOTO 0AIiCTUYHOTO JBOKAHA-
JIBHOT'O TpaHchopMaTOpPHOro I'paBiMeTpa [JId aHAIIZM CKJIALy METaJIiB y 3pas-
Ky abo Ha gocaimKyBaHil ginsguii 3emHoi moBepxHi. HoBuil iHTeneK Ty arbHUMN
fanicTUUHUI ABOKAHAJNBHUU TPaHCHOPMATOPHUHA I'PaBiMeTep MiCTUTH HeEpy-
XOMYy TPYyOKY, HaMarLeToBaHe IIPOOHE TiJIO y BUTJIALL IIIapy, OPUCTPiil yTpu-
MaHHSA OPOOHOTO Tijia ¥ ITOYaTKOBOMY ITOJIOMKEHHi, KOMII'foTep i 0OMOTKY iH-
IYKTUBHOCTH, IKVH BUPI3HAETHCA TUM, II[0 HEPYXOMY TPYOKY BUKOHAHO 3 [i-
€JIeKTPUYHOTO MaTepiamy, 0OMOTKA iHTYKTUBHOCTY BUKOHYE POJIb IEPBUHHOL
00MOTKY 30yI:KeHHS, HMiAKJIIOUEHOI M0 MKepesia KUBJICHHA, AKe MOTAaTKOBO
MiCTUTH OBi OMHAKOBI CeKIlii BTOPMHHOI BUXiqHOI 0OMOTKM, BKJIIOUEHI ITOCJIi-
IOBHO-3YCTPiYHO [IJI CTBOPEHHS JBOX KaHAJIIB MiIpAHHA, a HPUCTPINl yTpuU-
MaHHA IPOOHOrO Tijia Yy HOYATKOBOMY IOJIOXKE€HHI MICTHUTBL eJIeKTPOMAarHeT,
AKUU CKJIATAEThCA 3 AKOPA i3 MarHeToM’ ssKOTO MATePisay Ta HOAATKOBOI 00-
MOTKH, AKY Uepes3 MePeMUKad IiJKIIYEeHO 10 JOZATKOBOTO AKepesa JKUBJIEH-
Hs. BogHopas migBUIITYIOTHCS TOYHICTH i HAmiHHiCTb, 3MEHIITYIOTHCA 3aJIEHK-
HiCTh BiJ TeMIlepaTypu, YyTJIUBICTH O IEPEeXPECHUX HPUIIBUAIIEHDL Ta 30i-
JIBIIIYETHCA JIIHIMHICTE. ¥ CYyBalOTHCS BIJINB BePTUKAJIBHOI'O IPUIITBUIIIEHHS,
iHCTpyMeHTaIbHI MOXUOKY Ta MOXUOKY BiJl HEiEHTUYHOCTY TapaMeTpPiB ABOX
KaHaIiB. BOLIBIIEHHS IOTYKHOCTH BUXifHOrO curHary HoBoro IBIITI 3a6es-
MeUYyeThCA IIIJIAXOM IOAAYi BUXITHMX CUTHAJNIB JBOX KaHAJIB IB,HTr y
KOMII’I0TeD, B AKOMY (POpPMyeThCA BUXiTHUU CUT'HAJ I'DaBiMeTpa, piBHUI OA-
BOEHOMY B3HAUEHHIO IIPUINMBUAINIEHHS CHUJIN TAXKiHHA. Buxigawii curuan
KOMII'f0oTepa MOJaeThCA Ha IOIepefHbo HaBueHUH Fuzzy-momynib, AKUHA BU-
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3HaAYaE CKJAJ MeTaJiB y 3pas3Ky abo Ha JOCJimKyBaHil MigaHIi 3eMHOI moBep-
XHi.

Karouosi cioBa: Fuzzy-monynb, iHTeleKTyaabHUN 0aJiCTUYHUNA TBOKAHAIL-
HU TpaHCHOPMATOPHUIN I'DaBiMeTep, aBTOMATH30BaHA AiATHOCTUYHA I'DaBi-
MeTpPUYHa CucTeMa, 30ypIOBAJLHWI BIJIWMB, BiOpamiiiHi HmpuUIMBUAIIEHHA,
IIPUIIBUIIEHH A CUJIV TAKIHHA.

