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In this study, we apply an original approach to form the PtMn antiferromag-
netic (AFM) phase by using the sequential deposition of Mn and Pt layers on-
to a heated Si/SiO: substrate. At the following, this AFM phase is covered by
the NiFe ferromagnetic (FM) layer to achieve the AFM/FM exchange cou-
pling prominent for spintronic applications. As shown, the thermal stability
of such structure is rather limited: post-deposition annealing at a tempera-
ture close to the blocking one (400°C) results in the complete absence of the
exchange-bias shift of the hysteresis loop. Per contra, the pronounced ex-
change-bias effect is observed in the stack sample with Pt/Mn layer grown on
the substrate heated up to 500°C.

Key words: annealing, structure, PtMn, FeNi, magnetic properties, antifer-
romagnet, coercivity, layered stack.

Y npomy mocaifKeHHI 3aIIPOIIOHOBAHO OPUTiHANBHUY HiAgXin mo ¢hopMyBaHHA
anTudepomaraeTHoi (APM) dasu PtMn miaxom mociaizoBHOTO ocaiKeHHSA
mapiB Mn i Pt va marpity nigkmaguary Si/SiO:. Ha HactynaoMy eTani Ha fa-
ny AD®M-dasy ocamgxeno pepomaraernuii (PM) map NiFe 3 meToro gocarues-
"I APM /DM obMiHHOTO 3B’ A3KY, IMOTPiOHOTO /151 3aCTOCYBAHHA Y IPUCTPOAX
cuiarponiku. IlokasaHo, 1110 TepMiuHa CTIAKiCTh TAaKOi CTPYKTYypU € JOCTAT-
HBbO 0OMEXKeHOI0: BifiTiaa 3a TeMmepaTrypu, 6JU3bKOI IO TeMIepaTypu OJOKY-
BauHs (400°C), mpusBiB 0 MOBHOI BiICYTHOCTH 3CYBY HOJIHOBOI 3aJI€KHOCTH
HaMarHeTOBAaHOCTHU, 3YMOBJIEHOI OOMiHHUM 3B’ sI3KOM. 3 iHIITOr0 OOKY, BUpAas3-
HUH eeKT OOMiHHOTO 3MillleHHsS CIIOCTepiraBcA y 3pasKy 3 mapamu Pt/Mn,
ocamKeHUMU Ha NigKJIaAUHKY, Harpity go 500°C.

Karouosi cioBa: Bizmai, ctpykTypa, PtMn, FeNi, maraeTtHi BmacTuBocTi, am-
TudepoMarHeTuK, KOEPIUTUBHA CUJIA, IIIapyBaTa KOMIIO3UITisd.

(Received 2 July, 2025; in final version, 12 September, 2025 )

1. INTRODUCTION

Layered stacks containing exchange-coupled ferromagnetic (FM) and
antiferromagnetic (AFM) layers are of strong practical interest due to
their widespread applications in modern technologies of nanoelectron-
ics and spintronics [1]. In particular, spin-valve structures are indis-
pensable components of magnetic sensors and information storage de-
vices [2]. Such structures consist of two FM layers separated by a non-
magnetic one. Magnetization of the first FM layer reacts on the exter-
nal field or electric current, while the second one reveals fixed magnet-
ization (in the fields of up to several kOe) due to its strong coupling
with the AFM layer and realization of the exchange bias phenomenon
[3]. This effect is manifested in the shift of the hysteresis loop of the
FM layer along the field axis due to spin configurational relaxation.
Magnitude of this shift—exchange-bias field—decreases with temper-
ature and vanishes at some critical temperature called the blocking
temperature. Therefore, one of the main criteria determining the pos-
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sibility of practical application of the AFM/FM heterostructures with
exchange bias effect is their high thermal stability.

Thus, AFM materials with both high Néel and blocking tempera-
tures are particularly relevant. In this regard, the chemically-ordered
L1,-MnPt phase is attractive due to its high Néel (600°C) and blocking
(400°C) temperatures, pronounced AFM anisotropy (1.4-10% J/m?), and
excellent corrosion resistance[1].

However, MnPt thin films deposited onto room-temperature sub-
strate reveal a disordered A1l structure, paramagnetic properties, and
no coupling with FM layers. Thermal processing of the initially disor-
dered films or sputtering onto heated substrates is necessary to form
the ordered L1o-MnPt phase.

Several approaches are widely used to fabricate AFM MnPt thin
films. For instance, ion beam deposition, allowing precise control over
layer thickness and interface quality, followed by the post-deposition
heat treatment stage, could be used for this purpose. In this regard,
M. Rickart et al. obtained MnPt films via ion-beam deposition onto
Si/SiO; substrates with a Ta buffer layer and showed that both ex-
change coupling with FM CoFe layer and blocking temperature reveal
pronounced dependence on the post-annealing conditions [4].

Molecular beam epitaxy could be used for epitaxial growth of MnPt
films, providing atomically precise chemical composition of thin-film
material, excellent crystalline quality, and a possibility to tune the
thickness and orientation of the film. For instance, Zhiqi Liu et al.
formed high-quality epitaxially grown MnPt films on oxide substrates
(SrTiOs, BaTiOs, or MgAl:0Q,) via molecular-beam epitaxy, revealing a
superiorly large exchange coupling with a FM layer [5].

In addition, conventional magnetron sputter deposition followed by
thermal annealing is often used to promote the L1,-MnPt phase for-
mation. In this case, a single-layer MnPt alloy film is deposited, for
instance, onto glass [6, 7] or Si(100)/SiO; [8] substrates, exhibiting
disordered A1-MnPt phase, which then transforms into the ordered
L1,-MnPt one upon annealing at relatively high temperatures. Such a
processing route, despite its advantages, still requires optimization of
deposition and heat treatment conditions in order to minimize the on-
set temperature of L1, ordering and to control both grain size and ori-
entation.

Alternatively, recently, we have reported an original approach of
L1,-MnPt films’ formation, which consisted in room-temperature dep-
osition of Mn/Pt-based layered stacks, their following annealing in
vacuum at relatively low temperatures (< 400°C) and formation of the
required AFM phase via diffusion-driven structural transitions based
on grain-boundary homogenization mechanism [9]. In particular, we
have provided a quantitative estimation of diffusion coefficients un-
der different mechanisms in Mn/Pt-based stacks with various initial
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configurations of the metal layers.

It is important to note that the formation of the L1,-MnPt phase
governed by the grain boundary diffusion is a technologically relevant
approach. It allows lowering of the processing temperature and pre-
venting undesirable structural changes like recrystallization-induced
coarsening and surface morphology degradation. Moreover, we have
achieved formation of the required L1, phase without application of
additional seed layers and magnetic field during films’ annealing or
cooling, simplifying the technological route.

Considering the high interest in the chemically ordered AFM L1,-
MnPt phase, its coupling with various FM layers has been widely re-
ported. For instance, Pal and Das have recently reported the exchange-
bias field of 6 mT in the annealed MnPt/Gd-based stacks, which was
inversely dependent on the FM-layer thickness [10]. H. W. Chang et al.
have investigated exchange coupling between MnPt and Co layers de-
pending on their stacking sequence [7]. In this study, as commonly ac-
cepted, the MnPt layer has been deposited at room temperature from
the alloy target and the following annealing has been performed to
promote L1, ordering. It was found that the exchange bias field in-
creases with annealing temperature due to the enhancement of the
MnPt phase ordering degree. Moreover, the exchange bias field is
strongly affected by the stacking of MnPt and Co layers (top or bottom
position), caused by different stress/strain states of the layers. The
thermal stability of AFM MnPt and IrMn layers exchange-coupled
with FM CoFe layer has been investigated by Hua Lv et al.[11]. The au-
thors have found that the MnPt alloy layer deposited at room tempera-
ture and subjected to the following annealing reveals a higher blocking
temperature compared to the IrMn alloy after the same deposi-
tion/treatment route.

In a very recent paper by S. Isogami et al., coupled L1, chemically-
ordered FM FePt and AFM MnPt layers have been grown at elevated
temperatures on MgO(001) single crystal substrate, evidencing the
prospect of such stack application for advanced heat-assisted spin-
torque magnetic recording [12].

In the present study, we applied an original approach—sequential
deposition of the individual Mn and Pt layers onto a heated Si/SiO;
substrate—to achieve MnPt alloy formation, and subsequently, a FM
NiFe layer room temperature deposition on the top to investigate the
magnetic behaviour of the formed AFM/FM heterostructure. We have
applied different substrate temperatures (500°C and 600°C) when
growing the Mn/Pt layers in order to reveal their effect on the layers’
homogenization. Moreover, we investigated the thermal stability of
the formed exchange-coupled AFM/FM stack at a relatively high tem-
perature (vacuum annealing at 400°C) close to blocking one by means
of analysis of the structural and magnetic properties change.
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2. EXPERIMENTAL DETAILS

Layered Mn(20 nm)/Pt(24.5 nm)/NiFe(30 nm) stacks were obtained by
DC magnetron sputtering (base pressure: 1-107° mbar, Ar sputter pres-
sure: 3-102 mbar). Mn and Pt layers were deposited separately from
pure metallic targets, at elevated temperature (500°C or 600°C) onto
Si(001)/Si02(100 nm) substrates. After the sample holder had cooled
down to the room temperature, the NiFe alloy layer was deposited at
the top of the film. After that, a heat treatment of the AFM/FM stacks
was performed at 400°C for 30 min in a vacuum of 107% mbar.

Chemical depth profiling of the thin films was performed using the
secondary ion mass spectrometry (SIMS) technique with a primary
beam of negative Cs™ (2 keV) ions at Ion Tof IV device. Phase composi-
tion of the as-deposited and post-annealed films was analysed using x-
ray diffraction (XRD) in 6—260 geometry at Rigaku Ultima IV diffrac-
tometer equipped with CuK, radiation source. Finally, magnetic prop-
erties (M—H-hysteresis loops) of the samples were investigated by vi-
brating sample magnetometry (VSM) at room temperature.

3. RESULTS AND DISCUSSION

Figurel shows the x-ray diffraction patterns of the Mn(20
nm)/Pt(24.5 nm)/NiFe(30 nm) stack after deposition at various sub-
strate temperatures (Fig. 1, a, b) and post-annealing in a vacuum at
400°C for 30 min (Fig. 1, c,d). The pronounced diffraction peaks of
PtMn(111) and PtMn(200), as well as FeNi(111), are clearly seen in the
XRD patterns of the as-deposited films regardless of the deposition
temperature (Fig. 1, a, b). These results confirm that elevated temper-
atures used for Pt and Mn layers deposition are enough for activation
of diffusion interaction between these elements and formation of PtMn
alloy. It should be noted that no noticeable effect of the substrate tem-
perature on the angle position and intensity of the mentioned diffrac-
tion peaks was detected. PtMn alloy exhibits a disordered cubic crystal
structure in the as-deposited state, which is evidenced by the absence
of superlattice peaks. This indicates that despite a relatively high sub-
strate temperature, just heating the substrate is not enough for chemi-
cal ordering of the PtMn alloy.

Figure 2 shows the SIMS chemical depth profiles of the investigated
Mn(20 nm)/Pt(24.5 nm)/NiFe(30 nm) stacks after deposition at vari-
ous substrate temperatures and post-annealing in a vacuum at 400°C
for 30 min. These data are displayed as secondary ions emission inten-
sity as a function of sputtering time, which is related to the film depth.
As can be seen, there are relatively sharp interfaces between the top
FeNi and bottom PtMn layers in the as-deposited samples (Fig. 2, a, b).
At the same time, Mn and Pt are already intermixed in the as-deposited
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Fig. 1. XRD patterns of the sub/Mn(20 nm)/Pt(24.5 nm)/NiFe(30 nm) stack
after deposition at various substrate temperatures and post-annealing in a
vacuum at 400°C for 30 min.

samples that is well agreed with XRD data and is related to the for-
mation of the relatively homogeneous PtMn-alloy layer.

In addition, it should be noted that the distribution of Ni and Fe
through the top NiFe layer is fully homogeneous. An increase in the
substrate temperature during deposition of Pt and Mn layers up to
600°C results in more uniform Pt distribution, while deposition at
500°C results in increased Pt concentration at the near-substrate re-
gion.

Annealing in vacuum at 400°C of the Mn(20nm)/Pt(24.5
nm)/NiFe(30 nm) stack leads to formation of the ternary
Feo.sMno.2Nio.3 compound with a face-centred crystal structure and L1,
ordering of the PtMn alloy, resulting in tetragonal distortion of its lat-
tice (Fig. 1, ¢, d). Moreover, heat treatment leads to the whole homog-
enization of Pt, Fe, and Ni, as well as close-to-homogeneous spatial dis-
tribution of Mn through the film depth (Fig. 2, ¢, d). This indicates
that the phase composition and distribution of the chemical elements
of the formed stacks are not stable under temperatures close to the
blocking one. Moreover, higher temperature of Pt/Mn layer deposition
(600°C) leads to more uniform Mn distribution through the depth of
the post-annealed stack.
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Fig.2. SIMS chemical depth profiles of the sub/Mn(20nm)/Pt(24.5
nm)/NiFe(30 nm) stack after deposition at various substrate temperatures
and annealing at 400°C for 30 min.

Figure 3 shows the VSM M-H-hysteresis loops of the Mn(20
nm)/Pt(24.5 nm)/NiFe(30 nm) stacks deposited at various tempera-
tures and subjected to the following annealing in vacuum. As can be
seen in Fig. 3, a, the only case when the exchange-bias shift of the hys-
teresis loop is observed (in the magnetic field applied perpendicular to
the film plane) is the sample deposited at 500°C. The value of this shift
is 103 Oe in the direction of the positive field. Notably, this bias shift
is not detected anymore after post-annealing of the sample. Further-
more, there is no exchange-bias shift for either the as-prepared stack
deposited at higher substrate temperature, or the post-annealed
stacks.

The in-plane magnetic anisotropy is typical for all investigated cas-
es—magnetization is much higher in the case of the external field ap-
plied parallel to the film surface compared to a perpendicular one. This
is quite common for thin films, exhibiting an easy magnetization axis
that lies in the film plane. For the as-deposited samples, coercivity is
higher for a perpendicularly applied field. At the same time, as has al-
ready been mentioned above, the post-annealing process leads to the
vanishing of the exchange-bias shift. Moreover, post-annealed samples
revealed lower magnetization and higher coercivity measured in the
parallel field. As follows from the analysis of XRD and SIMS data,
such annealing-induced changes in magnetic behaviour are attributed
to drastic modification of the phase composition and elemental redis-
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Fig. 3. VSM M—H-hysteresis loops of sub/Mn(20 nm)/Pt(24.5 nm)/NiFe(30 nm)
stack after deposition at various substrate temperatures and post-annealing
in a vacuum at 400°C for 30 min.

tribution as a result of heat treatment.

Magnetic characterization data indicate that the only sample
demonstrating the exchange-bias shift among all thin films under
study is the one deposited on the substrate heated to 500°C (Fig. 3, a).
According to the SIMS depth profiling data (Fig. 2, a), this is the only
sample where no diffusion of either Mn or Pt to the ferromagnetic
NiFe layer is detected. Therefore, the integrity of the FM/AFM inter-
face, when the diffusion intermixing between the AFM and FM mate-
rials is frozen, is crucial for the realization of the exchange bias phe-
nomenon. When the substrate is heated to a higher temperature
(600°C), the Mn-atoms’ diffusion into the FeNi layer becomes more pro-
nounced (Fig. 2, b), which eliminates the exchange bias (Fig. 3, b). Simi-
larly, in both post-deposition annealed stacks, the FM/AFM interfaces
are blurred (Fig. 2, ¢, d) due to the intensive diffusion of both Pt and Mn
atoms towards the upper FeNi layer. Furthermore, higher substrate
temperature as well as the post-annealing should negatively affect both
the grain size and the interfacial roughness between metal layers, which
can also contribute to the disappearance of the exchange bias shift.

Another point which is worth noting is that the exchange bias is ob-
served in the sample, which, according to the XRD data (Fig. 1, a), is
characterized by the disordered PtMn structure. As has already been
mentioned, typically, the exchange bias is realized in the presence of
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the chemically ordered L1, ferromagnetic phase. Therefore, it is most
likely that the PtMn phase formed upon deposition of the initially lay-
ered stack at 500°C is characterized by a short-range ordering, which
cannot be detected by XRD. Short-range ordering is not particularly
new in thin films, for instance, it has already been observed in Pt/Co
stacks upon annealing above 400°C[13].

It is also noticeable that the exchange bias disappears (Fig. 3, c¢) up-
on post-annealing of the sample deposited at 500°C, despite the corre-
sponding XRD data showing the annealing-induced formation of the
Llo-ordered phase. It is likely that the ordered phase formed during
post-annealing is distributed in the film volume, not as a single layer
but rather as island-type inclusions, which would not yield the ex-
change bias with the FM layer.

4. CONCLUSION

Thin films composed of exchange-coupled ferromagnetic (FM) and an-
tiferromagnetic (AFM) layers are of high application interest due to
their widespread use in magnetic sensors and magnetic storage devic-
es. In this study, we intended to explore the thermal stability of the
structural and magnetic characteristics of the AFM/FM structure,
consisting of MnPt (AFM) and FeNi (FM) layers. For this purpose, we
applied the following steps: (i) sequential deposition of the Mn and Pt
layers onto a heated up to 500°C and 600°C Si/SiO; substrate, which
was followed by (ii) the room-temperature deposition of the top NiFe
layer, and then, (iii) vacuum post-annealing at 400°C for 30 min. As
has been shown by means of the structural analysis and chemical depth
profiling, regardless of the deposition temperature, the as-received
stacks are characterized by the disordered MnPt structure covered by
the homogeneous FeNi layer. However, the significant effect of sub-
strate temperature has been found in the magnetic properties’ behav-
iour: the only sample demonstrated pronounced exchange-bias effect
in the perpendicular magnetic field was the one sputtered at 500°C,
whereas the post-annealing resulted in the loss of this effect. Never-
theless, it is notably that the samples subjected to post-growth anneal-
ing revealed an increased coercivity in the parallel magnetic field, in-
dicating the temperature-induced change of the magnetic behaviour.

The work was supported by the Ministry of Education and Science of
Ukraine (projects 0123U101257 and 0124U001266).
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Pulsed Vacuum-Arc Plasma Source for Multicomponent Coatings
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The design and operating principle of a pulsed vacuum-arc plasma source for
obtaining multicomponent coatings are presented. The proposed composite
cathode assembly of this plasma source has a base made of a metal with high
thermal conductivity, shaped like a cylinder with end surfaces, one of which
is cooled. The cathode base has through holes arranged uniformly concentri-
cally around the axis of the base, into which cylindrical inserts made of met-
als included in the coating composition are vacuum-sealed. The inserts are
made in the form of sleeves with an insulator containing an igniting electrode
tightly fitted inside each insert. In the case when the base material is part of
the coating composition, instead of at least one hole for the insert, the cylin-
drical base has holes, into which insulators with igniting electrodes are vacu-
um-sealed. The principles of operation of the pulsed plasma source with the
proposed composite cathode assembly for producing multicomponent coat-
ings of a specified composition are described. Practical tests of the developed
plasma source in the coating deposition mode (with an arc current amplitude
of 420 A, arc pulse durations of 50 us for titanium, 45 pus for molybdenum,
and 665 pus for aluminium) at varying pulse frequencies demonstrated that
the obtained multicomponent coatings closely match the specified composi-
tion, and the pulsed plasma source is characterized by reliable performance.

