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JOCIIIKEHHSA B3AEMO3B’A3KY MI'K TIAPAMETPAMHU
MIKPOCTPYKTYPU HABOJHEHUX BUCOKOA30THHUX
CTAJIEM TA IX TPUBOJIOTTYHUMM BJIACTUBOCTSIMHU

BucokoazoTHi cTanmi €  TMEPCHEKTUBHUMH  KOHCTPYKIIHHHUMH
Marepianamu. [IpoTe iX TpHOOIOTIYHI BIACTHBOCTI IIE HE 30BCIM JIOCIIiIXKCHI.
CBiif BIUTMB Ha 3MiHY BIACTHBOCTEH MOKE BHOCHUTH 1 BOJICHb.

OmanMHE 3  HaWiHQOPMATUBHIMINX JDKEpEN MPO TIPOLECH, IO
BiIOYyBArOTHCS B YMOBaX TEPTS MOXKYTh OyTH MPOAYKTH 3HOITYBAHHS.

3HOCOTPHBKICTh BH3Ha4agud Ha MamuHi Teprs CMT-1 (2070).
IIBuAKiCTh KOB3aHHS HIKHBOTO pojrka 1480 RPM, a Bepxuboro 1240 RPM.
HwxkHnii ponuk (miamerp 42 mm) BUTOTOBJICHWH 3i ctalli 45 TBEpHICTIO
55...62 HRC. BepxHiii — 3 Bucokoasotnux craineii: DDT 68 (niamerp 35 mm)
tBepaicTio 45...50 ta P900 (miamerp 31 mm) TBepmictio 47...52 HRC
(XiMiuHMH CKJIal Ta BJIACTHBOCTI HaBeleHO B Tabmuax 1, 2). Y
MIKpPOCTPYKTYpi CIUIaBiB 3a()ikCOBAaHO ayCTEHITHY MeETajieBy MAaTpHIIIO
MikpotBepaictio 4,2...5,0 GPa. JliniliHa mBHAKICTH BEpXHBOTO posinka 2,27



m/s, a HIkHBOro 3,08 m/s. B ymoBax Teptst 6e3 3MalyBaHHS! HABaHTAKEHHS
craroBuio 200...600 N.

Tabmurs 1 — XiMigHWMHA CKIa1 TOCHIPKyBaHUX cTanei (Mac. %)

Mapka C Si Mn Cr Ni Mo \% N
DCS%“gg 0,06 0,52 194 | 17,5 | 0,13 | 2,08 | 0,14 | 0,97
%;%Jg’ 0,08 0,38 190 | 17,8 | 1,18 | 0,13 | 0,12 | 0,58
CZ;”E" Ogg‘ 0,17-0,37 06,523_ 025 | 025 | - - -

"0 0,04 mac.% S, mo 0,035 P, n0 0,25 C, 10 0,25 Cu, o 0,08 As.

Tabnuig 2 — BiiacTUBOCTI BUCOKOA30THUX CTAJIEN

Ne 3a/m Mapka 1\2%21 ort, MPa 5, % Av,]
1 Crans DDT 68 1176 793 61 300
2 Crans P900 921 562 67 250

BruiuB BogHIO Ha TEPTS TOCIIDKYBAJIM Ha 3pa3Kax i3 BUCOKOA30THOT
CTaj, 3a3jajeriJb HaBOIHEHUX Yy 26%-My pO34MHI Cip4aHOi KHCIOTH 3
karainizaropom 5 mg/l okucy apceny 3a cumu ctpymy 0,5 A/cm?.

[MapameTpn MIKpOCTPYKTYpH, IIOBEpXHi TepTd Ta MPOLYKTH
3HOIIYBaHHS 00CTEXKyBaJld HA €JIEKTpOHHOMY Mikpockormi EVO-40XVP 3i
cucremoro Mikpoananizy INCA Energy 350 y Llentpi enexkTpoHHOT
MIKpOCKOIIi Ta PEHTreHIBCRKOTO MikpoaHamnizy di3uko-MexaHI9HOTO
inctutyTy iMm. I. B. Kapneaka HAH VYkpainn.

BeranoBuiu  3aiie)KHOCTI  BiJl IapaMeTpiB  MIKPOCTPYKTYpH Ta
TPUOOTEXHIYHUMH BIIACTHBOCTSIMM, IO Jajo0 3MOTY IIOB’S3aTH iX 3
MOpPGOJIOTi€r0 Ta pO3MipaMH MPOIYKTIiB 3HOIIYBAHHS.
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Cu-Al ALLOYS PREPARED BY VACUUM ARC MELTING: COR-
RELATING STRUCTURE EVOLUTION AND MECHANICAL
PROPERTIES WITH AL CONTENT

Due to improved structure and properties in relation to conventional
alloys, researches have rekindled the interest in Cu-Al intermetallics pro-
duced as films and bulk by arc melting [1,2]. In the Cu-rich side of binary
diagram (the region from y-AlsCug to {-AlsCus phases) is complex, as several
intermetallics with high hardness, low toughness, relatively low electrical re-
sistivity, complex structure and stability exist or coexist [3].

In this study, several Cu-Al alloys (16.9-25.8 wt. % Al) were produced
by vacuum-arc. The effect of Al content on the phase composition,
microstructure, and mechanical properties of these alloys was investigated.
The studies were carried out using x-ray, metallographic, and nuclear
magnetic resonance. Microhardness, Young’s modulus and plasticity
coefficient of the alloys were measured using a “Mikron-Gamma” facility at
a load of 30g.

Jlitepatypa:

1. Zobac O., Kroupa A., Zemanova A., Richter K.: Experimental
descriptionof the Al-Cu binary phase diagram. Metallurgical and Materials
Transactions 50A, 3805-3815 (2019).

2. Arpat E.,Urgen M.: Production of free standing Cu-Al
intermetallics by cathodic arc plasma treatment. Intermetallics 19, 1817—
1822 (2011).

3. Dong C., Zhang H., Wang D., Qang Y.: Al-Cu approximants and
associated B2 chemical-twinning modes. Micron 31(5), 507-514 (2000).
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EFFECT OF HYDROGEN ASSISTED STRAIN AGING ON
MECHANICAL AND
FRACTURE PROPERTIES OF PIPE STEEL

It is known that strain aging affects a material’s mechanical behavior,
complicating plastic deformation and resulting in embrittlement [1, 2].

In the current study, mechanical behavior of steel specimens was
investigated after different pre-treatments (low-temperature tempering and
hydrogen charging followed by low-temperature tempering) and compared
with that of the untreated one. The pipe steel API SL X52 strength grade was
studied.

It was revealed that strain aging occurred in some local areas with
increased stresses induced by hydrogen charging. It resulted in a significant
reduction in fracture toughness and resistance to stress corrosion cracking of
a pipe steel. The effect of strain aging on tensile properties and the Chary
notched toughness of the steel was minor. It was demonstrated that hydrogen
absorbed by a metal can cause embrittlement through strain aging mechanism,
primarily at the grain boundaries, which are the dominant sites of hydrogen
transport.
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PREDICTING HYDROGEN DISTRIBUTION IN STEEL PIPES
USING PHYSICS-INFORMED NEURAL NETWORKS

Today, a promising task is to use existing gas pipelines for hydrogen
transportation [1]. However, the metal-hydrogen interaction leads to
hydrogen embrittlement of pipeline steels [2]. Accurate and efficient
prediction of hydrogen diffusion in steel pipes is crucial for ensuring safe
operation.

This study develops a physics-informed neural network (PINN) model
for simulating hydrogen diffusion in the wall of a gas pipeline. Traditional
modeling approaches often struggle with limited experimental data; however,
neural networks provide a powerful alternative. The PINN was employed to
accurately predict hydrogen concentration distributions over time within the
pipe wall, despite relying on minimal experimental data. The model’s
accuracy was enhanced by incorporating physical laws, specifically Fick's
second law of diffusion.

The neural network model achieved high accuracy, with a mean
absolute error of 0.07 using only six data points. The results were compared
with analytical solutions, and visualizations of the hydrogen distribution were
provided. These findings demonstrate the effectiveness of PINNs for this type
of physical modeling and highlight their potential for broader applications in
various physical problems.
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UNIVERSAL MODEL OF HOT METAL FORMING DURING
CONTINUOUS ROLLING IN CALIBERS «OVAL — CIRCLE»
SYSTEM

Modern enterprises of hot-rolled steel section products require ever
greater technological and economic efficiency from the operation of rolling
mills. This can only be achieved based on deep analysis using modern
methods of mathematical modeling and experimental research.

As noted in the work [1] thanks to the simulation tool, it is possible to
quickly and inexpensively determine if a process is correct. But roll pass
design calculated using existing software products needs a development test.
Thus, the metallurgical enterprise has additional financial costs. In this case,
the economic benefit of using own programs for developing and improving
roll pass designs becomes clear.

The aim of this work is to develop computer program based an
universal mathematical model of metal shape continuous rolling in «oval-
circle» system.

The proposed model uses the variational principle of continuous
medium mechanics of the minimum total power of internal and external
forces of the deformation zone. The profile of billet replaced on an equivalent
rectangular cut by the appropriate strip method when defining the metal shape
change in each caliber of the «oval — circle» system. Also the real shape of
caliber to replaced on a «smooth barrel» (Fig. 1).

In the first approximation, the deformation variational task is solved
for the free rolling in first and second passes continuous mill. Then, the metal
exit speed after the second pass calculated:

Um, = Az " Up,,
where a, — coefficient of the forward slip for second pass; vj,, — average
circumferential speed of the rolls in the second pass.

The speed of metal entry into the second caliber for free rolling

conditions is:
v, =lmz
Moy ™ 2,

where 1, — K03 GHUIHEHT BBITSHKKHA BO BTOPOM ITPOXOJIE.

14



Next the values v,,, and Up,, COMPpares. If vy, > Uy, » then a
compressive tension arises in the space between the stands. If v, = vy,
02

then rolling is carried out without tensile or compressive tension between the
stands. And if v, < Uiy, » then tensile tension observed in the space between

the stands.

The size of the rolled product doesn’t change in the inter-stand space
when the presence of a compressive tension because the distance between the
stands is much larger than the cross-section of the rolled strip. Then, provided
Uy 2 Um,, the calculation of the strip dimensions and rolling conditions in

the third pass proceeds to using the method described above. If the condition
U, < U, is true, then it is necessary to specify the dimensions of the billet

for the second pass of the continuous rolling mill, which reduce under the
influence of tensile tension.

After this, the spreading coefficient for the specified dimensions of the
billet determines in accordance with the universal variational method for
calculating deformation during rolling in calibers of «oval-circle» system.
And the width of the strip after rolling in the second pass is got considering
the backward tension. The filling of the caliber is determined by the inverse
transformation from the corresponding rectangular section into the area
limited by the caliber contour and the side surface line described by the radius.
This calculation procedure is maintained for all subsequent passes of the
continuous mill.

The program has been developed for determining the change in the
shape of the strip during continuous rolling in round and oval calibers. User
can see the actual outline of the billet and the degree of caliber filling in the
program's graphic window. As a result, the mill operating mode without
calibers overfilling can selected.

The developed mathematical model can be used to study the metal
shape change during continuous rolling on section mills in the calibers «oval
— circle» system. This model is also recommended for use as a calculation
module for determining the metal deformation during rolling in high-speed
wire block with a integral drive.
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MOJUPIKAIIA TIOBEPXHI TUTAHOBHUX CIIJIABIB
BUCOKOYACTOTHUM YJAPHUM OBPOBJIEHHAM 3AJ1JIA
HIABUILIEHHSA EKCIUIYATAIIMHUX BJACTUBOCTEM
JIETAJIEH I BUPOBIB ABIABY/ITYBAHHS

BpaxoByroun migBHUINEHI BUMOTH 10 HATIHHOCTI JeTajei i eleMeHTIB
KOHCTPYKIIifi aBiamifHOI Ta paKeTHO-KOCMIYHOI TEXHIKH, Ha CBOTOIHI
aKTyaJIbHOIO € Tpo0ieMa IOLIYKY BHCOKONPOLYKTUBHUX METOMIB IX
¢inimHOr0 06po6NeHHs. [T miIBUIIEHHS eKCINTyaTaliifHIX BIACTUBOCTEH
BHpOOIB 1 Jeraneil i3 THUTAaHOBHX CIUIABIB PEKOMEHIOBAHO IPOBOIHUTH
Moz GiKallio 3a IOMOMOTOK METO/IB MOBEPXHEBOT MIACTU4HOI Aedopmartii
g [1]. Opumm 3  Haibinem  edekruBHux wmeromis I e
BHCOKOYACTOTHE yOapHe OOpOOJCHHS MEXaHIYHHM  MPOKOBYBAHHSIM
(BUYO/BMII) 3a momomoror yieTpa3BykoBoro oomnamHaunHs [2]. B poboTi
OKpeCIIeHi KIIF0U0Bi (pakTopHy, 1110 BILUIMBAIOTH Ha pecypc Aetaineil. [TokazaHo,
o 3acrocyBanHs Metogy BMII no3Bosisie MO3UTHBHO BIUIMBATH Ha Il
(baxTopH, a camMe CIIpusie 3MEHIICHHIO NIOPCTKOCTI MOBEPXHi, HOAPIOHEHHIO
PO3MIpIB  CKJIQZIOBHX MIKPOCTPYKTYpH Ta (DOPMYBAaHHIO 3aJHIIKOBHX
Hanpy>KeHb CTHUCHEHHS Y TIOBEpXHEBHX WIapaX, TOOTO 3MEHIICHHIO
KOHIICHTpAIIil Halpy>XeHb Ha €JIeMEHTaX MiKpopenbedy Ta MIKpOCTPYKTYPH.
Bxkazana Monmdikamis moBepxHi 3a0e3ledye IOBEpXHEBE 3MIITHEHHIO Ta
HIJIBUILIEHHST OMOPY BTOMI, 3HOILIYBaHHIO Ta KOpPO3il, IO MMOKAa3aHO Ha Psii
JBo(ha3zHUX TUTAHOBHX CILIABIB [3], sIKI OMUCYIOTHCS PI3HUMHU MOJTiIOICHOBUM
1 amoMiHieBUM ekBiBaseHTaMu (Moeq =-0,205...-2,375, Al.=8,355...8,6) Ta
3aCTOCOBYIOThCS JUIs BUpOOHMITBA pizHuX neraied [T/ [3].
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INFLUENCE OF SURFACE ULTRASONIC IMPACT TREATMENT
ON MICROSTRUCTURE AND CORROSION BEHAVIOR OF AL-
MG-SI ALLOY

Effect of the surface ultrasonic impact treatment on the microstructure
and corrosion resistance of the wrought low-alloyed, low-cost Al-Mg-Si alloy
of 6060 type was investigated. The alloy has high plasticity, the ability for
hot extrusion, and high corrosion resistance, which are excellent
characteristics for various applications. The low strength of the alloy,
however, is its main disadvantage. Of great interest is the search for additional
methods of hardening the alloy. The primary task of this research
investigation has been to study the possibility of improving the mechanical
properties of the alloy using surface severe plastic deformation in
combination with different types of thermal treatments. One of the methods
of surface plastic deformation is ultrasonic impact treatment (UIT). The use
of high-power ultrasonic energy in the surface treatment of materials leads to
fundamental changes in the structure of the surface and subsurface layers
[1,2]. The study of the effect of ultrasonic impact treatment on the structure
of Al-Mg-Si alloy surface showed that the initial structural state of the alloy
significantly affected the mechanism of relaxation of internal stresses
generated by shock-cyclic loading. Strengthening was caused by internal
stresses in the matrix. The increase in alloy microhardness after UIT was
24%. As consequence, Al-Mg-Si alloys processed by surface ultrasonic
impact treatment exhibit improved corrosion resistance compared with their
original state.
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PHYSICAL AND MECHANICAL CHARACTERISTICS
OF METAL-ENVIRONMENT INTERFACE

An experimental technique that allows to study the regularities of
contact deformation in the process of kinetic macroindentation was presented.
Using the X-ray structural analysis method, residual stresses were
determined in samples of titanium alloy VT3-1 after various types of surface
treatment. The relationship between residual stresses, Young's modulus and
activation volume, which were determined using the kinetic indentation
technique, was established.

Free surface, as a specific type of two-dimensional defect in crystals
affect their physical and mechanical properties. Therefore, the study of
structural features of metal surface and changes in its structure and properties
during metal body deformation is a central area of research in solid-state
physics.

The experimental dependence of the average contact stress on the
deformation of the contact zone, obtained using the kinetic identification
technique, represents a broken line, which consists of two parts (Fig. 1).
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Fig. 1. The dependence of contact stress from relative strain of titanium
alloy sample.

Contact stress ¢, 10 Pa
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Measured in this way, the contact stress limit determines the material
yield strength of the metal-environment interface. The first section,
depending on load, corresponds to elastic or elastic and microplastic
deformations. In the absence of measurement errors and defects, this area
should almost coincide with the theoretical Hertz dependence, which presents
a straight line. The second section corresponds to macroplastic deformations.
The empirical dependence of relative strain ¢ on this zone is close to linearity.
The angular ratios of the two sites differ significantly. The breakpoint in the
graph corresponds to the transition from mean marginal contact stress to
macroplastic deformation.

The average contact stress and corresponding deformation of the
contact zone are measured by the value of electrical resistance R, load P and
time #. Using the least-squares method, the experimental dependence of the
first and second zones is approximated by a straight line, the intersection of
which gives the mean value of the limiting contact stress. In the case
illustrated in Fig. 1 for a titanium alloy sample after vacuum annealing at
860°C during 3 hours, received 61=90.6-107 Pa, which is in line with the
reference value.

Table 1 shows the results of X-ray diffraction determination of
residual macrostresses, Young's modulus and activation volume, defined by
kinetic indentation.

Table 1. Average values of physical and mechanical characteristics of the
material surface layer of BT3-1 pile samples after various types of surface

treatment.
Marking of Young's Residual Activation
samples modulus, macrostresses, 28 3
series GPa MPa volume, 10°%, m
A 118 -594 4.99
B 99 -460 6.02
C 109 -200 8.41

Note: A — vibroamplitude grinding and polishing, 30 min.; B — treatment with steel
balls with a diameter of 1.9 mm in the ultrasonic field, 3 min; C — vibroamplitude
strengthening with ceramic beads with a diameter of 1.9 mm, 15 min.

Table 1 shows that acceptable values were obtained for the Young's
modulus of the BT3-1 stack for a thin surface layer with an advanced defect
structure. Activation volume values of titanium alloy samples, defined by the
developed technique, helped to explain the structural changes resulting from
various surface hardening treatments.
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THE INFLUENCE OF ELECTRIC CURRENT AND MAGNETIC
FIELD
ON THE STRESS-STRAIN STATE OF EP-718 ALLOY

The study investigates the influence of electric current and pulsed
magnetic field treatment on the fatigue behavior and residual stress relaxation
of EP-718 alloy. This nickel-chromium heat-resistant alloy is widely used in
aerospace and other high-performance applications due to its high strength,
oxidation resistance, and mechanical stability under extreme conditions.
However, residual tensile stresses, induced during manufacturing and opera-
tion, significantly impact the alloy's fatigue performance, leading to prema-
ture crack initiation and structural failure. Traditional stress-relief methods,
such as thermal treatment, have significant limitations, including high energy
consumption and potential degradation of mechanical properties [1,2]. The
application of electric and magnetic fields as alternative stress-relief mecha-
nisms presents a promising approach to enhancing material durability.

The experimental study was conducted in two phases: (1) fatigue test-
ing under symmetric alternating bending with and without electric current
and (2) pulsed magnetic field treatment for residual stress relaxation. The fa-
tigue tests involved EP-718 alloy samples subjected to alternating bending
loads at two stress levels (¢ ~ 160 MPa and ¢ =~ 240 MPa). The experimental
setup included a vibration stand where samples were fixed in insulating
clamps and oscillated at controlled frequencies. An electric current ranging
from 8 A to 10 A was passed through selected samples to evaluate its effect
on fatigue performance. The criterion for fatigue crack initiation was a fre-
quency decrease of 3 Hz, followed by a rapid decline of 10-15 Hz indicating
sample failure.
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Results demonstrated that samples subjected to electric current exhib-
ited significantly improved fatigue life compared to those tested without cur-
rent. The average number of cycles to fatigue failure increased by approxi-
mately 1.7 times in samples with electric current. The observed enhancement
in fatigue resistance is attributed to the relaxation of the defect structure
within the crystal lattice, which suppresses crack propagation. This effect is
hypothesized to be related to changes in the electronic structure of the metal,
influencing dislocation mobility and delaying fatigue crack nucleation.

In the second phase of the study, the influence of pulsed magnetic
fields on residual stress relaxation was evaluated. EP-718 alloy samples were
prepared and subjected to multiple pulses of a magnetic field with an induc-
tion of B = 0.37 T. Tensile residual stresses in the surface layer were meas-
ured before and after treatment using an electropolishing technique. Results
showed that pulsed magnetic field treatment reduced residual tensile stresses
by approximately 40% at depths up to 20 um. This reduction is attributed to
the restructuring of the dislocation network under the influence of the mag-
netic field, a phenomenon known as the "magnetoplastic effect.” The para-
magnetic nature of the Fe-Ni alloy facilitates this stress relaxation mecha-
nism, contributing to enhanced mechanical stability and extended component
lifetime.

The findings highlight the potential of electric current and magnetic
field treatments as effective methods for improving the fatigue resistance and
residual stress distribution in heat-resistant alloys. The application of these
techniques can be particularly beneficial in aerospace and high-performance
engineering applications where structural integrity and longevity are critical.
Further research is recommended to explore the underlying mechanisms of
electron gas interaction with lattice defects and to optimize processing pa-
rameters for industrial applications. This study contributes to the advance-
ment of non-thermal stress-relief techniques and provides insights into the
role of electromagnetic fields in influencing material behavior.
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THE STRUCTURE AND MECHANICAL PROPERTIES OF MG-AL-
ZN-MN CAST MAGNESIUM ALLOY INOCULATED WITH
NANOGRAPHITE

Magnesium alloys are widely used in the aero engine manufacturing
sector and production of rotorcraft transmission assembly units as the most
lightweight structural material [1]. Thanks to a combination of good castabil-
ity and processing characteristics Mg-Al-Zn-Mn alloys are the most wide-
spread group of magnesium alloys used for manufacture of heavy loaded box-
type castings by gravity casting, permanent mold casting and die casting
methods. However, this class of materials has also some disadvantages, such
as a rather wide mechanical properties scatter. Since mechanical properties
of the cast magnesium alloys can be significantly improved by grain refine-
ment, development of high efficiency inoculation techniques currently at-
tracts much interest in the area of state-of-the-art light structural aircraft ma-
terials engineering [2].

A series of pilot industrial melts of ML5 cast magnesium alloy was
produced in a gas-fired holding furnace with capacity of 100 kg. The melts
were inoculated with incremental micro additives (0;0.001;0.005;0.01 wt,%)
of nanographite in grades N1 and N2 with a surface area of, respectively,
around 130 and 280 m?/g. Standard specimens with a gauge diameter of 12
mm were cast in sand molds to determine mechanical properties and a struc-
ture of the experimental alloy. A standard T6 heat treatment was done.

According to the mechanical property testing results, addition of in-
cremental additives (0.001; 0.005 wt.,%) of N1 nanographite led to a gradual
increase in elongation, by around 40% with insignificant growth in UTS.
Metallographic examination of the experimental alloy with 0.005% N1
showed 50...80% reduction of the grain size, with refined and uniformly dis-
tributed B-phase (Mgi7Al12) precipitates. The inoculated alloy has also re-
duced susceptibility to a discontinuous B-phase precipitation mode (Fig.1).
Further increasing a calculated concentration of N1 nanographite up to
0.01wt.,% resulted in a decreased grain refinement effect, which was
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evidenced by a zero grain size reduction with UTS and the ductility dropped
to a level of the standard ML5 alloy version with no nanographite inoculation
(Fig.2,3).

MLS5 alloy inoculated with as little as 0.001 wt.,% of N2 nanographite,
is characterized by around 30% increase in the ductility as compared with the
initial ML5 alloy version.

R R AR

Fig. 1 Microstructure of specimens cast from ML5 experimental alloy. a -
standard ML5 alloy; b - ML5 + 0.005 wt.,% N1 nanographite

Introduction of further N2 incremental additives (0.005; 0.01 wt.,%)
in the melt resulted in no change in elongation. ML5 + 0.005 wt.,% version
displayed some improvement in UTS (on average, 275 MPa vs. 262 MPa for
initial ML5 version) ML5+0.01%N1 showed UTS drop (Fig.2,3). The ob-
tained R&D results showed that nanographite inoculation has a pronounced
effect on the structure and mechanical properties of ML5 alloy only in a nar-
row N1 and N2 concentration range (0.001...0.005wt.,%).
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PAG®IHYBAHHS PIIKOT'O AJTIOMIHIEBOTO CILIABY YEPE3
MTHOKEPAMIYHI ®LILTPH TPA HAKJIAJEHHI
EJEKTPUYHUX MOJIB B MATHITOIMHAMIYHINI
YCTAHOBII

Po3BuTok cyuacHOi TeXHIKM NOTpe0ye HasBHOCTI BUCOKOSIKICHUX
TpPaAMUIHNX CIUIaBiB 3 MiJBUIIECHUM PIiBHEM BIIACTHBOCTEH ab0 HOBHX
MarepiaiiB 3i CHEliaJbHUMH XapaKTepHUCTUKAMHU Ul OCOONMBHX raiy3ei
3acTocyBaHHs. lle, B CBOIO 4epry, 3yMOBIIOE HEOOXITHICTH pPO3pOOKH
HOBITHIX BHUCOKOC()EKTUBHUX TEXHOJOTIH Mis iX omepikaHHS. BaxmmBoro
YMOBOIO 3a0e3redeHHs e(EeKTUBHOCTI TAaKMX TEXHOJOTIYHUX IPOLECIB €
BUKOPUCTAHHS I iX peami3amii 30BHIIIHIX BIUIMBIB, 3yMOBIICHHX Ji€I0
pi3HUX (Hi3UYHHX TIOIIB.

JocmipkeHHss 'y 1bOMY HampsiMi  mpoBomsithess y — Di3uko-
TEXHOJIOTIYHOMY 1HCTHTYTi MeTaniB Ta cmiaBiB HAH Vkpainu. Tak, 3a
OCTaHHE  [JECATHIITTS B IHCTHTYTI Oyam  CTBOpeHiI HOBI Ta
BJIOCKOHAJIEHI paHilie po3poliieHi TexHouoril Ta o0liaJiHaHHs, HaNpHKIAL,
MAarHiTOAWHAMIYHI ~HACOCH, YCTAHOBKM Ta MIKCEPH-I03aTOpH IS
NPUTOTYBaHHS Ta PO3JIMBaHHSA METAJIB Ta CIJIaBiB

OcoOnuBicTio  MarHitTogmHaMmiyHoi  ycranoBku  (MAY)  mna
ATOMIHIEBUX CIUIAaBIB € oO0'eMHAHHS B OJHOMY arperari JBOX
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B32€EMOIIOB'SI3aHUX MK COOOI0 KOHCTPYKTHBHUX Ta (DYHKI[IOHAJIbHUX BY3JIiB
— marHitroguHaMiyaoi oxuHKLi (ME) ta turmo (puc. 1) [1]. [Ipu usomy B
pinkomy wmertani B Ill-moniOHOMy KaHadl NpW BKJIIOYEHHI 1HIYKTODIB
reHepyeThCs 3MIHHUH €NEKTPHYHME cTpyM (IUIbHICTL 10 20-10° A/M?); vy
poOodiif 30HI, 3a JONOMOTOIO0 EJIEKTPOMATHITY, CTBOPIOIOTHCA 3MiHHE
marnitre one (1o 0,3 Ti) i 06'eMHa enexTpomartiTha cuna (10 60-10° H/v?),
o 3a0e3nedye nepeMilryBaHHs pO3IUIaBy y BaHHI BHACTIIOK HAJIXOIKEHHS
JI0 Hel 3 KaHaIy 3aTOIUICHOTO PiIKOMETAJIeBOTO CTPyMEHA. 3a BiICYTHOCTI
TPaH3UTHOTO TMepediry pigkoro Meraimy y poOodiii 30HI CTBOPIOETHCSA
eJeKTpOMarHiTHui Tuck [1].

B M1Y MmoxyTb OyTH peaiti3oBaHi CymyTHI TEXHOJIOTI] IPHCKOPEHOTO
PO3YHMHEHHS B aJIOMIHIEBOMY pO3IUIaBI JIETYIOUMX Ta MOAM(DIKYIOUHX
n00aBOK, TOMOTEHI3alil XIMIYHOTO CKJIaAy Ta TEMIEpaTypy PiIKUX CIUIaBiB
ta iH [2]. /Io OCHOBHHMX Cyd4acHUX CHOCOOIB padiHyBaHHS ATIOMiHIEBHX
CIJIaBIB BIAHOCATHCS (INBTPYBaHHS, NPOAYBaHHS aproHOM Ta 00poOKa
peareaTamu. Bci mepemideHi cmoco0M  TOTpeOyHOTH  iIHTEHCHBHOTO
TIepeMillyBaHHS PO3IIIaBYy Ta CTBOPEHHS 3aTOIUICHUX CTPYMEHIB i3 33/1aHOI0
IBUIKICTIO, HampsMoM Ta BuTparoo. Y MJIY 3akmageHo MmupoKi
MOXJIMBOCTI peaiizamii pi3HHX BapiaHTIB pyXy pO3IUIABY 3aMKHYTHMH
KOHTYpaMH «THUTENIb 3 PO3IUIABOM — MOPOXHUHY IHAYKIIHOTO KaHAIy —
TUTenb 3 po3miaBoM». KaHam Mae Tpu ycCTs, IO BUXOAATH y THUTEIb, TOMY
KOHTYPH IHUPKYJISILii MOXKYTb OyTH pi3HUMHU. OCKINBKH KaHal pO3TalllOBaHU i
BEPTHKaJIBbHO, TO CTBOPEHHSI TOPU3OHTAIBHOTO 3aTOIJICHOTO IOTOKY
HeoOXiZlHa crelnianbHa BCTaBKa, 10 3MiHIOE ioro HampsiM. KpiM 1poro B
MJIY pinkoro Meraiy B KaHali 1 HUKHIM YaCTHHI TUIVIS MTPOTIKAIOTh CTPYMHU
10 10000 A i Ginblre, siKi 3 0THOro OOKY CTBOPIOIOTH €JIEKTPOBHUXPOBI Tedil,
1110 320e31e4yI0Th IHTEHCHBHY BUMYILIEHY KOHBEKIIIIO, a 3 1HIIIOTO - MOXYTh
BHUKOPHCTOBYBATHCS K (haKTOp iHTECHCU]IKaLi] MporieciB padiHyBaHHS.