(Received 23 March, 2026; in final version, 25 March, 2026 )

1. INTRODUCTION

In many countries, diagnosing metal content in samples and detecting
and diagnosing mineral deposits are extremely important. This infor-
mation is used in various fields, including metal physics, geology, geo-
physics, surveying, and other fields. An experimental setup, called a
gravimetric system (GS), whose sensing element is a gravimeter, can
be used for this purpose. Gravimetric measurements are conducted on
a fixed base (on the Earth’s surface) and on a moving base (on subma-
rines, surface vessels, and aircraft). Each type of measurement has its
own advantages and disadvantages.

The most accurate measurements are made on Earth using the well-
known ballistic gravimeter. It is possible to significantly increase the
accuracy by using a diagnostic gravimetric system [3], the sensitive
element of which is a new intelligent ballistic two-channel transformer
gravimeter, the advantages of which over the known ballistic gravime-
ter are higher accuracy, speed, reliability, powerful output signal, lin-
earity of characteristics over a wide range, etc.

The conducted analysis of the literature showed that a great contri-
bution to the theory and practice of experimental gravimetric meas-
urements is associated with the names of E.I. Popov, A.M. Lo-
zinskaya, A. A. Andreev, V. V. Malov, N. A. Shulga, V. V. Lavrinenko,
S. I. Pugachev, O. P. Kramarov, A. E. Kolesnikov, P. A. Gribovsky and
others[1-34].

Several types of gravimeters and gravimetric systems are known,
each with its own advantages and disadvantages. In [7], the elastic el-
ement and moving mass are made of a sapphire single crystal. The in-
vention [8] improves accuracy by reducing zero drift, increasing the
linearity range, and improving inertial noise filtration. In the gravim-
eter [9], the sensing element for determining the acceleration of gravi-
ty (AG) is made of silicon or glass. This provides the sensing element
with relatively high reliability, accuracy, and stability of readings.

Leading technical universities in the USA, Japan, Germany and oth-
er countries are working on developing new models of GS gravimeters
and improving their accuracy [14—-17].

However, virtually all known gravimeters simultaneously measure
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the useful gravity acceleration (GAC) signal g and the vertical acceler-
ation interference signal [4, 12, 18], which is 103 times greater than
the useful g signal [4, 12]. They require lengthy periodic calibration,
adjustment, and output signal filtration [19], which significantly
complicates their operation. Furthermore, known gravimeters do not
allow for the detailed determination of the material composition of the
sample or section of the Earth’s surface being studied. Existing latest
developments relate to marine [20, 21] and aviation [19] measurement
methods, which are not used in terrestrial gravimetry.

In recent years, a ballistic gravimeter (BG) [2] has been used, con-
sisting of systems for measuring the path and time of free motion of a
test body. The BG includes a measurement system consisting of a test
body in the form of a magnetic sphere, a transparent tube on a fixed
base, an induction coil, a device for holding the test body in its initial
position, and a computer.

The well-known gravimeter [2] has a number of significant disad-
vantages. The known gravimeter is a single-channel inductive device.
When exposed to an external electromagnetic flux (interference), the
known ballistic gravimeter experiences significant errors, acting
along the OZ sensitivity axis simultaneously with the useful gravita-
tional acceleration signal g and significantly greater it in 103. The ver-
tical inertial acceleration, instrumental errors caused by changes in
temperature, humidity, vibration, pressure, dry friction torque and
other factors act directly along the sensitivity axis OZ, distorting the
operation of the known gravimeter. The measuring system of a known
gravimeter consists of two subsystems, each containing a large number
of devices operating on different principles, each with its own inherent
errors. Therefore, combining the two subsystems does not improve ac-
curacy, as the errors of the devices in both subsystems will be additive.
The multitude of parts and components of the measuring system of the
known gravimeter and the complex connections between them signifi-
cantly reduce the reliability and speed of operation of the known gra-
vimeter. The known BG does not allow the analysis of the metal content
in the sample being studied or in the area of the Earth’s surface being
studied.

It should also be taken into account that the accuracy of measuring
the acceleration of gravity by a known ballistic gravimeter is signifi-
cantly affected by external electromagnetic flows: interference.

Without eliminating the above-mentioned significant shortcom-
ings, the accuracy, speed, and reliability of measurements of metal
content in a sample or on a section of the Earth’s surface being studied
by a known ballistic gravimeter will be low.

This article proposes and reviews a new intelligent dual-channel bal-
listic gravimeter (IBDTG) [1], which has clear advantages over known
gravimeters: IBDTG can measure the metal content in a sample or on a



EXPERIMENTAL METHOD FOR DETERMINING THE COMPOSITION OF MATERIALS 439

section of the Earth’s surface with greater accuracy, speed, and relia-
bility, and also has a twice as powerful output signal.