Key words: vacuum-arc coatings, multicomponent coatings, vacuum-arc dis-
charge, pulsed plasma source, composite cathode assembly.
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HaBeneno KOHCTPYKIIiI0 I ONMCAHO TPUHIUN [il iMIOyJIBCHOTO BaKyyMHO-
IyTOBOIO I)KepeJia ILIasMU IJIA OfePsKaHHA 0araTOKOMIIOHEHTHUX IIOKPUTTIB.
3anpoMOHOBAHUM CKJIAJOBUI KATOMHUM BY30J TAaKOTrO AsKepeJa MJIasMU Mae
OCHOBY, BUKOHAHY 3 MeTajy, II0 Ma€ BUCOKY TEILJIONPOBiAHICTH, YV BUTJIAMLL
IMUJIiHIPA 3 TOPIEIMHU, OMWH 3 AKX OXOJOAMKYEThCSI. B OCHOBI KaToau BUKOHA-
HO HAaCKPisHi oTBOpH, AKi po3TalioBaHi piBHOMipHO IO KOHIIEHTPUUYHUX KOJIAX
BiTHOCHO Oci OCHOBM i B AKi BaKyyMHO-IIIiIbLHO BMOHTOBAHO IWJIIHAPWYHI
BCTAaBKU 3 METAaJIiB, II0 BXOAATH A0 CKJANy IIOKPUTTsS. BCTaBKM BUKOHAHO Y
¢dopMi BTYJIOK; BCepeaMHY KOXKHOI BTYJKM II[iJIbHO BMOHTOBAHO i30JIATOD 3
MiATTaTI0BAIBHOIO €JIEKTPONO0. ¥ BUIIAAKY, KOJUW MATEPisi OCHOBU BXOIUTH
IO CKJIay IOKPUTTHA, 3aMiCTh, AK MiHIMyM, OZHOTO OTBOPY [IJIf BTYJKU y IIU-
JiHAPUYHIN OCHOBI BUKOHAHO OTBOPH, B AKili BAKYYMHO-IIiJIFHO BMOHTOBAHO
i3ossiTOPU 3 MiATAMIOBATBHOIO e1eKTPoI0t0. Omcano NPUHITUIIY il iMITyIbC-
HOTO I)KepeJia IIJIa3MU i3 3aIIPONOHOBAHNM CKJIAZOBUM KATOIHUM BY3JIOM [IJIs
ofep:KaHHaA 0AaraTOKOMIOHEHTHUX IOKPUTTIB 3aaHOro ckJaany. lIpaktmuni
BUITPOOYBAHHA PO3POOJIEHOTO MKepesia IIadMU y PeKUMi HaHeCeHHA MTOKPUT-
TiB (ammiiTygHe 3HaUeHHA cTpyMy ayru — 420 A, TpuBanicTs iMoysabciB gyru
Ha Tutaui — 50 MKc, Ha MoibmeHi — 45 MKc, Ha amoMinii — 665 MKc) 3a pis-
HUX YaCTOT MPOXOMKEeHHS iMITyJIbCiB ITOKasaau, 110 oJepsKaHi 0araToKoMIIo-
HEHTHI MOKPUTTA MAalOTh CKJAaJ, OJM3LKHU JO 3aJaHOTO0, a CaMO iMIOyJIbCHE
JIKepesio IJIa3MHU XapaKTepPUs3yeThCs HaAifTHOI0 po60TOoIO.

KarouoBi ciroBa: BakyyMHO-IYTOBi TOKPUTTS, 0ATaTOKOMITOHEHTHI ITOKPUTTS,
BaKYYMHO-IYTOBUM PO3PAN, iMOYyJIbCHE MKepPeJio IJIasMu, CKJIaJZOBUN KaTOI-
HUH BY30JI.

(Received 4 November, 2024; in final version, 20 December, 2024 )

1. INTRODUCTION

The requirements for extending the service life of machine parts and
cutting tools in various industries impose special conditions on the
formation of their surface layers. One of the leading methods of ob-
taining coatings with high functional characteristics is vacuum-arc
technologies[1-3].

Recently, multicomponent coatings are increasingly used, when
creating of coatings with enhanced functional characteristics. Compo-
site cathodes (various systems of Ti—Si [4], Ti—V—-Zr—Nb—Hf [5], etc.)
and gas mixtures (reactive in various combinations with the addition
of inert gases [6, 7]) are used for this purpose. The number of types of
multicomponent coatings, including multilayer, gradient, nanostruc-
tured ones, available on the tool-making market, currently exceeds a
hundred [8, 9].

To form multielement vacuum-arc coatings, it is necessary to create
multicomponent plasma, from which their condensation occurs. There
are two main methods for generating such plasma: creating multiple
streams of metal plasma directed into the condensation zone with
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evaporating two or more monoelement cathodes, and generating mul-
tielement plasma by evaporating composite cathodes containing sever-
al elements. The first method requires the use of multiple plasma
sources with monoelement cathodes, which leads to a significant in-
crease in the equipment costs for its implementation. Therefore, in
practice, the second method of creating multielement plasma is typi-
cally used—with composite cathodes.

Materials for composite cathodes can be produced using methods of
vacuum remelting [10, 11], powder technologies [12], self-propagating
high-temperature synthesis (SHS) [13], etc. The use of cathodes made
of such materials allows for obtaining multielement coatings, but their
production is characterized by time-consuming and technologically
complex tasks, as well as high equipment costs for their implementa-
tion.

Composite (mosaic) cathodes are much simpler to manufacture.
They have a design when the base of the cathode made of one metal in-
cludes inserts made of other elements (metals). The design of one of the
first such cathodes is described in [14]. Subsequently, composite cath-
odes with a number of inserts reaching several dozen were developed
[15, 16].

Vacuum-arc plasma sources with composite cathodes allow for ob-
taining multicomponent coatings of the required composition. Howev-
er, they have two significant drawbacks. Firstly, in composite cath-
odes, uneven wear of the cathode working surface occurs due to differ-
ences in the electron transport coefficients for different metals. For
example, inserts made of aluminium or copper (which have a similar
electron transport coefficient, around 120 ng/K [17]) will wear out al-
most four times faster than inserts made of titanium or chromium
(with an electron transport coefficient of around 40 ng/K [17]) under
the same conditions.

Secondly, the design of the known composite cathode assemblies is
intended for their use in vacuum-arc plasma sources operating in sta-
tionary vacuum arc mode. Such a discharge is characterized by a sig-
nificant number of macroparticles (droplets) of cathode material in the
plasma flow, which enter the coating, reducing its quality (in the ion
cleaning mode, there are about 30% cathode material droplets in the
condensate, and in the deposition mode 20% [18]).

There are much fewer macroparticles (droplets) of cathode material
in the plasma flow generated in the pulsed mode of a vacuum arc life-
time [19], which allows for obtaining higher-quality coatings. Howev-
er, composite cathodes in their current form, as used in stationary
vacuum-arc plasma sources, cannot be used in pulsed plasma sources.
Therefore, the development of a pulsed vacuum-arc plasma source with
the composite cathode assembly to obtain high-quality multicompo-
nent coatings is a relevant task.
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2. DESIGN OF A PULSED VACUUM-ARC PLASMA SOURCE
2.1. Design Features of the Pulsed Vacuum-Arc Plasma Source

The schematic design of the developed pulsed vacuum-arc plasma
source is shown in Fig. 1. It consists of the pulsed vacuum-arc plasma
source itself 1 and its power supply circuit 2.

The pulsed vacuum-arc plasma source I comprises an anode 3 and a
cathode assembly 4. The anode and cathode assembly are enclosed by a
solenoid (not shown in Fig. 1), which generates an axisymmetric uni-
form magnetic field within the plasma source.

The cathode assembly contains a base 5 made of a highly thermally
conductive metal (aluminium was used) in the form of a cylinder (60
mm in diameter) with end surfaces, one of which is cooled (marked as 6
in Fig. 1). Cylindrical inserts 7, shaped like sleeves and made of metals
used in the coating composition, are vacuum-sealed into through holes
in the base 5.

The inserts 7 are of uniform size (outer diameter of 11 mm, inner

To IE Al To IE B| To IE C

T
Y10 | | tis 12

Fig. 1. Pulsed vacuum-arc plasma source with the composite cathode assem-
bly: 1 is vacuum-arc plasma source schematic, 2 is power supply circuit, 3 is
anode, 4 is cathode assembly, 5 is base of the cathode assembly, 6 is cooled end
surface of the composite cathode, 7 is cylindrical inserts made of metals used
in the coating composition, 8 is insulator, 9 is igniting electrode, 10, 11, 12
are igniting blocks, 13, 14, 15 are vacuum arc power supply blocks, 16 is con-
trol unit.
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diameter of 5 mm) and have a length equal to the thickness of the base
(10 mm). Inside each insert, an insulator 8 (diameter of 5 mm) with an
igniting electrode 9 (diameter of 2 mm) is tightly fitted. The working
surfaces of the inserts, insulator, and igniting electrode are flush with
the working end surface of the base, opposite to the end surface 3,
which improves the manufacturing conditions of the cathode assembly
and enhances the reliability of vacuum-arc ignition.

The operation of the pulsed vacuum-arc plasma source I is support-
ed by the power supply circuit 2. This circuit consists of igniting blocks
10, 11, 12 and pulsed vacuum arc power supply blocks 13, 14, 15,
which are connected to the control unit 16 at the control input. The
outputs of igniting block 10 are connected to the igniting electrodes 9
of the inserts made of the first metal (group of inserts A, made of tita-
nium). The outputs of igniting block 11 are connected to the igniting
electrodes 9 of the inserts made of the second metal (group of inserts B,
made of molybdenum), and the outputs of ignition block 12 are con-
nected to the igniting electrodes 9 of the inserts made of the third met-
al (group of inserts C, made of aluminium). In Figure 1, these are la-
belled ‘To IE A’, ‘To IE B’, and ‘To IE C’. The outputs of the pulsed
vacuum arc power supply blocks 13, 14, and 15 are connected to the
anode and cathode of the pulsed vacuum-arc plasma source I, where
power supply block 13 supplies the arc on the group of inserts A, block
14 supplies the arc on the group of inserts B, and block 15 supplies the
arc on the group of inserts C, ensuring the necessary arc pulse dura-
tions for each material. This circuit design provides the required fre-
quency, duration, and sequence of pulsed arc discharges on each group
of inserts to produce multicomponent coatings of the specified compo-
sition with an even distribution of components.

The cathode assembly 4 shown in Fig. 2 (view A from the anode 3 in
Fig. 1) illustrates the case when the base material of the cathode 5 is
part of the coating composition. It includes six inserts made of titani-
um (denoted by Ti, material of group A), with insulators 8 and igniting
electrodes 9 embedded in them, uniformly arranged along the concen-
tric circle 17 relative to the axis of the cathode base. Five inserts made
of molybdenum (denoted by Mo, material of group B), with embedded
insulators 8 and igniting electrodes 9, are evenly positioned along the
concentric circles 17 and 18 around the cathode base axis. Two ‘in-
serts’ made of the base material (aluminium, denoted by Al, material
of group C), with embedded insulators 8 and igniting electrodes 9, are
positioned as follows: one in the centre of the cathode base and the oth-
er along the concentric circle 17 (a design where igniting units are em-
bedded in the cathode base can be conditionally regarded as the putting
of two aluminium ‘inserts’ in the base). The cathode base wearing zone
is marked by a dashed circle 19 in Fig. 2, indicating the area where the
aluminium ‘inserts’ wear down.
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View A

Fig. 2. Cathode assembly of the pulsed vacuum-arc plasma source: 17, 18 are
circles concentric to the axis of the cathode base, 19 is wearing zone of the
cathode base material, other positions as in Fig. 1.

The selection of the insert dimensions was made based on the follow-
ing considerations. The length of the inserts was chosen to simplify the
manufacturing technology of the composite cathode and to improve
the cooling conditions of the inserts. The issue of optimal balance be-
tween the reserve of plasma-forming material in the insert and the sta-
bility of arc excitation and burning on its working surface was also
taken into account. The outer and inner diameters of the inserts were
determined as follows: the outer diameter was chosen based on the du-
ration of the arc pulses and the uniform arrangement of inserts in the
cathode base with a diameter of 60 mm, which was dictated by the de-
sign of the plasma source based on the standard plasma source of the
‘Bynar-6’ installation; the inner diameter was determined by the min-
imum possible diameter of the insulator in the arc excitation system
that ensures its reliable operation.

2.2, Ensuring the Airtightness of the Cathode Assembly

To ensure the airtightness between the working end and the cooled end
surfaces of the cathode assembly, the assembly was manufactured as
follows. First, a layer of bonding material was applied in the connec-
tion area on the metal inserts 7, insulators 8 (ceramic tubes of 22XC
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material), and igniting electrodes 9. Sodium silicate Na:SiOs-9H; was
used as the bonding material. After holding these components at room
temperature for an hour, they were assembled and then placed in a
shaft-type muffle furnace, where the temperature was gradually in-
creased to 1200°C. After holding at this temperature for 30 minutes
and then allowing the components to cool, the assemblies made up of
elements 7, 8, and 9 were complete. In the next stage, the assembled
units were press-fitted into the holes of the cathode base 5, ensuring
airtightness [24]. This completed the manufacturing process of the
composite cathode assembly.

3. PRINCIPLES OF OPERATION OF THE PULSED PLASMA
SOURCE WITH THE COMPOSITE CATHODE

3.1. Ensuring Effective Cooling of the Cathode Assembly

In the proposed cathode assembly, one of the primary functional pur-
poses of the cathode base is to cool the inserts, which is best achieved
by using a metal with high thermal conductivity. For example, the
thermal conductivity of aluminium is more than an order of magnitude
higher than that of one of the most common cathode materials, titani-
um [20]. Thus, the proposed cathode assembly offers cooling condi-
tions that are over an order of magnitude better. Furthermore, cooling
the inserts in the proposed manner (not only from the cooled end sur-
face but also along the lateral surface) is the most effective way to
maintain the inserts temperature during operation at a low level, close
to the temperature of the coolant. Additionally, the uniform arrange-
ment of the inserts (equidistant from each other) in concentric circles
relative to the base axis further contributes to their effective cooling.
This cooling regime for the inserts during the cathode assembly opera-
tion ensures its low temperature, which in turn reduces the number of
droplets in the plasma flow of the source [19, 21], leading to the pro-
duction of high-quality coatings.

3.2. Ensuring Reliable Excitation of the Pulsed Vacuum Arc

To ensure the excitation of the vacuum arc, the inserts are designed as
sleeves, inside which insulators with igniting electrodes are tightly
fitted. When a start pulse is applied to the igniting electrode, initial
plasma is generated, which leads to the formation of a cathode spot of
the pulsed arc. This solution allows sequential ignition of the vacuum
arc on each insert according to the timing algorithm needed to produce
coatings of the desired composition. This approach increases the ser-
vice life of the vacuum arc excitation system on the plasma source
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cathode assembly by a factor of N, where N is the number of ignition
units used, thereby enhancing the reliability of the plasma source with
the proposed cathode assembly by the same factor. Moreover, this
technical solution enables the plasma source to operate in the pulsed
mode with pulse durations in the microsecond range. This reduces the
number of macrodroplets in the plasma flow [19] compared to a sta-
tionary arc, thus, improving the quality of coatings applied to the sub-
strate.

In our conditions, with the presence of the axisymmetric uniform
magnetic field, there was no ‘attachment’ effect of the cathode spot to
the metal—dielectric boundary during its excitation, similar to find-
ings in Ref. [22]. This may also be attributed to the fact that current
was supplied to the inserts through the aluminium cathode base.

3.3. Determining the Duration of Arc Pulses on Inserts Made
of Different Metals

Excitation of the vacuum arc using the insulator with the ignition
electrode on the working end surface of the insert leads to the evapora-
tion of the insert metal and its penetration into the coating. Achieving
conditions when the cathode spot of the arc remains only on the work-
ing end surface of the insert (thereby, preventing any unintended con-
tribution of the composite cathode base material into the coating) is
possible exclusively in the pulsed mode of the vacuum arc with pulse
durations limited to the time required for the cathode spot to move
from its ignition point (the boundary on the working surface of the in-
sert between its inner surface and the insulator) to the boundary be-
tween its outer surface and the surface of the base. Since this distance
is small (a few millimetres) and the cathode spot movement speed can
reach several tens of meters per second or more, the vacuum arc pulse
duration cannot exceed several tens of microseconds. It is also neces-
sary to consider that the speed of the cathode spot movement depends
on the material it exists on and the strength of the magnetic field,
which is typically present in plasma sources to focus the plasma flow
onto the substrate holder. Therefore, the arc-discharge duration on
inserts made of different metals will vary to meet the condition of con-
finement only on the inserts working surface.

To determine the arc-pulse duration when the cathode spot remains
confined to the insert working surface, studies were conducted for dif-
ferent insert materials using the setup shown in Fig. 3. Cathodes were
fabricated with inserts (13 in total) made of only one of the composite
cathode materials (in this case, titanium or molybdenum) that contrib-
uted to the coating composition. After installing this cathode in the
pulsed plasma source and placing a sample on the substrate holder, the
source operated for 15 minutes in a mode when the pulsed arc was ex-
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Fig. 3. Pulsed vacuum-arc plasma source for determining arc pulse duration:
1 is anode, 2—6 are components of the composite cathode assembly, 7 is power
supply unit, C: is arc power capacitor, Cy1—Cy, are igniting capacitors, Si1, Su—
Si» are switching elements.

cited only on one insert with arc-pulse duration of 30 us (the arc-pulse
duration was controlled by the switching element S;, which activation
interrupted the arc discharge). The initial arc pulse duration was se-
lected to ensure that the arc cathode spot remained on the working sur-
face of the insert of this material.

Next, the coating composition on the obtained sample was analysed
using the energy-dispersive microanalysis system of the PEM-106
scanning electron microscope. If no base material (aluminium) was de-
tected in the coating, the process was repeated—another sample was
loaded into the vacuum chamber, and the coating was applied by the
cathode assembly operating on the next insert with an increased pulsed
arc discharge duration by 5 us (adjustments to the thyristor S; activa-
tion time were provided by its control system, not shown in Fig. 3.

This process continued until aluminium appeared in the coating on
the sample. Then, the maximum arc pulse duration for the given insert
material, when the cathode spot of the pulsed arc remained only on the
working surface of the insert, was determined as the last pulse dura-
tion when aluminium was absent in the sample coating. The conducted
studies showed that the base material did not appear in the coatings on
the samples at maximum arc pulse durations of 50 us for titanium in-
serts and 45 ps for molybdenum inserts.
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In cases when the base material (aluminium) was included in the
coating composition, certain factors should be considered. The speed of
the cathode spot movement on aluminium is nearly an order of magni-
tude lower than on titanium and molybdenum [1], and the electron-
transport coefficient is three times higher than that of these metals
[17]. Thus, achieving an equal amount of material contribution to the
coating over a given deposition time from both aluminium ‘inserts’
and inserts made of other metals can be managed by adjusting either
the arc pulse duration or arc pulse frequency on these inserts, or by
simultaneously regulating both parameters. It is essential to ensure
that the base material wear occurs within zone 19 (Fig. 2), which relia-
bly prevents the cathode spot from reaching the inserts made of other
metals when the cathode assembly design in Fig. 2 is used.