Hns  ¢inerpyBanHs posmiaBy MJIY  3acrocoByBammcst cydacHi
MiHOKepaMiyHi (IIBTpU 3 PI3HUM CTyNeHeM nopuctocTi. DinbTpyBaHHA
po3miaBy Moke OyTH peami30BaHO [JIEKiTbKOMa CII0CO0aMH, IO
BIZIPI3HSIOTHECS OIMH BiJl OJHOTO BapiaHTaMHU pO3TamryBaHHS (iIBTPIB Ha
yCTSIX KaHally Ta HApsIMOM Iepediry po3IuiaBy yepes HUX, sIKi MpeICTaBIeH]
B TabOmuiti 1. Y Oyap-akoMy 3 IepepaxoBaHUX BapiaHTIB MOKHA 3a0€3MIEUUTH
MPOTIKAHHS EJIEKTPUYHOTO CTpyMy uepe3 (uUIbTp, NpPOTe HAWOUIbII
pauioHaJbHUMU 1 NPUPOJHMMH € BapiaHTH po3TallyBaHHS (QUIBTPIB Ha
0iyHux yctsx. lle MOTHBY€ThCS THM, LIO NPHU CTBOPEHHI 0Oaratopa3oBoi
LUPKYJSLT po3IUIaBy 3a 3aMKHYTUMH KOHTYpaMH «OOKOBI T'JIKM KaHaIly —
LIEHTpaJIbHA T1IKa KaHaJy» Ta «THrejb 3 PO3IUIaBOM — Mepiua OiyHa Tinka
KaHally — TOPH30HTaJbHA JUITHKA KaHaldy — JApyra OidHa ruika KaHaly 3
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(GypMOI0 — TUTellb 3 PO3IUIaBOM», 4Yepe3 Oi4HI yCTs 10 piAKOMY MeTairy
MIPOTIKA€E EJIIEKTPUYHHUN CTPYM.

Tabnuus 1 — BapianTu po3minieHHs QinbTpiB Ha yCTAX KaHaay MY
tuny MJIH-6A (puc. 1)

Ne
Bapia | Micre po3MimieHHs QiTbTpa Hanpsmoxk Tedii po3miaBy
HTY
1.1 3Hm3Y Bropy
1 LenTpansHe ycTs KaHATY 1.2 3epxy BHU3
2.1 3HU3Y Bropy
2 Boxkose ycTs xkanary 2.2 3BepXy BHI3
3 Ha 060x 60kOBHX yCTAX 3.13nu3y Bropy
3.2 3BepXy BHU3
4 Ha onHoMy i3 G0KOBHX 4.1 3HU3Y Bropy
i IIGHTPAJILHOMY YCTSIX 4.2 3BepXy BHH3

Jns  3abesneyeHHs] TPOTIKAHHS EJNEKTPUYHOTO CTPyMy uepe3
ueHtpanbHe ycrst MJIY 3 omHOWacHMM NpoKadyBaHHSM pO3IUIaBYy 4epe3
HBOTO JIOBOJIUTHCSI BUKOPUCTOBYBATH CHELiaIbHI PEXXUMH HECUMETPUYHOTO
BKITIOYCHHSI €JIEKTPOMArHiTHUX CUCTeM. BpaxoByroun HaBeieHI apryMeHTH,
OyI10 0OpaHo HalOLIBII palioHaTBHUH BapiaHT TEXHOIOTIYHOT cxeMH. Takum
€ BapianT 2.2 (tabm. 1 Ta puc. 1).

[To-nepure, GinbTp HEe MEPELIKOIKAE BCTAHOBICHHIO METAJIONIPOBOLLY,
TO-JpyTe, BiH YTPUMYETHCI B POOOYOMY TTOJIOKEHHI TUHAMIYHUM HAIlOPOM
po3MiIaBy, IO MPOTIKAE Yepe3 HBOTo, MO-TPETE, Yepe3 HbOI'o IPOXOIUTH
enekTpuyHuiA cTpyM. Ll obcraBuHa Mae 0OCOONMMBE 3HAYCHHS, OCKUIBKU
EJIEKTPUYHHI CTPYM BHUKJIMKAE JIOKAJILHUH PO3IrpiB MeTay B mopax (insrpa
Ta CTBOPECHHS B HUX EJEKTPOBUXPOBHUX Teuiil, TOOTO MIKPOLMPKYIALIO
pO3IUIaBy, BUKIMKAHY B3aEMOIEI0 €JIEKTPUYHOIO CTPYMY, IO TMPOTIKae
4yepe3 (UIBTP MO 3BMBUCTUX TPAEKTOPISAX, 3 BIACHUM MAarHiTHUM IIOJIEM.
JlokanbHUI PO3IrpiB pO3IIaBY CHpUSE MOCHICHHIO aiaresii HeMeTaleBUX
BKIIIOYEHb JO Marepiaxy QuIsTpa, a MIKPOLMPKYJSALis, BHUKIMKaHA
CJICKTPOBUXPOBUMHU  TedisiMH,  30i7blIye  HMOBIPHICTH  3ITKHEHHS
HEMETaJIEBUX YAaCTHHOK, 1110 MAIOTh PO3MipH MEHII, HiX ITOpH, 31 CTIHKaMU
kaHamiB ¢ineTpa [2]. TakoX OYEBHIHO, MO WMOBIPHICTH 3aTpUMAaHHS
IpiOHIX HEMETAJIEeBUX YaCTHHOK 3POCTAE 31 30UIBIICHHAM KUTBKOCTI IUKITIB
(binpTpyBaHHS.
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Po3missHeMO aHaJITUYHY 3aJIeKHICTh, IO BiJOOpaXkae B3a€MO3B'I30K
KpaTHOCTI (iIBTpyBaHHS 3 MICTKICTIO YCTaHOBKH, BUTPATOO PO3ILIaBY Yepe3

(GuIBTp Ta yacoM QiITBTPyBaHHS:
7-Q

M

e n — KpaTHicTh (imsTpyBaHHA;, T — 4ac (iIBTpyBaHHA, ¢; 0 — MacoBa
BHTpaTa po3IuiaBy uepe3 GpimsTp, Kr/c; M — MICTKICTDh yCTaHOBKH, KT.

n

HEN
N
v

=51

55587 ,r
£ Z AR

TS
2L L

=)
V..

7 |§,

4.1

1 — MJIH-6A; 2 — niHOoKepamiuHHi BibTp;
3 — HanpsIMOK IIOTOKY PO3ILIaBa; 4 — po3ILIaB
Pucynoxk 1 — CxeMn MOXIJIMBHX BapiaHTiB pO3MilleHHs (inbTpa Ha yCTi
kaHaiy MY (3rizno Tabmumi 1)
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Koxxen THun mniHOKepamiyHOro (inbTpa Mae€ CBOIO TEXHIYHY
XapaKTEepUCTUKY - MacoBa BHUTpara depe3 HOro moBepxHIO (B Hamomy
Bunanky 1,5 xr/c). Mictkicte MY cranoButh 250 KT, a yac (inbTpyBaHHs
IIpY KOMIUTEKCHOMY padinyBanHiI — 40 xBwmH. Llelt yac cknanaerscs 3 20
XBIJIMH (QUIBTPYBaHHSA, HOEJHAHOTO 3 IPOIYBAHHSAM aproHOM, a HOTiM e 20
XBWJIMH BiJICTOIOBAHHS PO3IDIABY ICHIA TpomyBaHHS. [lpu BimcToroBaHHI
HEMa€ CEHCYy BUOAMATH (IIBTP, OCKIIBKHA IOJATKOBE (LIETPYBaHHS HE
BIUIMBAa€ Ha 3aralbHUi 4Yac padiHyBaHHA, aje IOBHHHO CHPHATH
3aTPUMaHHIO JApIOHMX HEMETaJleBUX BKIIOYEHb, 10  3AJIUIIMIIHCS.
Po3paxynok 3a ¢opmyrnoro (1) mokasye, mo 3 mepepaxoBaHUX IapameTpax
KPaTHICTh (QiNBTPYBaHHS CTAaHOBHUTH 14,4.

BaxnBoro 0CoOJMBICTIO 1Mi€i TeXHOJOTIT (INBTPyBaHHSA € T€, IO
po3miaB 0araropa3oBO IMPKYIIOE dYepe3 OAUMH 1 ToW ke (QuibTp.
[IpodinsrpoBanuii cIUTaB  MICHS  NPOXOPKEHHS 4epe3  IOPOXKHUHY
IHIYKOIHHOTO KaHAJTy 3HOBY 3MINIYEThCS 3 PO3IUIABOM DiIKOMETaIeBOl
BaHHH Ta IMOBTOPHO (imbTpyeThes. s mporo mporecy Oyna moOymoBaHa
QHANITHYHY MAaTeMaTHIHy MOJIEITb, SIKa IO3BOJISE OLIHUTH, 5K LI¢ BIUTHBAE HA
yac pa¢inyBaaHsi. O4eBUAHOIO MIEPEBATOI0 TAKOTO CIOCO0Y (QUIBTPYyBaHHS €
MIBUIIECHHS WMOBIPHOCTI 3aTpUMaHHS HAHOLTRII APIOHUX HEMETaJeBHX
YaCTHUHOK, SIKi He Oynu 3aTrpuMaHi QUIBTPOM B TOMEPEAHIX MPOXOIIKEHHIX
yepe3 Horo KaHajiM ax 0 YaCTHHOK, II0 MAlOTh PO3MIpH MOPSAAKY OIHOTO
MIKpOHa.

Tun ninokepamiuHoro ¢inerpa OyB oOpaHHMi 3 0COOJIMBOCTE
koHCTpyKIii MJIY. Haif0inpln npuaaTHUM 3a TE€OMETPHYHOK (HOPMOIO,
po3MipamMu Ta TOPHUCTICTIO Oyno Bu3HaYeHO GUIBTp 3 rabapuraMu
178%178%50 mwm, mopuctictio 10-20 mop Ha KBajapaTHUil [IIOHM Ta
MPOAYKTHBHICTIO He MeHIne 40 Kr/xB (puc. 2).

Pucynok 2 — ITinokepamiunuii ¢pinsrp 178x178x50 mm,
nopucticTio 20 mop Ha KBagpaTHUN TIOUM
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Hnst toro, mo6 ¢GuIbTp LIUIBHO (BOPUTYJ) PO3TAllyBaTH Ha YCTI
KaHaJly, sl BCMOKTYBaHHS PO3ILIaBy, OyIo BHECEHO 3MiHY B KOH]iryparito
(yTepoBKM YCTaHOBKM. Y 30HI HIBOro ycTs OyJl0 BUKOHAHO THI3O0, IO
BiamoBizae reomerpii Qimbrpa. Ha ¢inerpi BcTaHOBIEHO IpOKiIaaka 3
KaoJIIHOBOI BaTH, sIKa 3a0e31euye IIUTFHICTh HOTO TIOCaIKH B THi3m0. DiIbTp
BCTAHOBIIOIOTh Yy THI3JO, KOJM YCTaHOBKA 3allOBHEHa pO3IUIABOM 32
JOTTOMOTO0 KiimiB. DakTHYHO 3wWiIeHYBaHHS THi3ma 3 QiIETpoM y pasi €
«punsTp-60KCOM», a IUISI HOTO YTpUMaHHI B POOOYOMY IIOJIOKEHHI He
MOTPiOHI JONATKOBI MPUCTPOi, OCKIIBKKA Ha HBHOTO Ii€ NHHAMIYHAN HATHUCK
HU3X1THOTO TIOTOKY po3IuiaBy. [Ipy BiIKIIIOUeHH] €IEKTPOMATHITHUX CHCTEM
(bUIBTp BUpHHAE.

B ekcmepumeHTax 3 OWIHKM  e(eKTHBHOCTI  (UIBTpyBaHHSI
BUKOPHCTOBYBaJIM YCTaHOBKY MiICTKicTio 250 Kr, 3ajuBaiy ajrOMiHi€EBHH
pO3IIaB y KiTbKOCTI 250 KT, TOBOAWIM TeMIleparypy po3miasy ao 750 °C,
BKJTIOYAJIM €JIEKTPOMArHiTHI CHCTEMH B PEXHM 3a0e3MeYeHHS LUPKYIALil
PO3IUIaBy 3a KOHTYpOM: «(iJIBTp — IMOPOKHUHA KaHATY — Apyre OidHe ycTs
KaHATy — HAaMeTy KJII[aMHi BCTAHOBIIOBAIH (IBTP y THI3IO0 Ta MPOBOIMIA
¢ineTpyBarHsA mpoTsaroM 20 XB 3 MacOBOIO BUTPATOO MeTaly Omm3pko 40
Kr/xB. TakuM 9MHOM, KpaTHICTh (UIBTPYBaHHS CTAHOBWIJIA NPH IbOMY 3,2
MiCTKOCTi ycTaHOBKH. Ilpm KoMIUIekCHOMY padiHyBaHHI KpaTHICTh
cTaHoBUTHME 6,4.

BusHaueHHss  BMICTY  HEMeETaJeBUX  BKJIIOYEHb  JOCSTAETHCS
TPYAOMICTKHM 1 JOPOTUM METOJIOM XIMIYHOTO aHaJIi3y, TPOBECTH KU Y Lii
POOOTI HEMOXKIIMBO, TOMY NP0 €(PEKTHUBHICTD (PIIBTPYBaHHS CYIHIIU N0 MPOOi
Job6arkina. Bigmusanu numiagpu giamerpom 50 M 1 Bucotoro 100 mm, siki
MOTIM ocaKyBaiy pu HarpisanHi 10 400 °C no Bucotu 20 mum (puc. 3). [Ipn
OCa/DKeHHI HEMeTaleBi BKIIOYEHHS B 30HAX IXHBOTO pO3TalIyBaHHS
YTBOPIOBAJIM PO3IIApyBaHHS MeTay, o ao0pe BUIHO Ha ¢oto puc. 4 1 5.
[Micnst ineTpyBaHHS Taki po3MIapyBaHHS HE YTBOPIOIOTHCS y 3BSI3KY 3
MaJIUM BMIiCTOM HEMETAJIEBUX BKJIIOUCHb.

Bceranopnenunit  MexaHi3M padiHyBaHHS aIOMIHIEBHX CIUIaBiB
¢binpTpyBaHHAM Yepe3 MiHOKepaMidHUN (PIIbTp, SIKUH MONsATae B TOMY, IIO
i1 Ti€10 eeKTpoMaruiTHuxX cuit B MJ1Y 3nificHioeThes Gararopasose ((4-5)-
KpaTHe)) MPOXOPKEHHS CTPYMOHECYUYOro poO3IUiaBy uepe3 mopu (iibTpa.
[Ipn mpomy B KaHamax (iTsTpa BUHHKAIOTH EINEKTPOBHUXPOBI Tedii Ta
BiOYBa€ThCS JIOKAJILHUI TEpErpiB po3IUiaBy, M0 3011bIIye MOBHOTY
BUJAJICHHS HEMeTaleBUX BKItoueHb (o 80%), 1 mpu 1bOMYy MpoOIEC
¢uIbTpyBaHHs He 301IbLIYE Yac padiHyBaHHS.
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Pucynoxk 3 — BuxiznHi Ta oca/pKeHi OWTiHAPH IS SKICHOTO
BH3HAYEHHSI BMICTy HEMETaJIeBUX BKIIIOYECHB Y JINTOMY MeTai

Pucynok 4 — Hemerasnesi BKItOUeHHs Ha 3510Mi 1ipobu J{obarkiHa

Pucynox 5 — 3nom npo6bu J{oGarkina merainy
0e3 HeMeTalleBUX BKIIIOYEHb, BIUIUTOTO Micis (UIBTPYBaHHS
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BIIJINB MIAI HA BTACTUBOCTI HAIIVTABOYHOI'O CIIJIABY
HA HIKEJIEBIA OCHOBI

Camodurocyroui cIlaBH Ha HiKeleBili OCHOBi, MalO4d BHCOKY
JKapOCTIMKICTh, OMip 3HOIIYBAaHHIO, CTIUKICTh MPOTU KOPO3il pa3oM 3 THM,
VSIBIISIIOTH COOOI0 KPUXKI CILIABH, SIKI MAIOTh BUCOKY TBepIicTh (25-60 HRC),
a 0TXe HU3bKYy 00po0iroBaHicTh. KpiM TOro, BHaCiIOK JieryBaHHS O0pOM Ta
KpPEMHIEM, BOHH MalOTh HE33J0BUIbHI TEPMIUHYy BHUTPHBAIICTH 1 IUIACTUYHI
BiacTuBOCTi. OCh YOMY, X PO3pOOL CKIaLy JUTOTO CaMo(IIIoCyr0uoro
HaIJIaBOYHOTO MaTepialy cTaBWJach 3ajada BUIIPABICHHS IEPETideHUX
HEJIOJIIKIB 13 30€peKEHHSIM BUCOKHX (hi3UKO-MEXaHIYHIX, TEXHOJIOTIYHUX Ta
CITy*0OOBHX BJIACTUBOCTEH.

Meta poGoTH momsTana y TOPIBHAHHI B OJHAKOBUX YMOBax
BJIACTHBOCTEN YHMCTOIO HIKEIIIO 3 HIKEJIEM, 10 JETOBAaHUHA MIIIO.

Beenmennas Migi 0OyMOBICHO HEOOXiTHICTIO 3HIKECHHS TEMIIEPATypH
IUTaBJICHHS  CIUIABY, MIBUIICHHS HOr0 BIACTUBOCTEH  MIIHOCTI i
TUIACTUYHOCTI, @ TaKoK 3HIKEHHsS HOro BapTOCTI 3a PaxyHOK 4YacTKOBOI
3aMiHH JOPOTOT0 HIKEII0 MIJIIH0.

JocniaHi niaBKy NPOBOIMIIH B 1JaOOPaTOPHUX YMOBAX B iHIYKIIHHIN
edi 3 OCHOBHOKO (DyTepoBKOrO eMHICTIO 20 KI. 3aMBKY MeTaja MPOBOIUIN
B cyxi micyaHi ()opMH, BiJIMBAIOYM NMPYTKH JUIS HATUIABJICHHS JiaMeTpoOM 5
MM 1 goBxkuHO0 250 MM. Temmeparypa 3anuBky MeTana ckiazana 1550° C.
KonTponp Temmeparypu MeTana 3iHCHIOBAIM 3a JTONMOMOIOIO BOJb(paM-
peHieBoi Tepmonapu 3aHypeHHs BP-20 3 moxmOkoro BuMiproBaHHA +7° C.
[Ipu mpoBeIeHHI TUTABOK BUKOPUCTOBYBAIIM Hikelnbh Mapku H1 Ta mixp Mapku
M2. Minp HeoOMeKeHO PO3YMHHA B HiKeJl TOMY ii KiTBKICTh BapiloBaiIach
Big 0 % mac 1o 60 % mac.

Mexy MILHOCTI P PO3TATHEHHI, BiJIHOCHE MOJJOBXEHHS 1 BITHOCHE
3BY)KEHHSI BHUMIPIOBAIM Ha I SITHKPAaTHUX 3pa3Kax JiaMeTpoM 5 MM i
JOBXUHOIO 25 MM. YnapHi 3pa3ku po3mipom 10 MM x10 MM x 55 mm 3 U-
NOIOHUM BHPI30M BUIIPOOOBYBAJIM HA MasTHUKOBOMY Koripi. JlociimKeHHs
MPOBOMJIM MPH KIMHATHIN Ta MigBUINEHUX Temieparypax (500°C i 700° C).
TeepaicTs BuzHavam Ha npubopi bpunesns.
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Sk 1 ciig Oyno odikyBaTH, 30UIbIIEHHS KUIbKOCTi Miai Bix 0 % mac no
60 % mac. mpu3Beno 0 30UTBIIEHHS TPaHMI MINHOCTI 1 IUIACTUYHOCTI
JOCIIPKYBaHOTO CIUIaBy IpHM KIMHATHIH Temmeparypi i, 0coOiauBO, NpHu
IiIBUIIEHUX TeMIeparypax. BctanoBneHo 3011bIISHHS TPaHUIll MIITHOCTI Ha
25-90 MIla; BizHOCHOTO TIOOBXKEHHS Ha 1,3-2 %; BIIHOCHOTO 3BY)KCHHS Ha
2,1-7,5%, tBepmocti Ha HB = 4-5. YnapHa B’s13KicTh 3MeHIIIIIACH Ha 2-12,5
kJ[x/M? TIpH KiMHATHIM TeMmeparypi Ta migsummnack Ha 11-20 kJ[x/M? mpu
500°C 1 700° C BigmoBigHO.

[TigBuIIEHHS BIACTUBOCTEH MIIIHOCTI Ta 3HIKSHHS YIapHOi B’ 3KOCTI
MTOSICHIOEThCS HEOOMEKEHOI0 PO3YMHHICTIO Mifi B HIKEN Ta YTBOPEHHSAM
TBEPANX PO3UHHIB.

B pe3ynbrari J0CiIKeHHS BCTAHOBJICHO TOKPAICHHS BCiX OCHOBHHX
MEXaHIYHUX XapaKTepUCTHK. TOMy NOHaNbII JOCIKEHHS OyIyTh
HampasjeHi Ha BU3HAYEHHSA CIY)KOOBHX BIIACTHBOCTEH JIOCIIIKYEMOTO
CIIaBy: TEPMOCTIHKICTh, MILHICTh 3YCIUICHHS HAIUIAaBJICHOTO METally 3
OCHOBHHUM, 3MO4YYBaHICTh OCHOBHOTO METally HAIUIABIIEMUM, 3MOUYBaHICTh
HAaIlJIaBICHOTO METAaITy.

BucHoBku
IIpoBeneHo  TOpIBHAHHSA  MEXaHIYHMX  BIIACTHBOCTEH  MIpH
temneparypax 20° C, 500° C i 700° C cruraBy HIKeNro 3 JOAaBaHHIM Mifi Bif
0 % mac mo 60 % mac. IlokazaHo, 1m0 JIETYBaHHS MIIJII0 TPHU3BEIO 0
301IbIICHHS TpaHuIi MinHocTi B 1,1-1,4 pasu, BiZHOCHOTO MOAOBKCHHS B
1,1-1,4 pa3u, BimHOCHOTO 3BYX€EHH: B 1,15-2,65 pazu.
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THE INFLUENCE OF TECHNOLOGICAL HEREDITY OF STEELS
ON THEIR DURABILITY UNDER CYCLIC LOAD CONDITIONS

An approach to the study of the fatigue process is being developed,
according to which the mechanical behavior of structural metal materials
under cyclic loading conditions is described by a three-parameter equation,
which in double logarithmic coordinates is a family of straight lines
emanating from one point (pole) at different angles, characterizing the
technical state of the material. This approach expands the understanding of
the fatigue’ process, in particular, it explains the phenomenon of increasing
dispersion of fatigue test results with a decrease in the amplitude of the
applied average cycle stresses. With this approach, the construction of fatigue
curves for structural metal materials with different technological heredity is
significantly simplified, and, consequently, the costs of time, material and
labor resources for testing are significantly reduced.

Samples of carbon steels with different carbon contents, as well as
low-alloy steels with different contents of alloying elements, were studied.
Samples were studied in a state of normalization of the material structure, as
well as after strengthening treatment by surface plastic deformation.

An analysis of the microstructure of all studied materials was carried
out after testing the samples for high-cycle fatigue. The test results were
processed in accordance with the hypothesis of the existence of a pole in the
fatigue curves of materials of the same class with different technological
heredity. For this purpose, the coordinates of the poles of the fatigue curves
of carbon and low-alloy steels were determined.

It has been established that the ordinates of the poles of the fatigue
curves for carbon steels have a value of 1050 MPa, and for alloy steels - 1100
MPa. No significant relationship was found between the pole ordinate and
the mechanical properties of steels with different technological heredity.
Calculations have shown that the closest relationship is observed between the
ordinate of the pole of the fatigue curves and the activation energy of
destruction of the volume of one mole of the metal that forms the basis of the
alloy. Thus, the pole ordinate can be interpreted as a conditional limiting
stress value at which, theoretically, the predominant action of elastic
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deformation of the material under cyclic loading is still possible, which is
typical for the region of high-cycle fatigue.

The abscissa of the poles of different classes of steel was determined
by searching for optimal values of the main statistical parameters (maximum
correlation coefficient with minimum standard deviation). We used samples
of fatigue test results for samples of various steels with different
technological heredity with a given constant pole ordinate and a variable
abscissa value. The studies have shown that the optimal value of the pole
abscissa for carbon steels approximately corresponds to 100 loading cycles,
and for low-alloy steels — 550 cycles. The value of the abscissa of the pole of
the high-cycle fatigue curves is obviously determined by the kinetics of
stabilization deformation processes in the material during cyclic loading,
which depends on the chemical composition of the alloy. This is evidenced
by a slight decrease in the value of the abscissa of the pole with an increase
in the carbon content in the steel, as well as with an increase in the content of
alloying elements. An explicit connection between the abscissa of the pole
and the mechanical and physical properties of the alloys under study has not
been established.

It was found that for all the steels studied, hardening surface treatment
does not change the basic structure of the material, but increases the fatigue
resistance characteristics.
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JIABEPHA OBPOBKA JOEBTEKTUYHOI'O CUJIYMIHY

Jlazepua 06po6ka (JIO) € omHAM 3 TOCUTH HOBHX JIOKaJTHHUX METO/IB
MiABUIIEHHS (Di3MKO-MEXaHIYHUX BJIACTUBOCTEH KOJBOPOBUX CIUIABIB,
OCOOJIMBO CIIaBiB HA OCHOBI ANIOMIHIIO, SIKi € HAWOUIBII MOMIMPEHUMH Y
NPOMUCIIOBOCTI TMicis 3aji3a. [HTeHCUBHICTh TEIUIOBOT Jil MpH IMIYJAbCHIM
JIO crnaBiB peryioeThes 3MIiHOIO MapaMeTpiB JIA3ePHOTO BUMPOMIHIOBaHHSI:
TYCTHHOIO TOTYXKHOCTi, TPUBAJICTIO IMITylIbCa Ta YacTOTOIO CIiJTyBaHHS
iMmysbciB. [Ipy koMY JOCUTB CYTTEBHIA BIUIMB Ha (QOPMYBaHHS CTPYKTypH
MTOBEPXHEBUX IIapiB MAE CTYIiHb MIEPEKPUTTS JIA3EPHHUX TUISM.

Ha cporomni HaiiGimpml  pO3MOBCIOIPKEHMMH  HPOMHCIOBUMH
ATIOMIHIEBUMH CIDIABAMHA € CHIIyMiHH. 3aBISAKH KOMIUICKCY (Di3HUKO-
MEXaHIYHUX BIIACTHBOCTEH (HU3FKOMY KOSQIIIEHTY TEIUIOBOTO PO3IINPEHHS,
KOpO3iiHIA CTIKOCTI TOIIO) BOHH 3HAXOIATh IIUPOKE BUKOPHUCTAHHSA Y
pi3HUX Tay3ax mpomuciaoBocTi [1]. [IpoTe TpubomOTiyHi BIaCTHBOCTI TAKHUX
CIIIaBiB € JTOCUTH HU3bKUMH. TOMy MOKpallleHHsI MEXaHIYHUX BIACTHBOCTEH
MOBEPXHEBHUX IIApIB CHIIYMIHIB € NOCUTH aKkTyaibHOW 3aaadero. JIO, sika
XapaKTePU3YETHCSI THM, 1110 MPOLECH CTPYKTYPOYTBOPEHHS BifOyBalOThCS Y
BHUCOKOHEPIBHOB2)KHUX YMOBaX, MOXK€ OyTH OJIHUM 13 METOJIB BHUPILICHHS
O3Ha4YCHOI 3amavi. Y 3B’SI3Ky 3 [MM y JaHii poOOTi 3a JOMOMOTOM
pentreHorpadigyHoro Ta MeranorpadivHOrO aHami3iB JIOCIIKyBajacs
CTPYKTypa JloeBTeKTHUHOro crimyMiny AK9 micnst imnynbenoi JIO.

BuxigHa CTpyKTypa IOEBTEKTHYHOTO CIIJIyMiHY SBIsUIa COOOIO
TICPBUHHI JICHAPUTH AJIOMIHII0 OKpPYIII0i ()OpMHU POCTy Ta eBTeKTHKY Al-Si
(puc. 1, a). Y 3B’43Ky 3 TUM, IO cIjIaB Oyiio MoAM(IKOBaHO, EBTEKTHKA
HabyBaja IMCIICPCHOTO XapakTepy 1 Maja BUIVILJ TOHKOPO3TalyIKEHOTO
KPEMHIEBOTO CKEJIETY B aylfOMiHi€BiH MaTputi. OCKIIBKH Y BUXITHOMY CTaHI
criaB AK9 0yi10 eKOHOMHO JICTOBAaHO 3aJ1i30M Ta MapraHIileM, TO J0 CKJIaay
€BTCKTUKA MOIJIAa BXOAWTH HE3HAYHA KUIBKICTh IHTEpPMETANiAHOI (asu.
IIpore xinbkicTh i€l ¢a3u Oyiaa HE3HAYHOI 1 peHTreHorpadidyHo He
BUSIBIISLIACS.