2. SUMMARY OF THE ARTICLE CONTENTS

In order to improve the accuracy, speed and reliability of measure-
ments of the metal content in a test sample or on a test section of the
Earth’s surface, as well as the measurement of the gravity field, an in-
telligent ballistic two-channel transformer gravimeter is proposed for
measuring the doubled value of the acceleration of gravity, containing
a fixed tube, a magnetized test body in the form of a ball, a device for
holding the test body in the initial position, a computer and an induct-
ance winding, in which the new feature is that the fixed tube is made of
a dielectric material, the inductance winding acts as a primary excita-
tion winding connected to a power source, which additionally contains
two identical sections of the secondary output winding, connected in
series-opposite to create two measurement channels, and the device for
holding the test body in the initial position contains an electromagnet,
which consists of an anchor made of a soft magnetic material and an
additional winding, which is connected through a switch to an addi-
tional power source.

This improves accuracy and reliability, reduces temperature de-
pendence and sensitivity to cross-acceleration, and enhances linearity.
The influence of vertical acceleration is eliminated, as are instrumen-
tal errors and errors due to non-identical parameters of the two chan-
nels. The output power of the new IBDTG is increased by feeding the
output signals of the two IBDTG channels to the computer input, from
which a signal proportional to twice the value of AG is read. The com-
puter output is connected to an intelligent Fuzzy module, the output of
which is the output of the experimental setup (gravimetric system).
The intelligent Fuzzy module is pre-trained using the gravitational
anomaly signal Ag to determine the metal content in a given sample or
to determine the composition of minerals in a given area of the Earth's
surface. The results of measurements of the gravity anomaly Ag are
automatically analysed in the intelligent Fuzzy module, which con-
tains a database of fuzzy rules and linguistic variables and generates a
logical conclusion regarding the presence and type of metals in a sam-
ple or the composition of minerals in a given area. The intelligent
Fuzzy module enables the processing of multiple measured data sets
when analysing the composition of metals in a sample or determining
the composition of minerals in a given area in real time.

Today, there are no scientific, theoretical, or practical works devot-
ed to the study of the possibility and feasibility of using a new intelli-
gent ballistic gravimeter of a ground-based experimental setup (GS) [1]
to determine the composition of metals in a sample or on a section of
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the Earth’s surface. Its advantages over the known ballistic gravime-
ter [2] are greater accuracy (due to the use of a pre-trained Fuzzy mod-
ule, eliminating the impact of vertical acceleration, instrumental and
other errors), speed of operation, and reliability[1].

The object of study of this article is the process of measuring the
content of metals in a sample or on a section of the Earth’s surface.

The purpose of this article is to improve the accuracy, speed and re-
liability of a new intelligent ballistic two-channel transformer gravim-
eter of a diagnostic experimental setup (gravimetric system) for de-
termining the composition of materials in a sample.

The objectives of the article are to examine the design and analyse
the operating principle of a new intelligent ballistic two-channel trans-
former gravimeter to ensure greater accuracy, power, speed, and reli-
ability of the output signal through the use of a pre-trained Fuzzy
module by eliminating the effects of vertical acceleration, instrumen-
tal and other errors.

3. RESEARCH METHODS AND MATERIALS

Below we will outline the main methods and materials of the study in
accordance with the stated goals and objectives.

3.1. Design of an Intelligent Ballistic Two-Channel Transformer Gra-
vimeter

We solve this problem by creating an intelligent ballistic dual-channel
transformer gravimeter for measuring double the acceleration of grav-
ity. This device comprises a stationary tube, a magnetized spherical
test body, a device for holding the test body in its initial position, a
computer, and an inductor winding. The new intelligent ballistic dual-
channel transformer gravimeter is distinguished by its stationary tube
being made of a dielectric material, the inductor winding serving as
the primary excitation winding connected to a power source, the gra-
vimeter additionally containing two identical sections of a secondary
output winding connected in series-opposite fashion to create two
measurement channels, and the device for holding the test body in its
initial position containing an electromagnet consisting of a soft mag-
netic armature and an additional winding connected via a switch to an
additional power source.

Figure 1 shows the structural diagram of an intelligent ballistic two-
channel gravimeter with a pre-trained Fuzzy module for analysing the
metal content in a sample.