The significant difference in the movement speed of the cathode
spot on aluminium compared to other insert materials at equal vacuum
arc pulse durations will result in substantial variation in the wearing
(evaporation) zones on inserts made of these metals. For instance, with
vacuum-arc pulse duration of 50 us, the width of the wearing zone on
the titanium insert will be about 2.5 mm, whereas on the aluminium
‘insert’, this zone width will not exceed 0.15 mm. Such a small erosion
zone on the aluminium ‘insert’ will lead to its rapid wear and to the
cathode spot sinking deeper into the ‘insert’. This, in turn, will reduce
the reliability of arc excitation on it and cause arc-pulse failures on the
‘insert’. Such a process is undesirable, as it will uncontrollably de-
crease the aluminium content in the coating.

To prevent this phenomenon, it is necessary to increase the wearing
zone on materials with a low cathode spot movement speed. This can be
achieved by extending the duration of vacuum arc pulses on such ma-
terials. For example, by increasing the arc pulse duration on the alu-
minium ‘insert’ to 665 us, the wearing zone close to 2 mm can be ob-
tained, which is already acceptable.

The pulsed operation mode of the plasma source with arc-pulse dura-
tions in the tens of microseconds ensures the wear only the inserts ma-
terials with a minimal number of droplets entering the coating [19,
23]. Moreover, walls formed during insert wear act as barriers that
prevent droplets from entering the generated plasma flow [15], thus,
improving the coating quality.

3.4. Correlation between Insert Material Content in the Coating
and Other Parameters

The quantity of material m; of inserts made of the same metal that en-
ters the coating can generally be determined as follows:

My = WRN1N2lqt, (1)
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where p is the electron-transport coefficient of the insert metal, k& is
the coefficient accounting for the fraction of evaporated metal that
enters the coating (dependent on the design of the plasma source), N; is
the number of inserts made of the same material, N is the number of
vacuum-arc discharges occurring on an insert, I4 is the average current
of the vacuum-arc discharge during a pulse, and ¢ is the duration of the
vacuum arc pulse.

The area of the inserts Si;, of which one type of metal evaporates, is
determined as follows:

Shi=2nrnhN, (2)

where r, is the average radius of the insert ring, s is the width of the
ring of the insert working surface (the difference between the inner
and outer radii).

After the cathode spot of the vacuum-arc discharge appears, it be-
gins to move chaotically across the working surface of the insert. For a
chaotic movement of the cathode spot, the maximum possible dis-
placement x over a time interval ¢ can be defined as follows [24]:

r2
x*=0.51-21¢, 3)
T
where ro is the size of the cathode spot cell, t is the lifespan of an indi-
vidual cathode spot cell.

Since the displacement x cannot exceed &, the following equation
can be used to establish the relationship between the content of the in-
sert material my; in the coating and other parameters of the composite
cathode, as well as its operating mode:

2
= WS ()
2n°r. 1,
The provided dependence (4) allows only for an approximate assess-
ment of the correlation between the total working surface area of in-
serts made of the same metal and the amount of that metal in the coat-
ing. This is due to several factors: the spontaneous behaviour of the
vacuum arc cathode spot (for example, the relationship between r? and
t(rf / t) givenin Ref. [25] is estimated at around 107°~1072, indicating
an error margin of at least an order of magnitude); the electron
transport coefficients reported in the literature vary significantly;
and the speed of the cathode spot movement is influenced by factors
other than the cathode material, such as the presence and intensity of
the magnetic field, the pressure and type of the gas in the plasma
source volume, and other conditions.
It is also worth noting the following: to produce a titanium film with
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a thickness of one micrometre under similar conditions, approximately
1.5-105 activations of the pulsed vacuum-arc plasma source are needed
[26]. This indicates that, when operating in pulsed mode with pulse du-
rations of several tens of microseconds, the existence of a vacuum arc
on each material in the composite cathode enables the formation of
multicomponent coatings with high precision in composition.

4. RESULTS AND DISCUSSION

The composite cathode was fabricated according to Fig. 2 for testing
purposes. This composite cathode assembly was installed in a pulsed
vacuum-arc plasma source, which was then set up in the vacuum cham-
ber of the ‘Bynar-6’ installation. To monitor the composition of the
coating, three samples were placed in the vacuum chamber in each test
series, onto which coatings were deposited.

The vacuum chamber was evacuated to the working pressure
(2-1072 Pa), and coatings of the specified composition were deposited
onto the samples by sequentially initiating pulsed vacuum-arc dis-
charges on the working surface of the inserts through electrical break-
down across the end surface of the insulator between the igniting elec-
trode and the cathode.

These igniting discharges were initiated by applying voltage to the
igniting electrodes from one of the igniting blocks (10, 11, or 12, Fig.
1), depending on which insert material (group A, B, or C) was to be de-
posited on the sample at a given moment of plasma source operation.
The igniting blocks were managed by control unit 16, Fig.1, which
simultaneously with the igniting blocks activation signal turned on the
vacuum arc power supply blocks (13, 14, or 15, Fig. 1) to provide the
required duration of vacuum arc pulses depending on the material
group of the insert. The resulting cathode arc spot then began moving
randomly across the working end surface of the insert, generating a
plasma flow, from which the coating was deposited.

Three modes for depositing multicomponent coatings of specified
compositions were implemented. In mode 1, the target coating compo-
sition was of 33.4% titanium, 33.3% molybdenum, and 33.3% alu-
minium. In mode 2, the coating composition was set to 72.7% titani-
um, 9.1% molybdenum, and 18.2% aluminium. In mode 3, the speci-
fied coating composition was of 12.5% titanium, 62.5% molybdenum,
and 25.0% aluminium.

A specific algorithm programmed in control unit 16 managed the
appropriate mode for depositing coatings. In all modes, control unit 16
provided control pulses to igniting blocks 10, 11, 12 and corresponding
power supply blocks 13, 14, 15, ensuring sequential activation of both
groups of inserts and individual inserts within each material group.
This approach facilitated an even distribution of materials in the coat-
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ing composition.

The algorithm in control unit 16 provided the following timing pa-
rameters for each coating-depositing mode. Mode 1: on titanium in-
serts—arc-pulse frequency of 40 Hz with a duration of 50 pus, on mo-
lybdenum inserts—arc-pulse frequency of 40 Hz with a duration of 45
us, on aluminium inserts—arc-pulse frequency of 1 Hz with a duration
of 665 ps. Mode 2: on titanium inserts—arc-pulse frequency of 160 Hz
with a duration of 50 us, on molybdenum inserts—arc-pulse frequency
of 20 Hz with a duration of 45 us, on aluminium inserts—arc-pulse
frequency of 1 Hz with a duration of 665 is. Mode 3: on titanium in-
serts—arc-pulse frequency of 40 Hz with a duration of 50 pus, on mo-
lybdenum inserts—arc-pulse frequency of 200 Hz with a duration of
45 ps, on aluminium inserts—arc-pulse frequency of 2 Hz with a dura-
tion of 665 us.

In these modes, coatings were obtained on samples with deposition
duration of 20 minutes. The plasma-source operation mode in all cases
was as follows: amplitude value of the vacuum arc discharge current—
420 A, with the corresponding delay time between vacuum arc pulses
for each mode. The delay time included the time for restoring the die-
lectric strength of the cathode—anode gap after a vacuum-arc dis-
charge; the time required for the plasma of the ignition discharge to
form the necessary charged particle density in the cathode—anode gap
to initiate the main vacuume-arc discharge (approximately 40 us), and
the hold time between arc pulses to reduce thermal load on the cathode
assembly [27].

Obtained coatings were analysed using a PEM-106 scanning electron
microscope equipped with an energy-dispersive microanalysis system.
The analysis results showed that the coating thickness on the samples
was, on average: 2.4 ymin mode 1, 4.1 ym in mode 2, 6.7 pym in mode 3.
The resulting component composition of the coatings for the studied
modes is presented in Table 1.

Analysis of the data presented in Table 1 shows that, with the speci-
fied frequency and duration of vacuum arc pulses for each group of in-
serts of the same material, and with consistent timing and sequential
activation of each insert group—and within each group, each individ-
ual insert—the composition of the resulting multicomponent coating
is entirely determined by the frequency of arc pulses in each insert
group. So, when an even rate of material evaporation from each group
of inserts is maintained per unit time, the coating composition has
equal component content (Table 1, mode 1). When the duration of op-
eration (the number of activations per unit time) in the insert groups
for a particular material is increased or decreased, the content of those
materials in the coatings changes accordingly (Table 1, modes 2 and 3,
respectively). Deviations from the specified coating composition with-
in 5% in various modes in Table 1 are attributed to measurement error
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TABLE 1. The specified and obtained content of the insert materials in the
coatings at arc pulse frequencies f.

No Ti content Mo content Al content
: Specified, |Obtained, | Specified, | Obtained, | Specified, | Obtained,
experiment p % % p % % p % %
Mode 1
f=40Hz f=40Hz f=1Hz
1 33.4 31.9 33.3 34.2 33.3 31.9
2 33.4 34.1 33.3 32.4 33.3 34.4
3 33.4 32.6 33.3 32.8 33.3 32.2
Mode 2
f=160 Hz f=20Hz f=1Hz
1 72.7 71.4 9.1 10.3 18.2 17.3
2 72.7 73.9 9.1 8.9 18.2 19.1
3 72.7 72.0 9.1 9.9 18.2 18.5
Mode 3
f=40Hz =200 Hz f=2Hz
1 12.5 12.1 62.5 61.6 25.0 24.2
2 12.5 12.8 62.5 62.3 25.0 26.1
3 12.5 11.7 62.5 63.7 25.0 25.6

in the component composition of the coating using the PEM-106 mi-
croscope and less than 100% reliability of vacuum arc initiating.

5. CONCLUSION

The design of a pulsed vacuum-arc plasma source with the composite
cathode assembly was developed for obtaining multicomponent coat-
ings. The use of a high-thermal-conductivity metal for the cathode
base, with cylindrical inserts made of other metals (forming the coat-
ing composition) placed in the base holes uniformly along concentric
circles relative to the base axis, enables effective cooling of cathode
elements during plasma-source operation, allowing for high-quality
multicomponent coatings. A manufacturing technique was developed
to ensure the airtightness of the composite cathode.

The use of a separate arc igniting system on each insert, consisting
of an insulator and an igniting electrode for excitation of the pulsed
vacuum-arc discharge, significantly increases the service life of the
pulsed plasma source (by a factor of N, where N is the number of in-
serts).

The experimental method was proposed to determine durations of
vacuum arc pulses on inserts made of different materials to ensure ma-
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terial deposition from only these inserts. The relationship between the
content of a particular metal in the coating and parameters such as
metal electron transport coefficients, the number of inserts, average
arc current, arc pulse frequency for inserts of the same metal, and
their operation time was demonstrated. The possibility of using the
cathode base material as a component in the coating was also proven.

Practical tests of the pulsed plasma source with the composite cath-
ode showed that the obtained coatings were of high quality. The plasma
source itself demonstrated high service life with reliable excitation of
the pulsed vacuum arc (vacuum-arc ignition probability close to 97%),
and the composition of the obtained coatings was determined by the
operation time of inserts made of different metals.
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The investigation of the properties of the vacuum-arc multilayer nitride
CrN/NbN coatings with 270 layers and bilayer thickness of 67 nm is per-
formed using a method of acoustic emission. The investigation is conducted
using scratch testing and microscopic visual observation of scratches. Meth-
ods for statistical data analysis of acoustic emission are applied for compar-
ing the properties of multilayer CrN/NbN coatings obtained at different
technological parameters of deposition (the constant negative voltage on the
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substrate of 70-200V and the nitrogen pressure in vacuum chamber of
0.08-0.27 Pa). Several parameters of acoustic emission (the maximum pulse
amplitude, the average value, the median value, the mode value, the number
of pulses, and the amplitude sum of all acoustic-emission pulses) are calculat-
ed for each coating. The studied parameters are calculated on four scratches
for each multilayer coating. The influence of deposition technological pa-
rameters on the structure deformation processes of multilayer CrN/NbN
coatings with 270 layers and bilayer thickness of 67 nm occurred during
scratch testing is determined.

Key words: multilayer coatings, cathodic arc evaporation, acoustic emission,
deformation, methods for statistical data analysis, coating embrittlement.

HocaigxeHHA BJIACTHUBOCTEN BaKyyMHO-IYTOBUX 0araToOIIapOBUX HITPUIHUX
CrN/NbN-nokpurtiB, 110 ckaagamoTbea 3 270 mapiB i3 ToBuHO© Oimapy y
67 HM, OyJ10 TPOBEAEHO i3 BUKOPUCTAHHAM IapaMeTpiB aKkycTuuHoi emicii. [lo-
CIiAKEeHHA IPOBOAUINCA IIiJ] YaC CKPETUY-TeCTyBAHHS 3a PAXYHOK OIliHIOBAHHSA
ImapaMeTpiB aKycTUUHOI eMicii Ta BidyasmpHOTO 00CTEKEHHSA NOAPAIUH 34 IO-
MOMOTOI0 MiKpocKomii. [ia TOpiBHAHHA BJIACTHMBOCTEH OaraTorapoBUX
CrN/NbN-moKpuTTiB, O[[ep’KaHUX 3a PIBHUX TEXHOJIOTIYHUX IapaMeTpiB oca-
IKeHHA (3a MOCTifiHOI HeraTWMBHOI Hampyrw Ha miakJaaguHIii y —70——200 B,
TUCKY a30Ty y BakyyMHiit kamepi y 0,08-0,27 I1a), 6y10 3acTOCOBAHO METOIH
CTATUCTUYHOI aHATI3W BUIIAAKOBOI BeJIMUYMHU aKyCcTUUHOI emicii. [[y1a KoKHO-
ro 0araTomapoBOro MOKPUTTA OyJI0O BUBHAUEHO MaKCUMAaJIbHY aMILIITyLy iM-
IIyJbCY, CEPeNHE 3HAUEHHA, MeiAHY, MOy, KinbKicTh iMIyibciB i cymy amn-
Jityn yeix immyabciB. JlocmimkyBaHi mapaMeTpu OI[iHIOBAJINCA IO YOTUPHOX
TMOAPATINHAX AJs KOMKHOT0 0araToIapoBOTO MOKPUTTA. BCTaHOBIEHO BILINUB
TEeXHOJIOTIUHUX ITapaMeTpiB ocasKeHH A Ha AedopMarliiiigi mpoiecu, 1o Bigoy-
BarOThCA B CTPYKTYypi 6ararorrapoBux CrN/NbN-moKpuUTTiB, 110 CKJIAJAETHCS
3 270 mapiB i3 ToBIMHOIO Oimmapy y 67 HM, mix yac CKpeTY-TeCTyBaHHA.

Karouosi ciioBa: OaratomapoBi HOKPUTTS, BaKyyMHO-AYTOBe OCAIKeHHSI,
aKyCcTHUYHA eMicida, medopMmarliia, METOAU CTATUCTUYHOI aHATI3W JaHUX, KPUX-
KicTb MOKPUTTA.

(Received 27 May, 2025; in final version, 10 October, 2025 )

1. INTRODUCTION

The measurement of acoustic emission (AE) parameters refers to non-
destructive research methods of the solid state. It is based on the regis-
tration, processing and analysis of the parameters of mechanical stress
waves that occur as a result of the formation, local changes and de-
struction of the material structure [1-10]. The source of these waves is
the local areas of the studied objects. This method is often used to re-
search the properties of vacuum arc coatings with different architec-
tures. The change in AE parameters of studied coatings indicates the
beginning and dynamics of rapid degradation and relaxation processes
in the material structure.
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Acoustic emission is a phenomenon of induced spontaneous emission
of acoustic waves, which is accompanied by the formation, failure, and
relaxation of mechanical stresses in local volumes under the action of
external fields [56]. Typical AE mechanisms are the microcracks for-
mation [4, 7], plastic deformation [4, 11-15], phase structural trans-
formations [16], etc. The excitation of acoustic waves is a certain set of
physical and chemical processes occurring in the local volume of mate-
rial. These processes are accompanied by a short-term release of excess
energy, the elastic component of which is the external manifestation of
acoustic emission [5, 10].

Some research has shown that in the load process of the vacuum arc
coatings, the signal of acoustic emission appears only at the beginning
of microplastic deformation, that is, it is associated with the move-
ment of crystal lattice defects. Several works [11, 17-50] have been
devoted to the research of the acoustic emission nature during defor-
mation processes. The main acoustic emission sources are the following
dislocation processes [11]: the development of slip lines [28, 29], the
propagation of dislocations due to the Frank-Reed source [30, 31], dis-
location exit to the free surface and dislocation annihilation [24, 32],
the accelerated movement of dislocations or their movement at high
speeds [33, 34], detachment of dislocation loops of critical size from
their attachment sites [35, 36]. Besides that, there are other possible
acoustic emission sources associated with the presence of impurities
and particles of the second phase—cutting of particles by dislocations,
decohesion along the interface, etc.[11].

The research of the acoustic emission nature during deformation
processes in vacuum arc coatings with different architectures allow to
obtain new data and expand the application possibilities in different
fields of industry.

This paper presents the studied results of acoustic emission parame-
ters obtained during loading of multilayer CrN/NbN coatings (bilayer
thickness—67 nm, 270 layers). The influence of technological parame-
ters of deposition on the structure formation processes of these coat-
ings is determined.

2. MATERIALS AND METHODS
2.1. Materials and Deposition

Vacuum arc nitride multilayer CrN/NbN coatings were deposited in a
modified installation ‘BULAT-6’. The evaporator materials were pure
metals of vacuum melting—chromium (Cr99N1) and niobium (Nb1).
AISI 430 BA + PVC stainless steel samples with a mirror-polished sur-
face were used as substrates for deposition of coatings. Surface rough-
ness of these samples R, was lower than 0.05 pym. The dimensions of the
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samples were 18x18x2 mm. They were used to determine the mechani-
cal and tribological properties of coatings. Before deposition of the
vacuum arc coatings, the vacuum chamber with the samples was
pumped to a pressure of P=1.3-10"% Pa. After this, the ionic cleaning
and activation of the sample surface were carried out by bombardment
with metal ions at a constant voltage on it Us=-1.1 kV during ten
minutes. After these processes, an underlayer of pure metal was depos-
ited to improve the adhesive properties of the coatings. The technolog-
ical deposition process of multilayer nitride CrN/NbN coatings to the
samples took place within 1.5 hours. The nitrogen pressure in the vac-
uum chamber varied from 0.08 to 0.27 Pa. The constant negative volt-
age on the substrate was —70 and —200 V. The arc current of evapora-
tors was 80 A (for chromium) and 100 A (for niobium). The distance
from the evaporators to the axis of substrate-holder rotation was
500 mm [51, 52].

2.2, Structural Characterization and Mechanical Testing

Planar raster electron microscopic images were obtained using a
Tescan Vega 3 SBU in secondary electron mode at an accelerating volt-
age of 30 kV. The samples were examined without applying any coat-
ings. The study of physical and mechanical characteristics of coatings
on stainless steel samples was carried out by the micro-indentation
method using CMS hardness measurement equipped by standard Vick-
ers pyramid. Microhardness numbers were determined under indenta-
tion loads not higher than 1.0 N. Microtester capable for load-
displacement measurements and equipped by trihedral Berkovich pyr-
amid was used to determine Young’s modulus, E, according to the test
method procedure originally proposed by Oliver and Pharr. Scratch
testing was used for research the tribological properties of multilayer
CrN/NDbN coatings. It was performed using scratch tester CETR-UMT
(Bruker) at linearly increasing load (2-20 N) with velocity of stylus
movement 0.1 mm/s during 50.08 s. The time step of measurement is
0.01 s. For these investigations was applied Rockwell diamond indent-
er (stylus) with 200 pm tip radius. Several parameters of testing were
recorded, namely normal and tangential forces, coordinates of stylus
movement, acoustic emission and friction coefficient. Total scratch
length is 5 mm, total scratch depth is in range of 340-360 um. Four
scratches were carried out for each coating to increase accuracy of cal-
culated results.