[ToBepxHeBa Ila3epHa 0OOpOOKa CHIIyMiHY, siIKa BHKOHYBajiacs 3a
JONOMOTol0  iMmynbcHOro  YAG-na3epa 3  TyCTHHOIO — INOTY)KHOCTI
BUNpoMiHoBaHHS 950 MBT/M?, pu3BoMiIa 0 OIUIABJIEHHS MOBEPXHI.
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BHacnmiiok BUCOKMX LIBHIKOCTEH KpH-
cTaji3anii MoBepXHEBUX IIAPIB Y ITOBEPX-
HEeBHX IIapax (opMmyBasacs ABOIIApOBa
CTPYKTypa, sika CKiajajacs i3 30HH rap-

by TYBAaHHA 3 piakoro crany (3I'PC) ta 30u1

R L < : .
8 100 v TepMmivHoro BiumBy (3TB) 6e3 uiTko Bu-

pakeHOi TpaHMIli MOAUTY MK HUMHU. Xa-
PaKTEepHOIO  OCOONUBICTIO  CTPYKTYpH
3I'PC € Te, m0 AWMCHEpPCHI KpHCTAIH
po3TamoByBaMcs HE IOBUIBHO, a (op-
MYBaJIH KOJIOHIT, SIKl B CyKYITHOCTI SIBJISLITH
0000 1e30pIEHOBAHY CTPYKTYpPY, SKY
MOJKHA O3HAYUTH, SIK KBa3leBTEKTHYHY.
Heo0xiaH0 3a3HaYUTH, 1110 BHACIIOK BH-
COKHX HIBHJKOCTEH OXOJIOJPKEHHSI PO3-
cimasy AK9 y muximomy 13BY B 30Hi. OTUTABIICHHS NPUTHIYyBa-
crami (a) Ta micns masepmoro 1aCS KPUCTalli3allis Ta PiCT NEPBUHHAX
omnaenenns (6), 1 - 3TPC, 2 - ICHAPUTIB aTIOMIHIIO.
3TB, 3 — marpums

3rigHO 3 JaHUMH BUMIPIOBaHHS MIKPOTBEpAOCTI HAWBHIILY
MIKpOTBEpIICTE B 30HI JIQ3€pPHOTO OIUIABICHHS IIOBEPXHI Mayd
KBa3ieBTeKkTH4IHI KonoHii (440 MIla). Lle moxe OyTu mOB’s3aHO 3 THM, IO
KoJIoHIT (hopMmyBanmcs Ha 0a3i CBTEKTHYHOI CKIamoBOi. MIKpOTBEpAiCTh
MEPBUHHUX  JCHAPHUTIB  TaKOX  XapaKTepusyBanacsi  MiJBHIICHUMHU
3HaueHHsiMH (420 MITa), Tozi Ik MIKpOTBEPAICTh MaTPUIIl HE MIEPEBHUIIlyBaIa
200 MIla. J[laHi MIKPOPEHTICHOCIICKTPAIBHOTO AaHAJI3y IOKa3alln
HEpiBHOMIPHHMH PO3NOALT CTPYKTYpHHX ckiiagoBux B 3JIJ1 micis nmasepHol
00pOOKH B 30HI JIA3EPHOTO OIUIABJICHHS, [0 MOXE OYTH IMOB’S3aHO 3 JI€I0
edexry Mapanroni npu Bucoknx (~10* K/c) MBUAKOCTAX OXONMOMKEHHS
posmiaBy. 3a mannMu XRD anamizy pi3HI 3HauCHHS TYCTHHH IOTYXXHOCTI
BUIIPOMIHIOBAaHHS HE NMPUBOIMIM O 3MIHHU 3arajbHOTO BHIY PEHTICHOTpaM
Ta 0 YTBOPEHHS METAcTAOUThHHX (a3.

TakuM YHMHOM, Jla3epHE OIUIABJICHHS IOBEPXHI JOCBTEKTHYHOTO
CHIYMIHY TPH3BOIUTH JO CYTTEBUX MOP(QOIOTIUYHUX 3MiH CTPYKTypH
NIOBEpXHEBUX  IIapiB, BHACHIJOK 4YOTO  JOCSTA€THCS  3POCTAHHA
MIKPOTBEP/OCTI Oiibllie, HIXK Y JIBa Pa3H.

Puc. 1. MikpocTpykTypa

Jlitreparypa:
1. Csele M. Fundamental of light surces and lasers / Marc Csele.—
Danvers: Wiley-Interscience, 2004. — 349 p.
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K.T.H., HAyKOBHH CHIBPOOITHUK, BIJUIIIy MIIIHOCTI MaTepiajliB i KOHCTPYKILii
y BOJHEBOBMICHHUX cepenoBumiax Pizuko-mMexaHiqyHOro iHCTUTYTYy iM. [.B.
Kapnenka HamionanpHo1 akagemii Hayk YKpainu, M. JIbBiB, HOIIEHT Kadenpu
mpoeciitHOi OCBITH, peCTOpaHHOTO Ta TypucTHYHOTO 6i13Hecy HH iHCTHTYTY
TexHousorii 1 topriBmi /I3 "JlyraHchkui HaIliOHaJbHHH YHIBEPCHUTET iM.
Tapaca [lleBuenxka", m. [Tonrasa, M. JIyoHn

BPAXYBAHHSI BIVIMBY ITAPAMETPIB MIKPOCTPYKTYPH HA
®OPMYBAHHSA MPOAYKTIB PI3AHHS TP MEXAHIYHIN
OBPOBIII JIETAJIEA 3 MOAU®PIKOBAHUX CTAJIEM 38XH3M®A

Herani BurotosieHi 3i ctani 38XH3M®A MaroTh MUPOKHUN CIIEKTP
BUKOPHCTaHHsI, 30KpeMa, Iie eHepromammuHoOynyBaHHsS [1,2,3]. Ogaum 3i
Croco0iB TIOKpAIIUTH BIIACTHBOCTI CIDIaBiB € iX MomudikyBaHHS. byma
MIPOBEICHA HU3bKa €KCIIEPUMEHTIB 3 MOIU(IKOBAHNMH CTAISIMH Ha OCHOBI
38XH3M®A (Tabx. 1). BHacmigok 9oro BIaIOCh OTPHUMATH MIKPOCTPYKTYpH
3 pi3HUMHE TapameTpami (Tadm. 2).

CTpy)XKy OTpPHMYyBaJH{, BiJpi3al0dl Ha BEpPCTaTi BiJl 3arOTOBKH
wniaagpn - 28 mm, TtoBumHOI 4 mm. Pizenp OyB  OcHameHHit
TBEpIOCIDIaBHOIO 1iacTiHO0 BK-6. [l cTBOpeHHS piBHUX YMOB TOYiHHS
pi3ellb BUCTABIISUIM Ta 3aTOMYBaJIM OIHAKOBHU KYT MIXK HHUM Ta 3arOTOBKOIO.
[poBonuu ekcriepumentyBanu (3 odepramu 200 ta 315, S00 RPM) nixg yac
TOYiHHSI HACYXO, 3 BOJOI Ta 3MAlllyBaJbHO-OXOJO/PKYBaIbHUMHU PiMHAMUA
(30P), siki MiCTHITH COHSALIIHUKOBY, PIITAKOBY OJIi10, 8 TAKOX OYJIM BUTOTOBJIEHI
Ha OCHOBI Ha(TH.

Tabmurs. 1 XiMidHAN CKIIA JOCTIKYBaHUX CTaNCH

Bwicr enementiB, mass%
CrutaB
C Si Mn Cr Ni Mo v

Bbazosuit 0,33... 0,17... 0,25... 1,2... 3. 0,35... 0,1...

cknam’ 0,4 0,37 0,5 1,5 3,5 0,45 0,18
Crutas 1 0,28 0,15 0,24 1,14 2,95 0,35 0,04
Crutas 2 0,32 0,21 0,34 1,24 3,21 0,37 0,12
Crutag 3 0,34 0,29 0,43 1,41 3,35 0,42 0,14
Crutas 4 0,42 0,39 0,56 1,57 3,54 0,51 0,22

* Kinekicts Cu 0,3 ta SiP 10 0,025 mass% [1].

40



Tabmuiist 2. BracTuBOCTI JOCTIKYBAaHUX CTaJICH

Hianazon
[Tnoma, MikpoTBepaicTs, CepeHix R.,
% GPa PO3MIpIB 3epeH um
2 (KOJIOHIi), pm
=
. 4 K
S = [t_-) 105
25| . MPaym
= [} E < Q. = [} = = [} le) ] -9
= =] 85| 2 = =) =S = E g =) o
5| 5| 22 F|l&|5|%| 2| 8| &2
S| 2| E& S| = g =3 2 g ] =
=4 Z %)
g
g .=
£

5321453 | 1,5 34 | 2,1 | 28| 89 |30-70 | 30-80 | 52,28 [ 7,37 | 5,12 | 102
50,3 (47,8 1,9 36 | 23129 |92 | 15-50 | 20-60 | 49,43 | 6,26 | 4,79 | 107
43,2 154,7| 2,1 37 | 2,6 | 34| 9,6 | 520 | 10-40 | 45,02 | 531 | 4,41 | 112
40,1 | 57,6 23 39 129 3,7 |10,5| 10-30 | 10-50 | 47,22 | 5,44 | 4,56 | 109

* Mikpoteepaicth as kap6inis tumy (Fe, Cr);C.

3a HaBeJJEHNMH Ta IHITUMH OTPUMaHUMHU JaHUMH TT00y/10BaHi rpadiku
Ta JiiarpamH, 10 J03BOJISIIOTH OLIHUTH BIUIUB ITAPaMETPiB MIKPOCTPYKTYPH 3
ypaxyBaHHSM IHIIMX (pakTopiB Ha HU3KY (I3UKO-MEXaHIYHUX Ta POOOUMX
BractuBocTedl. Otpumana iHQopMmariss J03BOJIIE POOWTH  TONAJIBIIE
BIOCKOHAJICHHS, MOKPAIIEHHS Ta MPOTHO3YBAaHHS BIIACTUBOCTEH BHPOOIB
BUTOTOBJICHHX Ha 0CHOBI Moau(ikyBaHHA ctaii 38XH3IM®DA.

Jlitepatypa:

1. Balyts’kyi, O. L.; Kolesnikov, V.O.; Havrylyuk, M.R. Influence of
modification of 38KhN3MFA steel on the structural-phase state and cutting
products under variable technological conditions. Mater. Sci. 2020, 55, 915—
920. https://doi.org/10.1007/s11003-020-00387-0

2. Balitskii, A.L.; Havrilyuk, M.R.; Balitska, V.O.; Kolesnikov, V.O.;
Ivaskevych, L.M. Increasing Turbine Hall Safety by Using Fire-Resistant,
Hydrogen-Containing Lubricant Cooling Liquid for Rotor Steel Mechanical
Treatment. Energies 2023, 16, 535. https://doi.org/10.3390/en16010535

3. Balitskii, A.IL.; Syrotyuk, A.M.; Kolesnikov, V.O.; Balitska, V.O.;
Ivaskevych, L.M.; Havrilyuk, M.R. The Effect of Absorbed Hydrogen on the
Rotors of Steel Machining Products During Powerful Turbo Aggregate
Repairs. Materials 2024, 17, 6257. https://doi.org/10.3390/mal7246257
UDC 621.73
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INVESTIGATION OF THE CAUSES OF OPERATIONAL
BREAKDOWNS IN METALLURGICAL EQUIPMENT AND
VEHICLE PARTS PRODUCED BY OPEN DIE FORGING

Introduction. The most critical parts of metallurgical equipment and
transport are made using metal forming, particularly open die forging. Their
durability depends on key quality factors like dimensions, surface finish,
mechanical properties, and structural integrity. The entire production cycle,
including steel grade, ingot quality, heating, forging temperature, and heat
treatment, significantly impacts the properties of forged products. Grain
refinement is crucial for improving mechanical performance and operational
reliability. This study examines the quality and technological parameters of
forged components for metallurgical equipment and transport, aiming to
identify failure causes, evaluate the influence of production methods on
durability, and recommend strategies for enhancing performance.

Methodology. The investigation of forged component failures
included: 1) Sample preparation with visual inspection to detect surface
cracks and deformation; 2) Mechanical testing for yield strength, hardness,
and tensile strength; 3) Metallographic analysis of grain size, segregation, and
structural uniformity; 4) Spectral chemical analysis of alloy composition;
5) Ultrasonic testing for internal defects; 6) Evaluation of forging regimes,
including temperature, reduction ratios, deformation, and heat treatment
effects on properties.

Results and Discussion.

"Mouthpiece"” Part. Macrostructural analysis revealed significant
segregations and coarse grains concentrated near the axial zone (Fig. 1). The
applied forging regime failed to sufficiently improve the cast structure,
leaving dendritic and zonal heterogeneity. This resulted in suboptimal
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mechanical properties, particularly a yield strength of 394 MPa, compared to
the required 490 MPa, leading to premature failure.

(b)
Fig. 1. Analysis of the "Mouthpiece" part: (a) forging sketch, (b) metal
fracture at the failure location, (¢) microstructure at the failure location.

"12”  Mandrel” Part. Microstructural analysis showed a
heterogeneous distribution of ferrite grains and sorbite-like pearlite. Large
bands of ferrite grains reduced the uniformity of the structure, weakening
mechanical properties. Fatigue-related cracks originated from these regions,
causing failure.

"Roller" Part. Insufficient plastic deformation led to a coarse-grained,
banded microstructure. The grain size varied significantly across the cross-
section, which weakened the component's durability under operational loads.
Optimizing deformation intensity and uniformity is essential for ensuring
consistent mechanical properties.

"Shaft" Forging. Ultrasonic testing detected sulfide inclusions, and
metallographic analysis revealed segregation bands and liquation zones.
Despite a high forging ratio (19.75), the microstructure remained coarse and
inhomogeneous, particularly in zones with sulfur inclusions. These structural
defects negatively affected the shaft's operational performance and durability.

Conclusions. The study demonstrated that microstructural
inhomogeneity, segregations, and insufficient plastic deformation are the
primary causes of failures in forged components. To improve quality and
operational durability: optimize forging regimes with increased intensity and
uniformity of deformation; implement advanced multi-stage forging schemes
with intermediate heat treatments; control temperature gradients during
heating to minimize grain coarsening and segregations.

Adjusting these parameters will ensure consistent refinement of the
metal structure, enhancing mechanical properties and extending the service
life of forged products.
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STRUCTURE AND PROPERTIES OF RAPIDLY QUENCHED
MULTICOMPONENT ALLOY FECONIB.7SIosBE

The classical approach to alloy development involves adding small
amounts of secondary elements to a primary component to improve the
material's properties. Over the past two decades, this concept has undergone
significant changes [1]. The modern alloy design principle involves
combining several primary elements (typically five or more) in relatively
high concentrations, often in equimolar proportions, to synthesize new
materials termed high-entropy alloys (HEAs). It is believed that the high
configurational mixing entropy of such alloys promotes the formation of
simple crystalline phases rather than complex intermetallic compounds [1].
Subsequent research has demonstrated the potential to expand this concept,
enabling the creation of HEAs with diverse structures—ranging from ordered
solid solutions to amorphous states. The phase composition of such alloys
can include not only simple body-centered cubic (BCC) or face-centered
cubic (FCC) solid solutions but also intermetallic compounds, allowing for
the development of unique materials with various physical properties,
promising for engineering applications.

One method to enhance the properties of HEAs is rapid quenching
from the melt at rates exceeding 10* K/s. This method, known as melt
quenching, allows for the formation of non-equilibrium structures with
unique characteristics.
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The potential of HEAs as functional materials, particularly magnetic
materials with exceptional mechanical and magnetic properties, has recently
drawn significant attention. This study investigates the effect of cooling rate
on the properties of the FeCoNiBy7Sio3Be alloy. The alloy is based on the
high-entropy metallic glass FeCoNiBy 7Sio3, with the addition of beryllium
due to its physical properties, such as high hardness and low density. Samples
were prepared in a Tamman furnace under an argon atmosphere, followed by
remelting and rapid quenching (up to 10° K/s) on the inner surface of a copper
cylinder rotating at approximately 8000 rpm.

X-ray diffraction analysis of the cast and quenched samples of
FeCoNiBy ;Sip3Be revealed a multiphase structure. The as-cast samples
contained phases corresponding to an ordered BCC solid solution (B2
structure, lattice parameter a = 0.2655 nm) and a (Co,Ni)Be-type compound.
Additionally, the (Fe, Ni, Co).B phase with a tetragonal lattice was observed.
The melt-quenched samples also exhibited these phases, but the lattice
parameter of the B2 phase decreased (¢ = 0.2653 nm). Changes in the
intensity of diffraction peaks suggest that the content of the B2 phase is higher
in the melt-quenched samples compared to the (Fe, Ni, Co).B phase.

Microhardness analysis revealed significant differences between the
samples. The microhardness of the melt-quenched samples was Hu = 10400
MPa, exceeding that of the as-cast samples (8900 MPa). This can be
attributed to the presence of the ordered B2 phase and intermetallic
compounds with high hardness.

Magnetic property analysis of FeCoNiB;Sip3Be confirmed its
classification as a ferromagnetic material for both cast and melt-quenched
samples. The coercive field H. of the melt-quenched samples was
significantly higher (17.500 A/m) than that of the cast samples (5200 A/m),
while the specific saturation magnetization My remained nearly constant (71
A-m?/kg for cast samples and 73 A-m?kg for melt-quenched samples). The
increase in H. for quenched samples is likely due to structural refinement,
increased microstrains, the presence of defects, and nanoscale inclusions,
which impede domain wall motion.

References:

1. High entropy alloys. Innovations, advances, and applications. Ed.
by T. S. Srivatsan, M. Gupta. Boca Raton : CRC Press. (2020). 758 p.
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OTPUMAHHSA KOJIHYACTHX BAJIIB BIVIBHUM KYBAHHSIM
3A JOIIOMOI' OO IHCTPYMEHTY “IIEPETUCKAY”

3a 101OMOT 00 KOBaJIbCHKO-IITaMITYBaJIbHOTO BUPOOHHUIITBA, 30KpEMa
BIJIBHOTO KyBaHHs, MOXXHa OTPMMYBAaTW ITOKOBKHM pi3HOMaHITHUX (opMm i
po3MipiB. KyBaHHS ITOKOBOK KOJIIHYACTHX BaJIiB € CKJIAHUM 1 TPYAOMICTKHM
TEXHOJIOTIYHMM ITHKJIOM, III0 BKJIIOYAE PI3HOMAaHITHI KOBaJIbCHKI Orepariii Ta
TexHoJOriuHi etanw [1]. Bu3HaueHHs BIUIMBY KOXKHOI 3 OIlepalliif Ha SKiCTh
TOTOBOI HOKOBKH € HEIPOCTUM 3aBHaHHAM. KoXKeH TEXHONOTIYHWHA eTal,
MIOYMHAIOYHM 3 KYBAaHHS 3aTOTOBKH 31 3IUTKA Ta 3aKiHUylOUH Oe3rmocepeHiM
(hopMyBaHHIM KOJIIHIACTOTO BaITy, Ma€ CBill BIUIMB Ha KiHIIEBY SKiCTb BUPOOY
1 moTpebye MeTalbHOTO aHawi3y. Y 3B°SI3Ky 3 MM aKTyaJIbHUM 3aBIAHHIM €
SK eKCIIepMMEHTallbHe, TaK 1 TEOpeTHYHE BHU3HAYCHHS palliOHAIBHHUX
napamMeTpiB KyBaJgbHHMX omneparfiif. Ile HeoOXigHO [Isi BIOCKOHATICHHS
TEXHOJIOT11 BUPOOHHIITBA TIOKOBOK KOJIIHYACTUX BB 13 METOO JOCSATHEHHS
HEOOXIHOTO PIBHSA MEXaHIYHHX BJACTHBOCTEH 1 BHCOKOI SKOCTI TOTOBOI
MIPOYKITIT.

[Tpoulec BUTOTOBJICHHS KOJIHYACTOTO Bajly UIIIXOM KyBaHHS
nepenbadac 1Ba OCHOBHI €TamM: IiATOTOBKY 3aroTOBKH Ta CaM MPOLEC
KkyBaHHs [2]. ITiqroToBKa 3aroTOBKM BKIJIIOYAE OIJIETUPYBAHHS 3JIMTKA, HOTO
yIIUTbHEHHS. (OCa/UKyBaHHS), a TaKoX IIOJaJIbIIe BUTATYBaHHS 10
HEOOXiJHUX TeOMETPHUYHHMX IapameTpiB. B 1pomy mporeci ocobnne
3HAYEHHS MalOTh KOBAJBCHKi OMepartii, OCKUTBKH BOHH CYTTE€BO BILTHBAIOTH
Ha GOPMYBaHHS HEOOXiTHUX MEXaHIYHIX XapaKTEePHUCTHK.

MeToro pobOTH € TOCITIHKEHHS (POPMO3MIHH 3aTOTOBKH KOJTIHYACTOTO
BaJly NpPU BHUKOPHCTaHHI I1HCTpyMeHTy ‘meperuckay”. Lls pobora Oyna
BHKOHaHa 3a JIOTIOMOTOI0 KOMII IoTepHOro MonemoBaHHS y QForm [3].
KpecneHHs caMoro iHCTpyMEHTY «IepeTrcKay» HaBezneHo Ha puc. 1. llnsxom
KOMIT'IOTEPHOTO MOJEJIIOBaHHS OyJ0 BHKOHAHO BapifoBaHHs IIIMOMHU
BIPOBaKCHHS, KyTa Jae(OpMYyIOHOro IiHCTPyMEHTY Ta BIJCTaHI Mix
HaMIiTKaMH, WIO JJO3BOJIWJIO BHU3HAYWTH PALIOHANBHI CITiBBiTHOIICHHS
IHCTpYMEHTY JUISl pEKUMIB KyBaHHS KOJIIHUACTHX BaJIiB.
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a) 0)
Pucynok 1 — a) kpeciieHHs iHCTPYMEHTY «IIepeTHUCKaw™»; 0) MoIenb
IHCTPYMEHTY «IIePEeTHCKay» Ta BU3HAUEHHS HOTO THIIOPO3MIpiB.

Po3pobiieni  pexkomeHpamii  BUKOpHCTaHHS  Je(oOpMyIOuOro
IHCTpyMEHTY ~«IEpEeTUCKAaD» JIO3BOJIIIOTH OTPUMYBaTH IOKOBKH, IIO
MaKCHMaJIbHO HaONMbkeHi 10 (OPMH TOTOBOTO KOJIIHYACTOTO Bally, SKHH
OTPUMYETHCS BUTBHUM KyBaHHSIM.
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AJIBTEPHATUBHI METOIU ®OPMYBAHHSA
CKJIAJJHO®ACOHHHUX ITOBEPXOHb HA JETAJIAX
I'A3OTYPBIHHUX JBUI'YHIB

Po3pobka cydacHMX KOHCTPYKIIiM i HOBHX MaTepiamiB IJs AeTajiei
ra30TypOiHHUX IBUTYHIB BIMara€e BIOCKOHAICHHS METOMIB iX BHUPOOHHIITBA
3 METOIO TIOKpaNIeHHs Ta MPUCKOPeHHs npolecy. Ha cboroHi mpoTsryBaHHs
3 BHKOPHUCTAHHSM CIICLIAJIBHAX BEPCTAaTiB 3 YHCIOBUM IIPOTPaMHUM
VIOPaBIIHHAM € TMPOBIIHAM CIIOCOOOM BHTOTOBJICHHS 3aMKOBHX 3’€HAHb Y
IUCKax TypOiH, OCKUTBKH Ieii Mmeron 3abesledye BHCOKY TOUYHICTB,
e(eKTUBHICTD 1 3HIKYE MMOBIPHICTh MEXaHIYHUX IE(EKTIB, 0 KPUTHIHO
BOXJIMBO JUISl HAJIMHOCTI Ta JOBrOBIYHOCTI TypOiH y CKJIQJHUX YMOBax
excrutyatamii. Bin 3a0e3meuye BHCOKY SKICTh IMOBEPXHi, ajie JIOPOTHUi,
€HeprozarpaTHui, Mae HU3bKY BHPOOHMYY THYYKICTh. MexaHiuHl Ta
eJIEKTPOXiMiuHI MeTonu ((pesepyBaHHs, HUTiQYBaHHS), SIKI 3aCTOCOBYIOThH
JUTS. CKOPOUCHHSI TPUBAJIOCTI 0OPOOKH, SIK MPABHUIIO, HEIOCTATHBO C(PEKTUBHI
Yyepe3 MIBUAKHN 3HOC 1HCTPYMEHTY, BUTOTOBJICHHSI Ta pereHepais sIKoro
motpelye OaraTo gacy.

Bararoo0iustounx pe3ynsraTiB MOXKHA JIOCATTH 3a JOTIOMOTOIO
eIEKTPOePO3iHHINX METONMiB OOpoOKM Ta O0Opi3kM OpoTOM, epo3iifHOol
eJeKTPOoXiMigHOT 00poOKH. TexHOMOTii Ky’kKe THYUYKi 3 TOYKH 30py TOYHOCTI
00pOOKHM Ta SIKOCTI MOBEPXHI 32 MEHIINX EKCIUTyaTallliHUX BUTpAT, ajie B
MIOBEPXHEBOMY IlIapi NPUCYTHI Taki ne(eKTH, K 30Ha TEPMIYHOTO CILJIaBY,
MIKpPOTPIIIUHA YH 3aJIMIIKOBI HAPYTH po3TAry. /11 ycyHeHHS nux nedekxTiB
NEepPCIEeKTUBHUM € XIMIUHE IMOJipyBaHHS: BHJAJICHHS HaHOMETPOBOIO
MOBEPXHEBOTO APy NPH3BOAUTH O 3MEHIIEHHS IIOPCTKOCTI, YCYHEHHS
nedekTiB 1 MiABHINEHHsS CTifikocTi 10 koposil. 100 migBuiuTh
€KOJIOT1YHICTh, 3HM3UTH PHU3UK BOJHEBOI KPHXKOCTI 1 ITOKPAIIUTH SKICTH
TIOBEPXHI, JUIS eJIEKTPONONIPYBaHHS METAJIB 1 CIIaBIB 3aMiCTh KHCIOTHHX
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MOXKHa 3aCTOCOBYBAaTHM HEBOJHI EJIEKTPONITH Ha OCHOBI IIIMOOKHX
€BTEKTHYHUX PO3UMHHUKIB.

3acTOCyBaHHS EJEKTPOXIMIYHOro abo XIMIYHOTO MONIpyBaHHS
MTOBEPXOHb METAJIIB 1 CIUIaBIB MICIsI €JIEKTPOEpO3iiiHOro pi3aHHS 3a OAWMH
MPOXiJl 1a€ MOXKJIMBICTh CYTTEBO NPHIIBUIIIUTH TEXHOJOTTYHUH Mpolec ixX
O0OpOOKM Ta TMOKpAIIUTH SKICTh MOBEPXHI. Y 3B’S3KY 3 LIUM BKIMBUM
HAyKOBUM 3aBHAHHSAM € PO3pOOKa CQPEKTHBHUX CIEKTPONITIB s
TIOJIipyBaHHS.
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MANUFACTURING OF AIRCRAFT PARTS FROM INCONEL 718
ALLOY USING MIM TECHNOLOGY

The purpose of this study is to develop and test the technology of
manufacturing gas turbine blades from Inconel-718 alloy by the metal
injection molding (MIM) method. This method of obtaining products with a
complex geometric shape is promising for mass production, providing a
significant reduction in costs compared to traditional technologies of casting,
hot deformation and mechanical processing of ingots. The technological
scheme of production included mixing the Inconel 718 alloy powder with an
organic binder, forming blanks of a given geometric shape, removing the
binder while preserving the shape of the powder blanks, sintering them in a
vacuum or in an argon atmosphere, and final heat treatment. The proper
selection of technological parameters and conditions for the forming,
sintering and heat treatment of powders ensures the production of finished
products with a specified phase composition and microstructure, and
therefore with the necessary physical and mechanical properties.

Scanning electron microscopy, X-ray diffraction analysis, hardness
and tensile tests were used to study the microstructure, phase composition,
and mechanical characteristics of initial powders and the final product. The
optimization of the processing conditions ensured the achievement of
sufficient characteristics, namely a tensile strength of 900 MPa, a relative
elongation of 16% and a hardness of 372 HV of Inconel 718 alloy blades. The
introduction of MIM technology is envisaged in the aircraft industry of
Ukraine for the production of high-temperature nickel-based parts with a
reduced cost.

Acknowledgments: This work was supported by a grant Ne2023.04/0058 of
the National Research Foundation of Ukraine.
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BIIJINB JIAMETPA JIASEPHOI'O IIPOMEHIO HA
®OPMYBAHHSA TPEKIB TA MOP®OJIOI'TIO BAHHH PO3IIVIABY
B IMTPOLECI CEJIEKTUBHOTI'O JIABEPHOTI'O IIVIABJIEHHS
CTAJII 316LL

JlocmipKkeHOo BIUTMB OCHOBHUX TEXHOJIOTIYHUX MapaMeTpiB JIa3epHOTo
IUIABJICHHS, TaKWX SK JaMeTp J1a3epHOT0 TPOMEHIO, TOTYXKHICTh
BUNIPOMIHIOBaHHS Ta UIIBHJIKICTh CKaHyBaHHs, Ha TeOMETpir0 (pOHTY
KpHCcTaizalii OIMHUYHUX TPEKiB 3 aycTeHiTHOI cTaii 316L. OcobnuBy yBary
TIPUTUTSUTA TOCIIKCHHIO BIUTMBY CaMe JliaMeTpy Jiasepy.