Figure 2 shows a generalized diagram of the design of a new intelli-
gent ballistic two-channel transformer gravimeter [1], showing how
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error compensation is carried out.

The structural diagram of the intelligent BDTG (Fig. 1) shows a
fixed tube 2 made of a dielectric material, attached to a base (not indi-
cated in Fig. 1), containing a magnetized test body 1 in the form of a
ball, which can move along the tube up and down parallel to the OZ ax-
is. At the top of the tube 2 is a device 12 for holding the test body in its
initial position, which consists of an electromagnet 6 consisting of an
anchor 7 made of a soft magnetic material and an additional winding 8.
This additional winding 8 is connected via a switch 9 to an additional
power source 10.

On the outer part of the tube 2 there is an inductance winding 3,
which acts as a primary excitation winding and is connected to a power
source 5, and two identical sections 13, 14 of the secondary output
winding 4, connected in series-opposite to create two measurement
channels.

The outputs of the secondary output winding 4 are connected to
computer 11. The output power of the new intelligent IBDTG is in-
creased by feeding the output signals of two IBDTG channels to the in-
put of computer 11, from which a signal proportional to twice the val-

Vs
10 ot
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Fig. 1. Structural diagram of the intelligent ballistic dual-channel transform-
er gravimeter.
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ue of gisread.

The output of computer 11 is connected to intelligent Fuzzy module
15, the output of which is the output of the intelligent experimental
setup (gravimetric system). Intelligent Fuzzy module 15 is pre-trained
using the gravitational anomaly signal Ag to determine the types of
metals in a given sample or the composition of minerals in a given area
of the Earth’s surface.

The results of measuring the gravitational anomaly Ag are automat-
ically analysed in the intelligent Fuzzy module, which contains a data-
base of fuzzy rules and linguistic variables and forms a logical conclu-
sion regarding the composition of materials in the sample or the pres-
ence and type of minerals in a section of the Earth’s surface. The intel-
ligent Fuzzy Module 15 enables the processing of multiple measured
data during sample composition analysis or in real time during the
process of identifying minerals in a given area.

Figure 2 shows a generalized diagram of the design of an intelligent
ballistic two-channel transformer gravimeter, where 1 is a test body of
mass m, and 13 and 14 are the first and second sections of the second-
ary winding 4 of the intelligent ballistic two-channel transformer gra-

Yy +tAn
Y +AQ

¥ +mh

o
Lo

Y +mg,

Y +mg,

A —An

Fig. 2. Generalized diagram of the design of an intelligent ballistic two-
channel transformer gravimeter (see Eq. (1)).
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vimeter.

3.2. The Operating Principle of the Intelligent Two-Channel Ballistic
Transformer Gravimeter

The proposed new intelligent BDTG works as follows. According to the
law of electromagnetic induction, the excitation flux created by the
primary excitation winding induces two oppositely directed electromo-
tive forces in two sections of the secondary output winding, due to
which, in the presence of effects from harmful external electromagnet-
ic fluxes, inertial vertical acceleration, instrumental errors caused by
changes in temperature, humidity, vibration, pressure, dry friction
torque, residual non-identity of the parameters of two identical sec-
tions of the secondary output winding and other factors, their influ-
ence on the resulting accuracy of g measurement is eliminated. To cre-
ate vertical movement in two opposite directions along the OZ axis of a
test body in the form of a magnetized ball, the electromagnet winding
is connected to a power source with a switch to create an electromag-
netic flow of attraction of the test body, which, due to this, will rise to
the extreme upper position, at the next moment the electromagnet
switch is turned off, and the test body falls down under the action of
gravity, the doubled output signal g, which is removed from the sec-
ondary winding, free from the influence of interference: external elec-
tromagnetic flows, inertial vertical acceleration, instrumental errors
caused by changes in temperature, humidity, vibrations, pressure, the
moment of dry friction forces, non-identity of the designs of two iden-
tical sections of the secondary output winding and other factors, is fed
to the computer, from which the output signal of the gravimeter is re-
moved, proportional to the doubled value of the SET.

The doubled value of the acceleration due to gravity is measured due
to the fact that the output electrical signal of the ballistic two-channel
transformer sensing element us, proportional to the total electromo-
tive force of the two sections of the output secondary winding, will
have the form (Fig. 2):

u,=E, =E, +E, =mg +mAh+Ai + An + mg —mAh - Ai — An = 2mg, (1)

where E; is output signal from the first section of the secondary wind-
ing, E. is output signal from the second section of the secondary wind-
ing, us=E. is output signal of the ballistic two-channel transformer
sensitive gravimeter, m is mass of the test body, A% is vertical acceler-
ation error, Ai is instrumental errors, An is errors of non-identity of
parameters of two identical sections of the secondary winding.