2.3. Calculations of Research Results

To compare the properties of multilayer CrN/NbN coatings obtained at
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different deposition technological parameters, to evaluate and to de-
termine the processes occurring during the coating deformation,
methods for statistical data analysis of acoustic emission were applied.
The acoustic emission of each coating was evaluated according to the
following parameters: the maximum pulse amplitude AE.x, the aver-
age value AE edium, the median AE i, the mode AE 042, the number of
pulses Nar and the amplitudes sum of all acoustic emission pulses
SUM ar. The maximum value AE.x characterizes the maximum elastic
energy released when the coating is deformed. The average value AE,..
aum 1S the mathematical expectation of a random variable, while the
median AE eqian is the value located in the middle of the ranked AE se-
ries. The mode AE .. indicates the value of the random variable that
occurs most often in the set of observations. In addition, the scattering
characteristics were evaluated for each of the above parameters. To
increase the calculations reliability, the above parameters were evalu-
ated for each multilayer CrN/NDbN coating for four scratches.

3. RESULTS AND DISCUSSION

3.1. Parameters of Multilayer Nitride CrN/NbN Coatings and
Scratches

Technological parameters of multilayer nitride CrN/NDbN coatings’ dep-
osition (arc current of evaporators (chromium I¢; and niobium I), con-
stant negative voltage on the substrate Us, and nitrogen pressure Py)
and mechanical properties of these coatings (medium hardness Hi,
elasticity contact modulus E,, and H.a/E: ratio) are presented in Table 1
[61].

Table 2 shows the geometric parameters of the multilayer nitride
CrN/NDbN coatings, namely the layer thickness of the chromium ni-
tride hcrv and niobium nitride Ay, the bilayer thickness Ay, the total
thickness of the multilayer coating &, the number of bilayers (periods),
and the total number of layers.

TABLE 1. Technological deposition parameters of multilayer nitride
CrN/NDbN coatings.

Hmed,
GPa

No. Coating

samplelcomposition lor, A | Ino, A | Us, V| P, Pa

Er, GPa Hmed/Er

1 CrN/NbN 80 100 -200 0.27 23.435 299.55 0.078
2 CrN/NbN 80 100 -200 0.08 23.054 286.13 0.081
3 CrN/NbN 80 100 -70 0.27 23.723 335.33 0.071
4 CrN/NbN 80 100 -70 0.08 25.045 302.14 0.083
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TABLE 2. Geometric parameters of multilayer nitride coatings CrN/NbN.

Coating Number of Total
.S horw, nm | Axoy, nm | Ap, M h, pm . number of
composition bilayers 1
ayers
CrN/NbN 17 50 67 9 135 270

Fig. 1. Photographs of scratches of multilayer CrN/NbN coatings obtained at
different technological parameters: Us=-70V; Px=0.08 Pa (a), Us=-70V;
Px=0.27 Pa (b) and scratch of uncoated stainless steel substrate (c).

Since the total depth of the scratch (Ascraten = 343—-350 1m) is signifi-
cantly greater than the total thickness of the multilayer CrN/NbN
coating (2 =9 um), then for a more detailed analysis of the obtained re-
sults and separation of the substrate material influence on the calcula-
tion results, it is advisable to consider the results obtained at scratch
testing in two separate stages. Namely,

1) first research stage—analysis of acoustic emission parameters
obtained during time t when Ascraten =2 =9 pm,

2) second research stage—analysis of acoustic emission data array
obtained during the full time of research (T =50.08 s).

Figure 1 shows scratches’ photographs of multilayer CrN/NbN coat-
ings and the uncoated stainless steel substrate.

3.2. Acoustic Emission Parameters of Multilayer CrN/NbN Coatings.
First Research Stage

Table 3 shows the acoustic emission parameters obtained during
scratch testing of uncoated stainless steel substrate (for time t when
the equation Agcraten = 9 1m is reached), namely the maximum pulse am-
plitude AE...x, the average value AEcdium, the median AE,cqian, the mode
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TABLE 3. AE parameters of the uncoated stainless steel substrate.

AEmax N ) AEmedian s AEmoda, SUMAE, hscratch >
V AEmed1um,V V V NAE RMSD(NAE) V pm
Sample 0.18 0.043 0.0417 0.0417 7 10.44 6.38 9

TABLE 4. AE parameters of multilayer CrN/NbN coatings.

No.
sample

1 1.0 0.069 0.0486 0.0472 113 28.28 24.77
0.72 0.081 0.0594 0.0489 211.33 12.9 28.48
2.18 0.115 0.0480 0.0471 92.5 50.43 41.56
0.20 0.061 0.0532 0.0473 165.67 8.08 21.44

AEmax, VAEmedium, VAEmedian, VAEmoda, V NAE RMSD(NAE)SUMAE, V

SV I V)

AE 4., the number of pulses Nag, the root mean square deviation
RMSD(N ax), and the sum SUM 4g.

Table 4 presents the acoustic emission parameters obtained during
scratch testing of multilayer CrN/NbN coatings when the scratch
depth was 9 um. The presented parameters are based on the analysis of
4 scratches for each coating.

Figure 2 shows the dependence of the calculated acoustic emission
parameters of multilayer CrN/NDbN coatings and the uncoated sub-
strate (sample) (line 3) on constant negative voltage on the substrate
(sample) Us at constant values of the nitrogen pressure Py in the vacu-
um chamber (line I—Px=0.27 Pa, line 2—Px=0.08 Pa).

Increasing the constant negative voltage on the substrate Us from
—70 to—-200 V leads to:

e a decrease in the maximum value AE...x by 2.18 times at the nitro-
gen pressure Px=0.27 Pa and an increase in AE.x by 3.6 times at the
nitrogen pressure Py =0.08 Pa, as can be seen in Fig. 2, a;

e a decrease in the average value AEcaium by 40% at the nitrogen
pressure Py =0.27 Pa and an increase in AE yeaium by 32.8% at the nitro-
gen pressure Py =0.08 Pa, as can be seen in Fig. 2, b;

e an increase in the median value AE edian from 0.0480V t0 0.0486 V at
the nitrogen pressure Py =0.27 Pa (by 1.25%, which is within calculation
error) and an increase in AEmedqian by 11.7% (from 0.0532V t0 0.0594 V) at
the nitrogen pressure Px=0.08 Pa, as can be seen in Table 4;

e changes in the mode value AE 4. are within 0.2% and 3.4% at the
nitrogen pressure Px=0.27 Pa and 0.08 Pa, respectively, as can be seen
in Table 4;

e an increase in the value Nag by 22.2% at the nitrogen pressure
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Fig. 2. Graphs of AE parameters’ dependence of multilayer CrN/NbN coat-
ings and the substrate on the deposition technological parameter Us at con-
stant values of the nitrogen pressure in the vacuum chamber Px: AEnax (a);
AEnedium (b); Nak (¢); SUMak (d).

Px=0.27 Pa, as can be seen in Fig. 2, ¢. At the same time root mean
square deviation RMSD(Nag) decreases by 1.8 times (from 50.43 to
28.28), as can be seen in Table 4;

e an increase in the value Nag by 27.6% at the nitrogen pressure
Px=0.08 Pa, as can be seen in Fig. 2, ¢, and root mean square deviation
RMSD(V ar) increases by 1.6 times (from 8.08 to 12.9), as can be seen in
Table 4;

e a decrease in the value SUM ax by 40.4% at the nitrogen pressure
Py=0.27 Pa and an increase in SUM sx by 32.8% at the nitrogen pres-
sure Px=0.08 Pa, as can be seen in Fig. 2, d.

Figure 3 shows the dependence of the calculated acoustic emission
parameters of multilayer CrN/NDbN coatings and the uncoated sub-
strate (line 3) on the nitrogen pressure Py at constant negative voltage
on the substrate Us (line I—Us=-70V, line 2—Us=-200 V).

Increasing in the nitrogen pressure Py in the vacuum chamber from
0.08 t0 0.27 Pa leads to:

e an increase in the maximum value AE,.x by 10.9 and 1.4 times at
the constant negative voltage on the substrate Us=-70V and -200V,
respectively, as can be seen in Fig. 3, a;

e an increase in the average value AE cqium by 88.5% at the constant
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Fig. 3. Graphs of AE parameters’ dependence of multilayer CrN/NbN coat-
ings and substrate on the deposition technological parameter Px at the con-
stant negative voltage on the substrate Us: AEnax (@); AEmedium (b); Nak (¢);
SUM ak (d).

negative voltage on the substrate Us=-70V and a decrease in AE edium
by 14.8% at the constant negative voltage on the substrate Us=-200V,
as can beseen in Fig. 3, b;

e a decrease in the median value AEnedian by 9.8% (from 0.0532V to
0.0480 V) and 18.2% (from 0.0594 V to 0.0486 V) at the constant nega-
tive voltage on the substrate Us=-70V and —200 V, respectively, as
can be seen in Table 4;

¢ a decrease in the mode value AE 042 by 0.42% and 3.5% at the con-
stant negative voltage on the substrate Us=-70V and —200V, respec-
tively, as can be seen in Table 4;

e a decrease in the value Nar by 44.2% and 46.5% at the constant
negative voltage on the substrate Us=-70V and —200 V, respectively,
as can be seen in Fig. 3, c;

e an increase in the value SUMaxr by 93.8% at the constant negative
voltage on the substrate Us=-70V and a decrease in the value SUM g
by 13% at the constant negative voltage on the substrate Us=-200V,
as can beseen in Fig. 3, d.

The graphs of dependence in Figs. 2, 3 show the structure recon-
struction of the multilayer CrN/NbN coatings. It is accompanied by
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the formation, breakdown and relaxation of mechanical stresses in lo-
cal volumes of the coatings under the load (¥ = 2.8 H). Obtained results
show structural heterogeneity within the volume of multilayer
CrN/NDbN coatings and indicate the presence of local microvolumes in
the coating with a greater number of defects (dislocations, vacancies,
etc.). The multilayer structure of CrN/NDbN coatings (270 layers with
layer thicknesses hcin=17nm, hAnxyew=50nm) also affects the studied
parameters.

3.3. Acoustic Emission Parameters of Multilayer CrN/NbN Coatings.
Second Research Stage

Table 5 shows the acoustic emission parameters obtained during
scratch testing of the uncoated stainless steel sample over the full re-
search time (T =50.08 s), namely, the maximum pulse amplitude AE .,
the average value AEcaium, the median AFE e, the mode AE 4., the
number of pulses Nag, the root mean square deviation RMSD(N ag), the
sum of amplitudes of all acoustic emission pulses SUMag, and the
scratch depth Ascraten.

Table 6 presents the acoustic emission parameters obtained during
scratch testing of multilayer CrN/NbN coatings for the full time of
research (T'=50.08 s). These parameters are based on the analysis of
4 scratches for each coating.

Figure 4 shows the dependences of the calculated acoustic emission
parameters of multilayer CrN/NDbN coatings and the uncoated sub-
strate (line 3) on the constant negative voltage on the substrate (sam-
ple) Us at constant values of the nitrogen pressure Py in the vacuum

TABLE 5. AE parameters of the uncoated stainless steel substrate.

AEmax 9 AEmedium, AEmedian s AEmoda, SUMAE, hscratch Py
A% A% A% A% A% nm

Sample| 8.5 | 0.252 |0.0615|0.0414| 1079 88.3 506 | 347.3

Nae |[RMSD(Nak)

TABLE 6. AE parameters of multilayer CrN/NbN coatings.

NO. AEmax, AEmedium,AEmedian, AEmoda, SUMAE, hscratch,

Nae |[RMSD(Nak)

sample V A% A% A% A% nm
1 1.76 0.084 0.0649 0.0478 3729 30 422 348.1
2 8.99 0.374 0.0919 0.0544 4394 115 1872 344
3 6.89 0.196 0.0613 0.0480 3077 294 982 349.3
4 6.77 0.143 0.0859 0.0600 4544 55 716  342.3
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Fig. 4. Graphs of acoustic emission parameters’ dependence of multilayer
CrN/NDbN coatings and the substrate on the deposition technological parame-
ter Us at constant values of the nitrogen pressure in the vacuum chamber Px:
AEnax (a); AEnedium (b); Nak (¢); SUM ak (d).

chamber (line I—Px=0.27 Pa, line 2—Px =0.08 Pa).

Increasing the constant negative voltage on the substrate Us from
-70 to—-200 V leads to:

- a decrease in the maximum value AE.x by 74.5% at the nitrogen
pressure Py=0.27 Pa and an increase in AE,..x by 32.8% at the nitrogen
pressure Px=0.08 Pa, as can be seen in Fig. 4, a;

- a decrease in the average value AEnecium by 57% at the nitrogen
pressure Py=0.27 Pa and an increase in AEyeqium by 161.5% at the ni-
trogen pressure Py =0.08 Pa, as can be seen in Fig. 4, b;

- an increase in the median value AEcqian by 6% and 7% at the nitro-
gen pressure Px=0.27Pa and 0.08 Pa, respectively, as can be seen in
Table 6;

- a decrease in the mode value AE .4 by 0.4% and 9.3% at the nitro-
gen pressure Px=0.27Pa and 0.08 Pa, respectively, as can be seen in
Table 6;

- an increase in the value Nar by 21.2% at the nitrogen pressure
Py=0.27Pa and a decrease in Nar by 3.3% at the nitrogen pressure
Px=0.08 Pa, as can be seen in Fig. 4, c;

- a decrease in the value RMSD(Nag) by 10 times at the nitrogen
pressure Py=0.27 Pa and an increase in RMSD(Nax) by 2 times at the
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nitrogen pressure Py =0.08 Pa, as can be seen in Table 6;

- a decrease in the value SUMar by 57% at the nitrogen pressure
Px=0.27 Pa and an increase in SUM sz by 161.5% at the nitrogen pres-
sure Px=0.08 Pa, as can be seen in Fig. 4, d.

Figure 5 shows the dependence of the calculated acoustic emission
parameters of multilayer CrN/NDbN coatings and the substrate (line 3)
on the nitrogen pressure Py at constant negative voltage on the sub-
strate Us (line I—Us=-70V, line 2—Us=-200V).

Increasing in the nitrogen pressure Py in the vacuum chamber from
0.08 t0 0.27 Pa leads to:

- an increase in the maximum value AE,.x by 1.8% at the constant
negative voltage on the substrate Us=—70V and a decrease in AE,.x by
80.4% at the voltage Us=-200V, as can be seen in Fig. 5, a;

- an increase in the average value AEcaium by 37% at the constant
negative voltage on the substrate Us=-70V and a decrease in AE edium
by 77.5% at the voltage Us=-200V, as can be seen in Fig. 5, b;

- a decrease in the median value AE caian by 28.6% and 29.4% at the
constant negative voltage on the substrate Us=-70V and -200 V, re-
spectively, as can be seen in Table 6;

Fig. 5. Graphs of acoustic emission parameters’ dependence of multilayer
CrN/NDbN coatings and the substrate on the deposition technological parame-
ter Px at the constant negative voltage on the substrate Us: AEmax (a); AEmedium
(b); Nake (¢); SUM e (d).
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- adecrease in the mode value AE .. by 20% and 12% at the constant
negative voltage on the substrate Us=-70V and —200 V, respectively,
as can be seen in Table 6;

- a decrease in the value Nar by 32.3% and 15% at the constant nega-
tive voltage on the substrate Us=-70V and -200V, respectively, as
can be seen in Fig. 5, c;

- an increase in the value RMSD(N ag) by 5.3 times at the constant nega-
tive voltage on the substrate Us=-70V and a decrease in RMSD(N )
by 3.8 times at the voltage Us=-200 V, as can be seen in Table 6;

- an increase in the value SUM sr by 37% at the constant negative volt-
age on the substrate Us=-70V and a decrease in SUMag by 77.5% at
the voltage Us=-200V, as can be seen in Fig. 5, d.

The graphs in Figures 4-5 clearly demonstrate the local structure
reconstruction of the multilayer CrN/NbN coating together with the
substrate, which is accompanied by the formation, breakdown and re-
laxation of mechanical stresses in local volumes of not only the coat-
ing, but also the substrate under the action of a higher load (F = 20 N).

The analysis of AE parameters at this research stage showed that the
nitrogen pressure Py affects the parameter AE; .. the most. The in-
crease in Py leads to a decrease in AEnoda.

Figure 6 shows the acoustic emission amplitude AE observed when a
substrate with the multilayer CrN/NbN coatings (sample
No. 4—technological parameters of deposition Us=-70V and
Px=0.08 Pa, and sample No. 3—technological parameters of deposi-
tion Us=-70V and Px=0.27 Pa) and uncoated substrate are scratched.
The load F was changing from 2 to 20 N.

The amplitude and shape of the acoustic emission peaks are affected
not only by the physical and chemical properties of the coating compo-
nents (CrN and NbN), but also by the multilayer coatings’ architecture
(the number of layers and their thicknesses, properties of the interlay-
er boundary, etc.).

4. CONCLUSION

The dependence of the acoustic emission parameters on the deposition
technological parameters (constant negative voltage on the substrate
Us, nitrogen pressure Px) was investigated. This study characterizes
the multilayer CrN/NbN coating with 270 layers (135 bilayers), bi-
layer thickness A, =67 nm.

The obtained research results can be summarized in the form of the
following conclusions:
1. The change trend of the parameter AE ., remains unchanged at in-
creasing in the constant negative voltage both at the beginning of the
scratch and along its entire scratch length. But increasing the nitrogen
pressure in the vacuum chamber at the constant negative voltage
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Fig. 6. Dependence of the acoustic emission AE of multilayer CrN/NbN coat-
ings and substrate on the movement of diamond indenter (stylus): sample
No. 4 (a), sample No. 3 (b), uncoated substrate (c) at the load F.

Us=-200V leads to changing this trend from increasing in AE..x by
39% at the beginning of the scratch to decreasing in AE..x by 80.4%
along scratch length.

2. The change trend of the parameter AE cium remains unchanged both
at the beginning of the scratch and along its entire scratch length.
These changes are more significant along the entire scratch length, ex-
cept in case of increasing in the nitrogen pressure at the voltage on the
substrate Us=-70V, when AEcium increases by 88.5% at the begin-
ning of the scratch.

3. The change trend of the parameter AEcqian, Which characterises the
median value by position, remains unchanged both at the beginning of
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the scratch and along its entire length, depending on the technological
parameter (Us, Px) of the coating deposition. The change range of the
parameter AEnedian is from 1.25% to 18.2% at the beginning of the
scratch and from 6% to 29.4% along the entire length of the scratch.

4. The change trend of the parameter Nar depending on the technologi-
cal parameter of coating deposition remains unchanged both at the be-
ginning of the scratch and along the entire length of the scratch, ex-
cept in case of increasing in the constant negative voltage Us at the ni-
trogen pressure in vacuum chamber Px=0.08 Pa, when Nar increases
by 27.6% at the beginning of the scratch and decreases by 3.3% along
the entire scratch length.

5. Along the entire scratch length, parameters AEcaium and SUM ag
have the same trend of changes, unlike the parameter N az.