JlocmipkeHHST TIPOBOIMIIOCS  €KCHEPHMEHTANBHUM —IIUIIXOM  Ha
YCTaHOBIII 3 iTepOi€BUMHU BOJIOKOHHHMH JIa3€paMH rayCiBCHKOTo Hpodiio.
BunpoOyBaHHs 37iliCHIOBAaJIMCS Ha TpeKaX, BHUTOTOBJICHHX 32 PI3HUX
mmapaMeTpiB: MOTYXHICTH 3MiHIOBaiacs B mexax 150-500 Br, mmBuakicts
ckaHyBaHHs BapitoBamacs Big 700 mo 1000 mwm/c, a miamerp TpOMEHIO
cranoBuB Bix 0,075 mo 0,175 mm. BeraHoBieHo, 1110 Halikpalia IiTiCHICTh Ta
CTaOUIBHICTh TPEKIB JOCSATAETHCS TMPHU BUKOPHCTAHHI Majoro JiaMerpa
na3eproro npomento (0,075 mm) y moegHanH1 3 moTyxHicTio 175-200 BT Ta
mBHIKICTIO ckanyBaHHs 1000 Mm/c. 301IbIICHHS TiaMeTpa MPOMEHIO TOHA,T
125 MM moTpeOye 3HAYHOrO MIiJABMIICHHS MOTYXHOCTI, 1 NPH IOMY
BizOyBaeThcsl BTpara cralinbHOCTI TpekiB. IIpu BHKOpHCTaHHI Jila3epHOTO
MIPOMEHIO AiaMeTpoM 175 MKM HaBiTh 32 BUCOKOI HOTY>KHOCTI Ta MOMipHOi
LIBUJKOCTI CKaHyBaHHS CIOCTepirajacs KariipHa HEeCTaOUIbHICTD 1
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KpaljieyTBOPEHHs. AHalmi3 pe3yibTaTiB  IMOKa3aB, [0 ONTHMAJIbHE
CHIBBIHOIICHHS TTUOWHU 10 mMpuHU BaHHU (Buine 0,8), ske XxapakTepHe
Ui pexuMy "'3aMKOBa IIUIMHA", BAANOCA JOCATTH JHIIE TPU JiaMeTpi
mpomernro 0,075 mM. B iHmUX BHMaaKax crocrepirairacs TCHICHINS 0
(hopMyBaHHSI MEHII TTHOOKUX TPEKiB, IO IMiIBUIIYBAIO PU3UK YTBOPEHHS
IeeKTiB y TOTOBUX BHPOOaXx.
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MOLECULAR DYNAMICS SIMULATION OF LIQUID-PHASE
SINTERING OF NANOPARTICLES WITH HIGH GLASS-
FORMING ABILITY

As it is well known, Zr-Cu alloys are characterized by a high glass
forming ability due to many factors. Among them are the influence of the
large atomic size mismatch, thermodynamic features of crystallization or
amorphization, and the structure of alloys in the liquid state before rapid
cooling. In particular, it has been shown in many studies that clusters with an
icosahedral structure, which are also present in amorphous alloys, play an
important role in the process of amorphization. Atoms within such clusters
have low mobility, which facilitates the transition to the amorphous state
during cooling. Dopants in Zr-Cu alloys can significantly reduce the critical
cooling rate, which contributes to an increase in glass forming ability.

Due to their good glass forming ability, Zr-Cu-Al alloys are promising
for producing bulk amorphous alloys by 3D printing using selective laser
melting. It should be noted that by traditional methods, amorphous alloys of
this system can be obtained with a cross-sectional area of several tens of
square millimetres, which limits the creation of more massive products with
an amorphous structure. 3D printing methods can produce objects of any size
and shape. In view of this, there are currently many studies of the process of
selective laser melting of alloys of the Zr-Cu and Zr-Cu-Al systems, both by
experimental methods and by computer modelling.

Studies of the process of melting nano- and microparticles of Zr-Cu-
based alloys by computer modelling are unsystematic and do not take into
account all aspects of the transformation of their structure during the
transition from the liquid to the amorphous state. In view of the insufficient
information on the alloying of nanoparticles of Zr-Cu-Al system, we have
studied this process for nanoparticles of ZrssCussAljo alloy by molecular
dynamic during their cooling from the liquid state to a temperature of 400 K.
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These studies were performed as a continuation of our work on the structure
investigations of Zr-Cu-Al glass forming alloys.

To obtain a model of the nanoparticles used for alloying, a cubic cell
with atoms was created at 1600K and a relaxation process was performed to
bring the system to an equilibrium state, after which spherical particles were
cut out of the cell and placed next to each other. The resulting pair of
nanoparticles was simulated at temperatures in the range 1600K-400K with
a temperature step of 200K. The simulation was performed with a time step
of 2 fs for 80000 steps. The obtained results were analysed using a molecular
graphics software and on the basis of temperature dependences of the main
structure parameters and cluster distribution in the alloys.
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MPOIECHU KPUCTAJI3AIII TA ®PA30OYTBOPEHHS B
AMOPO®HOMY CIIJIABI CossFesCrsSiizBu ITIPH HAT'PIBAHHI

AwmopodHni meranesi crutaBu (AMC) Be TpHBaJNif Yac BUKIHKAIOTH
3HAYHUH 1HTEpeC 3aBAAKH MOE€THAHHIO KOMITICKCY (hi3WYHUX BIIACTHBOCTEMH,
sSIKe BaXKKO 200 HEMOXKJIMBO OTPUMATH y KPHCTaNiYHUX Marepiaiax. Okpim
npakTHYHOTO iHTEepecy no AMC, icHye i HayKOBHH iHTepec, MOB'I3aHUM 3
¢izukoro amopdizarii pe4oBUHHU, CTPYKTYPOIO aMOpP(HOTO CTaHy, hazoBUMH
TepexolaMt y INIHOOKO HEPiBHOBKHUX YMOBaX Tomo. OJTHUM i3 TUTaHB, SKe
MIpUBEPTAE yBary, € BABYEHHsI IpolieciB kpucramizamii B AMC npu TepMidHii
i,

HesBaxaroun Ha 3HAYHY KUIBKICTB JOCTIJPKCHb, HPHCBSIYCHUX
kpucramizanii AMC, € nWTaHHS, SKi BUMaraiTh HPOSCHEHHS Ta OUIBII
JIEeTaBHIX NOCTiKeHb. Tak, y geskux podorax [1, 2] mocmimkeHo npomecu
kpuctamizanii AMC CogsFesCraSizBii. Pesymeratn, orpumani y mmx
poboTax, HOCATH CYNEpEewWINBHNA XapakTep MI0A0 MporeciB Gpa30yTBOPSHHS
Ta ineHTudikaiii (azoBoro ckiamy 3pasKis.

Tomy MeTor0 AaHoi poOOTH OyiI0 AeTaNbHE MOCTIIKCHHS MPOIECIB
kpucramizamii AMC CogsFesCrsSi3B1; mig yac 6e3nepepBHOTO HarpiBaHHs
31 mBuaKicTIo 6 K/XB Ta micns i30TepMivuHMX BigmaniB. JlocmimkeHHs
npoBowuk in situ Ha mudpakromerpi D8 Advance (Cu-Ko) B nmiamazoni
temneparyp Big 303 g0 1043 K. JIns BCTaHOBIICHHS 3arajibHOT KAPTHHH 3MiHU
¢azoBoro ckiany crutaBy CoesFesCraSisBii, 3amexHo Bix Temmneparypw,
Oynu MpoBeJeH] Binaiy 3pa3KiB cruiaBy npotsiroM 30 XBHJIMH B iHTEpBai
temneparyp 723 — 1173 K. ®a3oBuii cxiaj 3pa3KiB MiCIIs KOXHOTO BiATIATY
¢ikcyBaBcs upaKTOMETpUYHO. AHali3 Au(ppakTorpaM IoKaszas, IO 3i
30UIBIICHHSIM TEMIIEPaTypH Bimmasy B CIUTaBi BigOyBajiiics HE IIHIIE
KpUCTali3aliiiHi mpomecu, a # 37ificHIOBanmca IesKi MoAaTKoBi (a3oBi
MIEPETBOPEHHSL.

Bcei audpakrorpaMu, omeprkaHi Bia 3aKpPHCTATI30BaHHX 3PasKiB,
MOXKHa YMOBHO PO3JUIMTH Ha TPU TPYIH, Y KOXHIN 3 SKUX IUpaKIiiHi
KapTUHHU MaJio Bipi3HAIOThCSA Mixk coboro. Lle mudpakTorpamu Big 3pas3kiB
miciis BignaiiB mpu temmeparypax 823 — 923 K (nepura rpyma), 973 — 1073
K (mpyra rpyna) ta 1123 — 1173 K (tpers rpyna). Busnauenus ¢asoBoro
cxiany jus 3paskis apyroi (ILIK-Co, I'I[Y-Co, Co,Si, CozCr2Bs, Co,B) Ta
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tpetboi (['LIK-Co, I'IIIY-Co, Co,B) rpym He BUKIMKAIO TPYIAHOIIB. AHAaI3
mudpakrorpaM Bil 3pa3kiB HEpIIOi I'pynH BKa3yBaB Ha IPHUCYTHICTH (a3
I'IK-Co, T'I1Y-Co, 60puny Co,B ta neBinomoi X-dazu. s BU3HaUCHHS
TUITy KpucTamigHoi rparkn X-a3u Ta po3paxyHKy ii mapamerpiB Oyio
BukopuctaHo maker mporpam Crysfire-2020 [3]. Bymo Bu3HaveHo, mio
HeBifgoMa X-¢a3a Mae TeKCcaroHaNbHY rpaTKy 3 mapamerpamu a = 1,2061 nm
tac=0,7567 nm.

g 9iTKOTO BH3HAUEHHS TEMIEpaTypHOTO iHTEepBally iCHYBaHHS X-
¢asn mpm kpucramizamii amopgHoro crmmaBy CogsFesCraSisBii OyB
MPOBEICHUIN eKCHepUMEeHT 3 Au(pakIifHIM aHami3oM 3pa3KiB mpu
Oe3nepepBHOMY HarpiBaHHi 31 mBUaKicTIO 6 K/min (puc. 1). 3 pucyHka
BUJIHO, UIO CIUIaB KPHUCTANI3YEThCS 3a IEPBUHHUM MEXaHi3MOM, a
¢dopmyBanus X-¢asu 1 Oopuny CosB BigOyBaerscst Ha Apyrid cranii
KpHCcTamizamii npu
Temrieparypi onussko 798 K.
] I[Ipn Temmeparypi 948 K
5 ' ‘ | BiIOyBa€ThC po3man

' | 4 3a3HAYCHNX ¢a3 3
18

tdopmyBanusM a3z CoxSi,
COzB 1 C021CI‘286.
OueBngHO, m0 X-aza
o e MeracTabinbHo.  Tomy
i MOCTAJI0 THMTaHHS CTIHKOCTI
e miei daszu. Y 3B'A3Ky 3 UM
= Oy/nu NpoBesIeHi 130TepMiuHi
Puc. 1. 3mina audpakuiiiHoi KapTUHM BiJ | BiaHaau 3pasKiB npu
cmaBy CoggFesCrsSi;sBiy mpu  Harpi- | Temmeparypi 823 K
BaHHI 31 mBUAKicTIO 6 K/XB BIIPOAOBXK  PI3HOTO  dacy.
Bcranosneno, mo TpuBanuit
Bigmai (240 roguH) MpU3BOAUTS JI0 po3nany X-¢as3u Ta bopuay CosB.
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COMPLEX MODIFICATION OF NICKEL-BASED SUPERALLOY
FOR LARGE-SIZE BLADES OF AIRCRAFT GAS TURBINE
ENGINES

Gas turbine engine blades typically have complex geometry, with
zones of increased stress concentration, whose distribution pattern is usually
uneven. Plastic deformation allows for stress redistribution in the material
and significantly reduces stress levels in volumes where their impact is
maximum. Therefore, the blade material (especially for large-size blades)
must meet requirements not only for high strength and rupture life but also
for sufficient plasticity and impact toughness. This maximally prevents their
destruction through brittle separation under external or internal factors during
operation and helps avoid critical situations such as the spreading of large
blade fragments throughout gas turbine engine components, breakout of the
engine housing (nacelle), or aircraft fuselage.

This work establishes the peculiarities of first and second kind
modifiers' influence on the state of regulated macro- and microstructure,
mechanical properties, and fatigue characteristics of specimens and parts
obtained from equiaxed crystallization heat-resistant alloy.

The study examines the effect of complex modification on the
structure and properties of heat-resistant alloy ZhS3DK-VI, which is used in
serial production for manufacturing large-size low-pressure turbine blades.
This includes modification with a first-kind modifier — the surface-active
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element yttrium (Y), which reduces surface tension at phase boundaries and
accordingly affects the alloy's overall structural state; and modification with
second-kind modifiers — ultradisperse titanium carbonitrides Ti(C,N)
particles, which serve as additional crystallization centers for the melt and
consequently promote macro- and micrograin refinement in heat-resistant
castings. Since improving fatigue characteristics of heat-resistant alloys is
inherently linked to grain refinement, the pouring of heat-resistant melt into
ceramic molds was tested, where the first working layer was made using a
modifier — cobalt aluminate CoAl,O4. Its modifying effect accelerates heat
removal from the melt, thereby ensuring macrograins refinement in the
casting's surface layers.

Research results on the complex influence of modifiers show that the
alloy achieved macrograins refinement in casting surface layers, uniform
distribution of fine globular MC and M»3Cs type carbides in the structure, and
favorable morphology of  the strengthening intermetallic
v'-phase, which overall positively impacted the test specimen properties.
Compliance with regulatory technical documentation requirements for serial
alloy ZhS3DK-VI was confirmed. A significant increase in plasticity
characteristics and impact toughness was noted. Elongation values exceed
requirements by more than twofold. A similar trend is observed in impact
toughness tests, where values exceeded 50 J/cm?.

The conducted work demonstrated the prospects of determining
rational quantities of these modifiers introduced into the heat-resistant melt
to improve the alloy's heat resistance and ensure specified operational
durability.
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PROSPECTS FOR THE MODERNIZATION OF
PJSC "ZAPORIZHSTAL" TO EXPAND THE GREEN STEEL
RANGE OF SPECIALIZED GRADES

Introduction. Metals and alloys are critical for modern industry, with
steel as the most widely used structural material in construction, engineering,
energy, and transportation. However, steel production is energy-intensive and
environmentally impactful, necessitating technological advancements. Green
metallurgy aims to optimize steelmaking processes, reducing emissions and
enhancing energy efficiency.

Materials and methods. The research employed a comprehensive
approach to evaluate energy consumption, efficiency of steel production
technologies, and the modernization prospects of the Zaporizhstal plant. It
included an analysis of prior studies, industrial experiments, and
metallurgical site data. Benchmarking assessed current production and
prospects for new steel grades post-modernization.

The analysis determined the energy efficiency and environmental
impact of two scenarios: Option 1 (outdated): "Sinter-blast furnace and open-
hearth steelmaking"; Option 2 (modern): "DRI using hydrogen and electric
arc furnaces (EAF)." This enabled a comparative evaluation of energy
efficiency, environmental sustainability, and economic feasibility.

Results. Research highlights significant differences between
traditional and modern steelmaking technologies. The sinter-blast furnace
process with open-hearth furnaces consumes 33 kWh/t for sintering,
3.3 kWh/t for blast furnaces, and 4 kWh/t for open-hearth furnaces,
generating up to 2,430 kg CO»/t steel. In contrast, the Midrex H, direct
reduction process uses hydrogen, consuming 85 kWh/t and emitting only
613 kg CO»/t, while EAFs, despite higher energy use (340 kWh/t), offer
flexibility and sustainability. Combining Midrex H, and EAF significantly
reduces environmental impacts.
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The modernization of Zaporizhstal's equipment includes
implementing advanced technologies such as EAF, vacuum treatment lines,
ESR, and powder metallurgy. These upgrades will shift production from mass
carbon and low-alloy steels to specialized high-tech steel grades. Table 1
outlines the current product range and post-modernization prospects.

Table 1. Current State of the Product Range and Prospects for Its Expansion
Category Current product range Product range after modernisa-

tion

Carbon steels | St.3 (S235JR, EN 10025-2) | Expanding the range with

St.5 (S355JR, EN 10025-2) | grades with increased strength

and corrosion resistance

Shipbuilding Not available AISI 304, AlSI 316

steels

Tool steels Not available H13, D2

Steels for Not available 18NiCrMo5 (EN 10084)
transport 30CrMnSi (EN 10083)
Powder steels | Not available PM10 (eq. C10E, EN 10084)

PM20 (eg. C20E, EN 10084)

Modernizing equipment will boost production flexibility, enabling
adaptation to demand and access to high-profit markets like automotive and
aerospace. This will enhance environmental efficiency, competitiveness, and
Zaporizhstal’s leadership in high-value steel production.

Conclusions. The modernization of Zaporizhstal enables a transition
from mass production of carbon and low-alloy steels to specialized high-tech
grades, including stainless, cryogenic, tool, transportation, and powder steels.
This shift opens access to high-value markets and enhances environmental
and economic performance through reduced CO, emissions and optimized
resource use. Advanced technologies like vacuum processing, electroslag
remelting (ESR), and powder metallurgy will boost production flexibility and
global competitiveness. Green metallurgy offers broader applications for
aluminum and magnesium production, creating opportunities in aviation and
transportation. As a strategic pathway for sustainable industrial development,
it minimizes environmental impact, supports high-quality material demand,
and strengthens Ukraine's position in global markets. Modernizing
Zaporizhstal advances sustainable metallurgy while fostering the nation’s
global economic integration.

60



YK 621.777.4

Amnie L. C.,

Cusak P. 1.2,

JleBuenko B. M.3,

Aobxapi I1.4,

Mauiii O. T3,

! JOKTOp TexHiYHHX Hayk, Ipod., 3aB. Kadeapu oOpoOKH METAJiB THCKOM,
Jonbacpka nepykaBHa MalIMHOOY/IiBHA aKaeMis

2 JOKTOp TEXHiYHMX HayK, mpod., mpodecop Kaeapu Taxy3eBOro
MamrHOOYyBaHHs, BiHHUIBKII HAITIOHAIBHUHN TEXHIYHAN YHIBEPCUTET

3 KaHAUIAT TEXHIYHUX HAYK, MOJL. HayK. CIiBpoO. [HCTUTYTY pamiodisuku Ta
enektponiky im. O. f. Ycukosa HAHY

4 JIOKTOp TexHiuHMX Hayk, Tpod., mpodecop Kadeapu oOpPOOKH MeTaiB
THCKOM, JloHOackKa JiepkaBHa MalIMHOOY/IIBHA aKageMis

3 acmipanr, Jlon6ackKa qepkaBHa MalMHOOY/IiBHA aKaieMist

JOCILIKEHHA JTE@OPMOBHOCTI METAJLY ITIPH
XOJOJHOMY PATIAJIBHOMY BAJIABJIIOBAHHI JETAJIEN 3
OJIAHIOEM

XomonHe 00'eMHE MITaMITYBaHHS € OJHUM 13 IPOTPECHBHUX METOIIB
oJIepKaHHs BUPOOIB BUCOKOT stkocTi. OIHUM 13 3aBIaHb IIPOIIECIB XOJIOTHOTO
00’€MHOr0 IITaMIyBaHHs € 30UIbLICHHS T'PaHUYHHUX PO3MIpIB JeTaned Ta
3a0e3MneueHHs] y HUX BHCOKHX Ta CTA0UTbHUX MEXaHIYHUX BIIACTHBOCTEH.
Po3B’s3aTi 110 3aauy MOJMJIMBO 3@ JIONIOMOIOI0 BIIPOBADKEHHS HOBHX
MIPOTrPECHBHUX Ta IHHOBALIHHUX METOAIB 00’ €MHOI m1acTHYHOI 00poOKH. [lo
TAaKUX METOMIB BiTHOCATHCS KOMOIHOBaHI MOETAIHI MPOIIECH XOJOTHOTO
o0’emHoro BuaasmioBaHHS. L[i mpomecn ckmamHi y peanizamii, ane
JI03BOJISIIOTH OTPUMYBATH BUPOOM CKJIajHOI KOH(Irypamii i3 301IbIIeHIMHI
TPaHUYHUMHU pO3MipamH. OckinbKH KoMOiHOBaHi MIPOLECH
XapaKTepu3yeThes AeopMyBaHHSAM B KiJIbKa €TaIliB, TO BHHUKAE podiIeMa
OIIHKK N1e()OPMOBHOCTI 3arOTOBKH depe3 OaraTopas3oBi 3MIHH XapaKTepy
HaBaHTaXeHHs. ToMy B CTAaTTi Ha NPHUKIAAI MPOLECY BHUIABIFOBAHHS
CTep)KHs 3 (UaHleM MPONOHYEThCS  IOCIIOBHICTh  PO3PaxyHKIB
BUKOPHCTAaHOTO pecypcy IUIACTHYHOCTI, SKa BpPaxoOBYe€ OCOOJMBOCTI
HEMOHOTOHHOT'O  HaBaHTaXEHHS. JI0 OCHOBHHX  €lIEMEHTIB M€l
HOCIJIZIOBHOCTI ~ BIZIHOCATBHCS ~ OLIHKA KIHEMAaTHYHUX  XapaKTEPHCTHK
IUIACTUYHOI Teyil 3 BUKOPHUCTAHHSIM MPOCTOPOBOI Ta MaTepiajbHOI CUCTEM
BIJUIIKY, OI[IHKa HamNpy>XEHOro CTaHy Ha OCHOBI MOJENl aHi30TPOIHO
3MII[HIOBAHOT'O TUIa Ta BU3HAYEHHsS BEJIMYMHU BUKOPHCTAHOTO peECypcy
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TUIACTUYHOCT] 3 BUKOPHCTAHHSAM TEH30PHOI MOJENI MpOolecy HAKOIMYECHHS
MIOLIKO/PKEHb, 10 BKJIIOYAE€ B IMiJIHTErpaibHy (YyHKIiI0 KOMIIOHEHTH
HalpaBysF040ro TEH30pa MpHUPOINeHb JjaedopMalii BHpaXKeHi yepe3
napametp Jlozxe - Hanai. 3aexHicTh MIIaCTHYHOCTI BijI CXEMH HaIPy>KEHOTO
CTaHy 3aJaBaJid JiarpaMoOI0 IUIACTHYHOCTI, a ICTOpil0 HaBaHTa)KCHHS -
TPAEeKTOPIIMA B KOOpIMHATaX HaKONW4YeHa Jedopmallis, ITOKa3HHK
HaTIpy»XCHOTO CTaHy. B pesymbrari 3fiiicHeHa OIiHKAa Je(pOPMOBHOCTI
3arOTOBKM B KOMOIHOBaHOMY IIPOIIECi paialbHOTO BHUAABIIOBAHHSI 3
MOJAJIBIIOI0  BHCAAKOIO OTpuMaHoro (uianis. Bu3HaueHa BenMunHa
BHKOPHCTAHOTO PECypCy IUIACTUYHOCTI B XapaKTepPHHX TOUKax o00’emy
3aroTOBKH. Pe3yiasTaTs TEOPETHUHUX JOCIKEeHb M ATBEPIKSHO TOCITiTaMU
1O pajiajJbHOMY BHAABIIOBAHHIO 3 BHCAJKOIO MOTOBIIEHHS IHIIHAPHYHHUX
3paskiB i3 crami 10 i amominito AMIIM. Po30ixHiCTE MiX
eKCIIEpUMEHTAJIbHUMH 1 PO3PaxyHKOBHMH 3HAYEHHSIMH MaKCHMAJIEHOTO
niaMeTpy (raHIs OTpUMaHOro 0e3 pyliHyBaHHs ckiana 7...9%.
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CIIOCIb KYBAHHA ITOKOBOK JJIA
BUT'OTOBJIEHHA KOPITYCIB 3AIIIPHOI APMATYPH

AKTyaJbpHICTh KyBaHHS KOPITyCiB BETHKOTabapuTHOI TPyOOIpOBiMHOL
apMarypu 00yMOBJICHA THM, IO ITiJ YaC KyBaHHS TOCITA€ThCs BUCOKA SIKICTh
oTpuMaHoro BupoOy. Lle € 0coOIMBO BaXXITMBUM JUTA 3aITiPHOT Ta PEryJIr0rYol
apMaTypu B €HEpreTUIll, HadTOXiMii Ta ra30Biil MPOMHUCIOBOCTI [1].

KoBani BupoOM € OinbIl JOBrOBIYHMMH TIpH eKCIUTyaTamii B
arpecMBHHMX CEpeNOBUINAX 1 Xo4a KyBaHHS MoXe OyTH JOpOXYHM Yy
BUPOOHMIITBI, ajie¢ 3MEHIICHHS PHU3UKY IMOJIOMOK i TIOIOBXKCHHS TEPMiHY
CIy>kOM Takoi apMmarypum poOWTe 1ed cmoci®é BHUTIgHINIM Y
JIOBTOCTPOKOBOMY BHKOpHCTaHHi [2].

Y nmaHOMy JIOCTHIIKCHHI PpO3IISAHYTO CIOCIO KyBaHHS KOPIYCiB
3amipHoi apmarypu. Croci®é momnsrae y NpOTATYBaHHI NTHIPUIHOT
3aTOTOBKH 3 HACKPI3HHM OTBOPOM 3 BUKOPHCTAHHSIM IUIOCKHX KOBaJIbCHKHX
0OIIKIB.
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Pucynok 1 — 3aranbHuii BUIIISL 3arOTOBKH Ta TIOKOBKH 3aIipHOI apMaTypu
IIpH KyBaHHI (a - 3ar0TOBKa, O - MOKOBKA)

['o0BHMMH NapaMeTpaMHy KyBaHHS IIPH OTPUMaHHI IOKOBKH 3aipHOT
apMaTtypu, IO BIUIMBAIOTh Ha ()OPMO3MiHY, € BEJIMYMHA BHYTPILIHBOTO
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JliaMeTpy 3aroTOBKH, BEJIMYHMHA T10/1a4l 3arOTOBKH B IMiZ0OWKOBY 30HY, KYT
KaHTyBaHHsI 3arOTOBKHM 1 BEJIWYMHA CTyNeHs Jedopmanii. BapiroBanHs mux
rapameTpiB J03BOJISIE OTPUMYBATH PaLliOHAIBHY (OPMY ITOKOBKH 3aIipHOT
apMatypu IpH KyBaHHI.

Lsoen JIoBXKHHA 3alliPHOT apMaTypH
Dioen 30BHIIITHII JliaMeTp 3a11ipHOi apMaTypH
Disoen JliaMeTp 3aKOBY 30BHIIIHI{T
dent JliaMeTp 3aKOBY BHYTPIIIHIiT
danz JliameTp npoxoxy 3amipHOi apMaTypH
Loem JIoBXKIHA yCTYIy 3aKOBY
Liont JlopAiIHA 3aKOBY BHYTPIIIHBOIO JiaMeTpy
Lion> JIOBXKHHA 3aKOBY Ha ITOJOBKEHHS 3arOTOBKH

Tabnuus 1 — 'eomeTpuyHi mapameTpy KOBaHOT MOKOBKU

Ha pucynky 1 HaBezeHO TreOMETpHYHI MapaMeTpH 3aroTOBKH JI0
KyBaHHS (puc.la), a TakoXX TeOMETpWUYHI IapaMeTpu IMOKOBKH (puc.l0).
OCHOBHUMH  T€OMETPHYHMMH  TapaMeTpaMH, M0  XapaKTepU3yIOTh
(hopMO3MiHY MeTaly MpH JaHOMY CIIOCO0i KyBaHHSA, € BHYTPIIIHIN TiaMeTp
3aKOBYBaHHS, a TAKOXK JOBXKHHA YCTYITy, [0 BUHUKA€E B Pe3yJbTaTi onepanii
MIPOTSTYBaHHS Ha TUIOCKUX Ooifkax (Tadmums 1).

JaHi reomeTpu4HI mNapamMeTpud JO3BOJAIOTH  BIJCIIJAKOBYBaTH
xapakTep (opMo3MiHHU, pOOHUTH rpadivHi 3aJICKHOCTI, 110 JO3BOJISE OMUCATH
3MiHY pO3MIpiB IIOKOBKH NPHU KyBaHHI, a TAKOXX T€OMETPUYHUX TTapaMeTpiB
3arOTOBKH.

B moganeiioMy 1ie 103BoJIsE 00paTH parlioHaIbHI CXeMU KyBaHHS, a
TaKOX JOCUTHh TOYHO IMPOTHO3YBaTH CKJIaJHY TEYil0 MeTajy Npu oOpaHiit
cxeMi 1 mapamerpax KyBaHHS.

Jlitepatypa:

1. Meron Ta 3aco0M IMMABMUINEHHA HATIMHOCTI BHUKOHABYMX
MeXaHi3MIB peryiaroBaibHO-3amipHoi apMarypu Tpydonposonis AEC // O.T.
Kencunpkuii, b.A. Kpommutsic, A.C. Jlepuupkuii, I .M. ®enopenko / K.: HAH
VYkpainu, [HcTuTyT npobnem 6e3nexu AEC, 2016 -136 c.

2. Progressive technologies of forging large parts with responsible
destination Monograph. // P. P. Kalchenko, O. E. Markov, I. S. Aliiev, N. S.
Hrudkina / Riga, Latvia : “Baltija Publishing”, 2022. - 96 p.
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! Kpemenuynpkuii HalliOHANBHMM TEXHIYHMI yHiBEpcUTET iMeHi Muxaiina
OcTporpancbkoro

2 HauioHasbHU TexHiuHMil yHiBepcuTeT YKpainu «Kuischkuii momitexHiy-
Hul iHCTUTYT iMeHi Irops CikopchKoroy

CKOPOYEHHS KUIBKOCTI TIEPEXO/IB ITPU
XOJIOJJHOMY HITAMITYBAHHI KOHYCHHX BUPOBIB 3
JUCTOBUX 3ATOTOBOK I3 MIJI

Mertoto pobOTH € CKOPOYEHHSI KUTBKOCTI IIEPEXOAIB IIPH IITAMITyBaHH1
KOHYCHHX BHPOOIB.