The generalized diagram of a ballistic two-channel transformer gra-
vimeter is shown in Fig. 2.
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Ag:ug_yO, (2)

where v, is reference value of acceleration due to gravity [4].

From equation (1), it is evident that the output signal of the ballistic
two-channel transformer gravimeter us contains the doubled value of
the useful signal AG and does not contain the inertial vertical accelera-
tion 4, total instrumental Ai errors, errors from non-identity of pa-
rameters of two sections of the secondary output winding, which in-
creases the accuracy of measurements, Signal u. is fed to the computer
input, from the output of which a signal proportional to the doubled
value of the SET is taken.

Output is connected to an intelligent Fuzzy module, whose output is
the output of the experimental setup (gravimetric system). The intelli-
gent Fuzzy module is pre-trained using the gravitational anomaly sig-
nal Ag to determine the types of metals in a given sample or the compo-
sition of minerals in a given area of the Earth’s surface.

The results of gravitational anomaly Ag measurements are automat-
ically analysed in the intelligent Fuzzy module, which contains a data-
base of fuzzy rules and linguistic variables and generates a logical con-
clusion regarding the presence and type of metals in the sample or the
presence and composition of minerals in a given area of the Earth’s
surface. The intelligent Fuzzy module enables the processing of multi-
ple measured data during the analysis of metal composition in a sample
or in real time during the determination of mineral composition in a
given area.

The design features of the intelligent ballistic dual-channel trans-
former gravimeter significantly improve the accuracy, speed, and reli-
ability of measurements. This enables highly accurate, reliable, and
fast determination of the metal composition of a sample or the pres-
ence and composition of mineral deposits in a given area of the Earth’s
surface.

4. CONCLUSION

An analysis of the operation of a well-known ballistic gravimeter is
conducted.

Its main shortcomings limiting its application are noted, namely:
does not allow one to determine the content of metals in a sample or the
presence and composition of minerals in the area of the Earth’s surface
being studied, the known gravimeter is a single-channel inductive de-
vice.

When exposed to an external electromagnetic flux, the known gra-
vimeter experiences significant errors, acting along the OZ sensitivity
axis simultaneously with the useful gravitational acceleration signal g
and significantly exceeding it, the vertical inertial acceleration, in-
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strumental errors caused by changes in temperature, humidity, vibra-
tion, pressure, dry friction torque and other factors act directly along
the sensitivity axis OZ, distorting the correct operation of the known
gravimeter.

The first and second subsystems of the known gravimeter consist of
a large number of devices operating on different principles, each with
its own inherent errors. Therefore, combining the two subsystems does
not improve accuracy, as the errors of the devices in both subsystems
will be additive, the multitude of parts and components of the measur-
ing system of the known gravimeter and the complex connections be-
tween them significantly reduce the reliability of such a system.

The relevance of applying an experimental method for determining
the metal composition of a sample using a new intelligent dual-channel
ballistic transformer gravimeter, which eliminates the aforemen-
tioned shortcomings of existing ballistic gravimeters, is substantiat-
ed. It is demonstrated that the new IBDTG has a twice-powerful output
signal and greater accuracy due to the presence of a pre-trained Fuzzy
module, which provides analysis of the metal content in the sample, as
well as compensation for vertical acceleration, instrumental errors,
errors due to the non-identical design of the two channels, errors due
to changes in temperature, humidity, pressure, and other factors. The
new IBDTG is also more reliable, as it has fewer parts and components
of the measuring system with different operating principles and fewer
complex connections between them.

This article presents the following new results: for the first time,
the scientific aspects of applying a new experimental method for de-
termining the composition of metals in a sample using an intelligent
dual-channel ballistic transformer gravimeter with a pre-trained
Fuzzy module are presented. It is demonstrated that the new intelli-
gent BDTG possesses greater accuracy, speed, and reliability.

The practical value of the results obtained in this article is that the
feasibility of the practical use of a new experimental method for de-
termining the composition of metals in a sample by using an intelligent
ballistic two-channel transformer gravimeter is substantiated, since it
has greater accuracy, speed and reliability compared to the known sin-
gle-channel ballistic gravimeter, has a simpler design and a doubled
output signal.
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