The obtained research results can help us understand the changes in
the coating structure under loading along the entire scratch length. It
can be used for prediction of the multilayer coatings’ properties de-
pending on the technological parameters of the deposition and the
coating architecture.
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B craTTi 06Ir'pyHTOBAHO Ba'KJIWBICTL i aKTyaJbHIiCTh MPOOJIEMU IIiABUIEHHS
mapaMeTpiB AKOCTHU TOBEPXHEBUX MIAPiB BiATOBiJaIbHUX AETAJiB AUHAMIUHO-
ro obsagHaHHA (HACOCHUX i KOMIPECOPHUX arperaris, TypbiH, meHTpumdyr i
T.iH.), AKi JiMiTYyIOTH iIXHIO HaAiliHicTD i moBroBiuHicTh. IlizKpecaenHo, 1110 iz
yac OCHiIKeHHSA IIapaMeTpiB AKOCTU IIOBEPXHEBUX ITapiB, CUHTE30BaAHUX
TeXHOJIOTiAMY ejaeKTpoicKkpoBoro jgeryBanus (EIJI), sagnsa BusHaueHHS BIIJIU-
BY €HEpreTUYHUX HapaMeTpiB o0JaJHAHHA HA iXHE CTPYKTYPOYTBOPEHHS OC-
HOBHA yBara IpUIiaaIaca BILJIUBY eHeprii pospany Wy, a BeIudmHA TPOAYK-
TUBHOCTH 00pobJieHHs @ [cM2/xB.] npakTuHO He BpaxoByBaJsacs. 11106 ominu-
TH BILIWB OPOAYKTHWBHOCTH HA MapaMeTPU AKOCTU OfEPIKaHUX MOKPUTTIB, B
IOCJIIIKEeHHAX BUKOPHUCTOBYBaJIaCA MIPOAYKTUBHICTL IPUOJIUBHO ¥ ABA, TPU U
YOTHUPHU Pa3U MEHIIA 3a TPASUIifHY, TOOTO Yac 0OPOOJIEHHS T OLMHUILI IIJIOTL
(TpymomicTricTs mponecy EIJI) 36inpuryBaBca y nBa, Tpu i uotTupu pasu. IIpo-
BeJIEHO JOCJIiIKeHHA 0co0IMBOCTel (OPMYyBaHHSA MiKPOCTPYKTYPH, POSIOALTY
MiKpPOTBEPAOCTHM B IIOKPUTTi, IPOAaHAJNi30BaHO 3MiHY IIepCTKOCTU. B pesyib-
TaTi MIKPOCTPYKTYpHOI amamism o0pobJsieHOI mOBepxHi micida a30TyBaHHA
kpuns 20 i 40 merogom EIJI 3 BUKOpHCTAaHHAM a30TOBMiCHOTO CIENiAJIBLHOTO
TEXHOJIOTIYHOTO0 HACUUYyBaJILHOTO CEPEIOBUINla BCTAHOBJIEHO, IO [JIA BCiX Ba-
piauTiB mapamerpa @ CTPYKTypa MOKPUTTS CKJIALAETHCA 3 TPHOX HiIAHOK —
«bimoro mapy», mudysifiHoi 30HU W OCHOBHOTrO MeTaay. BomHopas 3i 36iyb-
meHHAM W), 3pOCTaioTh TOBHIUHY «bijoros mapy Ta nudysiiHoi (mepexinaoi)
30HU, 30iIBITYIOTECA MiKPOTBEPAICTD, MIEPCTKICTE i CyIinbHiCT TOBEepXHi. 3i
30iJBIIIEHHAM ITapamMeTpa T 3POCTAIOTh TOBINWHU «binmoro» mapy ta amudysiii-
HOI (mepexigHOI) 30HU, 30iIBIIYIOTECA MiKPOTBEPICTE i CyIibHICTL TOBEPX-
Hi. I3 3aminor xkpuri 20 #a kpuiio 40 He3HAYHO 30i/IBITYIOTECA TOBITUHU «0i-
JIOTO» IIapy ¥ qudysifiHol 30HU Ta MiKPOTBEPAiCTh ITIOBEPXHI.

KarouoBi ciroBa: eIeKTpoOiCKpOBe JeTyBaHHA, IOKPUTTS, MATEPisda eJIeKTPOAH,
KPUIlA, TOBITUHA ITTapy, IIePCTKiCTh, CYIiJbHIiCT.

The importance and relevance of the problem of improving the quality pa-
rameters of surface layers of responsible parts of dynamic equipment (pump
and compressor units, turbines, centrifuges, etc.), which limit their reliabil-
ity and durability, are substantiated in the article. As emphasized, during
the investigation of the quality parameters of surface layers synthesized by
means of the electrospark alloying (ESA) technologies, during determining
the influence of the energy parameters of the equipment on their structure
formation, the main attention is paid to the influence of the energy discharge
Wy, but the value of the processing productivity @ [cm?/min] is not practical-
ly taken into account. For evaluating the impact of productivity on the quali-
ty parameters of obtained coatings, the productivity is used in the research
approximately two, three, and four times as less than the traditional one, i.e.,
the processing time 1 of a unit of area (the labour intensity of the ESA pro-
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cess) is increased by two, three, and four times. Investigation of the features
of microstructure formation and distribution of microhardness in the coat-
ing is carried out, and changes in roughness are analysed. As a result of the
microstructural analysis of the treated surface after nitriding of steels 20
and 40 by the ESA method using a nitrogen-containing special technological
saturating medium, it is revealed that, for all variants of the parameter @,
the structure consists of three areas: the ‘white layer’, the diffusion zone,
and the base metal. At the same time, with an increase in W5, the thicknesses
of the ‘white’ layer and the diffusion (transitional) zone increase, and the
microhardness, roughness, and integrity of the surface increase too. As the
parameter 1 increases, the thicknesses of the ‘white’ layer and the diffusion
(transitional) zone increase, and the microhardness and integrity of the sur-
face increase too. During replacing steel 20 with steel 40, the thicknesses of
the ‘white’ layer and the diffusion zone, as well as the microhardness of the
surface, increase slightly.

Key words: electrospark alloying, coating, electrode material, steel, layer
thickness, roughness, integrity.

(Ompumano 25 zpyous 2023 p.; ocmamoun. sapiaum — 20 wepeus 2024 p.)

1. BCTYII

VY 3B’A3KY 3i 3poCTaHHAM HAYKOBO-TEeXHIiUHOT'O ITPOI'PeCy Mae€ IIiTBUIITY-
BaTHCh AKICTh BiAIOBigaIbHUX AeTaliB AUHAMIUYHOTO obJagHaHHS (HAa-
COCHUX i KOMITpeCOPHUX arperaris, TypOiH, meHTpudyr i T.iH.), AKi Ji-
MiTYIOTH IXHIO HAAINHICTE 1 oBrosiuHicTh. B mponeci migBuieHHA iX-
HiX peKMMHUX ITapaMeTpiB (IIIBUAKOCTU, TEMIIEPATYPH, TUCKY, BILJIUBY
pamisaii) 36iJIbITyIOTHCSI BUMOTH K A0 B’SI3KOCTHU Ta IIJIACTUYHOCTH iX-
HBOI OCHOBU, TaK i 10 3aXMCHHUX BJIACTUBOCTEH MNOBEPXHEBUX IMapiB.
HanpukJian, 3 moABOI0 KOHCTPYKIII iMIIyJIbCHMX YHIiJIbHEHL i3 3a30-
poM, IIT0 CAMOPEr'yJII0EThCS, AKi € HalbOiJIbII HepCIeKTUBHUMI BY3JaMU
IJIA VIOIiJIbHEHHA BaJliB HacociB aTomHuUX ejgexTtpocramniit (AEC) 3 Bu-
cokmMmu mnapamerpamMu [1-3], y TexXHOJOTiB-TPpuOGOJIOTIiB BHUHUKAIOTH
npobaeMu 3 3a0e3MeUeHHAM eKCIJIyaTalliiHnX BIAaCTUBOCTEH iXHiX po-
0ourx ITOBEPXOHB TepTH [4].

Ha crorogui € BenKa KiJIbKiCTh TEeXHOJIOTiH, AKi 3aTHI DOJiIIINTH
mapaMeTpu SKOCTHU IIOBEPXOHbL: HMiIBUIMUTH TBEPIiCTh i 3HOCOCTINKiCTh
IIJIAXOM HaHECEHHS MeTaJIOKepaMiuHMX MOKPUTTiB [5—7], HaTOIIEH-
HAM IIOKPUTTIB 3 KOMIIOBUIIIHHMUX MaTepiaais [8, 9], migaxom BimmeHT-
poBoro apmyBaHHA Kapoizom Boabdpamy [10], 3 mapamu okcugy AJio-
Minio [11-13], XpoMyBaHHAM y IIPOTOYHOMY eJIeKTpoJiTi [14] Toiro.
Kpim Toro, cepes TeXHOJIOTi, CIIPAMOBaHNX Ha 3a0e3IIeUeHHS eKCILIya-
TaIiAHUX BJAaCTUBOCTEH IIOBEPXOHb i, IK HACJTiAOK, Ha IIiJBUIIIeHHSA Ha-
ITiMHOCTH Ta JOBrOBIiYHOCTH AETAJIIB, CJil BHUIIJIMTHU TaKi, IO HAIIPAM-
JIeHi IIfe Ha cTafil IPOoeKTyBaHHS Ha 3a0e3leueH A IOTPiOHOI reoMmeTpil
IIOBEPXHEBOTO I1apy BupoOy. Tak, pam pobiT IpucBAYEHO TOCIIiIKEHHIO
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BiIIeHTPOBUX po3citoBadbHUX amapatiB [15—17], rpasiTaiiiinoro a6o
CaMOIIIMBHOTO TpaHCHOopTy [18], muIiHAPHMYHMX ITOBEPXOHDL HeTalliB
[19].

IlepcneKTUBHUM IILJIAXOM ITiABUINIEHHA 3HOCOCTIMKOCTU IIOBEPXOHBb
Imap TepTs MOMKYTh OyTH OaraTomapoBi MOKPUTTHA, ITI0 MIOEAHYIOTE ¥ CO0i
3MalllyBaJbHi ¥ aHTU3HOITYBaJdbHI BiaacTuBocTi [20]. Takumu mokpuT-
TAMU MOKYTBH OyTH KOMOiHOBaHi MOKPUTTS, CHHTE30BaHi METOIOM eJie-
KTPOiCKPOBOTO JIeTyBaHHS, IIT0 MOEIHYIOTH y cO0i TBepi 3HOCOCTilKi Ta
M’ aKi aHTuGpuKIiiiai matepiaau [21-25].

TakuM YMHOM, HOBI KOMIIOBMIIiliHI MaTepidAsu MOEAHYIOTh 3aXHMCHi
BJIACTUBOCTI MOKPHUTTIB i3 MexaHiuHOI0 MinHicTIO ocHOBU. [leraJi, 110
BUTOTOBJISAIOTHCA 3 OiJIBIII JEIIIeBOT0 ¥ JIETKO 00PO0II0BAHOTO MATEPiAIy
OCHOBHM Ta MAIOTh ITIOBEPXHEBUH IIap, OJePKaHUH MIJISIX0OM 3aCTOCYBaH-
HS IPOT'PECUBHOI, MaJIOEHEPTOEMHOI I eKO0JIOTiuHO 0e3IIeYHOol TeXHO0JIO-
rii, He OCTYHalOTHCS, a4 YaCTO 34 OKPEMUMU ITOKa3HUKAMU (JOBroBiU-
HiCTh, BapTiCcTh, BUTPATA METAJIOPi3aJbHOTO iHCTPYMEHTY I OCHACTKU,
MOJKJIMBICTE JIer'yBaHHS IEBHUMM eJIEeMeHTaMU Ta iH.) IIepeBepIIyoTh
JeTajli, BUTOTOBJIEHI 3 auTOro Marepiaay. TaKkuM YMHOM, TeXHOJIOTiUHi
pileHHdA, CIPAMOBaHI HAa CTBOPEHHS NPUHIIMIIOBO HOBUX MaTepidlis,
10 MalOTh ITiABUINEHY IIOBEPXHEBY 3HOCOCTIMKIiCTh, BiTHOCHO BHCOKY
MilHicTS i B’sI3KicTh [26—29], € akTyaabHUMU Ta 3aTpeOyBaHUMMU.

OcobsmBe Miclie cepel TeXHOJIOTiM, BUKOPUCTOBYBAHUX OJIA IIiTBU-
IIeHHsS MTOKA3HUKIB SAKOCTH IIOBEPXOHL JEeTaJliB, 3aliMaE€ XeMiKo-
repmiune 06podsenua (XTO) [30—32], axe moemHye B cobi rmeMeHTaIlio,
a30TyBaHHS, HITPOIIEMEHTAIlil0 Ta PN iHIITNX METOIiB.

Opuuwm i3 3aTpedyBanux meroniB XTO e amityBauusa [33—35], ake 3a-
Oesmeuye 3aji30BYIJIEIIEBUM CTOIAM IIiABUINEHY KYIKEJIeTPUBKiCTD,
omip aTmocgepHili Koposili Ta pax iHIMMX KOPUCHUX BJIACTUBOCTEMH.
Kpim Toro, komnieKkcHi adoMiHifioBi mokpuTTs [36] xapaKkTepu3yOTh-
cA BHCOKOIO TeMIIepaTypol0 TOILJIEHHSA, HU3BKOIO I'YCTUHOKI, BUCOKUM
MOJyJeM IIPY3KHOCTHU, KAPOMIITHICTIO, CTIiMKiCTIO 10 OKMCHEHHA i 3a-
manuda. HesBaskaroun Ha MO3UTUBHI pPe3yJabTaTH, TEXHOJOTiA aJiTy-
BaHHA Mae€ pAJ HeJoJdiKiB, nputamamuunx XTO.

BaraTo pobiT mpucBAYEHO ONPOMIHIOBAHHIO AJIOMiHilIOBMX CTOIiB
iMOyJIbCHUMY €JIeKTPOHHUMH KMYTaMU IJIs IMOJIMIIIIeHH SKOCTH MOK-
purttiB [37, 38]i cmocobiB ixHboro HaHecenud [39—41].

3 m0sIBOIO0 HOBUX TEXHOJIOTIH IigBUINIEHHA ITapaMeTpiB AKOCTU IIOBe-
pxoHBL merayiB mammH metomoM EIJI i3 3acTocyBamHAM cHEIiAJIbBHUX
TexHoOJoriuHMX HacuuyBadbHUX cepemoBuiny (CTHC), BukopmcTaHHS
AKUX Ja€e 3MOTY OJlep:KyBaTH MOBEPXHEBi CTPYKTYpPHU 3 YHIKAJIbHUMU
disuro-MexaHiUHNMHY Ta TPUOOJJOTIYHNMY BJIACTUBOCTAMU Ha HaHOPiB-
Hi. I3 ELJI, 3actocoByroun CTHC, Mmo:xHa ofep:kaTy OAJHOKOMIIOHEHTHI
MIOKPUTTA: aliTyBadbHi [42—44], nemenTyBaabHi [45—48], asoTyBaibHi
[49] Ta 6araTokommioHeHTHI [50—52].

Bpaxosytounu, 1o 3a tpagurniiinoro XTO Ha#OiIbII MO3UTUBHI pe-
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gyabTaTy (TBepAicTh i rauOuHA 3MiITHEHOTO IIapy) 3a a30TyBaHHA 3a-
0e3meuyIoThL BUCOKOJIETOBAHI Ta BUCOKOBAPTICHI KPUIIi, 10 CKJIANY AKUX
BxoauTh Amromimiii (38X2MIOA, 38XMIOA, 38X2I0A, 38XB®IO,
38X 210, 38X210), nna EIJI i3 sacrocyBanuam CTHC mo:xHa BUKOpPUC-
TOBYBATH MEHIIT AOPOTi ByrJjernesi Ta xpomucti kpuri (40, 45, 50, 40X
Ta iH.), momepenHbo Jerosani meromom EIJI Al.

TakuM YMHOM, BUKOPMCTOBYIOUM HaHECEHHs Ha 3MiITHIOBaHY IIOBEp-
xHi0 CTHC, 110 MicTATL a30TOBMiCHI KOMIIOHEHTHM, MOYKHA IPOBOSUTH
a30TyBaHHS IIOBEPXOHL AeTaJIiB i3 Kpuili, a monepenue EIJI o6pob6roBa-
HOI IMoBepxXHi AJoMiHieM Mo:Ke OyTHM KOPUCHUM IJI IIiABUINEHHS IIa-
paMeTpiB AKOCTU IXHLOTO ITOBEPXHEBOTO Iapy [52].

Amnajiza pobiT CTOCOBHO a30TyBaHHS, HiTpOIleMeHTAIlil Ta IleMeHTa-
il moBepxoHb i3 Kpuiri merogoMm ElIJI K KOMIaKTHUMU eJIeKTPOIaMU-
imcTpymenTramu, Tak i 3 3acrocyBamuam CTHC moxasaua, 1o mapamer-
pu AKocTu chopMOBaHUX MOBEPXHEBUX ITAPiB AOCIiI3KyBaJIU IIepeBasK-
HO 3aJIeKHO BiJi OCHOBHOTO IIapaMeTpa poboTu o0JIagfHAHHA — eHeprii
pospany W,. BoguHouac BeInunHa IPOLYKTUBHOCTH 00po0IeHHs @, TOO-
T0 Kigpkicte 100% -00po6aeHol ol B OZMHHUIO uYacy [cm2/xB.],
npuiiMaJiacs 3rigfHo 3 peKkoMeHAaIiamMu Tada. 1. Takox Bigomo, 110 A
OisbITOCTH MaTepiANiB TOBIIMHA c()OPMOBAHOTO Ha KaToi (meTaJri) 1ma-
Py ooMerxeHa.

B pob6ori [53] cTBepm:KyeThCA, 1110 B Irpoiieci EIJI 3 vacom ymoBiibHIO-
€ThCSA Ta IPUNUHIECTLCA OCAIKEHHS MaTepPisly aHoou, a He epo3isa Ta
itoro Buku. Ile moB’A3yI0TH 3 YyTBOPEHHAM OKCHU/IIB i HITPUAIB y MOBEP-
XHEBOMY IMapi, AKi mepemrko:KaioTh B3a€MOUYMHY MHOPIili MaTepisary
aHOIU, IKi 3BHOBY HAaAXOIATH HA KaTONY, 3 PaHiIlle HAHECEHUMHU Ta IPU-
3BOJISATH 10 OKPUXUYYBAHHA Ta pyHHYBAaHHA C(pOPMOBAHOIO IIAPY.

SAK HacIimoK BUUYEepHaHHS €HEePrOEMHOCTH MeTaJy 3a 6araTropasoBoi
Iedopmallil B KOHTaKTi 3 TOBEPXHEBO-aKTUBHUM PO3TOIOM, AUHaAMiKa
¢dopMyBaHHSA MOBEPXHEBUX ITTapPiB XapaKTepU3yeThCA TUM, ITI0 iHTEHCH-
BHICTBH IIepeHeCceHHs € MAKCHUMAJIbHOIO B IIEPIIli XBUJMHU IIPOIleCy; gaJIi
BOHA 3MEHIITYETHCA i 3PEIToi0, TP MeBHUX 3HaUeHHAX W, mepeHeceH-
HA 3MIiHIOETHCA €pO3i€i0 BiKe HaHEeCeHOoro Iapy, a IpUPiCcT cTae HeraTu-
BHUM.

Caix BigmiTuT, mo HadBHICTE Mixk amomoro Ta Katomoo CTHC mepe-
Ba’KHO B IIACTOIOAiOHOMY (piZKoMy) cTaHi IPUBOAUTEL OO 3MiHM BeJIH-
YMHU eJIEKTPOICKPOBOTO PO3PSAAY, i IpoIllec MacollepeHeCceHHs 3HaUHO
BiIpiBHAETHCA BiJ TPASUIITHOTO.