Haii6inpury criragHicTh IPH MTaMITyBaHHI BUTATYBaHHSM i3 JILCTOBOL
3arOTOBKM MAarOTh BHUCOKiI KOHYCHI JeTaini, sike moTpedye He MeHme 4
mepexoniB [1]. 3acrocyBaHHsA ormepalliii BHUTATYBaHHA IOPOKHUCTOTO

. HamiBpaOpukaTy 3 TONANBIINM OOTHCKOM
JO3BOJISIE 3MEHIINTH KiNBKICTh TIEPEXOJiB
BHUTOTOBJICHHS TakuxX BUpoOiB [2]. OgHak B

3 HEBEJCHUX JpKepesiaX MpPaKTUYHO BIJICYTHI
JaHi 1o mnapamerpax (OpPMOYTBOPEHHS

BUCOKMX KOHYCHHMX BHpPOOIB 13  Mifi.

z N 3acTocyBaHHS ~ Marpulli  CHELiaJbHOTO
Puc. 1. Ecki3 Bupo0y npodi0  mpH  BUTATYBaHHI  JO3BOJISE

3MEHIIHUTH 3yCHIUIS IITaMITyBaHHS Ta 3HU3UTH OTOHIICHHS JJOHHOI YaCTUHU
BupoOiB [3]. Bupi0, siknit He0OXiJHO OTpUMAaTH, OKA3aHO HA pHC. 1.

CxeMH 3 TO3HAYCHHSIMM BUTSTYBAaHHS HamiB()aOpHKaTy B KOHYCHiH
MaTpHIIi CHEHiaTbHOTO MPO(}IIIO Ta MOAAIBIIOr0 0OTHUCKY FOTO HaMiB(hab-
pUKaTy puBeAeHO Ha puc. 2. TyT miBopyd Bif Bici cuMeTpii 300paxkeHo 1mo-
JIOXEHHsI Ha NMoYaTKy (OPMOYTBOPEHHS, a PaBOpyY — Ha KIHLEBIi cTajii.
Ha puc. 2a naBeneHo cxeMy BUTAryBaHHs JIMCTOBY 3aroToBKy 1 BCTaHOB-
JIeHO MiX MaTpuieto 2 i mputrckauem 3. JlepopmyBanus 3ycwuisiM Pd 3iii-
CHEHO ITyaHCOHOM 4, sIKWii TepeMilyeTbest 31 mBuakicts V0. B pesynbrati
BUTATYBaHHSI OTPUMYIOTh HamiB(paOpuKaT 5 3 KOHYCHOIO 1 LMITIHAPHYHOIO
yactuHamu. @opmy nedopmyrodoi moBepxHi MaTpuui 2, 0 Ma€ BUCTYIH i
BIAJMHK, YTBOPEHO INEPETHHOM TOpIB miamerpoM di, siKi pO3TAIIOBaHO 3
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KkpokoM t (puc. 26). JlepopmoBaHa 3aroToBKa Mpu BUTATYBaHHI KOHTAKTYy€
TITBKH 3 BUCTYIIAMHU
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Puc. 2. CxemMun JBOXIEPEXiHOTO IITAMITYBaHHS KOHYCHOTO BH-
poOy: a — cxema BUTATYBaHHSA, 6 — popMa JeGopMyrodo] MOBEPXHI MaT-
puii, 8 — cxema 0O0THUCKY
i€l moBepxHi. Lle mpuBOAUTE 10 3HIKEHHS 3yciust AeopmyBanHsi. Cxemy
JIPYTOTO Tepexony OOTHCKY 300paxkeHo Ha puc. 2g. HamiBdabpukar micms
BUTATYBaHHA | po3Mimieno Ha Matputli 2 i onopi 3. [Tpu omyckaHHI ImyaHCOHY

4 3IHCHIOIOTh OOTHCK IMITIHAPHUYHOT YaCTUHHU 1 OTPUMYIOTH BHPIO 5.

MoenoBaHHs MPOIECIB BUTATYBAHHS 1 MOJANBIIONO O0THCKY IPO-
BEJICHO 32 JIONIOMOTr o0 MeToay ckinueHHux enemenTiB (MCE) 3 BukopucraH-
Hsm nporpamu DEFORM2D. TIpu MozetoBaHHI 00THCKY BpaxoBaHO Aedo-
pMailtii, IKi OTPUMaHO Ha MEePeXo/ii BUTATYBaHHs. 3aCTOCOBAHO MPYXKHO IUIa-
CTHYHY MOJIEJIb METaITy, 10 JI03BOJIMIIO BUSIBUTH PO3MipH HamiBadpukary i
BHpOOY 3 ypaxyBaHHSAM IIPY>KHOI 1eopmariii.

Po3mipn 3aroToBKM 1 iHCTPYMEHTY NpH BHUTSATYBaHHI Ta OOTHCKY:
Do=100 mm; So0=1,8 mm; Dx=90 mm; Dm=43 mm; Rm=6 mm; rm=20 mm; h=9
MM; ¢=25,5°,d:=6 mm; t=3 mm; Dp=40 mm; rp=12 mm; f=2°; Rp=8 mm.

B 060x Bumankax (opMOyTBOpEHHS MBHIKICTH Ae(opMyBaHHS CKIla-
naia V0=2,5 mm/cek, a BIUIMB TepTs BH3HAUCHO M0 KyioHy 3 KoedimieHToM
teptst xu=0,1.

Ha puc. 3 300pakeHO B po3pi3i MOJIOKEHHS IPH MOJCIIOBAHHI BUTSI-
ryBaHHs HamiBaOpukary. [lonokeHHs1 Ha TOYaTKy BUTSTYBaHHSIM MOKa3aHO
Ha puc. 3a. 3arotoBKy 1 BCTaHOBJIEHO MK MarpuIero 2 i IpUTUCKadeM 3.
3ycuiuIsl MPUKIAJAaeThCs 32 AOIIOMOToI0 IyaHcoHy 4. [yl BUIITOBXYBaHHS
HamiBabpukary nependaueHo BUIITOBXyBad 5. Ha puc. 36 HaBeaeHo moiio-
JKCHHSI B KiHIlI BUTATYBAHHS 3 OTpUMaHHAM HaniBdadpukary 5. [Ipu 3Bopo-
THOMY pyci ITyaHCOHY HamiB(aOpukar 3anumarscs B Marputi (puc. 36). [To-
JIOXKCHHS TICIIsl BUIITOBXYBaHHS HalliB(haOpuKaTy 300paXkeHo Ha puc. 3e.
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a
Puc. 3. ITonoxeHHs B po3pi3i IPH MOJETIOBaHHI BUTATYBaHHS Ha-
niBpadprKaTy: a — Ha OYATKy BUTATYBaHHS, O - B KiHI[I BUTSTYBaHHS, B
— IMiciIs BUMMaHHS ITyaHCOHY 13 HamiB(aOpHuKary, T — Hicisl BUIITOBXY-
BaHH: HamiB(haOpUKaTy i3 MaTPHUII

8 2

3ycusuist Ipy OTPUMaHHI HamiBpabpuKary MpUBeAeHO Ha puc. 4.
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Puc. 4. 3ycwins npu oTpuMaHHi HamiB()aOpUKaTy: a — 3aJICKHICTh 3y-
CHJUISL BUTATYBAHHS BiJ] IEPEMILICHHS ITyaHCOHY, O — 3aJIeXKHICTb 3y-
CHJUTS BUITYYEHHSI ITyaHCOHY BiJl HOTO 3BOPOTHOT'O NEPEMIIICHHS, B - 3a-
JICKHICTH 3yCHJUIS BUILITOBXYBAHHS BiJ] IEPEMIIIICHHS BUIITOBXYBaJya

Burnisin HaniBdaOpukary B po3pisi, po3MoIi iHTEHCUBHOCTI edopMaltiil &
Ta po3MipH B MiTiMeTpax HaniBdabpukary 300paXkeHo Ha puc. 5.

Ha puc. 6 300paxeHO NONOXKEHHS INPH MOAETIOBAHHI OOTHCKY.
[TonoxeHHs Ha MOYaTKy OOTUCKY MpHUBEACHO Ha puc. 6a (1- HamiBdabpukar,
2 — marpung, 3 — omopa, 4 — myaHcoH). [Ipu mepemimenHi myancony 4
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oTpuMaHo BHPIO 5 (puc. 60), SIKMIA 3aIHUIIAETHCS HA MAaTPHUL IIPH 3BOPOTHOMY
pyci IyaHcoHy (puc. 6s). TyT p03M1pI/I IO BICSIX HAaBEJICHO B MUJIIMETpPax.
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Puc. 5. Bunsig nanisdabpukary 3 po3pizoM (a), po3moin
IHTEHCHBHOCTI Jie(popMalliii &; 1Mo TOBILUHI CTIHKU TOJOBUHU
HamiB(haOpukary (6), po3Mipu TOBIIUHU CTIHKH (L) Ta MaKCUMaJIbHI
PO3MipH KOHIYHOI 1 WIIHAPUYHOT YacTHH HamiBhadbpukary (8)
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Puc. 6. [TonoxeHHs B po3pi3i MPU MOJICTIOBaHHI OOTHCKY HaIliB-
(abpukaTy micis BUTATYBaHHS: @ — Ha ITOYaTKy OOTHCKY, O - B KiHIIi 00-
THCKY, 6 — IIPH 3BOPOTHOMY PYCi ITyaHCOHY

PesynbraT MozenroBaHHs OOTHCKY TOKa3aHO Ha puc. 7. 3alIeXHICTh
3ycwuis OOTHCKY Bil MEpeMillleHHsI MyaHCOHY 300pakeHO Ha puc 7a.
3ycwuist BKiHII 00TucKy pgocsirae 1000kH, mpu sikomMy 31iHCHIOETBCS
KaJxiOpyBaHHsS pO3MIpiB BHYTPIIIHBOI IOBEpxHI BUpoOy. Ha puc 76
MIPEACTABICHO PO3IOJUT IHTEHCHBHOCTI AedopMaliii & 1Mo BHCOTI CTIHKH
BupoOy. @dopma i po3mipu BupoOy miciast oOTHCKYy HaBEJEHO Ha puc. 76.
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ToBuIMHA CTIHKM MO BUCOTI 32 PaXyHOK NOTOBILEHHS TPH BUTATYBaHHI 1
OOTHCKY BIAPI3HAETHCS BiJl TOBIIUHH CTIHKH 3T1THO €cKi3y BupoOy. Tomy
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Puc. 7. Pe3ynbraTét MOZICIOBaHHS OOTHCKY

MmoTpiOHa  JoJaTkoBa  Omepamiss  MeXaHIYHOI
00pOOKHM 30BHINIHBOI MOBEPXHI MiCIsT BUKOHAHHS
o6THcKy. Bupib 3 po3pizom 300paxeHo Ha puc. 8.

BucnoBku: 1. MogpemoBanusasm  MCE
MOKa3aHa MOXJIUBICTh OTPUMaHHA KOHYCHOTO
BUpoOy 3a [Ba MEPeXOAM 3 BHKOPUCTAHHIM
BUTSATYBaHHA 1 OOTHCKY 3aMiCTh YOTHPHOX
MepexiJIHoro  BUTATyBaHHsA. 2. BcraHosneHo
nmapamMerpd  JUisi  TPOCKTYBaHHS  TEXHOJOTIT
BUTATYBaHHSA 1 OOTHUCKY: 3yCHIIS 1 poOoTy
nedopmanii moTpiOHI s BUOOPY IPECOBOTO

oOMajHaHHs;  po3modin  mHTOMMX  3ycmis  PuC. 8. Burisin su-
BUKOPHCTOBYIOTH AJI IPOEKTYBaHHS IITAMIOBOTO po§y
ocHauleHHs; (opMma i po3mipu HamiBhaOpukary i 3 po3p130M

BHpoOy HEOOXiHI JUIs OIL[IHKH T€OMETPUYHOI TOYHOCTI.

Jliteparypa:
1. Pomanosckmii B. T1. CipaBOYHHK TI0 XOJIOAHOH IITaMIOBKe. 6-¢
u31., nepepad. u porr. Jlenunrp. ota.: MammuaocTpoenue. 1979. 520 c.
2. TIpeunmkoB B.®., [Imurpme A.M., Kyxaps B.J. u np.
IIporpeccuBHbBIE TEXHOJOTUYECKHE MPOIECCHI XOJIOAHOMW 1mTamMnoBky; lon
o6mr. Pen. A.I. OpunHHuKoBa. M: Marmuoctpoenue, 1985. 184 c.
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YAOCKOHAJIEHHS ®A30BOI'O CKJIAQY
MOHOKPUCTAJIITYHUX CIIVIABIB HA OCHOBI HIKEJIIO

Ha cporonHimHiii JeH OCHOBHHMIT MaTepiall, 3 SKOTO BUTOTOBJISIOTHCS
po0odi Ta COTIIOBI JIONATKU — CIUTABH Ha OCHOBI Hikero. Taki CIlaBi MaroTh
CKJIQJIHY CTPYKTypy Ta (a3oBuii ckmax. Came Bil CTPYKTYypH 3aJI€XKUThH
SIKICTh JIeTaJied - OIip BTOMH, IDIACTHYHICTH, XapoMiHicTh. OCHOBHHIA
HAIIPSAMOK, Y SIKOMY PYXarOThCsl METAJIO3HABL, — YIOCKOHAJIEHHS TEXHOJIOTIH
BUPOOHUIITRA, 1 SIK HACIIIOK — IiABUIIEHHS onopy BroMi [1, 2].

OpmHpM i3 HampsMKiB 30UIBIMICHHA POOOTONPHAATHOCTI — JUTTS
JIOTIATOK 13 MOHOKPHUCTAJIIYHOIO CTPYKTYPOIO. 3a Takoi TeXHOJOTIT BiICYTHI
MEXI CTPYKTYpH Marepiaiy, 1 BiJIOBIZHO MiJBHUIIYIOTbCS HAAIHHICTh Ta
pecype.

Jnist oTprMaHHs 3aJIS)KHOCTEN THIY «XIMIYHHHA CKJIA/I-BIACTUBOCTI»
3IIMCHIOBAIM MOJIEIIIOBAHHS TEPMOAMHAMIYHUX IPOIECIB yTBOpEHHs (a3
st cucremu  Ni-Al-Re-Cr-Co-W-Mo-Ti-Ta-Nb B sikiii  3miHIOBanu
MTOKPOKOBO Y'-yTBOPIOIOWI E€JIIEMEHTH. Y CHCTeMi 0araToOKOMIIOHEHTHOTO
JIeTyBaHHs, Jliana3oH BapilOBaHHS elleMEHTaMu OyB OOpaHMi 3 MipKyBaHb
MaKCHMaJIbHOI Ta MiHIMaJIbHOI KUTBKOCTI €JIeMEHTA, 1110 BBOJUTHCS B CIUIABH.
3minu  (a3oBOro CKJagy y Nponeci Kpucramizamii (OXONOMKEeHHI) y
CTPYKTypl  CIDIaBiB  3MIHCHIOBAJIIOCS ~ METOIOM  TEPMOAWHAMIYHOTO
MozemoBanHs 3a qorromororo CALPHAD wmetomy.

ExcniepumentansHo  ckiaxg (a3 BU3HAYalM HAa  PacTPOBOMY
enekTpoHHOMY Mikpockomi PEM-1061 3 cuctemoro eHepromucriepciiHoro
PEHTTeHOCIIEKTPaJIbHOrO  MiKpoaHamisy. JlaHuM  MeTomoM  BHBYAJIH
MopdoIorito i XiMiuHU# ckiaj (a3, 110 BUAUIHINCS B CTPYKTYPI CILIaBY.

Tineku mpu mepeBurineHHi 1% aOMIiHIIO y CIUIaBl YTBOPHOETHCS
3MIIlHIOBaJIbHA (ha3a y KiIbKocTi 22% 1 psMONPOIOpIIiiiHo 3pocTae 10 71%
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mpu BMicTi amoMiHito 6%. Temmeparypa pozunHeHHS Y- ¢a3u Tak camo
npsMoITiHiHO 3poctae Big 897°C mo 1278°C BimnoBigHO. 30LITBIICHHS
KUTBKOCTI aJIOMIHIIO y CIUIABI MPHU3BOAMUTH MO 30UIBIICHHS HOTO y CKJaji
3MIIHIOI0YO0T a3y Ta 3MEHIIEHHs TaHTaly. [HII eJeMeHTH TPaKTUYHO He
3MiHIOOTh BMIcT. KinmbkicTh Ta OIHOYACHO 3MEHIIYETHCSA 1 Y TBEPAOMY
po34mHi, i B 3MilHIOWOUIH (a3i, mo Moxe OyTH MOB'sI3aHE 31 3pOCTaHHIM
KipKOCTI ¥'- hazm.

OCKUIBKH THTaH € €JIEMEHTOM, KU yTBOPIOE Y'- a3y, 301IbIIeHHS
HWOro KiTIbKOCTI B CIDIABI MPU3BOIUTH IO 30UTBIICHHS HOTO B 3MIiIIHIOIOYiN
¢a3zi 1o 10.8%. OmHak Bxe npu BMicTi B crutasi 6inbnie 3% Ti y crpykrypi
3'SIBISTIOTHCS TOIOJIOTIYHO IMIUTFHO TIAKOBaHI (a3u, SKi 3HAYHO 30LIBIITYIOTH
KPUXKICTB 1 3HIDKYIOTB KapOMIIHICTh. BUX0ms14 3 1[b0T0, Y CIIIaBi HOTPiOHO
00MeXyBaTH KilIbKiCTh THTaHY.

3a [IOTIOMOTOI0 EHEProAMCHEpCIHHOTO aHami3y Ha pacTpOBOMY
elnekTpoHHOMY  Mikpockomi ~ PEM-1061  mpoBemeHO — mociimKeHHS
MikpocTpykTypH (Puc. 1) Ta Bu3HaueHo XiMiuHi ckinanu ¢a3. BecranoBneHo,
[0 pPe3yJbTaT pO3PaXyHKOBHMM METOJAOM Ma€ XOpPOIIYy CYMICHICTh 3
eKCTIIepUMEHTATbHUMHE JaHuMu (Tabi.1).

a x1000 6 x300
Pucynok 1 — Mikpoctpykrypa cioiaBy BXKM-5 3 mo3HadeHHSIM MicT
aHaIizy

Tabmuirst 1 — Ximiuauii ckiaan a3

Pesymrar . Bwmict enemenTiB, % Mmac.
Ni Al Ta W Co Re Mo Cr

PospaxyuKosuit ciia |7y 5 | g1y | 839 | 3.62 | 4.66 | 0.02 | 0.74 | 1.59
Y- dhasu

Pospaxymkosuit cknan | g 1| o1 | 006 | 259 | 247 | 132 | 07 | 1417
v- asu

ExcnepumenTanbHuii

ckman y'- ¢asu (puc. 1, | 70.76 | 8.47 | 791 | 3.89 | 481 | 0.54 | 046 | 092
TouKa 1)

ExcnepumeHnTanbHuii

cknan y- hasu (puc.1, | 54.75 | 1.12 | 021 | 3.76 | 245 | 144 | 0.54 | 137
TOYKa 2)
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JOCJIKEHHA BIIMBY KOBAJIBCHKOI OITEPATIII
OCAI’KYBAHHS HA AKICTbh KOBAHUX I'AKIB

IIporiec kyBaHHS rakiB € CKIaJHMM 1 BUMOIJIHBHM, OCKUIBKH TaKd
BITHOCATHCA 1O BHUPOOIB BIAMOBIAATBHOTO Mpu3HaUeHHS. [loTpiOHO
BpaxoByBaTH IIpHW KyBaHHI rakiB, IO OCOONMBO Ha IIOYaTKOBOMY eTarli
TEXHOJIOTIYHOTO TpoIiecy NpH AehOpMyBaHHI BUXITHOTO 3JIMTKA 3MIHIOETHCS
He TUTBKH (hopMa Ta pO3MipH 3arOTOBKH, a TAKOXK MEXaHIYHI BIACTHBOCTI Ta
CTPYKTypa MeTaly. SIKII0 3TUTOK Ma€e KPyIHi pO3MipH, TO HOTO Bakue KyBaTH
JUTA TIPOPOOKH JUTOI CTPYKTYPH Ta JIKBiAaIlil 30BHINIHIX Ta BHYTPIIIHIX
nedeKTiB: MIKpPOTPIIMHN, CeTperamis, ycaJodyHa WOPHUCTICTh Ta iHIII
nedextn. s TOKpamieHHS SKOCTI KyBaHHS BHUpPOOIB BiIIMOBiNAIBHOTO
MpU3HAYCHHS, SKAMH € KOBaHI TaKW, Ta YCyYHEHHS IUX JAe(eKTiB
3aCTOCOBYIOTh JIBI OCHOBHI KOBaJIbChbKiI oOmeparii 3 MOCIIIOBHUM IX
BUKOHAHHSIM - OCQ/DKyBaHHS Ta mnporsaryBaHHs. Ilpum ocamkyBaHHI
NOMePeYHU PO3MIp 3arOTOBKM 30UIBIIYETHCS 332 PaxXyHOK 3MEHIICHHs 11
BHCOTH 1 NPU LIOMY € JIOCIIJUKEHHS, sIKi 30CEpe/PKeHI caMe Ha IbOMY
npoueci [1]. IIpu mporaryBaHHI 30ULIBIIYETHCS JOBXKHHA 3arOTOBKH 32
paxyHoOK 3MeHIIeHHs 1i momepeuHoro mepepizy [2]. ToOro crnouarky
MIOTIEPEYHMIA TIepepi3 3arOTOBKU 30UTBIIYETHCSA, a MOTIM 3MCHIIYETHCS,
30UTBIIYIOYH 11 TOBXKHHY Ta 3MIHIOIOYH pOo3monil aedopmarii mo o0’emy
3aroTOBKH, SIKMH CyMapHO XapaKTEepPHU3y€e BEIMYHHA YKOBY.

Metoro panoi poOotm Oyrio BH3HAYCHHS BIUTUBY MapaMeTpiB
KOBaJIbCHKOT oIepaltii 0capKyBaHHs 3 OAaJIBLIOK0 ONIEPaLi€o MPOTATYBaHHS
Ha mporec KyBaHHS rakiB. Came s 1poro OyB BH3HAYCHHWIl BILIHMB
posnoainy aedopMallii Ta reOMETPUYHUX MapaMeTpiB 3aroToBKH ((akropy
¢dbopMH, TOIIO) HA IOKA3HUKH SIKOCTI KOBaHWMX rakiB. [[is 1poro 3a
JIOTIOMOTOI0 TporpamMHoro komruiekcy QForm [3], skuil 3aCTOCOBYIOTH ISt
onTuMizaii mporeciB AeGopMyBaHHS MeTally THCKOM, Oyilno 3poOiieHO
MOJICJIOBAHHSI ~ NPOLECY  OCa[PKyBaHHS Ta  MOJAIBIIOTO  IPOIECy
MIPOTATYBaHHsL. JlOCIHiMMBIIY PO3MOAITIEHHS IIaCTHYHOI Aedopmartii MeTamy
(puc. 1) Ta po3paxyBaBLIM IIOKa3HUK HEpPiBHOMIpHOCTI Jedopmartii, MOXHa
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pO3pOOUTH BIOCKOHAJCHUN TEXHOJIOTIYHMAN TIpoOIeC, SKUH JTO3BOJHTH
TTOJIIIIUTH BIIACTHBOCTI MaTepially MOKOBOK, SIKi B CBOIO YEpPry BILTHBAIOTH
HAa SKICTh KOBaHUX TaKiB.

QForm UK 1101 [SNVSIXRN Pissticsuain |
2 : v Auto v 4 O~ Auov

f=—s)

a)
Pucynoxk 1 — Posnoninenns aedopmariiii B mepepisi npu ocakyBaHHI
3aroToOBKH 3 pi3HUM (hakTopom dopmu: @ — h/D=1; 6 — h/D=2

Jliteparypa:

1. YmockoHaJleHHsI TEXHOJIOTI] BUTOTOBJICHHSI KPYIHUX IOKOBOK Ha
OCHOBI BHKOPUCTaHHS HOBOTO croco0y ocamxeHHs / MapkoB O. €.,
3muroper B. M., Isanosa 0. O., Jlarep O. O., lopodeer B. O. // O6podka
MmarepiaiiB Tuckom. ISSN 2076-2151. VIIK 621.735.3 21.01.2020 p. Nel (50)
c. 91-97.

2. Texuonoris kyBauss / JI. M. Cokomnos, 1. C. Aies, O. €. Mapkos,
JI. I. AnieBa. — Kpamaropesk: JJJIIMA, 2011. — 268 c.

3. Qform UK. URL: https://www.qgform3d.com/ (accessed January
21, 2025).
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EXPLORING STRENGTH LIMITS OF MODERN HIGH-
STRENGTH STEELS AND APPROACHING THE STRUCTURAL
STRENGTH CRITERION FORMULATION

High-strength steels belong to materials that are critical to the survival
of civilization. Numerous application of high-strength steels ensure and
protect human safety in different disasters like collisions, earthquakes, blasts
etc. The properties of modern high-strength steels are discussed. Also,
analyzed are different complex criteria that are used to characterize quality of
high-strength steels. It has been shown that these criteria are insufficient to
reflect structural strength of high-strength steels and rank them adequately.
Several new complex criteria are proposed and evaluated with the database
containing information on published mechanical properties of steels with
different composition after heat treatments along with experimental data
obtained by the authors. It is shown, that yield strength of steel should be
mandatory included in the structural strength criterion (Fig. 1). Also, relative
elongation makes a significant contribution to the value of the complex

strength criterion. The range of

or K= "”ZTA carbon content is determined, where
5 steels possess the highest value of
g5 |- ° the complex strength criteria.
| ‘g éi This research was funded by
Rw | - National Research Foundation of
g 1 ° &, R Ukraine, grant number
W ég° 2021.01/0189.
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Fig. 1. The diagram illustrating

structural strength criterion of steels

%8 @@ w4 nr 8§ with different carbon content. (Red
Carbon content, w% dots represent maraging steels)
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OIIIHKA BILTUBY TEIJIOBOI MOTYXHOCTI JJKEPEJI
HAT'PIBY HA ®OPMYBAHHS CTPYKTYPHU TA
BJIACTUBOCTEM IIPU AJIATUBHOMY BHUPOIIYBAHHI
3ATOTOBOK 13 TUTAHOBUX CIIJIABIB

Ha croronninmHiii 1eHs aAWTHBHI MPOIIECH BHPOILYBAHHS 3aiMarOTh
3HAYHy HIilly HA PUHKY BUTOTOBIICHHS BHPOOIB i IPYHTOBHO 3MIIIHWIHCS B
FOBENIPHI TPOMHCIOBOCTI, MENUIMHI, MAaIIMHOOYIyBaHHI, JIHBapHOMY
BUpOOHHMITBI i iH. bararbmMa aBTOpamMu 3alpOIIOHOBaHA 1 TEOPETHIHO
OoOTpyHTOBaHAa MOXJIMBICT 3aCTOCYBAHHS aTUTHBHHAX TEXHOJNOTIH ¥y
niTakoOyTyBaHHI, TBUTYHOOYTyBaHHI Ta KOCMIidHIH ramysi [1].

beanepeuni nepeBaru axutuBHOrO 31 HaTIaBICHHS BUPOOIB 3 METAIY,
He3a0apoM, JT03BOJISTH BUKOHATH CTPIMKHH Hepexil BiJ MarepialloeMHHX
TPaAMUIHAX TEXHOJOTIH OEp)KaHHS 3aroTOBOK (JIUTTS, INTaMITyBaHHS,
00poOKa pi3aHHsIM Ta iH.) IO TPUBUMIPHOTO JPYKY OE3MPHITYCKHUX BUPOOIB
abo BHPOOIB 3 MiHIMaJBHUM NPHUITYyCKOM Ha MexaHiuHy oOpoOky. B cBoro
4epry, BIIPOBAPKEHHS aIMTUBHOTO BUPOOHMITBA 3arOTOBOK 3 YKapOMIIHUX
HIKEJICBHX | THTAHOBUX CIUIABIB B aBiaJJBUTYHOOY/TyBaHHI, JO3BOIUTH 3HATHO
CKOPOTHTH dYac Ta MaTepiajbHi BHTPAaTH Ha BUTOTOBJICHHS BIJMiHHHX
KOHCTPYKIIiH Jieranel Ta By3JiB IMpH po3poOIi HOBiTHIX aBianBuryHi VII
TIOKOJIiHHSA [2].

B poOoti HaBenmeHi pe3yabTaTH OOCTIIKEHHS 3 OIIIHKH BIUIUBY
TEIJIOBOI MOTYXKHOCTI JPKepelia HarpiBy (J1a3epHU IPOMiHb, MIKpOILJIa3MOBa
nyra) Ha (OpPMYBaHHSI CTPYKTYpU Ta MEXaHIuHI BJIACTHBOCTI THTaHOBOTO
crutaBy Mapku BT20, pu peanizanii nponeciB aquTHBHOTO BUPOIYyBaHHS.