TABJIUIIA 1. SanexuicTs mpogykTuBHOocTu ELJI Big emeprii pospany.
TABLE 1. Dependence of ESA productivity on energy discharge.

Eneprisa pospsany Wy, x | 0,52 1,3 2,6 4,6 6,8
IIpogykTusuicts, cm?/x8. 1,0-1,3 1,3-1,5 1,5-2,0 2,0-2,5 2,5-3,0
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PDiznKo-XxeMiuHa IPUPO/ia CTPYKTYPOYTBOPEHHA IIOBEPXHEBOTO ITapy
3a E1JI symoBIIIoe BeITUKi TPyAHOII BUOOPY TeXHOJOTIiUHIX MapaMeTpiB
nporiecy. ToMy € HayKoBa Ta MpakTUYHA JIOIIJILHICTL y IIPOBEIEeHHI J0-
CIimKeHb BILIMBY npoxyKTuBHocTH EIJI B 6inblromy gisgmasoni Ha ma-
paMmeTpu AKOCcTU chOPMOBAHOTIO MMIOBEPXHEBOTO ITIapy 3a BUKOPUCTAHHSA
KOMIIAKTHUX eJIeKTPOa-iHCTPYyMeHTiB i3 3acTocyBanuasam CTHC.

TakxuM YMHOM, METOIO JAHOI POOOTH € MiABUINEHHS eKCILIyaTAI[IHHUX
NOKA3HUKIB JEeTaJIiB i3 KPUIIL IIJIIXOM yAOCKOHAJIEHHS TeXHOJIOTii a30-
TyBaHHA TOBePXOHb i3 Kpulli merogom EIJI 3 Bukopucranuam CTHC 3a
PaxXyHOK [AOCJTi/l’KeHHdA BIJIMBY Ha IIapaMeTpU AKOCTHU TOBEpPXHEBUX
IIapiB TPYAOMiCTKOCTH IIPOILECy.

2. METOIU DOCJIIIKEHHA

11106 oIiHMTH BIJIMB IIPOAYKTUBHOCTHU Ha MapaMeTpu AKOCTU OoIep:Ka-
HUX IOKPHUTTIiB, HAMM B HOJAJIBIINX MOCTiIKEeHHIX BUKOPHCTOBYBaJa-
CA TPOAYKTUBHICTh MPUOJIN3HO Y ABA, TPU Ta YOTUPHU PA3UW MEHIIa, TOO-
TO yac oOpoGJIeHHS T OSMHUILL ILIOII (TpymomicTKicTh mporecy EILJI)
306iJIBIITyBaBCA Y ABA, TPU Ta HOTHPU pasu (TabdJ. 2).

Bpaxosytouu [52], kparii pesyabraTtu BusHaueHno 3a ELJI adrominiiio-
BOIO eJIeKTpomoio-iHcTpyMenToM i 3 W, = 3,40 [I»k; TOMY B IOZAJIBIITHIX
TOCJIiTKeHHAX BUKOPUCTOBYBAJIU 3a3HAUCHUHN PesKUM 00pOOJIeHH .

IIpomec asoryBamus meromom EIJI mpoBommam HaCTYIIHUM YKMHOM.
ComouaTKy moBepxHIO 3pasKiB i3 Kpuib 20 i 40 posmipom 15x15x8 Mmm
gerysaau Ammominiem Ha ycramosui EIJI mogmenio «EmxiTpom-52A» i3
euepriero pospagy W,=3,40][:)x 3a [OOIOMOrOI0 €JeKTPOIN-
iHcTpyMeHTY 3 asoMmiHiifioBoro mpory 3,0 Mmm mapku Al srimmo 3
I'OCT 14838-78. IloTim Ha JeroBany AJOMiHieM IIOBEPXHIO HAHOCHUJIU
CTHC y Buraani mactomnoi6HoI cyMiIlri, IpUroToBJIEHOI 3aMillTyBaHHIM
~90% mopomKy ceuoBuHu y Basesini (10%), i, He uekaoun BUCUXAaH-
Ha, npoBoguau ELJI exexkTpogoro-incTpymenTom i3 Kpuib 20 i 40 Bigmo-
BigHO AJIA 3paskiB 3 imeHTmunux marepiarnis iz W,=0,13, 0,52 i1 3,40

TABJMUIIA 2. SanexkuicTs mpoxykTuBHOcTU ELJI Bif emeprii pospany.
TABLE 2. Dependence of ESA productivity on energy discharge.

Enepria pospagy Wy, Ik 0,13 0,52 3,4

. neprmwuii Bapigar = 0,3 =0,6 =1,0
Hpoﬂ};ﬁ??{};m‘h Q, Ipyruii BapigaHT ~0,2 ~0,3 =~0,5
) Tperiii BapiaaT  =0,1 =0,2 =0,3

. . nmeprui BapigaTr = 3,3 =1,7 =1,0
prn?(h;.l?g;lch‘b © IPYyTUil BApisgHT =5,0 =3,3 =2.0

TpeTiil BapiaHT ~10,0 =5,0 =3,3
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K i TpoAyKTHUBHICTIO 3TigHO 3 TabJI. 2.
Jia mpoBeeHHA MeTaJorpaiuHMX MTOCIiIKeHb HiITOTOBJIEHUX 3pa-
3KiB BUKOPHUCTOBYBAJM ONTUUYHUI MiKpockomn «Heodor-2», 3a momomo-
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Puc. 1. MikpocTpyKTypu IIOBEPXHEBOTO IIapy 3paska xpuri 20 micaa asory-
BauuA meromom EIJI 3 W,=0,13, 0,52 i 3,40 [I:x i poAyKTHUBHICTIO 3rigHO 3
IepIInM, IPYTUM i TpeTiMm BapigsHTaMu BiAIOBigHO 10 TabI. 2.

Fig. 1. Microstructures of the surface layer of steel 20 sample after nitriding
by the ESA method with W,=0.13, 0.52 and 3.40 J and productivity, accord-
ing to the first, second, and third variants according to the Table 2.
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TOI0 SIKOT'0 OI[iHIOBaJIN AKiCTh IIapy, HOro CyIIiJbHICTL, TOBIIUHY Ta 0Y-
JIOBY 30H IiaInapy — Audys3iiiHoI 30HU Ta 30HU TePMiYHOI'O BILJIABY.

Takox IpOBOAUIN JIOPOMETPUUHY aHAJI3Yy PO3MOLLIY MiKPOTBEPIO-
CTU B IIOBEPXHEBOMY IITapi Ta Mo IINOWHI MLIidy Bif TOBEepXHi.

MipsaHHA MiKPOTBEPAOCTH IPOBOAMIN HA MiKpoTBepmomipi IIMT-3
BIABJIIOBAHHAM aJIMas3HOI mipaMmigu mix HaBaHTaxxeHHaMm y 0,05 H arin-
1o 3 'OCT 9450-76.

Ha Bcix eramax o0po06JieHHsS BMMipIOBaJIM ITEPCTKICTh MOBEPXHiI Ha
npunani npodimorpad-upodisomerep mox. 201 zaBony «Kamiop». Pe-
3yJabTaTH (piKCyBaJIn 3a JOIIOMOI'OIO CIEIiAJbHOI IIPHUCTAaBKH.

3. PESYJIBTATH JOCJIINKEHHS

Ha pucynky 1 mokasaHo MiKpPOCTPYKTYPH IIOBEPXHEBOTO IIapy 3paska
kpui 20 micoa asoryBamua meromom EIJI 3 W,=0,13, 0,52 i1 3,40 [»x i
NPOAYKTHUBHICTIO 3TiJHO 3 MepIINM, APYTUM i TpeTiM BapigHTaMu Bin-
moBigHO K0 TabJa. 2.

MikpocTpyKTypHa aHaJjisa IToKasajia, N0 MOKPUTTA 3a YCiX TPhOX
BapisgHTiB (uB. TabJ. 2) CKJIATaeThCI 3 TPHOX AIMIAHOK — «bijoro 1ma-
Py», nudys3iifiHOI 30HU I OCHOBHOI'O MeTaJy. BogHopas 3a BUKOPUCTAH-
HS KOKHOTO 3 BAPisTHTIB 31 30iIbIIIeHHAM eHeprii po3pAny 30iabITyIOTh-
cA TOBITUHU «0isoro» miapy ta gudysiiinoi (mepexigaoi) 3oHM.

TABJINIA 3. PesysnbpraTy JIOPOMETPUYHOL aHAIi3W TOBEPXHEBUX HIAPiB KPU-
i 20.

TABLE 3. Results of durometric analysis of surface layers of steel 20.

Eneprisa Posnogin mikporBeproctu Hy y moBepxHeBOMYy HIapi
po3pAny, 1o Mipi morsimbiseHHs i3 KpokoM MipaHHA y 30 MKM
Tox | 30 | 60 | 90 | 120 | 150 | 180 | 210 | 240 | 270 | 300 | 340
Kpuma 20

ITepmuit BapiguT

0,13 6490 5650 4800 2750 2100 1700 1700

0,52 9530 8850 8300 7450 5750 3200 2200 1700 1700

3,4 9870 9250 8560 7950 6850 5520 3160 2500 2100 1700 1700
Hpyruii BapiaaT

0,13 6540 5930 5350 4530 2720 2000 1700 1700

0,52 9890 9130 8540 7530 5910 4500 3400 2300 1700 1700

3,4 9910 9340 8790 7980 6420 5150 3650 2450 1950 1700 1700
Tperiit BapiauaT

0,13 6560 5590 4810 3940 2710 1700 1700

0,52 9900 9350 8670 7650 6220 4650 3460 2460 2120 1700 1700

3,4 9920 9550 8650 7550 6520 5250 3740 2950 2240 1700 1700
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Puc. 2. Posnogisn MmikpoTBepocTH Mo TIMOMHI ITapy TOBEepXHi 3paska kpurti 20
micaa azoryBamaa metonom EIJI, e a, 6, 6 — mepiuii, Apyruii i Tperii Bapis-
HTHU 3MiHU IPOAYKTUBHOCTU BimmoBimmo. Ha rpadiky: 1, 2i 3 — EIJI 3a emep-
riit pospanxy W,=0,13, 0,521 3,4 II:x BigmoBigHo.

Fig. 2. Distribution of microhardness along the depth of the surface layer of
steel 20 sample after nitriding by the ESA method, where a, 6, 6 are the first,
second, and third variants of changing productivity, respectively. In the
graph: 1, 2, and 3—ESA at discharge energies W,=0.13, 0.52, and 3.4 J, re-
spectively.

Kpim 1mporo, 3i smenimenuam mpoayKTuBHocTu EIJI 30idbmryioTbes
MiKpOTBEPAiCTD, IITEPCTKICTD i CYHiABHICTH ITOBEPX Hi.

Y rabauii 3 Ta Ha puc. 2 IpPeACcTABICHO PO3MOIiJI MiKPOTBEPAOCTH II0
Mipi BizmamenHa Big moBepxHI Brumb Kpuiri 20 srigHo 3 puc. 1.

PesyabraTu MipAHHA TOBIIUHU, MIiKPOTBEPAOCTU Ta CYIIJIBHOCTU
«bimoro mapy», a i BEJIMYNHM IMIEPCTKOCTU IIOBEPXHi 3pasKiB 3 KPHUIITi
20 micaa asoryBanHa metogoM EIJI 3 Bukopucramuam CTHC 3Bemeno mo
Tab. 4.

Ha pucynkax 3—6 mokasaHO 3aJI€KHOCTI TOBIIMHY 3MiI[HEHOTO IIIapy
(a) i mikpoTBepmocTu (6) «6isoro» 1apy Bix eHeprii po3psamy Ta TPymxo-
MicTkoCTHU 3a azoryBaHHA MeTogoM EIJI Kpuiri 20 a1a HAABHOI TeXHOJIO-
rii (puc. 3) i mepmroro (puc. 4), apyroro (puc. 5) Ta Tperhoro (puc. 6) Ba-
piaHTiB 00pPOOIEHH.
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TABJINIIA 4. ITapamerpu AKOCTH a30TOBAHUX ITAPiB, OJEP:KAHUX METOAOM
EIJI, va spaskax i3 kpumi 20.

TABLE 4. Parameters of the quality of nitrided layers obtained by the ESA
method on steel 20 samples.

R ° = 3
< e 9] % o
i é é 3;: . Mikpotsepzicts, MIIa i E
S SIS o & 0 3 E
SE|EY | Se| «& kS 9 &
Mg 58| 8 M = g «6imoro» | mepeximHoi E = g
2, 5 z =4 mapy 30HU < ]
= = g = 24
B @)
Hasasna Texnosoria
0,13 0,6 1,7 150,0 6350 4350 1,1 70
0,52 1,2 0,8 160,0 9421 4550 1,5 80
3,40 2,0 0,5 225,0 9721 4870 6,5 90
Ilepuit BapigauaT
0,13 0,3 3,3 165,0 6490 4750 1,0 80
0,52 0,6 1,7 175,0 9530 5750 1,6 90
3,40 1,0 1,0 240,0 9870 6850 6,4 95
Hpyruii BapiaaT
0,13 0,2 5,0 172,5 6540 4810 1,1 100
0,52 0,3 3,3 185,0 9890 5910 1,5 100
3,40 0,5 2,0 250,0 9910 6420 6,3 100
Tperiii BapiguaT
0,13 0,1 10,0 177,5 6560 5350 1,0 100
0,52 0,2 5,0 190,0 9900 6220 1,4 100

3,40 0,3 3,3 255,0 9920 6520 6,2 100
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Puc. 3. SanesxnocTi ToBIIIMHEY 3MinTHEHOTO 1apy (@) Ta MikpoTBepmocTH (6) «bi-
JIOTO» IIapy Bix eHeprii pospAzxy i1 TPyZOMiCTKOCTH 3a a30TYyBaHHSA METOJOM
EIJI kpumni 20 3a HasABHOIO TEXHOJIOTIETO.

Fig. 3. Dependences of the thickness of the strengthened layer (a) and the mi-
crohardness (6) of the ‘white’ layer on the discharge energy and labour inten-
sity during nitriding by the ESA method of steel 20 for the available technol-
ogy.
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Puc. 4. SanesxnocTi ToBIIIMHY 3MinTHEHOTO 1apy (@) Ta MikpoTrBepmocTH (6) «bi-
JIOTO» IIapy Bix eHeprii po3psaxy i1 TPYyAOMICTKOCTH 3a a30TyBaHHS METOAOM
EIJI kpumni 20 3a nmepiirm BapigHTOM 00pOOJIEHHS.

Fig. 4. Dependences of the thickness of the strengthened layer (a) and the mi-
crohardness (6) of the ‘white’ layer on the discharge energy and labour inten-
sity during nitriding by the ESA method of steel 20 for the 1 processing var-
iant.
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Puc. 5. 3anexuocTi ToBIuHEY 3MiIfHEHOTO 11apy (a) Ta MmikporBepmocTu (6) «6i-
JIOTO» IIAapy Bix eHeprii po3psaxy i1 TPYyAOMICTKOCTH 3a a30TyBaHHS METOAOM
EIJI xpumni 20 3a gpyrum BapigaToM 06po0IeHHA.

Fig. 5. Dependences of the thickness of the strengthened layer (a) and the mi-
crohardness (6) of the ‘white’ layer on the discharge energy and labour inten-
sity during nitriding by the ESA method of steel 20 for the 2*¢ processing var-
iant.
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Puc. 6. SanesxknocTi ToBIIIMHEY 3MinTHEHOTO m1apy (@) Ta MikpoTrBepmocTH (6) «bi-
JIOTO» IIapy Bix eHeprii po3psaxy i1 TPYyAOMICTKOCTH 3a a30TyBaHHS METOAOM
EIJI xpumni 20 3a Tpetim BapissHTOM 00pOOJIEHEA.

Fig. 6. Dependences of the thickness of the strengthened layer (a) and the mi-
crohardness (6) of the ‘white’ layer on the discharge energy and labour inten-
sity during nitriding by the ESA method of steel 20 for the 3™ processing var-
iant.
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Ha pucynky 7 mokasaHo MiKpOCTPYKTYPHU IIOBEPXHEBOTO IIapy 3pas-

Ileprmit BapisguT

Puc. 7. MikpocTpyKTypy a30TOBAHOT'O MMOBEPXHEBOTO I1apy 3paskiB xpwuiti 40
3a EIJI enexrtpomoro-incrpymenTom i3 xpuni4(0 3 eHepriamm pospany:
w,=0,13 (a, 6, B), W, =0,52 (2, 0, e) i W, =3,40 II:x (o, 3, i) Ta TpymOMicTKic-
TIO 3TigHO 3 TabJI. 2.

Fig. 7. Microstructures of the nitrided surface layer of samples of steel 40
during ESA with an electrode instrument made of steel 40 at discharge ener-
gies: W,=0.13 (a, 0, B), W,=0.52 (2, 0, ¢) and W,=3.40 J (s, 3, i) and labour
intensity, according to the Table 2.
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Ka xkpuii 40 miciaa asorysauusa MmetogoM ELJI 3a mpogyKTHBHOCTH 3TiHO
3 IepIINM, IPYTHUM i TPEeTiM BapigHTaMu BigmoBigHO g0 Tadd. 2.

Amnajiza MiKpOCTPYKTYp IIOKasaJja, 1o, IK i Ha puc. 1, IoBepxHeBuii
Iap 3a ycix TpboX BapisHTIB (uB. TabJ. 2) CKIATAETHLCA 3 TPHOX TiJIs-
HOK — «0ijoro mapy», augysifiHoi 30H1 i OCHOBHOT'O METaJy.

Taxkosk, ax i gaa Kpuiri 20, 10 KOKHOMY 3 BAPiAHTIB 3i 30iIbIIIeHHAM
eHeprii po3psany 30iJIbITYIOTECSA TOBIIMHU «0ijoro» mapy ta gudysiii-
HOI (TmepeximgHoi) 30HU.

Kpim mporo, 3i smenmmenaam mpoxyKtuBHocTu ELJI (36imbieHHaAM
TPYAOMiCTKOCTH) 3POCTAIOTh 3HAUEHHS MiKpPOTBEPIOCTH, IMTEPCTKOCTHU
Ta CYHiJIbHOCTH IIOBEPXHi.

B rabaumi 5 i Ha puc. 8 mpeacTaBIeHO PO3IOLLT MiKPOTBEPIOCTH B
moBepxHeBoMY miapi kpuri 40 arigmo 3 puc. 7.

PesynbraTn MipAHHSA TOBIMUHN, MiKPOTBEPAOCTH Ta CYIiJLHOCTHU
«bimoro mapy», a TaKOK BEJIUYNHU IIEPCTKOCTU IIOBEPXHi 3pasKiB 3
Kpuili 40 micasa azoryBarnaa metonom ELJI 3Bemewo go Tabu. 6.

Ha pucyukax 9—12 mokasaso 3aJIeXHOCTi TOBIIUHY 3MiITHEHOIO IIIa-
py (a) Ta mikporBepmocTu (0) «b6ijoro» mrapy Bim eHeprii pospamy Ta
TPYAOMiCTKOCTH 3a as3oTyBaHHsa MmeromoMm EIJI kpwumi40 gia masBHOI
TexHoJorii (puc. 9) i mepmroro (puc. 10), apyroro (puc. 11) i Tpersoro
(puc. 12) BapisaguTiB 06pO0IEHHA.

TABJUIISA 5. PesyabraTél AIOPOMETPUYHOI aHAJi3UM TOBEPXHEBUX MIAPiB KPU-
i 40, CTPYKTYypU IKUX IIPEJCTABJIEHO HA PUC. 7.

TABLE 5. Results of durometric analysis of the surface layers of steel 40,
structures of which are presented in Fig. 7.

Enepria Posnogin mikporBepmoctu H, y moBepXHEBOMY ITapi
1Y u
po3pAny, 1o Mipi norsmbiseHH i3 KpokoM MipaHHA y 30 MKM

Tox | 30 [ 60]90] 120 | 150 [180]210]240]270]300]340]390
ITepmuit BapiguT

0,13 7100 65405860 5250 4520 3800279019001700

0,52 9980 93208610 7360 6330 522041703240221017001700

3,4 1008096609140 8250 7050 5750481037802520200017001700
Hpyruii BapiaaT

0,13 7130 65505790 5350 4630 40202850200017001700

0,52 9990 92308450 7350 6500 550043003250223017001700

3,4 1010097509250 8400 7110 5770472037302650210017001700
Tperiit BapiauaT

0,13 7140 53404320 3640 2750 2400200017501700

0,52 1001093608560 7480 6000 500040003240230017001700

3,4 1011097909050 7900 7010 5600456038502800230017001700
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Puc. 8. Posnogin mikporeepgocTy o raubumHi mapy noBepxHi 3paska kpuri 40
micaa azoryBamaa metonom EIJI, e a, 6, 6 — mepiuii, Apyruii i Tperii Bapis-
HTH 3MiHU npogykTuBHOCcTHU ITporiecy EIJI BigmoBigmo. Ha rpadiky: 1, 2Tta 3 —
euepria pospagy W,=0,13, 0,521 3,4 J[:x Bigmosigwo.

Fig. 8. Distribution of microhardness along the depth of the surface layer of
steel 40 sample after nitriding by the ESA method, where a, 6, 6 are the first,
second, and third variants of changing productivity of the ESA process. In the
graph: 1, 2, and 3—ESA at discharge energies W,=0.13, 0.52, and 3.4 J, re-
spectively.

4. BUICHOBRKH

B pesyabTaTi aHaidu CTPYKTYPH IIOBEPXHEBUX IIAPIB IIicJA a30TyBaH-
Ha kpuilb 20 i 40 meromom EIJI 3 Bukopucramuam azorosmicaoro CTHC
BCTAHOBJIEHO HACTYITHE.

1. 3i 36iabIIeHHAM eHeprii po3paay 3pocTaloTh TOBIMUHU «0ijoro» Imia-
py Ta nudysiinoi (mepeximHoi) 30HM, a TaKOXK 30iIBITYETHCA MiKPOTBE-
pPIicTh, HIEPCTKICTD i CYI[iJIbHICTE IOBEPXHi.

2. 3i smenmieHHaM nponyktusHocTu EIJI i, BigzmoBigHO, 36iJbIlIIeHHAM
TPYLOMiCTKOCTHU IIPOIIECY 3POCTAIOTH TOBIIMHHU «01iJIOTO» IIIapy Ta Au@y-
siitmoi (mepeximmoi) 30HM; KPiM IIHOTO, 30iJABITYIOTHCSI MiKPOTBEPHAiCTD i
CYHiJBHICTh TOKPUTTA.

3. I3 saminoro kpuili 20 Ha Kpuiio 40 He3HauYHO 30iILITYIOTHCA TOBIIU-
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HU «Oijoro» mrapy i audysiiinoi (mepeximmoi) 30HM Ta MiKpPOTBEPIiCTD
IIOBEPXHEBOTO ITIapy.

IIOAAKH

PesyabTaTu gaHoi poOOTH YACTKOBO OYJIO OJEP:KaHO B pPaMKaxX BUKO-
HaHHA HayKOBO-IOCJLAHOTO IPoeKTy CyMCBKOTr0O IepP:KaBHOTO YHiBEepPCH-
TeTy «P0o3pobKa eKoJoriuHo 6e3meUyHnX TeXHOJIOTiN MogudikaIlii mose-
pxHi meTaJeii o0JagHAHHA €JIEKTPOCTAHIIIH KOMOiHOBAHNMU METOLAMMU,
3aCHOBAaHUMH Ha eJeKTPOICKPOBOMY JieryBaHHi» 3a ¢inHancyBanHa Mi-
HicTepcTBOM OCBiTM i Hayku YKpainum (mep:KaBHUU peecTpaliiHui
Ne 0124U0000539).

TABJIMNIIA 6. ITapameTpu AKOCTHM a30TOBAHUX IMAPiB, OAEP:KAHUX METOAOM
EIJI ma spaskax 3i kpwurti 40.

TABLE 6. Quality parameters of nitrided layers obtained by the ESA method
on steel 40 samples.

b - 2 s 3
S @ o S . . & g
R 2 5 = MikporsepaicTs, MIla 2l S
& 3) S . m 2 3 8 o
= Te | 2% | HE S| v
=3 = -
o e B O E N ] A =
8 S I RS 3 S &
2 g's S o < & 9 o5
® s © o X o< 6i . . 5 =
g3l g & =] «bimoro» | mepeximuoi E 2
& g § E mapy 30HU e ‘g
g | F & 3 | &
Icuyroua TexmoJIOTiA
0,13 1,7 1,7 155 6650 4350 0,9 85
0,52 0,8 0,8 165 9850 4550 1,3 90
3,40 0,5 0,5 230 9910 4870 5,9 95
ITepmuit BapiguaT
0,13 0,3 3,3 170 7100 4500 1,0 90
0,52 0,6 1,7 180 9980 4570 1,4 95
3,40 1,0 1,0 245 10080 4970 6,1 100
Hpyruii BapiaaT
0,13 0,2 5,0 180 7130 4540 1,1 100
0,52 0,3 3,3 190 9990 4630 1,4 100
3,40 0,5 2,0 255 10100 4980 6,0 100
Tperiii BapiaaT
0,13 0,1 10,0 185 7140 4540 1,0 100
0,52 0,2 5,0 195 10010 4590 1,4 100

3,40 0,3 3,3 260 10110 4920 6,2 100
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Puc. 9. 3anmexHoCTi TOBIIMHEY 3MiITHEHOTO 1mIapy (a) # MikporBepmocTH (6) «bi-
JIOTO» IIapy Bif eHeprii po3psamy Ta TPYAOMICTKOCTH 3a a30TyBAHHSA METOIOM
ELJ xpurii 40 ayis HaAaBHOI TeXHOJIOTI.

Fig. 9. Dependences of the thickness of the strengthened layer (a) and the mi-
crohardness (6) of the ‘white’ layer on the discharge energy and labour inten-
sity during nitriding by the ESA method of steel 40 for the available technol-
ogy.
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Puec. 10. 3ane:xHOCTi TOBIMUHU 3MillHEHOTO Iapy (a) # MikporBepmocTu (0)
«biymoro» mapy Bin eHeprii po3psaxy Ta TPYIOMICTKOCTH 3a a30TyBaHHSA METO-
oM ELJI kpwui 40 3a mepimum BapigaTOM 00pOOIEHHS.

Fig. 10. Dependences of the thickness of the strengthened layer (a) and the
microhardness (6) of the ‘white’ layer on the discharge energy and labour in-
tensity during nitriding by the ESA method of steel 40 for the 1% processing
variant.
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Puec. 11. 3anexHOCTi TOBIMUHU 3MilTHEHOTO Iapy (a) # mMikporBepmocTu (0)
«biymoro» mapy Bing eHeprii po3psaxy Ta TPYAOMICTKOCTH 3a a30TyBaHHSA METO-
mom ELJI kpumi 40 3a npyrum BapissHTOM 00pOOJIEHH .

Fig. 11. Dependences of the thickness of the strengthened layer (a) and the
microhardness (6) of the ‘white’ layer on the discharge energy and labour in-
tensity during nitriding by the ESA method of steel 40 for the 2™ processing
variant.
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Puec. 12. 3anexHOCTi TOBIMUHU 3MilTHEHOTO Iapy (a) # MikporBepmocTu (0)
«biymoro» mapy Bin eHeprii po3psaxy Ta TPYIOMICTKOCTH 3a a30TyBaHHSA METO-
oM ELJI kpuri 40 3a Tpetim BapissHTOM 00pOOIEHH.

Fig. 12. Dependences of the thickness of the strengthened layer (a) and the
microhardness (6) of the ‘white’ layer on the discharge energy and labour in-
tensity during nitriding by the ESA method of steel 40 for the 8" processing
variant.
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PeanizoBano maminapHe 3amoBHeHHA (JOpMU PO3TONIOM Ha OCHOBI cucTtemu Al—
Cu 3 miniMasmbHUM (QOPMYyBAHHAM TEXHOJOTIUHWX HEMOCKOHAJIOCTel i medex-
TiB JIUTTs. 3a HOMOMOT'0I0 HAIJHUIITKOBOTO TUCKY IIii Yac KpucTasisarii oxep-
JKAHO YAOCKOHAJIEHWH BWCOKOMIITHMU 1 KapoOMillHMU JWBAPHUHA CTON
AMA4.5K 1 (BAJI10). ITorkasaHo, 1110 30HA IPUKJIAJAHHA JOAATKOBOTO TUCKY Ha
PoOB3TOM IiA yac KpucTasisalii icToTHO BIJIMBaE Ha MJIACTHUYHICTH i TBEPAiCTH
marepisany. BuaBieHo, 1o BakamnBoio ocobauBicTio croniB AM4.5Kn € Haas-
HicTh y ixXHill MaTpuni yacTuHOK 3MinHOBaIbHUX (has. Taxi ¢asu He B3aemo-
IifoTh 3 Al-MaTpuIieo i yTBOPIOIOTHCA B PE3YJILTATI CEIisIIbHOTO TePMiUHOTO
00pobsenHAa. OCHOBOIO AJA peasrisallii gucepciiHoro 3MilfHeHHA TaKOr0 TUITY
TBEPAUX PO3UYUHIB € IXHA MiKPOTeTEPOreHHICTh yCcepeAnHi 3epeH O.-TBEPAOTO
posumHy, 110 OinbIll e(EeKTWBHO MHiABUINYE KapOoMilHicTh cromy. IloBHui
KOMIIJIEKC JIeTYBAJbHUX EJIEMEHTIB YMOXKJIUWBIIOE CTBOPUTU KOMIIO3UTHU, B
AKUX OTHOYACHO PeasidyeThCsA TBEPAOPOSUYMHHUI i AucHepCciiHMiT MeXaHisMu
3MiIlHEeHHA.

Karouosi ciioBa: imBapHi cTony aamoMiHiI0, JeI'yBaHHS, MEXaHIUHI BIacTHBOC-
Ti, 3MiITHEHH, PeHTTeHOo(pa30Ba aHariza.

Laminar filling of the mould with a melt based on the Al-Cu system is suc-
cessfully implemented, resulting in a minimal formation of technological im-
perfections and casting defects. By applying an overpressure during solidifi-
cation, the improved high-strength and heat-resistant casting AM4.5Kx al-
loy (BAJI10) is obtained. As demonstrated, the region of additional pressure
applied on the melt during crystallization influences significantly on the
plasticity and hardness of the material. As determined, a key feature of the
AM4.5K alloys is the presence of strengthening phase particles distributed
in the matrix. These phases do not interact with the Al matrix and originate
from a targeted thermal-treatment process. The base for the dispersion
strengthening in such solid solutions is their microheterogeneity within the
grains of the a-solid solution, which more effectively enhances the heat re-
sistance of the alloy. The complete set of alloying elements enables the crea-
tion of composites, in which the solid solution and dispersion strengthening
mechanisms are simultaneously realized.

Key words: cast aluminium alloys, mechanical properties, hardening, x-ray
phase analysis.

(Ompumano 1 aunnsa 2025 p.; ocmamoyr. eapianm —2 aunua 2025 p.)

1. BCTYII

AioMiHifi i #ioro cTOnM 3aBAAKMN YHIKAJILHOMY IIOE€THAHHIO BJACTHUBOC-
Tell € OJHUMHU 3 HAWBaKJUBIIINX MaTePifaaiB TexHiKu. Bukopucranusa
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aJMIOMiHIOBUX CTOIIB mae 3Mory e(eKTHBHO BUPIITyBaTH TI00aIbHi
mpobJeMu CBiTOBOI CHiJILHOTH, IIOB’ A3aHi y MepIITy UYepry 3 eK0JIOoricio i
eHeprosbepekeHHAM. AJTIOMiHifIOBI cTomu 3aliMaioTh OCOOJIMBE II0JIO-
JKeHHSA cepel KOHCTPYKIIIMHNX MaTepiaaiB uepes yHiKaJIbHe IIO€JHAHHS
OCHOBHUX BJIACTHMBOCTEH Ta eKCILIyaTalmliiHux xapaxrtepuctuk [1]. JIu-
BapHi Ta medopmoBaHi aJaIOMiHIMOBI cTOIM 3aBASIKYN HU3bKiNl I'yCTHUHI,
BHCOKili MMTOMi¥Ml MIiITHOCTi, IIJIACTUYHOCTI Ta TeXHOJIOTiYHOCTL € mepc-
NeKTUBHUMU KOHCTPYKI[IMHUME MaTepidaamMu, AKi BUKOPUCTOBYIOTHCA
y aBiabyayBaHHi, MarmrnHOOyIyBaHHI Ta KocMiuHi# TexHimi [1-4].

VY remepimigiit uac € 6arato Kaacudikaliliii cTomip aaroMiHi0 3a Tex-
HOJIOTIiUHMMHJ BJIACTHUBOCTSMM, 3TATHICTIO M0 3MiIIHEHHS, TePMiUHUM
00pobsieHHAM i xeMmiunumM ckJgamoMm. CucTemaTusarlis CTOIIIB I'DYHTY-
€ThCA Ha AiArpaMax CTaHy aJIloMiHifoBUX cTOIIiB (puc. 1).

YMOBHO BCi cTonu aifOMiHil0 3a TE€XHOJOTiIYHUMM BJIACTHUBOCTAMU
MOKHA PO3TiINTU Ha JUBAPHi, AKI Ipu3HaUeHi AJad BUPOOHUIITBA Bif-
JUBOK, i medopMOBaHi — [AJIA BUTOTOBJEHHSA ITPOKATY Ta MOKOBOK [5].
Meska MisK cTomaMuy TaKUX ABOX I'PyIl BUBHAUAETHCA JiMiTOM HacuUYeH-
HS TBEPJIOTrO0 PO3UYMHY 3a eBTEeKTHUYHOI Temieparypu (touxaM Ha
puc. 1). 3mina TeXHOJOTIUHUX BJIACTUBOCTEH (MuBapHUX i medopmoBa-
HUX) Y BiATIOBiZHOCTI g0 AiArpaMu cTady CBilUNTD, II[O0 CTOIN 3 BMiCTOM
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Puc. 1. Jliarpama cTaHy CTOHiB aJfoMiHifi—JaeryBaabHUi eaemenT: I — cromu,
He3MinHeHi TepMmiuHUM 00pobaenHAM, II — cronm, 3aminHeHi TepMivEUM 00pPO-
OJIeHHAM.

Fig. 1. Phase diagram of aluminium—alloying element alloys: I are alloys not
strengthened by heat treatment, II are alloys strengthened by heat treatment.
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KOMIIOHEHTAa MeHIITe I'PaHUIli PO3SUYMHHOCTH 3a MiABUINEHO] TEMIIEpaTypu
MalOTh HaANOiJBITY ILIACTUYHICTL i HaliMeHINy MiIlHicTh, TOOTO HOOpe
OigmarThcsa 00pOo0IeHHI0 THCKOM. HaABHICThL €eBTEKTUKM Y CTOIIIB, AKi
3HAXOIATLCA IIPABOPYY Bifl TouKy M, 3HAYHO IIOHUIKYE IXHIO IIJIACTHY-
HicTb. OO0pPO0OJIEeHHA TAKUX CTOMIIB MJIACTUUYHUM AehOPMYBAHHAM YCKJIa-
ITHIOETHCS BHACTIIOK MOXKJINBOTO PYHHYBAHHSA 3arOTiBOK IIif uac o0po-
osmenusa. HarTomicTh, yTBOpeHa eBTeKTHKa 3abesmeuye JIimImii JuBapHi
BiaacTuBocTi. CTOIM 3 KOHIIEHTPAIIi€I0 JIeTYBAJbHUX €JIeMEHTiB HIKUe
rpauuili posunHHOCTHU (Touka N Ha puc. 1) MaioTh ogHODA3HY CTPYKTY-
py a-dasu i ToMmy He MOKYTh OyTH TepMiuHOo 3MinueHi. CTOIM 3 KOHIIEH-
Tpalli€ro eleMeHTiB Bulle TOUuKu N 3a3HAIOTh (Pa30BUX IIEPETBOPEHD i3
BUIIJIEHHAM 3 TBEP/IOT'O PO3UMHY BTOPUHHUX (pas i, BiiIIOBiAHO, TepMi-
YHO 3MIiIIHIOIOThCA ITiJl Yac rapTyBaHHA Ta MITYYHOI'O CTapiHHA.

Bimomo, 1m0 g omep:KaHHA BUCOKUX (PiBMKO-MeXaHiUYHUX BJIACTH-
BOCTEM aJOMiHiIOBUX CTOIIB 3a pi3HmX Temieparyp Bmict Kympymy y
cromax cucrtemu Al-Cu mae 6yTu 6JIU3LKKUM I0 FPAHMYHOI PO3YMHHOCTHI
B auomimii [6]. Cuctemu Al-Cu, mopiBusAHO 3 cuiryMminoMm i cromamu Al—
Mg, MaioTh BUCOKUH e(eKT 3Mil[HEeHHS 34 PAXYHOK TEPMiuHOTO 00pPO0-
JIeHHS, HU3bKUM Koedimient nudysii Kynpymy B amtominii. Takum uun-
HOM 3a0e3MIeuyeThCs BICOKA TepMiUuHa cTa0iIbHICTh TBEPAUX PO3UMHIB i
JKapOMIiITHIiCTh, IO B 3HAUHil Mipi BusHauae 00JacTi 3aCTOCYBAHHS BU-
coxkominmuux cromis. Opuak, pasom i3 Tum, cronu cucremu Al-Cu ma-
IOTh HEIOJIIKM, IO IIOJIATAIOThL YV IIOPiBHAHO HU3bKill KOPO3iMHIN CTiii-
KOCTi Ta HUBbKUX JIMBAPHUX BJIACTUBOCTAX.

BaKInBY poJb y CTOIIAX TAKUX CHCTEM BilirparoTh HEBEINKi J00aBKU
nepexigaux meraaiB (Mn, Ti ta Cd). Ilepexigui meranmu (IIM) smaumo
OiBUIIYIOTh OCHOBHI XapaKTepUCTUKHU i € He3BaMiHHUMHY KOMIIOHEHTa-
MU IJIsI IPOMICJIOBUX CTOITiB TaHUX CHCTEM JieT'yBaHHA. 3 TAKUX CTOIIiB
nysxe nepcrneKTuBHuM € cton AM4.5Kn (BAJI10), axuii BizHOCUTHCA IO
cuctemu Al-Cu 3 no6askoo Maurany, Turany ta Kagmiro. ITigsuien-
HI0O MeXaHIUHUX BJIACTHUBOCTEH TAKUX CTOIB MOMKe COPUATHU 30iJIbITTeH-
HA KOHIEHTpAI[il AK OCHOBHUX JIeI'YyBaJbHUX ejieMeHTiB, Tak i IIM.
IIpore, Taki MOKJIMBOCTI 00OMeKeHi 3a BUKOPHUCTAHHSA TPASUIIIAHIX Te-
XHOJIOTi#l ofep:KaHHSA BUJIUBKIB METOAOM HeEIIePEepPBHOTO JUTTA. 3HAU-
HUM epeKT B 001aCTi CTBOPEHHA BUCOKOMIITHIX cTOIiB cuctemu Al-Cu
OB’ A3aHUI 3 BUKOPUCTAHHAM MeTony [1] HaZIuIIIKOBOro TUCKY IIiT ac
KpucTaJisairii.