Jlis ipoBeCHHS TOCTITHUX POOIT, METOIOM MPSIMOTO JIA3EPHOTO Ta
MIKpPOIIJIa3MOBOIO BHPOIIYyBaHHsS Oy/lM BHIOTOBJIECHI 3arOoTOBKH 3pa3KiB 3
po3mipom 120x85x14 mMMm. B sikocTi BUXiZHOTO Marepiaily 3aCTOCOBYBaBCS
TUTaHoBUi nopoiok mapku BT20, cdhepruunoi ¢popmu yactok, 3 posmipom
¢pakuii 60....163 MxM. B sikocTi [ukepena HarpiBy, UIs IUIABICHHST KOKHOTO

77



i3 mapis, OyB o0OpaHHW{i ONTOBOJIOKOHHHH Jla3epHUN IPOMiHb Ta
MiKkporiasMoBa ayra. Temmneparypa B 30HI HarpiBy CTaHOBWJIA OJIM3BKO
1600....1750 °C, mpm 1npoMy TeMmeparypa HpPHISTAOUNX g0 MiCI
HarpiBaHHsd 30H Ha MIMPHWHI 5..7 MM B MOMEHT CIUIaBJICHHS, HE
mepepumyBania 350..400 °C - gma mazepa i 600..800 °C - mms
MIKpOIUIa3MOBO{ YT BiINOBiTHO. 3HAYHA Pi3HHIS TEMIIEPaTyp MPHIEHION
30HM OOYMOBIICHA PIi3HHICI0 B KOHICHTpAIii BUKOPHCTOBYBAaHHUX IDKEPEI
HarpiBy.

3a pesyapraTaMd JOCHIIPKEHHS BH3HAU€HO, IO TIPH Ja3epHO-
MOPOLIKOBOMY BHpOLIyBaHHI (OPMYETBCS AUCIIEpCHA CTPYKTYpa, 3
TOHKOIIJIACTUHYACTOIO OYIOBOIO 0 1 B- (pa3 (OJIM3bKa 10 roJIgacToi), a TAKOK
Mae Miclle YTBOPEHHs BUALICHB o'-(ha3u 10 MeXXi CIUIaBlIeHHs iapiB. B cBoro
yepry, o'-aza sBisge coOOIO IEepecHyYeHWi TBEPAMH PO3YMH JIETYIOUMX
€JIEMEHTIB B O-THTaHi Ta Mae MapTEeHCUTHUH Xapaktep. BcranoieHo, 110
(opMyBaHHS JaHOI CTPYKTYpH, OOYMOBJIEHE UIBHJKHM TEIUIOBIJBOIOM B
00'eM panimie chOpMOBAHOTO JINTOTO METAITY.

IIpu MiKkpOIIIIa3MOBOMY-ITOPOIITKOBOMY HAIUIABJICHHI, OymoBa o- i [3-
($a3 B CTPyKTypi 3pa3kiB 3Ha4HO Biapi3HAeTbCsA. [lo MiHIAX CrUTaBICHHS
TapaMeTpH IJIACTHH o- 1 B-¢a3 6inpmi. ITo Mexax mepBHHHUX 3epeH P-da3u,
CIIOCTEpIraeThCsi BHIUICHHS OOMAMIBKH o-(asm 1 ckymueHHS o'-haszu
I00ysIpHOTO BUDIIALY. Taki BIAMIHHOCTI B MIKPOCTPYKTYpax BHpPOIIEHIX
3pasKiB, MOXJIMBO TOSCHUTH PI3HHULECIO BIUIMBY TEIJIOBOI IOTY)KHOCTI
JUKepesia HarpiBaHHs Ha TEMIIEPaTypy B 30HI HAIJIABJICHHS, a TAKOXK 3MIiHOIO
HIBUIKOCTI OCTUTAaHHsI KOYKHOTO 3 MMOTEPEIHIX HAIJIaBJICHHX IIapiB.

MexaHiuHi BnacTMBOCTI Marepianmy 3paskiB 3i crulay BT20,
OTPUMAaHUX METOJOM NPSIMOTO JIa3€pPHOTO BHUPOILYBaHHS, MICIS TEPMIYHOT
00pOOKM TIO peXHUMy BiAnamy, 3a JESKUMH ITOKa3HUKaMH HIDKYE HOPM
TEXHIYHUX yYMOB JJIsI JINTHX 3arOTOBOK Ta JUIS TTOKOBOK, II0 OOYMOBIICHO
CTPYKTYPOIO 3 HasBHICTIO TOHKOIIIACTUHYATOI OyzoBH o 1 B-¢as.

Mexaniuni BmacTMBOCTI Marepianmy 3paskiB 3i cruaBy BT20,
OTPUMaHMX METOAOM MPSMOTrO MiIKPOIUIa3MOBOTO BHPOIILYBAHHS IiCIIS
TEepMIYHOT 0OpOOKH, BIATIOBIAatOTE HOPMaM ISl TUTHX 1 KOBAHUX 3aTOTOBOK
3i crutaBy BT20, Ta MaroTh OLIBII BUCOKI TOKa3HUKU TUTACTHYHOCTI.

Jlitepatypa:
1. Sanjay, K.; and SisaPityana. (2011). Laser-based additive manu-
facturing of metals. Advanced Materials Research, 227, 92-95.
2. Gary, K.L.; and Eric, S. (2000). Practical considerations and capa-
bilities for laser assisted direct metal deposition. Materials & Design, 21,
417-423.
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OPTIMIZING HEAT TREATMENT PARAMETERS FOR BIODE-
GRADABLE MG-ZR-ND ALLOYS

The T6 regime, involving solution treatment followed by aging, is rec-
ognized as the most effective heat treatment method for biodegradable mag-
nesium alloys in the Mg-Zr-Nd system. For the standard industrial ML10 al-
loy (Ukrainian analogue of the NZ30K) in this system, the approved T6 pa-
rameters consist of heating to 540 + 5°C, holding for 8 hours followed by air
cooling, and aging at 200 + 5°C for 16 hours with similar cooling.

Our research group developed a biodegradable Mg-Zr-Nd alloy with
elevated Nd (3.2%) and Zr (1.3%) content for osteosynthesis. Post-heat treat-
ment analysis showed fine dispersed strengthening phases formed, but resid-
ual eutectic precipitates at grain boundaries didn't dissolve during solution
treatment, compromising mechanical properties. Increasing solution treat-
ment temperature could completely eliminate these residual phases.

The solidus and liquidus temperatures of the new alloy were deter-
mined using the COMPUTHERM module of the ProCAST software package.
Results showed that the solidus temperature for the developed alloy is 552°C
and the liquidus temperature is 648°C, compared to 530°C and 647°C respec-
tively for ML10. The increased Nd and Zr content caused a shift in the solidus
temperature by +22°C, while the liquidus temperature remained virtually un-
changed.

Differential thermal analysis (DTA) was used to verify the optimal
solution treatment temperature. The results confirmed the COMPUTHERM
calculations. The solution treatment temperature for the new Mg-Zr-Nd alloy
was determined to be 560°C, with the eutectic melting temperature at
571.4°C and complete alloy melting at 647.1°C. For ML 10, these values are
540°C, 549.5°C, and 645.8°C respectively. Therefore, to ensure complete
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eutectic dissolution without risking incipient melting, the optimal solution
treatment temperature for the new alloy is 560°C.

The effect of solution treatment temperature on grain size was inves-
tigated using samples subjected to T4 treatment at temperatures ranging from
400°C to 560°C. The standard ML10 alloy was used for comparison
(Table 1).

Table 1 — Average grain size of experimental alloys at different so-
lution treatment temperatures

Average grain size at specific solution treatment
Alloy temperature, wm
400°C | 450°C | 500°C | 540°C | 560°C
Experimental biodegrada-

96,2 107,4 120 137,9 153,6
ble alloy
Standard ML10 alloy 101,6 1125 1299 166,7 -

Based on quantitative analysis, the relationship between average grain
size and solution treatment temperature was established for both the new al-
loy (1) and the ML10 alloy (2):

DEXp: 3074 x eO’OOSXT:‘: 457’ l’l’m (1)
R =0,985; R2=0,969; p = 0,95

Durio = 24,9 x €T+ 9.1, ym 2
R =0,966; R>=0,932; p=10,95

Increasing the solution treatment temperature to 560°C improved the
tensile strength of the alloy from 265-270 MPa to 276-282 MPa, represent-
ing an average increase of 9.5%. The relative elongation increased from 4.5—
5% to 5.2-5.8% (approximately 13%). Compared to the standard ML10 al-
loy, the improvements in mechanical properties were 18% and 31% respec-
tively. These results demonstrate that the beneficial effect of complete eutec-
tic dissolution outweighed the negative impact of increased grain size.
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IMPROVING PERFORMANCE CHARACTERISTICS OF BIODE-
GRADABLE MG-ZR-ND ALLOY BY CHANGING COOLING RATE

Since the mid-19th century, osteosynthesis has been used to treat frac-
tures by securing bone fragments with implants. Effective osteosynthesis im-
plants must maintain fragment immobility while minimizing trauma to soft
and bone tissues, ensuring the damaged limb remains functional throughout
the healing process.

Our research team previously developed a biodegradable magnesium
alloy in the Mg-Zr-Nd system with enhanced Nd (up to 3.2%) and Zr (up to
1.3%) content [1], which maintains robust mechanical properties despite pro-
longed exposure to biocorrosion (3 months). However, practical applications
face challenges because these implants typically have complex geometries
with varying cross-sections, threads, and holes. These features accelerate bi-
odegradation and significantly weaken mechanical properties in critical ar-
eas. To address this issue, we focused on maximizing the alloy's mechanical
properties. One practical approach is increasing the casting cooling rate
through various mold materials and cooling media.

We used the ProCast software package to analyze how cooling rate
affects the microstructure and properties of our magnesium alloy. The study
focused on gravity casting conditions, with microstructures modeled using
the CAFE module.

We tested five different casting conditions to achieve varying cooling
rates:

Sand-clay mold (Variant 1)

Steel mold with air cooling (Variant 2)

Copper mold with air cooling (Variant 3)

Copper mold with water cooling (Variant 4)

Copper mold with liquid nitrogen cooling (Variant 5)

arwdE
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The CAFE module's microstructure simulations closely matched the
actual grain sizes observed in experimental samples (Table 1).

Quantitative analysis yielded an exponential regression equation that
accurately predicts average grain size based on cooling rate:

D=130,1 x e®*Ve£ 93 um [@))
R =0,985; R?=10,971; p=0,95

Table 1 — Microstructure parameters across different casting condi-
tions

Casting ProCast Calculations Sample Analysis Grain size
variant according
Cooling rate Grain Cooling rate Grain to (1), um
(°Cl/s) size (um) (°C/s) size (um)
Variant 1 1,7 131,2 1,0 148,2 138,0
Variant 2 8,0 96,2 9,0 90,6 90,1
Variant 3 14,8 65,3 17,0 58,8 55,7
Variant 4 21,0 49,5 26,5 36 44,7
Variant 5 53,3 15,2 55,0 11 14,3

At the slowest cooling rate (1°C/s), the microstructure displayed typ-
ical characteristics of standard Mg-Zr-Nd alloys. As cooling rates increased
to 9°C/s, we observed denser clusters, indicating finer Zr.Zns zirconides,
smaller eutectic particles, and more dispersed strengthening B"-phase parti-
cles [2]. This trend continued at 17°C/s and 26.5°C/s, with increasing num-
bers of zirconides and strengthening particles, while cluster size decreased.
The fastest cooling rate (55°C/s) produced an ultra-fine microstructure with-
out the circular intermetallic and strengthening phase clusters seen at lower
rates.

Mechanical testing yielded two key relationships between cooling rate
and properties:

o8 = 0,99 x V¢ +260,4 + 2,4, MPa )
R=0,995; R?=0,99; p = 0,95
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§=4,6 x €292°Ve£ 0,7, % 3)
R =0,993; R2=0,987; p = 0,95

These relationships allow us to precisely predict microstructure and
mechanical properties throughout complex implant geometries. This capabil-
ity is crucial for biodegradable implants, as their performance requirements
depend heavily on implantation site, bone characteristics, and expected load-
ing conditions. Different applications demand varying mechanical property
profiles, and our findings enable tailored property optimization through con-
trolled cooling rates during manufacturing.
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STUDYING THE IMPACT OF CEMENT-BASED AND
GEOPOLYMER CONCRETE ON THE PROLIFERATION OF
ESCHERICHIA COLI AND STAPHYLOCOCCUS AUREUS IN

WATER-RELATED APPLICATIONS

Abstract:

The motivation to undertake research was the development of
knowledge regarding the structure and antimicrobial properties of the
produced geopolymer composites intended for use in the aquatic environment.
The main planned application of geopolymer composites is infrastructure in
sea and inland waters. One of the desirable features of such composites is
resistance to the growth of bacteria and algae by aquatic organisms. At the
same time, the material must be resistant to the effects of microorganisms,
but must not be toxic to the fauna and flora of the tanks, so it should inhibit
the growth of microorganisms, but not destroy them directly.

Previous research in this area showed carbon fibers and nanoparticles
as possible additives that enhance antibacterial properties [1-3]. It was
decided to use a combination of these ingredients to obtain the desired effect.
The main goal of the research work was to synthesize and test the
antibacterial properties of new composites based on a geopolymer matrix,
with the addition of carbon fiber, nano silica and antibacterial nanopowder
being a mixture of metals and oxides such as: Ag, P,Os, ZrO,, N»O, Y203,
AlyO3, HfO,, TiO; and others.

The first stage of the research was the synthesis of geopolymer
composites containing variable proportions of nanoadditives (0.5 - 1.5%) and
as a reference material cement. Then, the obtained material was characterized
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(XRF, XRD, SEM). The next stage was bacterial cultivation. Two different
bacterial strains were selected gram-positive and gram-negative (Escherichia
coli and Staphylococcus aureus). In this stage also was prepared agar
microbiological medium for the evaluation of bacterial growth inhibition by
cement and geopolymer. In the final stage, the growth of the colony was
observed and the pH measurements were taken. The final assessment of
efficiency was made by using optical microscopy and a colony counter based
on the Perthi dish.

The obtained results show the growth of both types of bacteria on
materials, however, after several days the growth was inhibited. Assessment
of microorganism growth inhibition by cement and geopolymer shows better
efficiency of geopolymer composites in this area. The obtained results
suggest that material does not influence negatively the bacteria, but inhibits
their growth over time. This effect is desired in the context of potential
applications of the material on water infrastructure.
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COMPOSITE MATERIALS IN SHIPPING AND SHIPBUILDING:
ADVANTAGES, TECHNOLOGIES AND PROSPECTS

Abstract. The shipbuilding industry benefits substantially by using
composite materials against steel and aluminum because these materials
provide superior light weight along with corrosion resistance and enhanced
strength properties. The research demonstrates how composite structures
decrease vessels by 20 to 30 percent which reduces both fuel expenses and
emission of CO: while diminishing operational prices. Vacuum-infusion
manufacturing procedures allow production of powerful composite materials
which have reduced resin contents leading to improved mechanical strength
without compromising durability. The field of research examines three areas:
biodegradable resin development along with automated composite
manufacturing methods and hybrid structures that unite metals and
composites to improve performance. The shipbuilding industry continues to
accept composites into its operations despite material expenses and
certification standards through the adoption of these materials across various
vessel classes from small boats to big cargo ships. The industry anticipates
that upcoming developments will enhance composite utilization in heavy-
load vessels by implementing environmentally friendly practices.

Keywords: Composite Materials, Shipbuilding, Biodegradable Resins,
Energy Efficiency.

1. First Section

1.1. Key benefits of composite materials

Composite materials are becoming more and more popular in ship-
building due to a number of advantages that favorably distinguish them from
traditional metal structures. One of the key factors contributing to their pop-
ularization is a significant reduction in ship weight, which directly affects
fuel consumption. Composite materials, having lower density compared to
steel and aluminum, allow to reduce hull weight by 20-30%. This, in turn,
results in lower operating costs, lower carbon dioxide emissions and
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improved energy efficiency. Lighter ships are able to reach higher speeds or
carry more cargo without the need to increase engine power.

Another important advantage of composite materials is their resistance
to corrosion and ageing. Unlike metal hulls, which are subject to the damag-
ing effects of salty seawater over time, composites are not susceptible to cor-
rosive changes. This significantly reduces the cost of ship repair and mainte-
nance.

1.2 Modern technologies of composite production

For the production of composite materials used in shipbuilding, high-
tech methods are used, which provide weight reduction of structures and in-
crease of their strength characteristics. One of the key processes actively im-
plemented in this industry is vacuum infusion, which allows to achieve an
optimal ratio of resin and fiber materials.

The main advantage of vacuum infusion is that this method allows
reducing the resin content to 30-35% of the total weight of the composite,
which significantly improves the mechanical properties of the structure while
reducing its weight. As a result, vessels built using this method have higher
speed and fuel efficiency.

2. Composite Materials in Shipbuilding

2.1 Examples of successful applications and prospects for the
development of composites

The use of composite materials in shipbuilding is gaining popularity
worldwide due to their outstanding performance characteristics. One of the
leaders in this field is Damen Shipyards, which has built more than 78
certified vessels using vacuum infusion technology, including fast passenger
boats, patrol vessels and workboats. These vessels are characterized by high
speed, fuel efficiency and long service life.

Among the completed projects are patrol boats built for coastal
security. Composite hulls of such vessels provide high maneuverability and
resistance to aggressive marine environment. Also passenger boats for inland
waterways where due to light weight and low fuel consumption they provide
high profitability of operation. Further also in the construction of workboats
and barges used for maintenance of harbors and coastal facilities.

The application of composite materials in ship constructions creates
new possibilities to improve energy efficiency, to decrease operating costs,
and to provide environmental benefits to ships. Because of the combination
of light weight, corrosion resistance, and high strength they exhibit,
composite materials have more and more applications in the construction of
speedboats, patrol vessels, and other vessels operating in extreme
environments. With the development of the vacuum infusion technologies
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and the application of the high performance fiber materials, like carbon fiber,
the establishment of high quality and robust vessels with the least possible
operating costs is achieved. Among these key benefits, 20 - 30% weight
reduction and energy economy are an important means in enabling the
achievement of the targets of international greenhouse gas emission reduction.
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INFLUENCE OF THE COMPOSITION OF THE METAL
BOND OF DIAMOND TOOLS ON THE SURFACE QUALITY OF
POLISHED NATURAL STONE

Modern processing of natural and artificial stone includes sawing,
grinding, polishing, and cutting, which require high-quality abrasive tools,
especially diamond tools with a metal bond. Their main drawback is the high
cost due to the use of expensive metal powders and synthetic diamonds.
Traditionally, cobalt has been used as a metal matrix. Still, due to its high cost
and scarcity in the Ukrainian market, it is necessary to develop alternative
metal bond compositions to ensure the required performance characteristics
at a lower price [1, 2].

The experimental samples of the diamond tool were obtained by
mixing the initial Cu-Sn, Cu-Sn-Ni-Fe, and Cu-Sn-Ni-Fe-Fe(CO)s-Zn
metallic powders with diamond powder fractions of 125/100 and 80/63. The
obtained mixture was subjected to pressing and sintering at temperatures of
700-850 °C for 30-60 minutes to produce metallic fickerts. The elemental and
phase composition of the studied samples and their hardness and
microstructural features were determined using X-ray fluorescence and X-
ray phase analysis, Rockwell hardness measurement, and optical microscopy,
respectively. The influence of the metallic matrix composition on the quality
of the processed natural stone surface was evaluated after grinding on an
industrial automatic Zeykan Bridge Polisher machine at the following
conditions: polishing head movement speed — 3780 mm/min, head rotation
speed — 450 rpm, and water supply — 10 L/min. The granodiorite from the
Pokostivske deposit, granite from the Leznykivske deposit, and gabbro from
the Deribasivske deposit, which have different physical and mechanical
characteristics, were processed. The quality of the polished surface was
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evaluated based on surface roughness and gloss. The roughness of the
processed stone was determined using a profilometer model 170621 in
vertical, horizontal, and diagonal directions, with a track length of 3 mm. The
results are summarized in Fig 1. Table 1 presents the results of gloss
measurements of the processed surface, conducted using a BL Optics BL60
(S) gloss meter at an angle of 60°.
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Figure 1 — Dependence of the polished surface roughness on the type of
processed stone and the composition of the metallic matrix of the diamond tool

Table 1 — Influence of the metal matrix type and the processed stone
type on the measured gloss of the polished surface

Metal matrix - Gloss, .Gl.J
Granite | Granodiorite | Gabbro
Cu-Sn 0.9 0.8 0.8
Cu-Sn-Ni-Fe 0.8 0.8 0.7
Cu-Sn-Ni-Fe-Fe(CO)s-Zn 0.9 0.9 0.8

The obtained results indicate that the highest surface quality in
grinding granodiorite and gabbro is achieved using a diamond tool with a Cu-
Sn-Ni-Fe-Fe(CO)s-Zn metallic matrix. At the same time, for granite grinding,
better results were obtained using a Cu-Sn-based metallic bond, which can
be explained by the nature and mechanical properties of the processed
stone [3]. Leznykiv granite is the least susceptible to abrasion and has the
highest compressive strength, making it the most difficult to process. Thus,
the Cu-Sn-Ni-Fe-Fe(CO)s-Zn metallic bond is a promising alternative to the
cobalt-based matrix.
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COMPARATIVE ANALYSIS OF RAPID PROTOTYPING
TECHNIQUES: 3D PRINTING VS. HYDROCOLLOID AND
SILICONE FLEXIBLE MOLD CASTING

Hydrocolloid and silicone-based impression materials provide
affordable alternatives to 3D printing in rapid prototyping applications [1, 2].
Alginate and silicone-based impression materials enable dimensional
accuracy, ensuring assembly compatibility, durability, and performance in
rapid prototyping applications [3]. Beyond dentistry, hydrocolloids and
silicone molds have reverse engineering applications, where cost-effective
and quick mold production is essential for initial design iterations [4, 5].

This study analyzes the feasibility of rapid prototyping applications
with the use of commercially available products: hydrocolloid impression
materials, condensation and addition silicones, SLA, DLP, and FDM 3D
printing technologies.

Dimensional Accuracy and Stability. Dimensional accuracy is
crucial for ensuring the fit and functionality of prototypes. While 3D printing
delivers micro-level precision, hydrocolloids offer acceptable accuracy for
basic tasks (see Table 1).

Table 1 — Comparative characteristics of hydrocolloid, silicone, and
3D-printed prototypes

Material Stability, hours |Deviation, mm [Shrinkage Rate
CA37 (Cavex) 24 >0.1 ~0.2%/hour
Tropicalgin 24 >0.1 ~0.2%/hour
Hydrogum5 120 <0.05 <0.05%/120hrs
Hydrocolor5 120 <0.05 <0.05%/120hrs
|Addition Silicone 168 <0.02 Negligible
Condensation Silicone 72 <0.05 ~0.2%/week
3DPrinting (SLA/DLP) N/A <0.025 None

3D Printing (FDM) N/A <0.05-0.2 None

Cost Analysis. Silicone molds balance cost and durability, with initial
material costs ranging from $50 to $100 per mold, reusable for up to 50 cycles.
Hydrocolloids, while cheaper at $5-$7 per impression, ar limited to single-
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use applications. 3D printing materials range from $20 to $50 per prototype,
with significant upfront equipment costs [6].

Time Efficiency. Hydrocolloids offer the fastest preparation times,
with a total process duration of under 1 hour. Silicone molds require 20-30
minutes for curing but excelled in repeated use, significantly reducing overall
production time for multiple units. 3D printing, while the slowest method
requiring from 3 to 8 hours, allows for unattended production.

Ecological Properties and Sustainability. Alginate is a renewable
and biodegradable material. Its extraction and processing have relatively low
environmental impacts compared to synthetic polymers [7]. Silicone
elastomers are valued for their durability and reusability, but its production
involves energy-intensive processes and the use of non-renewable resources
[8]. Additive manufacturing minimizes material waste compared to
traditional subtractive methods, but the energy consumption of 3D printers,
especially those using lasers or high temperatures, can be significant [9].

In conclusion, 3D printing (SLA/DLP) offers the highest precision,
followed closely by silicone molds, while hydrocolloids provide moderate
accuracy suitable for basic applications. hydrocolloids are the most cost-
effective for single-use scenarios and they are the fastest to process, but
silicone molds reduce production time significantly when reused. Future
research should focus on optimizing hybrid workflows that combine these
methods to leverage their respective strengths.

References:

1. Wortmann, F.J., et al.: Industrial-scale vacuum casting with silicone
molds: A review. Applied Research 14, 3678 (2022).

2. Benson, M.: Hydrocolloids in art restoration: A case study.
Conservation Journal of Art 45, 87-92 (2010).

3. Liu, Y, Sing, S.L., Yeong, W.Y.: Silicone molds in additive
manufacturing: Current status and future perspectives. Polymers 14, 3768
(2022).

4. Greenfield, H.J.: Applications of hydrocolloid molding for fragile
archaeological artifacts. Journal of Archaeological Science 39, 1148-1156
(2012).

5. Kim, J., Heo, G.: Accuracy of silicone-based models in consumer
goods prototyping. Journal of Industrial Engineering 33, 202-210 (2020).

6. Martins, F., Reis, J.: Time efficiency of silicone molds vs. 3D
printing. Dentistry Journal 7, 81 (2019).

94



7. Khan, Z.1., et al.: Alginate-based sustainable films and composites
for packaging: A review. Chemical Engineering Transactions 83, 271-276
(2021).

8. Schmid, A., et al.: Lifecycle assessment of silicone elastomers.
Journal of Sustainable Materials 5, 123—135 (2020).

9. Lee, J., et al.: Sustainability in additive manufacturing. Journal of
Mechanical Science and Technology 37, 5481-5507 (2023).

95



UDC 530.191:539.211:539.25:514.86

Krasikov L.V.!,

Krasikova I.E2.

Frantsevich Institute for problems of materials science NASU
Cand. of Tech. Sci., senior researcher. IPMS

2Cand. of Phys.-Mat. Sci., researcher. IPMS

INFLUENCE OF PARTICLE SIZE DISTRIBUTION ON THE
MULTIFRACTAL DIMENSIONS OF A THREE-DIMENSIONAL
COMPOSITE

Composite materials play a crucial role in modern technologies. They
consist of a combination of a matrix material and a filler, with their properties
determined not only by the nature of these components but also by structural
parameters such as packing density, porosity, and the contact area between
filler particles. One of the key generalized indicators characterizing the
structure of a composite material is its fractal dimension. This naturally raises
the question of how the particle size distribution of the filler affects the
structural characteristics of the composite as expressed through this
parameter.

In this preliminary and ongoing study, we investigate the influence of
the filler particle size distribution on the multifractal dimensions of composite
materials. We analyze different multifractal dimensions (Do, D1, D) for
various distributions (gamma, lognormal, Weibull, etc.) over a broad range
of standard deviation-to-mean ratios. The analysis is conducted for both the
bulk structure (a solid sphere) and the boundary system (a sphere).

A key tool for studying composite structures is computer modeling. In
this study, we use a model of spherical particles randomly distributed within
a cube of 1260 pixels per side, with a predefined particle size distribution. To
examine the impact of the particle distribution type on the fractal dimension,
we ensure that the distributions are parameterized such that the mean particle
size () and variance (¢?) remain constant across different cases.

The results indicate that for small values of the ratio 6%/ < 1, the
influence of the distribution type on Do is minimal. This can be attributed to
the fact that all distributions converge toward a normal distribution in this
parameter range. However, for large values of o/, which are of greater
theoretical interest, the effect of the distribution type becomes more
pronounced. Notably, while the dimension Do decreases with increasing 6/t
for both the bulk structure and the boundary system (with a more pronounced
effect in the boundary system), the impact on D; and D, differs significantly:
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bulk fractal dimensions increase with increasing o?/p, whereas surface
dimensions decrease.
Examples of dependencies for several distributions at a 10% inclusion

rate are shown below.
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However, since such large values of o?/u are not observed in real
composites [1-3], it can be argued that, from a practical standpoint, the
influence of the particle size distribution of powders on the structural
properties of composite materials is negligible.
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EFFECT OF SYNTHESIS CONDITIONS ON THE PHASE
COMPOSITION AND MECHANICAL PROPERTIES OF TLSIC:-
TISL-TIC COMPOSITES

Modern industry requires the creation of materials that are highly re-
sistant to extreme conditions, such as high temperatures, aggressive environ-
ments, and significant mechanical loads. Therefore, researchers have recently
focused on creating composite materials that will satisfy these conditions.
Composites containing MAX phases open up new possibilities in the devel-
opment of such materials. In this study, a series of experiments on the syn-
thesis of composite materials containing the TisSiC. MAX phase was con-
ducted. The titanium, silicon, and graphite (C) powders were used as the start-
ing material. The initial powder mixture Ti-Si-C was homogenized in a ratio
of 3:1:2, respectively. The sintering process was carried out at a temperature
of 1385 °C. Two types of composites (S1) and (S2) at holding times of 30
min and 60 min, respectively, were obtained. The pressure during sintering
was ~60 MPa for sample S1 and ~90 MPa for S2. Phase composition analysis
revealed that sample S1 contains ~ 13 wt. % MAX phase TisSiCy, ~ 32 wit.
% TiSip, and ~ 55 wt. % TiC. The phase composition of sample S2 contains
~ 10 wt. % TisSiC,, ~ 62 wt. % TiSi, and ~ 28 wt. % TiC. The mechanical
characteristics of the obtained composites were determined, in particular, the
compressiv yield strength (c02) and ultimate strength (o). For sample S1, the
value of g2 is 1007 MPa, and o, is 1096 MPa. For sample S2, these
parameters are higher: 6o is 1334 MPa, and o, is 1445 MPa. The obtained
data demonstrate increased mechanical properties for sample S2, which may
be due to a higher proportion of the TiSi, phase and increased sintering pres-
sure. However, in contrast, sample S1 exhibits a higher hardness value of
~726 HV compared to S2 ~454 HV. Synthesized composites are extremely
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promising for use in modern technologies that require materials with high
mechanical properties.
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AOCUKEHHS TA PO3POBKA BUCOKOTEMIIEPATYPHHUX
KOMIIO3NIIMHUX MATEPIAJIIB JJIA TOHKOCTIHHUX
OBOJIOHOK

B ymoBax, 1110 ckiajgmcst Ha CbOTO/IHI Y CBIiTi aKTyaJIbHO ITPUCKOPEHHS
HayKOBHX JIOCII/PKeHb, 30KpeMa II0JI0 PO3pOOKH BilichbKOBOI TexHiku. ITpu
IBOMY CJiJl 3a3HAYWTH, IO OOOPOHHI TEXHOJOTii TICHO TIOB’s3aHi 13
PO3BHUTKOM TEIUIOBHX JIBUT'YHIB.

BimomMuM e(peKTHBHMM KOHCTPYKTOPCHKMM DIIIEHHSM BKa3aHOI
po0JIeMH IO/I0 ABUI'YHIB PEAaKTUBHOI TATH € 3aCTOCYBAaHHSM IOJIOBXKYBada
CoIlIa, SIKUH SBIsIE COOOI0 TOHKOCTIHHY OOOJOHKY meBHOI Qopmu [1].
MopgepHizamis BKa3aHAX [JBUTYHIB [UIIXOM BCTaHOBJICHHS  TaKHX
MO/IOBXKYBAYiB IMiJBHUIIYE 3HAUYEHHS MMUTOMOTO IMITYJbCY TSATU Ta 3HIKYE
3aranpHy Macy apuryHa [2]. Hauwmii cmoci6 migsumenas KKJI ycminHo
peanisyerbes Ha aBurynax Atlas V, Delta IV, Falcon 9 Ta Ariane 5 [3]. Ha
PHUCYHKY 1 HaBeZeHO NPHUKJIAAN MONIOHHX JieTaleH.

3 METOI0 BUSIBJICHHS MOXKJIMBOCTI MiIBUILEHHS pOO0OYOi TEMIIepaTypu
B JaHiii poOoTi OYJI0 MPOBEACHO NOCIIKCHHS TOLIIBHOCTI 3aCTOCYBaHHS
KoMno3uniiHuX Marepianis (KM) 11t BUTOTOBJIEHHS! TOOBXKYBaYiB COIIEI.
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Baxumsoro nepesaroro KM € Te, 110 BOHA MarOTh CITiBBIJHOIICHHS
MIIJHOCTI 10 TYCTHHH, BHIIE, HK Y 130TPOITHHUX Marepiais.

IIpore Buxopucranns KM noB'si3ane, 30kpemMa 3 BUCOKOIO BapTICTIO
BHUPOOHUIITBA, SIKa B CBOIO Yepry, 00yMOBJICHA CKJIQJIHOIIAMH PAIliOHATILHOTO
BHOOpY MaTepiayliB MaTPHUIlb i BOJOKOH, 3a0E3MEYCHHSM ONTHMAIBHOTO
CTYICHIO 1X B3aeMoOmil s 30epekeHHS MIIHOCTI 1 HEOOXiTHOTO piBHSA
IUTACTUYHOCTI ~ BOJIOKOH;  BCTAHOBJIEGHHSM  ONTHUMAJbHUX  3HA4YEHb
TEXHOJIOTIYHUX TapaMmeTpiB mporecy ¢opmyBanast KM. V 3B’3Ky 3 1M B
JaHii podoTi 3aiiCHIIN:

- aHAJTI3 BIIACTUBOCTEH CTajel Ta CIUIaBiB IS paIlioHAIEHOTO BHOOPY
X sIK KOMIIOHEHTIB (MaTpHIli Ta BOJIOKOH) po3pobitoBanoro KM;

- JIOCIIJDKSHHSI KIHETUKY YTBOPEHHSI 3BAPHOTO 3'€JHAHHS 1 KIHETUKH
B3a€MOJIii BOJIOKOH 3 MaTpHIEI0, a TaKoX ii BIUIMB Ha BIIACTUBOCTI
PO3pOOITFOBaHNX KOMIIO3HIIIHHIX MaTepiaiB.

Sk marepian marpuni KM Oyna Bukopucrana crans (12X18H10T), a
SIK apMyBaJbHI BOJIOKHAa 3aCTOCOBAHO JPOTH i3 PCHIMBMICHUX CIUIABiB
BoIb(pamy i MOJTiOHEHY.

[Tics mpoBezeHHs! 3aMIaHOBAHHUX JOCIIDKEHb OTPUMAIM HACTYIIHI
pe3ynbraru:

- msa popmyBanHs KM, 1110 MOXe MpaIfroBaTH Mpy TEMIIepaTypi 10
1300 °C parioHaapHO BUKOPHCTOBYBATH SIK MaTpHITio ctaib 12X 18H10T i six
apMyBaJibHI BOJIOKHA BOsib(hpamopenieBuii crutas BP273BI1, a 3xiticHroBaTH
Horo QopmyBaHHSI JOIJILHO 3 BHUKOPHUCTAHHSIM METOAY KOHTAKTHOTO
IIOBHOTO 3BapIOBAHHS;

- BHACJIIJOK BHCOKOTEMIEPATYPHUX BIUIMBIB Yy KOMIIO3UIIHHUX
Marepianax cucremu 12X18H10T-BP273BII Ha mexi po3aily BOJOKOH 3
MaTpHIEIO BiI0YyBAETHCS B3a€MHa IU(y3isi KOMITOHEHTIB MaTpHUIl Ta BOJIOKOH
1 yTBOPIOETHCS ABOGa3Hnil Auy3iiHUN MPOIIApOK, BHYTPINIHS 30HA SKOTO
sIBIIsiE cOOOI0 1HTEpMETANi M, @ 30BHIIIHS - TBEPAMI PO3YMH EJIEMEHTIB
BOJIOKOH 1 wMarpumi. [Ipore wmarepianm 30epirae HUTICHICT BHPOIOBK
MOTPIOHOTO TePMiHy eKcIITyararlii BUpoOy.
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BIIJINB HIBUAKO3ATAPTOBAHOI'O BIHAPHOI'O CILVIABY
CHUCTEMH AL-CO HA 3HOCOCTIHKICTh
HAJIBUCOKOMOJIEKYJIAPHOT'O TIOJIETUJIEHY

OpnHi€lo 3 aKkTyalnbHUX NPOOJEM Cy4acHOI TEXHIKH € 3HOLIYBaHHS
€JIEMEHTIB KOHCTPYKIIiH Ta meTaneil TpuOoIoriuHuX 3’€MHaHb. TpaaumiiHi
METaJleBi Ta KepamiuHi MaTepiand, Xoda I BiIpi3HAIOTECS BHUCOKHMH
MTOKa3HIKAMH{ MIITHOCTI T XXOPCTKOCTI, OTHAK MAOTh 1 HEIOMIKU: CXUIbHICTh
JI0 KOpo3ii, 0OMekeHy 3HOCOCTIHKICTh B YMOBaX HEIOCTATHHOTO 3MAICHHS,
0 y CBOIO 4Yepry MPU3BOAWTH A0 3HAYHUX (DIHAHCOBHX BHTpPAT 3
BUPOOHMIITBA HOBUX JIeTajledl 1 pOBeICHH PEeMOHTHHUX poOiT. [TomimepHi
kommno3uuiiHi marepianu (IIKM), Ha OCHOBI TepMOIUIACTIB, IO MICTATh
nucnepcHuii HanoBHioBad (Hi), € ehekTMBHUM pillIeHHSIM JaHoi mpoOieMH.
EnemenTn KOHCTPYKIIT Ta JeTani TpuOOJOTiYHHUX 3’€IHaHb, BUTOTOBJIEHI 3
takux [TKM, cTaGuibHO NpamiooTh MMijl BIUIMBOM 3HAKO3MIHHUX BTOMHHX Ta
yAapHUX HaBaHTaKEHb, KOPO3IMHMX UYMHHUKIB, YacCTOK abpas3uBy (3eMus,
MICOK YW POCIWHHI 3JIMIIKH), KUCIOT, JyriB [1]. OTxe, momryk HOBHX
ckmanis I[TKM, 3 BHCOKMMM NOKa3HUKaMH (YHKIIOHAJIBHUX BIACTUBOCTEH,
SKi MICTATh jucriepcHMd Hm € axkTyanbHHM acreKToM —Cy4acHOTO
Marepiaso3HaBCTBA.

Sx momiMepHy MaTpuIl0o i HOBHUX 3Hococtiiikux < ITKM
BUKOPUCTAIN HaJBHCOKoMONeKysipuuit  nomietunen (HBMIIE) ¢ipmu
Jiujiang Zhongke Xinxing New Material Co.,Ltd. (Kwurait) [2]. B sxocti Hin
o0panu ogHO(ha3HUI MIBUIKO3arapTOBAHMHN 3 PiIKOTO cTaHy OiHApHUII CIIaB
Al-10 wmac.% Co, KOMIIOHEHTH SIKOTO XapaKTePH3YIOThCS BHCOKOIO
KOpo3iitHoto criiikicTio. ®opmyBanHs Bipo6iB i3 HBMIIE ta ITKM Ha iioro
ocHoBi, mo wmictuau 15-30 wmac.% Hn, 3ailficHIOBaIM MeTOI0M
KomrpeciiiHoro mpecyBaHHs [2]. TpuOosoriuni BIacTUBOCTI YHCTOTO
HBMIIE Tta I[IKM Ha 110ro 0CHOB1 BUBYaJIH 32 CXEMOIO «IHCK-KOJIOIKA» Ha
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mamuHi Teprs CMII-2. [locmiau 3milicHIOBaIM B yMOBax TepTs 0Oe3
3MalleHHsT npu HaBaHTaxxeHHI | MIla Ta mBuakocTi koB3aHHsA 1 m/c. B
SIKOCTI KOHTPTiJIa BUKOPHCTOBYBasu cranb 45 i3 TBepuictio 45-48 HRC rta
mopcTkicTio noBepxHi R.=0,32 MKMm, siki 3a0e3nedyBaiy cTaHIapTH30BaHi
ymoBH BunpoOyBaHb. BusHaueHHs TBeprocti HBMIIE Ta [TKM 3a mkanoro
PoxBemna mpoBogmmu 3a momomororo mpunaxy 2074 TIIP. KoedimienT
TeruTonpoBigHOCTI (4, BT/M-K) mociinHux 3pa3kiB BU3HAYAIH 32 JOIIOMOTOI0
mpunany «AT-A-400%.

AHanizyoun pe3yrbTaTi BHIIPOOyBaHb TPUOOTEXHITHUX
XapaKTepUCTUK, HaBeACHWX Yy TaOn.l, MOXHa 3pOOWTH BHCHOBOK, IO
BBenieHHs1 OiHapHoro craBy Al-10 mac.%Co no cknagy HBMIIE 3menmye
IHTCHCUBHICTh HOTO JiHIHHOTO 3HOIIyBaHHA y 4,4 pasu. lle 3ymoBieHO
BHINOIO TBepaicTio (Tabin.l) pospoOienux I[TKM TOpiBHSHO 3 YUCTUM
HBMIIE. Okpim TOro, 3MEHIIICHHS 3HONTYBaHHS OB’ s13aHE 3 i ABUICHHIM
termonposigHocti HBMIIE y 1,45 pa3u, mo, B CBOIO uepry, CIpHse
e()eKTUBHOMY BiJBEJICHHIO TEMIICPATYPH 3 30HH TEPTSL.

Tabmums 1 — TexHiuHI XapakTePUCTHKHA YHCTOTO TONIMEpy Ta
KOMIIO3HUTIB Ha HOr0 OCHOBI
IToxa3uuk Bwmict HanmoBHIOBava, Mac.%
0 15 20 25 30
Koedinient reprs, f 0,12 | 0,15 | 0,17 | 0,19 | 0,20

[HTEeHCHBHICTD JiHIHHOTO 3HOMTY- 158 | 136 | 904 | 358 | 442
BaHH4, In- 107 ’ ' ' ' ’

Teepaicte HRR, ox. TB. 32 36 45 51 48

KoedimienT TermmonposingHocTi, A,
Br/wK mpu 348 K 0,451 047 | 0,63 | 0,67 | 0,57

o crocyerbcs koedillieHTa TepPTsS CHOCTEPIraeThesl  HOTo
30inblIeHHs y 1,6 pasu, mo € xapakrepaum s [IKM i3 metanesum Hi. Le
MoXxe OyTH IMOB’s13aHO 3i 30UIBLICHHSAM 4YacTKu >xopcTkoi Hm B cTpykTypi
HBMIIE, mo BmMBae Ha MEXaHI3M B3a€EMOJIi 3 CTaJCBHM KOHTPTIIOM.
3a3Haunmo, 1o epexruBHul BMicT Hi ckinagae 25 mac.%.
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. Juinpo: XKypdonn, 2022. 356 c.
2. Bashev VF., Tomina A.-M.V., Mykyta K.A., Kalinina T.V.,
Riabtsev S.I., Kushnerov O.I. The influence of a rapidly-quenched filler on
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BIIJINB ITAPAMETPIB IIEPEPOBKHI HA ITOKA3HUK
ABPABUBHOI'O CTUPAHHA ITOJIMEPHOI'O KOMIIO3UTY

CtpiMKHI PO3BUTOK Cy4acHOI IPOMHCIIOBOCTI Ta TEXHIKH MOTpedye
CTBOPCHHS MarepialiB 3 YHIKaJbHAM KOMIUIEKCOM (DYHKIIIOHATBHIX
BJIACTUBOCTEN: HU3BKOIO Baroro, BHCOKOIO 3HOCOCTIMKICTIO MHijJ BIUIMBOM
4acTOK abpa3mBYy, MIITHICTIO, CTIHKICTIO IO arpeCUBHUX CEPEOBHUIII, BTOMHIIX
1 ynapHuX HaBaHTaXeHb. [lomiMepHi kommo3uiiitai Marepianu (ITKM), o
MICTATh AucrepcHUi HamoBHioBau (Hir), 3aiiMatoTh Ba)dIMBE MICIe cepel
TaKUX IHHOBaLiHHMX pilleHb. Sk moka3aB aHaji3 JiTeparypHux Jokepen [1-
3], BuKopucTaHHS opraHiyHux (rpadirt, caxa, TIOKCHJ KpeMHi0) Ta
HeopraHiyHMX  (MOPOIIKM Ta  OKCHAM  MeTamiB, aMmoppHi Ta
LIBHJKO3arapToBaHi cruiaBm) aucrnepcHux Hi no3sossie crBoproBatu [IKM i3
BHCOKHMH TTOKa3HUKAMH 3HOCOCTIIKOCTI ITiJ] BIUIMBOM YacTOK a0pa3uBy Ta B
YMOBax TepTs 0e3 3MaIeHHs.

IIpn cTBOpeHHi HOBHX CcKiIadiB ucrepcHo-3MinHeHnx I[IKM e
MOXKJIUBICTh e(eKTHBHO KOHTPOITIOBAaTH ixHi (yHKIiOHATBHI
XapaKTepUCTUKN B IIHPOKOMY iHTepBaui. Lle mocAraeThcsl MUIIXOM 3MiHU
KOHIIEHTpallii, mpupoau, poamipy ta popmu Hi. Oxpim TOr0, 3HAYHMI BILTUB
Ha ¢yHKIioHabHI BiactuBocTi [IKM mae texHounorist hopMyBaHHs BUPOOiB
(Temmepatypa, 4ac BUTPUMKHU Ta NPUKIJIAJCHE HABAHTAKECHHS), 1110 JO3BOJISAE
ONTHMI3yBaTH TpPUOOJIOTIUHI, MeXaHi4yHi, Tero(i3uyHl Ta TepMiuHi
BiactuBocti. Takui migxin cnpusie crBopenHto I1IKM, ananToBanux no
KOHKPETHHX yMOB €KCIUTyarallii, 30KpeMa 3MiHHUX HaBaHTaKCHb,
arpecruBHHUX cepenoBuly [4].
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Y poboti [5] BcraHoBineHo, mo ITKM, sikwmit mictuth 25 mac.%
mucnepcHoro (50-100 mxm) 6inapHoro crutaBy cuctemu Al-Co i3 BMicTOM
kobansry 10 Mac.%,  XapakTepu3yeTbcs  HAaHKpaliuM  KOMILIEKCOM
¢yHKIIOHaNBHUX  BiacTHBOcTel. Tomy Oyno JOCHIIUKEHO BUILIHMB
napameTpiB opMyBaHHS Ha ITOKa3HUK abpasnBHOTO cTUpaHHs 1boro [IKM
3 METOXO HOro ONTHMI3alii.

3a J0NOMOTOI0 METOAY TOBHOTO (DaKTOPHOTO EKCIIEPUMEHTY,
METOAWKY SKOTO HaBeleHO y [6], Oyia oTpuMaHa MaTeMaTHYHa MOJIEINb, 110
JO3BOJINTH KEPyBaTH TPUOOJIOTIYHUMH XapakTepuctukamu [IKM 3amexHo
BiJI MapaMeTpiB MePepoOKH: TEMIIEPATYPH, YaCy BUTPUMKH Ta HABAaHTAKCHHS.
e no3Bonsie OTpUMAaTH KOMITO3MT 13 3a3/IaJIeTi/ib 3alaHUMH BIIACTHBOCTSIMH.
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FACTORS AFFECTING NANOGRAIN FORMATION DURING
MECHANICAL-PULSE TREATMENT

Surface nanostucturization of structural steels is effective mechanism for
the improvement of physical and mechanical properties of the surface compared
with those of matrix material. Mechanical-pulse treatment (MPT) enables
formation nanocrystalline structures (NCS) using high-speed friction for severe
plastic deformation of the surface layer due to the local impulse heating up to
the temperature 1000—1300 K with simultaneous thermoplastic deformation and
subsequent rapid cooling [1]. The parameters of the layer with NCS after MPT,
namely its grain’s size, thickness and thermo-stressed state, are changed. They
mostly depend on temperature and pressure in the friction contact zone,
which are defined by treatment regimes during MPT: tool and specimen
rotating velocities, longitudinal feed of the strengthened tool relative to the
specimen, specific pressure in the friction contact zone.

In the current study, the influence of factors affecting during MPT
nanograin layer formation, the grain size and thickness of the strengthened layer
with the improved physical and mechanical properties has been investigated.
NCS with the grain size in the range 16 —40 nm were obtained in 080A67
(0.65C-1Mn) steel after processing by MPT with different treatment regimes.
The surface microhardness depended on the grain size of NCS was in the range
of 7.7...9.8 GPa. It was also established that increasing the strengthened layer
thickness and decreasing the grain size leads to enhancement of contact fatigue
resistance. Therefore, the treatment regimes of MPT significantly influenced on
formation of the surface layers with NCS and, as a result, on their properties.

Reference:
1. Nykyforchyn H., Kyryliv V., Maksymiv O., Zvirko O. Mechanical
fabrication methods of nanostructured surfaces. Handbook of modern coating
technologies: Fabrication methods and functional properties, 2021, pp. 25-67.
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KINETICS OF THE PHASE FORMATION IN NANOSCALED
MULTILAYER HYPEREUTECTIC AL/CU FOILS

Nanoscaled Al/Cu multilayeres are considered to be promising for use
as filler materials for welding difficult-to-weld materials [1]. The sequence
and kinetics of the AlLCu, AlCu and Al4Cuy phase formation in the
multilayers depend on both the chemical composition and modulation period
of the foils [2]. The aim of this work is to study phase transformations and
the reaction kinetics in hypereutectic Al/Cu multilayer foils with the total
composition of Al-50 wt.% Cu. The hypereutectic foils with modulation
periods of 60 nm and 600 nm were deposited by EB-PVD. Changes in the
structure of the foils during annealing up to 500°C were monitored by XRD,
SEM, DSC, and resistivity measurements. Moreover, changes in the foil’s
mechanical characteristics, such as microhardness, Young’s modulus and
plasticity coefficient were also measured using a “Mikron-Gamma” facility.

References:

1. Ustinov A., Melnichenko T., Falchenko I., Petrushynets L.:
Influence of AI-Si and Al-Cu multilayer on the formation of the joint
structure of SiCP-AMr5 composite during diffusion welding. Sovremenaa
Elektrometallurgia 3, 44-52 (2022).

2. Polishchuk S., Ustinov A., Matvienko Y., Demchenkov S., Skoryk
M., Zahorulko 1., Molebny O., Kotko A.: Correlation of the Modulation
Period and the Phase Formation in Multilayered Eutectic Al/Cu Foils.
Metallophysics and Advanced Technologies 45(10), 1007—1030 (2024).
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CHARGE CARRIER TRANSPORT IN THIN FILMS OF CDTE AND
PBTE: INFLUENCE OF THICKNESS AND TEMPERATURE

Charge carrier transport in thin films of cadmium telluride (CdTe) and
lead telluride (PbTe) plays a crucial role in optimizing their application in
optoelectronic and thermoelectric devices [1,2]. These films serve as
functional coatings that enhance device performance by providing tailored
electrical and optical properties [1-3]. The efficiency of such coatings
depends on charge carrier mobility, electrical conductivity, and the
mechanisms governing transport, which are strongly influenced by film
thickness, microstructure, and temperature variations. Understanding these
factors is essential for designing high-performance thin-film coatings with
improved stability and efficiency in practical applications.

This study examines the effects of thickness and temperature on
carrier mobility and conductivity in p-type CdTe and PbTe films. The
influence of grain boundaries and surface scattering mechanisms is analyzed
to determine the dominant charge transport processes, contributing to the
optimization of thin-film coatings for electronic and energy-conversion
applications.

Thin polycrystalline films were synthesized using the hot-wall
technique and deposited on glass substrates. Structural analysis was
conducted using X-ray diffraction and electron microscopy. Electrical
measurements were performed in the temperature range of 77-300 K under
constant current conditions. The Hall effect was studied in magnetic fields up
to 0.8 T. Experimental results indicate that all films exhibit hole conductivity
regardless of temperature and grain size.

The dependence of Hall mobility on thickness and temperature reveals
a significant decrease in mobility for films thinner than 0.1 pm (Fig. 1). This
effect is attributed to enhanced carrier scattering at grain boundaries and film
surfaces. The temperature dependence of mobility follows the relation
1= poT™¥, where n(d) varies with film thickness. For films thinner than 0.1
pum, n =0.5, indicating surface scattering, while for thicker films (d > 0.1 pm),
n increases to 0.8, suggesting grain boundary scattering as the dominant
transport mechanism [4].
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Fig. 1. Dependence of current carrier mobility (¢) of PbTe films on
thickness (d): o — experiment; 1,2 — calculated values of surface (us — 1) and
intergranular (y; — 2) mobility.

The electrical conductivity of the films follows an activation-type
dependence on temperature. The activation energy of charge carriers was
determined from the Arrhenius plots of conductivity: 0.09 eV for CdTe and
0.06-0.1 eV for PbTe. These values correspond to the potential barrier heights
at grain boundaries, confirming the role of thermionic emission in charge
transport. The barrier height increases with decreasing crystallite size, further
influencing carrier mobility and overall film conductivity.

A model based on intergranular potential barriers and carrier scattering
mechanisms explains the observed experimental results. The findings
contribute to a better understanding of charge carrier transport in CdTe and
PbTe films, facilitating the development of more efficient thin-film-based
electronic and thermoelectric devices.
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CTPYKTYPHO-®A30BI NEPETBOPEHHS Y KOMITIO3UIIMHUX
EJIEKTPOXIMIYHHUX ITOKPUTTAX NI-MO-B BHACJIIJIOK
TEPMOOBPOBKH

Hocnimkeno ¢azoBuil cknaa i (iznko-MexaHidHI XapaKTEPUCTHKU
PO3pOOIIEHOTO Y KOMITO3UINIHHUX enekTpoxXiMivauX mokpuTTsax (KEIT) Ni-
Mo-B no Tta micns TtepMmiuHOi 00poOku. IlokpurTs ocamkyBaim i3
€JIEKTPONITY-CyCIieH31i, NpPUTOTOBIEHOI Ha 0a3i amiayHO-IIUTPATHOTO
eJIEKTPOINITY 3 JOoAaBaHHAM amopdHoro Oopy 3 koHmeHTpamicro 100 r/m.
ba3oBuii eNeKTPONIT € CaMOPErYJIIOBAIBHUM, CKJIal SKOTO 1 PEeKHMH
eJIEKTPOITi3y 3a0e3MeuyroTh MPOTHO30BAHMHN 1 CTAaOUTBHUI BMICT MOIIOICHY
y mokputti. Emnekrpomi3 mpoBomgmimm 3a Temmeparypu 60+1 °C, ryctun
crpymy — 0,5; 1,0; 2,5 1 5,0 A/nm? Ta mBHAKOCTI epeminrysanns 300 06/xB
NpoTAroM 1 roquHu.

OTtpumaHo HOBI ENIEKTPOXIMIUHI MTOKPUTTA Ni-Mo-B
TPUOOTEXHIYHOTO  IPU3HAYCHHs, BJIACTUBOCTI  SKUX  BU3HAYAIOTHCS
(dopMyBaHHSIM 3a PaxyHOK iX TepMOOpOOKH TreTepodasHoi CTPYKTypH 3
TBeporo po3unHy Ni(Mo) Ta GopHIiB Hikemo 1 MONiO/EHY, IO MiABUIIYE
MIKpOMEXaHIYHI BJIACTMBOCTI Ta 3HOCOCTIHKICTh TaKMX IOKPHUTTIB Yy
KOPO3UBHOMY CEpPEIOBHIIII.

BcranoBneHo, o BMicT MOTIOEHY 13 MiIBUILICHHSIM T'yCTHHU CTPYMY
OCaJDKCHHS 3MEHINYeThCs (Tabm. 1), depe3 30UIBIICHHS IHTCHCHBHOCTI
peakuii BHIUICHHS BOAHIOI 3MIIIEHHS EJIEKTPOAHOTO IOTEHIANy Y
Bin’eMHimmi 6ik. 3MiHa TYCTHHH CTPyMy CHpHs€ 301IbIICHAI KOHIIEHTPAIIi]
Oopy Ta mapameTpa mopcTKocTi R, MOKPUTTIB.

Ha penrreHorpamMax MOKPHUTTIB /IO  TepMiuHOi  0OpoOKH
CIIOCTEPIraroThCsl PO3IIMPEHI MIKK HIKEII0, BHACIIOK BTIJICHHS aTOMIB
MoJibOneHy y Horo kpucramiydy rparky. [lo wmipi 30inmbleHHS BMICTY
MOJIIOZICHY Y MOKPUTTSX I1i IIIKK CTAIOTh OUIBIII PO3IIUPEHI 1 iX IHTEHCHUBHICTh
3MEHIIYETHCSL.

Tepmiuna o0poOka 3a 950°C MOKPUTTS MPOTATOM 2 TOIUH CIIPHSE
(OpMyBaHHIO HOBOI KOMITO3MLIHHOT OOpPUIHOI CTPYKTYpPH BHACIIIOK
TBepao(da3Hoi B3aEMOMIi HIKEIb-MONIOAEHOBOT MATPHIll Ta JUCHCPCHHUX
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yacTMHOK Oopy. Ha mnonepeyHomy untii TOKPUTTS CIIOCTEPIraeThes
nepexigHa qudysiiina 3oua Fe-Ni, 3a paxyHOK 4Oro HiIBHILYETHCS aare3is
MIOKPHUTTS 10 OCHOBH. TepMiuHa 00poOKa € MONaTKOBUM YWHHUKOM, SIKMH
mijBuIIye 00’eMHHH BMICT 3MIIHIOBJILHOT OOpuaHOI a3y B MOKPHUTTI Ta
Horo MiKpoTBepaicTh. 3a TemmeparypH Bignamy 950°C po3mipu O0pumHUX
3epeH 30UTBIIYIOTECS 10 5...7 MKM, (OpMy€eThCSI KOMIO3HITIHA CTPYKTypa
MAaTpPUYHO HAITOBHEHOTO THILY.

Tabmurst 1 — PesynsraT XiMivHOTO aHANI3Y 1 TapaMeTpy MOPCTKOCTI
mokputTiB Ni-Mo-B

I'yctuna XiMiuHMH CKIIaJ TIOKPUTTIB, % Mac R.
cTpymy, A/nm? Mo B
0,5 27,00 1,30 1,653
1,0 21,00 1,75 1,999
2,5 16,00 2,89 2,775
5,0 8,00 3,39 2,385

Pesynpratn XRD-ananizy mokasanu, 1mo 3a BMicTy Mo 8 1 16 % mac
TTOKPUTTS CKJIQJAIOTHCS 13 TBEPIOTO PO3YMHY MOINIONEHY B Hikelni, Oopumy
Hikemo Ni3B i ckimagHoro 6opuay Hikeno Ta Moidaeny MoaNiB; (Tabi. 2).
Bwmict 6opuanoi dasu ckiaanae 71 192 % BigmosigHo.

Tabmuus 2 — Pesyasratd (a3oBoro aHaiizy IMOKPHUTTIB IiCIs
TEPMOOOPOOKH
Bwmicr ®daza Bwmict Bwmict ®daza Bwuicr (%)
Mo, % (%) Mo, %
Mac Mac
Ni (Mo) 29 Ni (Mo) 77
8 NisB 67 21 MoB> 14
MozNiB; 4 Ni (Mo)B 9
Ni (Mo) 8 Ni (Mo) 67
16 NizB 77 27 MoB; 22
MozNiB; 15 Ni (Mo)B 11

3a koHUeHTpauii Mmonioneny 21 127 % mac ¢azoBuii ckiia MOKPUTTIB
ICTOTHO 3MIHIOETBCS — YTBOPIOIOTHCS Oopuan Momnioaeny MoB:; i cximagaumit
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o6opun Ni(Mo)B. Bwmict 6opugHoi ¢a3u 3meHmyetsest a0 23 1 33%
BiJIIIOBI THO.

TakuM YHHOM HOBOYTBOpEHA OOpuIHA reTepoda3Ha CTPyKTypa BUIIOT
TBEPAOCTI MPU3BOAUTH [0 MiJBHUINEHHS TPUOOTEXHIUYHHX XapaKTEPUCTUK
PO3pOOIEHOTO TOKPHUTTSL.
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OTPUMAHHA I CTPYKTYPA TBEPAUX PO3YUHIB
(Ge2)1x-y(GaAs)x(ZnSe)y

BapuzonHi TBepAl pPO3YMHM JIAIOTh MOXJIMBICTH  BapilOBaHHS
OCHOBHUMH €JEKTPO(I3MIHUMH Ta (POTOCICKTPUYHUMH MapaMeTpaMu
eMITaKCIHHUX IIapiB HAMIBIIPOBITHUKOBUX MaTepialiB y MIMPOKHAX MeEXKax
IUIIXOM 3MiHH iX XiMigHOTO cKjiamy. OmHaK 10 MBOTO Yacy MopdoorivHi
OCOONHMBOCTI, IO 3YMOBIIOIOTH BIIACTHBOCTI MHX IIAPiB JOCIiIKEHO
HepoctatHbo [1]. Tomy 115t poboTa ¥ MpHCBSYeHA MOCIIIKEHHIO TIPOIECiB
POCTY Ta CTPYKTYpOYTBOPEHHS BApU30HHUX TUTIBOK.

Bigomo, 110 migbip KOMIIOHEHTIB, SIKi BXOAATH 0 CKJIamy TBEPIOTO
PO3YMHY ILTIBOK, 1 Je(EeKTH CTPYKTypH, 110 BHHUKAIOTH HAa MEXI PO3ALTY
«MiIKIaIKa-IUTIBKay, 30KpeMa IHCIIOKaIlli, MOKYyTh ICTOTHO BIUIMBATH Ha
BJIACTHBOCTI TUTIBOK. Y 3B'SI3KY 3 IIUM OYJI0 JIOCII/HPKEHO MPOIECH YTBOPEHHS
TBEPIUX poO3uMHIB Ha 0a3i cnonyk GaAs, ZnSe Tta Ge. [lapamerpu
kpucTaniuaux rparok Ge, GaAs, ZnSe € myxe 6mu3bkuMu (dge = 5.658A.
a Gars = 5.653A, AznSe = 5.669A). Kpim TOT0, pO34HHHICTE TUX KOMIIOHCHTIB
B OJIOB'SHOMY PO3YMHI-pO3IUIaBI € JOCTaTHHOIO IJISi YTBOPEHHS TBEPIUX
posumHiB. Ile mae MOXUIMBICTH OTpPHUMAaHHS KpPUCTAIIYHO JIOCKOHAIINX
emiTaKCIHHMX  IapiB, CTPYKTypa SAKHX SBISE COOOK  CKIamHI
0araTOKOMITOHEHTI TBEP/li pO3UMHH.

Enitakcianpui mapu  (Gez)ixy(GaAs)«(ZnSe), BupouryBamucs 3
0OMEKEHOT0 OJIOB'SSHOTO PO3YMHY-PO3ILIABY 3 TPUMYCOBUM OXOJIO/PKEHHSM
(31 mBuakictio 1.0 - 1.5 rpam/xB) y TemmeparypHOMYy iHTepBaji
750 °C - 530 °C na GaAs (100)-nigknaaui. Ckiag TBEPAOTO PO3UMHY
BU3HAYaBCS  JIOCHIJIHUM  LUIIXOM HAa  OCHOBI  JliarpaM  CTaHiB
BUKOPUCTOBYBAaHHX CHUCTEM

XimiuHuH CKIan MIOBEPXHI TBEPJOro pO3uuHy
(Ge2)ix-y(GaAs)«(ZnSe)y, BHBYABCS 3a JIONIOMOIOI0  PEHTIEHIBCHKOTO
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Mmikpoanaiizatopa SEM EVO MA 10 (Zeiss). BcTanosieHo, 110 pO3MOALT
KOMIIOHEHTIB OyB OJTHOPIZTHNM, a BKIIIOYEHH iHIINX (a3 He ikcyBanucs. Lle
MOX€ CBIAYMTH PO Te, IO IIPOLEC KPUCTATI3aLlil TBEPIOTO PO3UUHY 3 PiIKOi
(a3u 371iCHIOBABCS B TEPMOJMHAMIYHO PIBHOBaKHUX YMOBaX.

3rigao 3 mpoeneHnMU XRD mocnimKkeHHSIMH, OTpUMaHI emiTaKCciiHi
mapu  Oymd  MOHOKPHCTATIYHUMH 31  CTPYKTyporo  cdamepury
(@(Ge2)1-x-y(Gars)x(znseyy = 5.651A)

B3aemue momapre (OinapHe) 3amimeHHs auMepis GaAs mumepamu
ZnSe abo Ge-Ge y TBepAOMY pO3YMHI HE MPHU3BOAMIO A0 CYTTEBOTO
nedopMyBaHHS KPHUCTANIYHOI TpaTku. BIM3BKICTh 3HaueHb MapaMeTpiB
rparok, Koe(ilieHTIB TEPMIYHOTO PO3IIMPEHHS 1 IaBHU nepexiy Bix GaAs-
nigkiaagku 1o emitakciiiHoro mapy (Ges)ixy(GaAs)«(ZnSe), 3amobiranu
BUHHKHEHHIO 3HaYHUX MEXaHIYHMX HalpyXeHb y mepexinHiii obmacti
"migkmagka-mnBka'. Bce 1ie mpH3BENO 0 MOXIJIHUBOCTI  (hOPMYBaHHS
HETIepepBHOTO TBEPAOTO pO34YHHY 3aMilleHHS TUITY
(Ge2)1x-y(GaAs)(ZnSe)y.

3niiCHEHO  pO3paxyHOK HEBIANOBIMHOCTI TMapaMeTpiB  T'paTok
migknanky Ta Wik (0.04 %), moBepxHEBOi r'yCTHHHU 00ipBaHMX 3B'S3KIB
(ANy(100) = 8.7-10"5 M7?), BigcTaHi Mix JTUCIOKALIAMA HEBIAMOBIHOCTI Ha
inTepdeiici ( L=1.126-10° m).

4GsGrlar—a
Rl = )
2nFap(Gs+Gs)(1+2v) (21,
3HAWICHO 3HAYCHHHS KPUTHYHOI TOBIIMHM IUIDIIBKH, HIDKYE BiJ SKOI
MOXIIUBE TCEBIOMOP(HE 3pOCTaHHS KyOIYHHX KPHCTATIiB 0€3 JUCIOKaIliil
HeBianoBiaHoCTI (dr= 0.48 MKM).
Enepris W inTepdeiicy “miakmanka-riBka”, po3paxoBaHa 3 BUpasy

W=2{14 8 -1+ 2 - pIn[2pT+ B2 - 25°]} [2],

BusiBUnacs pisaoro 0.97 mJlx/m2.

OTpuMaHi IUTIBKM Mald TOPOBIJHICTH  NIPKOBOTO  THITYy 3
KoHIIeHTpanielo HociiB 2:10'7-5-10'8 cm® i pyxmusictio 30-60 B-c/cm? mpu
KiMHaTHIH ~ Temmeparypi. DOTOYYyTIMBICTE CTPYKTYpH BH3HaJaiacs
crieKTpajbHUM AianaszoHom 0.7-1.54 eB.

3a nonomorow Bupasy dy = —
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FEATURES OF GROWING A SOLID SOLUTION OF
SiixGex FROM A LIQUID PHASE

The problem of improving the technology for producing high-quality
thin layers of semiconductor materials with specified electrophysical and
photoelectric properties on a relatively cheap silicon substrate by liquid-
phase epitaxy is very relevant and was considered in [1, 2]. However, those
modes of technological growth that take into account the physical and
chemical properties of the melt solution from which the films are grown have
been extremely insufficiently studied.

In this work, graded-gap solid solutions Sij«Gex of p and n
conductivity types were grown from a limited tin solution-melt on single-
crystal Si(111) substrates using the liquid-phase epitaxy method according to
the technology described in [3].

The chemical composition of the surface and cleavage of the films,
carried out using an X-ray microanalyzer SEM EVO MA 10 (Zeiss), showed
that the Si content along the growth direction gradually decreases, while the
Ge content increases (Fig. 1 a, b).
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Fig. 1. Change in the chemical composition of the Si;-«Gey solid solution from
the thickness % of epitaxial films obtained at cooling rates of 1°C/min (a) and
3°C/min (b)

Crystalline perfect epitaxial layers of Si;«Gex were grown from a
solution-melt by forced cooling at a rate of 1°C/min in the temperature range
0f 900 °C -800 °C.
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By solving the Fick differential equation taking into account the
boundary conditions for one-dimensional diffusion in coordinates (1), it is
possible to determine the growth rate of epitaxial layers (2):

x(Z, t)—xl+ £ 4 erfc(z\/_) 1) f=;;:n % 2)
where x;, xg - are the current and initial concentrations of Si and Ge, a- is the
cooling rate, ¢ -is the growth time, m- is the slope of the liquidus line, Z -is
the coordinate, D- is the diffusion coefficient.

The calculated value of the growth rate of epitaxial layers was
f1=0.114um/min.

With the increase of the cooling rate of the solution-melt to 3 °C/min,
the film growth rate increased to f;=0.345 to pm/min. At the same time, the
crystalline perfection of the film determined by the XRD method worsened
and the crystallizing epitaxial layers began to peel off.

The grown epitaxial Si;—Gex films had n-type conductivity with a
charge carrier concentration of n = 5-10'® ¢m™ and a mobility of u=300
cm?V-!sec’! at room temperature.

The method described above can be used to determine the critical film
growth rate, which determines the crystalline perfection of the Sii-«Gey
epitaxial layers. In this case, controlling the film growth rate allows for uniform
crystallization of the solid solution, which leads to an improvement in the
crystalline perfection of the epilayer, and hence the film's electrophysical
properties.
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THE INFLUENCE OF SULFIDE FILMS ON THE CORROSION
AND HYDROGENATION OF LOW-CARBON STEEL

Corrosion-mechanical destruction of steels and alloys in environments
containing hydrogen sulfide is one of the most dangerous types of metal
damage in the oil and gas industry. Dissolved in water H>S accelerates
continuous and ulcerative corrosion of steels, intensifies hydrogenation,
which causes blistering and hydrogen-initiated cracking. As a result of
corrosion, iron sulfides of various compositions are formed (FesSs, FeS, FeS,
etc.). The structure and properties of sulfides depend on the chemical
composition of environment, the hydrogen sulfide concentration, temperature,
pressure, and other factors. Sulfides of different composition can both
accelerate and reduce the corrosion of steels.

The goal of the present study is to determine the influence the structure
and composition of sulfide films on the corrosion rate and hydrogenation of
17MnlSi steel in the 5% NaCl + 0.5% CH;COOH solution at the
concentrations of H,S from 0 to saturation0.

Corrosion, hydrogen absorption, permeability of hydrogen through
steel membrane, microstructure and chemical composition of sulfide films
were determined.

The corrosion of steel 17Mn1Si in chloride-acetate solution depends
on the concentration of hydrogen sulfide and is determined by the nature of
sulfide films on the surface. The corrosion of steel slows down at the
beginning of exposure due to formation of dense mackinawite film. Over time,
the corrosion rate increases due to the transformation of mackinawite to
porous needle-like troilite. Single ulcers without cracks were found after test
in a solution with 100 mg/dm? H,S. Deep ulcers and subsurface cracks were
observed, when H,S concentration increased.

The kinetics of the hydrogen release during cathode reactions
correlates with the corrosion rate and depends on the sulfide films formation
on the steel.
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The hydrogenation of steel in chloride-acetate solution is determined
by the concentration of hydrogen sulfide and does not depend on the nature
of sulfide films on the surface. The concentration of hydrogen in the steel
reaches a maximum after ~120 h of corrosion test. Steel absorbs less than 8%
of the hydrogen released during cathodic reactions.
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2VKpaiHChKHUH JIepKaBHUN yHIBEPCUTET HAYKH 1 TEXHONOTIN

MOAUPIKOBAHE XPOMOBE BAKYYMHO-AYI'OBE IOKPUTTA
KPUCTAJII3ATOPIB MBJI3

CydacHe BUPOOHHUIITBO CTaN 3IHCHIOETHCSI 13 3aCTOCYBaHHIM Oe311e-
pepBHOTO ii pO3MMBAaHHA B KPHCTANi3aTOPH, SIKI BUTOTOBIISIOTH i3 MITHUX
CIIaBiB, BHYTPIIIHS poO0Ya MOBEPXHS SIKUX TTOKPUBAETHCS KAPOCTIHKUM Ta
3HOCOCTIMIKMM MOKpUTTSAM. HalfmommupeHiimmum MarepialoM HOKPHUTTA € ra-
JBbBaHIYHUHA XPOM, JO HepeBar SKOr0 MO)XKHA BiHECTH BHCOKY TBEpHICThH
6+10 I'Tla, mo BU3HAYa€ 3HOCOCTIHKICTh POOOYOT IIOBEPXHI KpUCTaTIi3aTopa.
J1o HeIOIMiKiB TaTbBaHIYHOTO MIOKPUTTS MOYKHA BiTHECTH JIOKAJBFHE BiAMIApY-
BaHHS MTOKPUTTSI BiJl IOBEPXHI KpHCTaNi3aTopa B mpoieci Horo podotwu, mo
MTOB'SI3aHO 31 CTOBIMYACTOIO CTPYKTYPOIO MOKPHUTTS, Ta €KOJOTIUHY IIIKiIIIH-
BiCTh BUPOOHUIITBA.

ANbTEepHATUBHUM METOJIOM HAaHECEHHS! XPOMOBOTO IIOKPHUTTS, 11O JI0-
3BOJISIE YCYHYTH HEIOJIIKH T'ajIbBAHIYHOTO BUPOOHHIITBA T HAHOCHTHU PiBHO-
MIpHI TOKPUTTS HA BHYTPILIHIO IOBEPXHIO JIeTajIeH, € BAKYyMHO-IyTOBE Oca-
JOKEHHSI.

Po6oTa npucssueHa po3poOili 00 JHAHHS Ta TEXHOJIOTIT OTPUMAaHHS
BHCOKOMIITHMX XPOMOBHX MOKPHUTTIB BaKyyMHO-JyTOBUM CIIOCOOOM, a Ta-
KOXX JIOCJI/DKEHHIO CTPYKTYpH, (ha30BOT0 CKJIQJy Ta TBEPAOCTI OJEPKaHUX
TIOKPHTTIB.

OTpHuMaHi MOKPHUTTS YUCTOTO XpOMY Ta MOAN(IKOBaHI a30TOM Xpo-
MOBI OKPUTTS. OcaPKeHHS YUCTOTO XPOMY ITPOBOJIMIIH B Ta30BOMY CEepelio-
BHIIi apTOHY INIPH CTAI[iOHAPHOMY Ta IMIYJIbCHOMY pekumax. Jist mommdi-
KyBaHHSI XpOMY a30TOM BHKOPHUCTOBYBAJIUCS CYMIIlIi I'a3iB a30Ty Ta aproHy 3
KOHIeHTpaliero a3oty Bix 20 % mno 80 %, a Takox yuctuii a3ot. Temmepa-
Typa 3paska mig 4ac ocamkenns 520-650 °C. Ctpym myrosoro pospsiiy Ha
katoai 70 A. Hampyra ropinsst gyrosoro pospsiny 27-48 B. Tuck y xamepi
nigrpuMyBan B fianasoi (5+6)x1072 Ia.

Jly1st HaHeCeHHs! MOKPHUTTIB Ha BHYTPIIIHIO TOBEPXHIO T'JIb3 KPUCTATI-
3aropiB niamerpom 10 200 MM Ta noBkKHOIO 10 1000 MM CTBOpEHO Bakyy-
MHY YCTaHOBKY BEPTHKAJIbHOIO THIly 3 KaTOAOM paliallbHOTO
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BUIIAPOBYBaHHs TpyO4acToi opmu 3 kepoBaHoto nyroro. KoHcrpykuist yc-
TaHOBKH JI03BOJISIE HAHOCUTH TIOKPUTTS PIBHOMIPHO Ha BCiif poOouiii mosep-
XHI T1JIb3U KpHUCTAJIi3aTopa.

[TokpurTss Xpomy, IO OTPUMaHI B CTaliOHAPHOMY PEXHMI oOca-
IDKSHHSI B CEpEOBHILI aproHy, MaJlid IIJIBHY CTOBITYACTY CTPYKTYpPY 3 HEeBe-
JMKAMHU BKTIOYCHHAMH PIBHOOCHHX KPHUCTAJITIB. 3a pe3y/IbTaTaMH peHTre-
HOCTPYKTYpPHOTO aHAJi3y IMOKPHTTS Maji BHPaXXCHY aKCiallbHy TEKCTYpY
[200] Ta posmip kpucramitiB 1600 HM. MiKpOTBEpIiCTh TAKOTO TIOKPHTTS
cra"osuia 22+0,3 I'Tla.

3acTocyBaHHS IMIYJIBCHOTO PEXHMY OCAKCHHS (y IpoIeci oca-
JOKSHHS Ha MiIKIaKy MepioJyHO MoJaBaiacs Hampyra 3MilleHHs ), T03BO-
JIUJIO OTPUMATH CTOBIYACTO-TIIOOYJSIPHY CTPYKTYPY XpOMY Ta 3MEHIIUTH
CTYMiHb TEKCTypoBaHoCTi. Po3Mip kpucramitiB 3mMenmmBes 10 900 HM, a TBe-
paicTb 3pocina 1o 38 £ 02 I'Tla.

Monudikariiss XpoMy B TIpOIECi OCaPKEHHS B CyMillli Ta3iB aproH-
a30T CIIPUsUIA 3MiHI CTPYKTYpH, (ha30BOTO CKJIaay Ta TBEPAOCTI HOKPUTTS. 3i
30UIBIICHASM BiJICOTKOBOTO BMICTY a30Ty B Kamepi CIIOCTEpiraBcs mepexis
BiJl CTOBITYACTO-TIOOYISIPHOI O TIO0YISIPHOL CTPYKTYPH, PO3Mip KpUCTAIi-
TiB 3MenHmuBces Big 1100 qo 580 um. ®a3oBuii aHami3 IOKa3aB HasBHICT Y
mokputTi HiTpuAiB CroN Ta CrN, KiTBKICTh SKHX 3aie)kaa Bifl IPOIIEHTHOTO
BMICTY a30Ty B KaMmepi Ta gocsaraina 3HadeHb 75% CroN ta 2% CrN. Mikpot-
BepAiCcTh MOKPUTTS 30unbimnacs o 18,84+1,84 I'Tla mis mokpuTts, onep-
YKaHOTO B ra30BOMY cepeoBuILl a30Ty. [IoTpiOHO 3ayBaXknUTH, 1110 HOKPUTTS,
OTPHMaHI B Ta30BOMY CEPEAOBHIII YHCTOrO a30Ty, X0Y 1 MaJd HAWOUIbIITY
TBEPAICTh, ajie MM MiBUILEHY KPUXKICTH 1 HEOJHOPITHICTh MO TOBIIUHI.
Tomy HaiOULIBII ONTUMATBHUMU YMOBAMH JUISL OTPUMAaHHS SIKICHMX MIITHUX
XPOMOBHX TIOKPUTTIB MO>KHA BBOKaTH MOJU(IKyBaHHS y CyMillli aproH-a3oT
3 BIZICOTKOBHM BMICTOM a30Ty B aiana3oni 60-80%. Taki HOKpHUTTS MaroTh
MikpotBepaicTh 10+16 I'Tla, BUCOKHIA CTYIIHB aATe3ii, OAHOPITHI 32 TOBIIH-
HOIO 1 MaIOTh TMIOOYJISIPHY CTPYKTYPY, IO POOUTH iX KOHKYPEHTHHMH I10 Bi-
JTHOIICHHIO /10 TPAIUIIIHHNAX TalbBaHIIHUX TOKPHUTTIB.
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B3AEMOJISA CKJIATOBUX EJEKTPOJIITHOI IIJIA3MHA 3
KAPBIIOM TUTAHY

Metonq IIEO  axkTHBHO  3aCTOCOBYIOTH  JUISI  CTBOPEHHS
OKCHJIOKEpPaMIUHHMX IMOKPHUTTIB Ha ANIOMIHIEBUX, MarHi€BUX Ta TUTAHOBHX
crmaBaXx. OTpHMaHI TOKPHUTTS XapaKTepPHU3YIOTBCS BHUCOKOIO  MiKpO-
TBEPAICTIO, YyIOBUMH I1€JIEKTPUYHUMH BIACTUBOCTSMH, a TAKOX BUCOKOIO
3HOCO- Ta KOpO3iiHOI0 crTilikicTio. OcoOnuBy yBary npuBepTae oOpoOka
TUTAHOBUX CIUIABIB, OCKIIBKM THTAHOBI MaTepialld MalOTh BUCOKY MIITHICTb,
KOpO3iifHy CTiHKiCTh, aJie OOMEXEHi B 3aCTOCYBaHHI y By3lIax TepTs depe3
iXHIO HU3bKY 3HOCOCTiIHKICTb. TOMy CTBOpEHHS 3aXHCHHX MOKPHUTITIB Ha
THTAQHOBHX cIUIaBax i3 BUKopHcTaHHAM [IEO € akTyanbHUM HampsMoM
JIOCTi/DKeHb, IO BIAKPUBAE TEPCIIEKTUBH IS PO3MHUPEHHSI Cchepu
BUKOPHCTaHHS THTAHOBHUX CIUIABiB.

Metoro poOOTH € JOCITIIKCHHS MPOLECIB B3a€EMOJII CICKTPOIITHOT
IUTa3MHd B CHCTEMi «KapOil TUTaHy — EJIEKTPONIT» Ta aHali3 MOXIHMBHX
ximMigaux peakuii Mixk TiC 1 KOMITIOHEHTaMH €JIEKTPOJIITHOT TIa3MH.

Jns HaHeceHHs OKCHIOKEpaMiYHMX IIOKPUTTIB B EJEKTPOJIITHIN
IU1a3Mi BUKOPUCTANIN TUIACTUHKH 3 KapOiy TUTaHy c()OPMOBaHOMY Ha CILIaBi
BT-1 cxmany (Ti - 99,7; Fe — 0,25; Si— 0.1) po3mipamu 10%20%3 mm. [Tepen
CHHTE30M ITOKPHUTTIB 3pa3Kyl MPOMUBAIIN B AUCTHIHOBAHII BOJI 1 €THIIOBOMY
CIIHPTI BUKOPHCTOBYIOUH YJIBTpa3BykoBy BaHHY. Esnexrpomit — 5 r/n KOH Tta
5 1/n pipkoro ckia. CHiBBIIHOIIEHHS TYCTHH KaTOJHOTO JIO aHOJHOTO
ctpymiB 30/30 A/mm2 Ta 30/40 A/mm2 mpotsrom 30 xB. YacToTa aHOZHUX Ta
katomHux iMmynbciB 50 I'm. J{nst peHTreHoga3oBoro aHamizy IOKPHTTIB
3acrocyBanu  gudpakromerp JPOH-3.0 3 CuKo-BUIpOMIHIOBAaHHSIM.
EneMeHTHHIT cKiam OTpPUMaHHMX IOKPUTTIB  JOCTIIDKEHO METONOM
€JIEKTPOHHOT PEHTIeHIBChKOT MIKPOCKOIII Ha CKaHIBHOMY €JIEKTPOHHOMY
Mmikpockomi Zeiss EVO-40XVP.

PesynbruT Ta OOroBOpeHHs. PeHTreHiBcbkuii (azoBuii aHami3
OKCHJIOKEpPaMIUHHMX TMOKPUTTIB, cpopmoBaHuX Ha kapOini turtany (TiC),
NI0Ka3aB, 1110 OCHOBHUMH CKJIaJIOBUMHU € OKCU/IM TUTaHy. HalOunbiy yacTky
3aiiMae pytwi (monan S50 mac. %), Tomi sK aHata3 i OPYKIT CTAHOBJATH
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npubmmzHo 5 mac. %. IIpucyrHicts peduekciB TiC ta o-Ti cBiguuth mnpo
HEBEJIMKY TOBIIMHY OTPHMMAHOIO OKCHIOKepaMiuHOro mapy. Temmneparypa B
30HI IUIa3MOBOTO pO3PSAY B CHUCTEMI «TUTaH — EJEKTPOJIT» MOXKe
3MIiHIOBaTHCA B IUpokomy miarma3zoni — Bix 700 mo 10 000 K. EnekrpositHa
IDTa3Ma MICTUTh HACTYITHI BUIPOMIHIOBANBHI TiHIl: atTomapHuid TutaH (Til),
Bomenb (Ho, HP, H:), aromapumii ta ioHizoBammii kucennr (OI, OIL),
rigpokcwibHi pagukamu (OH), xucens (O2, O:"), BomsHa mapa (H:0).
TepmomuHamiuyHnid aHami3 peaknii. Ha OCHOBI OTpUMaHMX IaHHUX IIPO
TEeMIEepaTypHUA PO3MOAT y IIa3MOBOMY KaHANi Ta CKJIAJ EJIeKTPOIITHOI
1a3Mu OyJI0 MIPOBEICHO PO3PaXyHOK i1300apHO-130TepMIYHOTO MOTEHIIATY
peaxitiii B3aemoii TiC 3 Ti KOMITOHEHTaMH.

Ha ocHOBiI oTpumaHuX pe3yabTariB eHeprid [100ca MOXITHBHX
peaxuiii MOXKHa ITpoaHai3yBaTH CTail yTBOPEHHS MOKPHUTTS B IIa3MOBOMY
KaHaJl. 30KpeMa, KUTbKICHUI BMICT aHarasy Ta pyTHIIY B OKCHAOKEPAMi4HUX
MOKPHUTTIX chopmoBaHMX Ha ocHOBI KapOimy tutany (TiC), moxasye, mo
PYTHI Y IIMX MOKPHUTTAX CYTTEBO MEPEBHIILYE KUIBKICTh aHaTa3y Ta OpyKiTy.
Ile MOsICHIOETHCSI YMOBaMH yTBOPEHHSI OKCHIIB 3a BHCOKOI TeMIepaTypu
(monax 700 °C) Ta MiXBHIIEHOTO THUCKY B 30HI IUIa3MOBOTO PO3PSITHOTO
KaHAy IIiJ] 9ac IUIa3MOEJIEKTPOIITHOTO OKCHAyBaHHs. L{i yMOBH BUHHKAIOTH
BHACIIIOK CyTTEBO BHIIOI TYCTHHU CTPYMY, L0 IPHBOIUTE 10 ()OPMYBaHHS
IUTa3MOBUX KaHAIIiB BUCOKOI MOTYXHOCTI. Brcoka Temmneparypa Ta JOKalbHi
TUCKHM CIPUSIOTH YTBOPEHHIO OUIBII TEPMOAMHAMIYHO CTaOLIBHIIIOTO
pyTHIy, SKMH € IIUIBHINIOW Ta crabinbHOr (azoro TiO: mopiBHSHO 3
aHaTa3oM, 0COOJIMBO 32 YMOB IIiJIBHIIEHOT Jii TeMrepaTypu Ta THCKy. Kpim
TOTO, aKTMBHA B3a€EMOJiSl CKJIAJOBHX IUIa3MM, TaKHX SK aTOMapHHUH Ta
Mosekyspauii  kucenb (O, O2), pagukamm (OH) 3 kap0Oimom THTaHy
MPU3BOJMTH JI0 cepii XIMIYHMX peakuii. BHacmimok skux mopsa 3
yrBopenHsM TiO:2 MoxyTs yTBoptoBaruck C, CO, COH, CO., CH: Ta CHa.

BucHoBkn.  MeTosoM  MIa3MOENEKTPONIITHOTO  OKCHJTyBaHHS
MIPOBEJICHO CHHTE3 OKCHJIOKepaMidyHHMX IIOKPHUTTIB Ha KapOill THUTaHY.
PenTreno¢azoBuM aHasli3oM BCTAHOBJICHO, IO OKCHAOKEpaMiuHi TOKPHUTTS
CKJIQIAl0ThCS 3 OKCHAIB THTaHy — pyTiiry (50 mac. %), anarazy (5 mac. %),
opykirty (5 mac. %). Po3paxoBaHo eHeprii ['i00ca MOXKIMBHX XIMIYHUX peak-
il B3aemomii ckaamoBux enekTpositHOi wiasmMu 3 TiC. IIpoananizoBaHo
BIUIMB TEMIIEPATypHd pPO3PSIJHOTO IUIAa3MOBOTO KaHaly Ha YTBOPEHHS
NPOAYKTIB peakuii. BcraHoBineHo, 10 HaWOLIBLI IMOBIPHOIO TNPHYHHOIO
(dopMyBaHHS PO3BUHEHOI IOPYBAaTOI CTPYKTYpH OKCHIOKEpaMIYHHX
MOKPUTTIB, 110 (opMyroThes micias 30 XB. CHHTE3Y, € 3aracaHHs MOTYKHHX
ICKPOBHX PO3pSZiB Ta CXJIOITYBaHHSM IapoOra3oBHX OyJILOAIIOK CIPHUSIOUN
¢dopmysannio CO, CO, Ta BUHECEHHS BYIJIELIO 3 KapOi/ly TUTaHYy.

125



HaykoBe enekTpoHHE BUIAHHS
Mo:xHa BUKOPUCTOBYBATH B JIOKAJIbHOMY
Ta MEPEKHOMY pEXKHUMax

Advanced & Novel Technologies - Interdisciplinary
Collaboration in Materials Science (ANTICM-2025)

306ipka MaTepiaiiB
Mi>kHapoHOT HAYKOBO-TEXHIYHOI KOH(EpeHIIil

25-27 mromoeo 2025 p.

Ynopsgauk Avkia M.J1.

Onun enextponuuii ontruyaui 1uck (DVD-ROM); cynposigna
nokymenTaris. Tupax 100 nmpum. 3am. Ne514

Bunasenp i BUTOTOBITIOBaY
HarmionanpHuit yHiBepcuTeT «3anopi3pka MOMITEXHIKA
VYkpaina, 69063, M. 3anmopi>kxks, Byl YHiBepCHTETChKa, 64
Ten.: (061) 769-82-96, 220-12-14

Cainonrso cy6’ekra BugaBunyoi cipasu JJK Ne 6952 Bin 22.10.2019