Metoo maHoi poboTHM OYyJIO MOCHiAMKEeHHS OCOO0JMBOCTEH (phas3oBOro
CKJIANy, MIKPOCTPYKTYpPH Ta (PidMKO-MEXaHIYHNX BJIACTHUBOCTEH CTOIIY
AM4.5Kx (BAJI10), ogep:xaHOro 3a YMOB IIPUKJIASAHHA HaTIJIUIITKOBOTO
THUCKY B IpoIleci KpucTaJsrisairii.

2. MATEPIAJIN TA METOIM EKCIIEPUMENTY

Haa npuroryBanua crony AM4.5Knx (BAJI10) BukopucTOBYyBaJIu Ha-
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CTYIIHi BUXiMHI IMIMXTOBI MaTepidan: BUCOKOUMCTUU aJOMiHillI MapKu
A99 (1199 alloy), mirarypy AlCu (50% Cu), airarypy AlCd, xiratypy
AlTiB.

OCKiJIbKM MexXaHiuHi BJIACTHMBOCTI BHCOKOMIITHMX CTOIIiB Ha OCHOBI
cucremu Al-Cu gysKe 4yTIMBI 40 IMKiIJINBUX JOMIiIIIOK, BUKOPUCTAHHS
BHCOKOAKICHUX IIUXTOBUX MaTEPisAIiB € 000B’ A3KOBUM.

TomneHHA NIMXTOBUX MaTePidAiB IIPOBOAUIU Y KepaMidyHOMY THUTJIi
mapru BU 50 Stabil (Noltina/Morgam, Germany) mictiicTio y 50 Kr 3a
aJyrroMiHieM.

B po6ori 6ys10 BUKOPHUCTAHO iU €JIeKTPOOIOPY, IO JaJI0 3MOT'y TOUHO
MiATPUMYBaTH 3aJaHy TeMIlepaTypy Ha BCiX eTamax TOILJIEHHS Ta TeX-
HOJIOTiYHOTO 00POOJIEHHS PO3TOIY IIepeld JUTTAM. TaKoXK Iie YMOMKJIM-
BUIJIO OJiep:KaTH MiHiMaJibHEe ra30HACUYEHHS PO3TOITY.

HocaigsxeHHsa aTOMOBO-KPUCTATIUHOI cTPYKTypu cTomiB Al-Cu axiii-
cHeHO MeTomoI0 PeHTrenoBoi nudpaxromerpii [ 7] Ha PernrrenoBomy mu-
dparxromerpi Ultima-IV supobuurrrea Rigaku, Anonia (Hamionanpuuit
TeXHiYHUH yHiBepcuTeT YKpainu « KuiBcbKUil MOMiTeXHiYHUH iHCTUTYT
imewni Iropsa Cikopcbkoro», KuiB). 3iioMKy HOJIiKpHUCTATIiYHOTO MaTepi-
STy TPOBOIUJIN B MapaJeIbHOMY IYUYKY MOHOXPOMATHUYHOrO (XapakxTe-
PUCTUYHOrO) BUIIPOMiHEHHA 3 MimHOoI amomu (HOBXKMHA XBUJL [IJII
CuK,=1,54051 A). InerTudikarmito mikis Ha AudpaxTorpaMax IpPOBO-
IUJIN 34 JOIIoMOroo mporpamMmuoro komirnekcy ICDD PDF-2 ra PDF-4.

XeMiyHY aHaJIi3y CTOIIiB IIPOBOAUJU 3a JOIOMOTOI0 PEHTI'€HOMJII00-
peciienTHOI aHamisu Ha mpuiaani Expert L. Becramosieno, 1o cTomu
HajmexaTb 1o Mapku AM4.5Kg (BAJI10-IICTY 2839) (Taba. 1).

DizmKO-MexXaHiuYHi BJIACTHBOCTI CTOIIIB HA PO3TAr 3MiHMCHIOBAJIM Ha
yuiBepcanbHit mamuai YTM-100 3 aBTOMAaTUYHUM 3aIIICOM TiATrpaMu
HABAHTAMKEHH 34 IIBUAKOCTH PO3TAry y 1078 MM-¢™!, BUKOPHUCTOBYIOUM
MWJIIHAPUYHI 3pasKu, figamMerep podouoi yacTUHM AKUX CKJIAIaB 3 MM, a
po6oua moB:xkmHa — 40 MmM. MexaHiuHI BUITpoOyBaHHSA 3pas3KiB Jierosa-
HUX CTOIIiB IIPOBOAMJIN 3a KiMHATHOI TeMIlepaTypu. 3a pes3yabTaTaMu
BUITPOOYBaHb BU3HAYAJIN T'PAHUINL IIJIMHHOCTU Goz TA MIITHOCTH Gy, PiB-
HOMipHe ITOJIOBYKEHHA Op 1 BiJTHOCHE 3By KEeHHS /.

JlocaikeHHA CTPYKTYPU Ta XapaKTepy PyHUHYBaHHSA CTOIIIB IIPOBO-
nuau Mmeroxamu cBiTioBoi (AM-Scope FMAO050) i ckanyBaabuoi (CEM;
JSM-6490LV (JEOL, fmonia)) MmikpocKoIriii, ocHAIIeHNX ITPUCTABKOIO
I eHeproguciiepciiinoi Mmikpoanasisu. Iy1a o6pobKy JaHUX i KiJgbKic-

TABJNIIA 1. Xemiunwuii ckaan crony AM4.5Ka (BAJI10).
TABLE 1. Chemical composition of the AM4.5K 1 (BAJI10) alloy.

Mapxka Jler'yBaibHuii e1eMenT, % Mac. YaCTKHU Homimnmxu
crony | Al, % [Cu, % [Mn, %| Ti,% [Cd, % |Fe, % | Zn, % [Zr, %|Cr, %
BAJI10 ocmoBa 5,250 0,540 0,21-0,25 0,194 0,089 0,009 0,03 0,02
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HOI MiKpoaHaJi3M BUKOPUCTOBYBaJuW mporpamHe 3abesmeuernHs INCA
Energy 3a cxemoro xKopekirii marpuunaux epextis XPP. Takuii migxig Ha
ocuoBi merony PhiRho-Z 3abesmeuye BHUCOKY TOYHICTL OOPaxXyHKY Ta
TOUHY aHaJIi3y eJIEeMEeHTiB y MaTPHUIli 3pa3Ka.

Mipanaa mikporBepAocTu 3a BikKepcoM IIPOBOAMJIM 3a JOIIOMOTOIO
aBTOMATUYHOrO MiKpoinmentopa ¢ipmu Leeb Testing Instrument ma
mikporBepaomipi (LHVS-1000Z). Mipauua BimOyBajocsa 3a HaBaHTA-
skeaHay 0,198 H i surpumku yupoxos:xk 10 c.

2.1. Oco6aMBOCTi TEXHOJIOTiI TOIIEHHSA Ta MiITOTOBKU PO3TOITY 0 JIMTTSI

OcCHOBHi eTanmM TEXHOJOTIUHOTO OOPOOJEHHS PO3TONY IIEpeld JUTTIM
CKJIamaJics 3 papiHyBaHHSA, Aerasallii po3Tomy Ta BBeAEeHHS CIIEI[isIb-
HOI JriraTypu.

PadinyBanHsa poaTony 3ailicHIOBaJIM 3a JOIIOMOI'OI0 BBeJIeHHA B PO3-
TOI CIEIisiILHOTO IOKPHUBAJILHO-padiHyBaJIbHOTO I'PAHYJIHOBAHOTO
daroCcy Ha OCHOBI XJIOPHUAiB, KapboHAaTiB i propuais. Byso BuKopucTasno
duroc mapru Elimoxal KF28/GF (Aluminium Martigny France, ®pan-
I[isg) B sarajbHill Kixpkocti y 0,2% Bimg Macu HIMXTOBMX MaTepisIiB.
diroc BBOAUIN ABOMA eTallaMM AJIA MaKCHUMAaJbHOI eDeKTUBHOCTHU pa-
dinmyBaHHA podTony. Ha mepimmomy erarri ¢iroc BBOAUJIM pPasoM i3 IMIux-
TOBUMM MaTepisjiaMu Ha A3epkaJjo poarony. Ha apyromy erami micius
PO3TOIJIEHHA BCiX IIMUXTOBUX MaTEPiAJiB (DJIIOC BBOAUIU IIiJ A3€pPKAJIO
po3TOmy 3a AOIIOMOTOIO CIEMisIILHOTO iHCTPYMEHTY — 3aHypPIOBAHOT'O
«a3BiHOUKa» . TpuBasicTh padiHyBaHHS CKJIagaga 2—3 XB.

Jerasariiro pos3Tony IJid 3MeHIIIeHHA BMICTy PO3UYMHEHOTO B aJIIOMi-
HilftloBoMy posTori Il'ifporeHy HOpOBOAMIU BBEAEHHAM CIIEHiAJbHOIO
rabsieroBamoro (Qurocy mapku Desydral N7T1P (Aluminium Martigny
France, ®@panrisa) B kKinskocti 'y 0,1% Bix macu posrony. TabieroBaumii
¢Ir0C BBOAMIIN B PO3TOII 34 JOIIOMOTOI0 3aHYPIOBAHOTO «A3BiHOUKA». 3a
XeMiuHOIO peaKIlieo BUAiIABCA uncTuii HiTporen Ta BigoyBasca mporiiec
b6apoboTarrii postomny. TpuBamdicTs gerasarii ckaagaiaa 3 XB.

BBemenusa girarypu IpoBOAUIN 3 METOIO MOAPIOHEeHHS 3epeH MaTepi-
AJly BUJIMBKA JJIA TOMOTeHi3aIlil CTPyKTypu Ta HiJBUIIEeHHA MexaHid-
HUX XapaKTepUCTUK. ¥ TeIlepilrHiil uac ogHUM i3 HaibiabIT e)eKTHUB-
HUX CIIOCO0iB 3MEHINIeHHS PO3Mipy 3€peH € BBeIeHHsA Y PO3TOI JIiraTypu
AITiB (5% Ti, 1% B, pemrra — Al). BukopucroByBaiu Jiratrypy AlTiB
(KBM Master Alloys B.V., Higepnaugu) y dopmi cTpuKHIB gisiMeTpoM
y 9,56 MM KigbkicTio v 0,1% Big macu posromy. @opMyBaHHS JOLATKO-
BUX IIEHTPiB KpHcTaIisallii B po3Tolri Big0yBajocs BiKe Ha 2-i XB. MMicJas
BBEJ€HHA JIiraTypu.

Ilicia mpoBeeHHA BCiX BUIlle3a3HAUEHUX TEXHOJIOTIUHUX oIleparrii i
BUJAJIEHHS IIIJIaKY 3 IIOBEPXHi po3Tony BimbyBaBcd mpoliec JuTTsa. s
IILOT'0 BUKOPHMCTOBYBAJIU MeTajeBy GopMy (KOKijib), MOKPUTY aHTUIIPH-
rapaum nokputtam Vernifond (Fondermat, Itamis).



CTPYKTYPA TA BJJACTUBOCTI ABTATIITHOTO MIKPOJIETOBAHOTO CTOITY 1089

2.2, Oco0InBOCTI TEXHOJIOTIT O/IeP:KaHHI BUINBOK

Cron mapxu AM4.5Kn (BAJI10) mae BuCOKi MexaHiuHiI BJIacTHBOCTI
(BMCOKY MiITHIiCTh i BUCOKY ILIACTHUYHICTB); TOMY BiH IIMPOKO 3aCTOCO-
BYETBLCS IJIsT BUPOOHUIITBA BUCOKOHABAHTAMKEHUX YAaCTUH JIiTaKkiBs, 0e3-
OiJIOTHUX JIiTaJbHUX amapariB i paker. BomHopas, cTomu Ifiel rpynmu
MalOTh HeJOJiKM: HU3bKi JJMBapHi BJIacTUBOCTI (HU3bKY MJIMHHICTEL PO3-
TOIY, CXUJBbHICTH O JIiKBAIli# i T. iH.); CXUJIBHICTH 4O YTBOPEHHSA «Ta-
pAYUX » TPIIUH Yepes 3HAUHY YCaJIKy PO3TONY IiJ yac KpucTasisalii.

[ BupiteHHs 3agaui ofeprKalHa JUTUX BUPOOiB 3 MiHiMaIbHUMU
TeXHOJIOTIUHMME AedeKTaMu Ta 3 HAWJIINIIMIM KOMILJIEKCOM MeXaHid-
HUX BJIACTUBOCTEH OyJI0 po3po0JIeHO Ta BUKOPUCTAHO TeXHOJIOTIIO JIUTTS
3i crony AM4.5Kx (BAJI10) y dopmy 3 Kpurli (KOKiJIb) IIif HAZJIUIIIKO-
BUM THCKOM. Po3pobouukamu 1iei Texunosorii € SA-Foundry sp. z.0.0.,
IMosbima # Aerolux, Ykpaina. Pospobiena TexHosoria 6asyeTbcs Ha
HACTYIHUX TPHOX OCHOBHUX ejieMeHTax (puc. 2).

1. JlamizapHe 3amoBHeHHA popmMu (KOKim0) posromom. [ peasriza-
il JJaMiHapHOTO 3allOBHEHHSA (POPMU PO3TONOM BUKOPHCTOBYBAJIU KO-
KinmpHy HaxmabHy (moBopoTHY) MammuHy. Haxmum dopmm (KOKimo) Ha
KyT v 45—90 rpagyciB mepen 3aJuBaHHAM 3 HACTYIHUM IOBEPTAHHAM
dopMU y BUXiZHY IMMO3UILiI0 i3 3aJaHOI0 IOCTiMHOIO ITBUAKICTIO YMOXK-
JIUBJIIOE 3a0e3Meun Ty JIaMiHapHe 3alI0BHEHHA (DOPMU PO3TOIIOM.

2. CTBOpeHHSI YMOB [IJI HEeIIePepPBHOT'O HAIIPABJIEHOTO PYyXy (POHTY
Kpucrajaisairii poaromy. 'eomeTrpiss, KOHCTPYKTUBHI 0CcOGJIUBOCTI 06Jia-
OHAHHS Ta BUKOPUCTAHHS CIENisAJbHUX TEILIOI30JNAIINHNX TOKPUTTIB
YMOMKJIUBUJIN MaKCUMaJbHO PO3TATHYTHU Yac KpucTajisallii pos3Tomny B
vyacTuHi popmu (Kokimo) — «riser/feeder». Ile gaso amMory CTBOPUTH
OOCTiMHUHI I'PAJi€HT TeMIIEPATypPH B 3alaHOMY HAIPAMKY i yac Kpuc-
rTajisarii BuauBKa Ta 3a0e3meunTy IMOCTiHY IPUCYTHICTDL piaKoi dasu
IiJg yac 3aTBepPAiHHSA BUJIUBKA.

3. CTBOpeHHA YMOB AJIA KPHUCTAII3aIlil Il HaJIUIITKOBUM 30BHIIITHIM
THUCKOM. TexXHOJIOrisg JIMTTA Hifl HAIJUITKOBUM THCKOM IIOPiBHAHO i3
3BUYANHUM JIUTBOM Ja€ 3MOTY OJlepKaTu BUJUBKU 3 MiHiMaJIbHUMU Te-
XHOJIOTiYHUMHU Je)eKTaMU Ta BUCOKOIO ra3oliJbHICTIO OleP:KaHUX BU-
auBkiB [1, 2]. Tuck ma postomn ckaagas 49 kIla (0,5 atm), 1110 migTpUMYy-
BaJI TOCTiMHUM YIIPOJOBXK BChOT'O HACy TBepIiHHA BUJUBKAa. BeKTop
MIpUKJIATaHHSI TUCKY 30iraBcs 3 Biccio cuMeTpii IMBHUKA («runner»).

Y pesyabTaTi 3acTOCYBaHHSA BUINe3a3HAUEHOI TeXHOJIOTiIl JUTTA O0yJI0
OJlep:KaHoO BUJNBOK 3 BUCOKMMU €KCILIyaTal[ilHUMU XapaKTepUCTUKA-
MU Ta MiHiMaJIbHOIO KiJIbKiCTIO TEXHOJOTIiYHIX Ae(peKTiB.

2.3. Tepmiune 00po06JIeHHS BUIINBKIB

Bcei BuuBKY, ofep:KaHi 3a TeXHOJIOTi€I0, ONMCAHOIO B II. 2.2., miggaBa-
Ju TepMmiuHomy ob6pobienHo 3a pexxumom T6 (ASTM B917): solution
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JIuTTa 38 JOIOMOTOIO \
JTUTHUKOBOL CHCTEMH

Puc. 2. KoHCcTpyKIittHUI BUTJIAL cepil meTaniB «mpami Ta KyToBi 3’e JHyBaIbHI
KOHCTPYKITifHI eJIeMeHTH », Oflep:KaHi i yac JUTTSA 3 HaAJIUIIKOBUM THUCKOM
Y KOKiJb: cxemMa JuBapHOi cucrteMu (a), IPAMi Ta KyTOBi 3’€IHYBaJIbHI KOHC-
TPYKIIiMHI eleMeHTH AJSA 3aCTOCYBAHHS B JeTKOMOTOPHUX JitTakax i BITJIA
Ui 3’€THAHHS BUCOKOHABAHTAKEHUX BYIJIEILIACTUKOBUX €JIEMEHTIiB KOHC-
TPYKIii (6), BUIUBOK «IPAMUI 3’ € ITHYBAaJIbHUYN KOHCTPYKI[IHHUY eJIeMeHT» 0e3
JIMBApPHOI cucTeMHu Ta Iicyia TepMmivnoro o6podienss (8); 1, 2, 3 — 30HU BUIH-
BKa, 3 AKWX BUpisasu 3pasku cepii 1, 21 3.

Fig. 2. Structural view of the series of parts ‘straight and angular connecting
structural elements’ obtained by casting with excess pressure in a chill mould:
scheme of the casting system (a), straight and angular connecting structural
elements for use in light-engine aircraft and UAVs for connecting highly-
loaded carbon-fibre structural elements (6), casting ‘straight connecting
structural element’ without a casting system and after heat treatment (s8); 1,
2, 3 are casting zones, from which samples of series 1, 2 and 3 were cut.

heat treatment (SHT) sa 530°C, BuTpuMKa yIPOLOBK 3 I'OAUH, [IIBUIKE
OXOJIOZI’KEHHS B BOAY, IIITYyUHe cTapinuda 3a 165°C, BuTpumMKa 8 roguH.
Ilicia omep:xadusa BUJIMBKA TA IPOBEACHHS TEPMiUHOTO 00POOIeHHA
3 pisHUX yacTuH OyJI0 BUpisaHo cepii 3paskiB 1, 2 Ta 3 nyia BU3HaUEHHS
0CO0JIMBOCTEI iIXHLOI CTPYKTYPH Ta PisUKO-MeXaHiYHUX BJIACTUBOCTEMH.
3pasku cepii 1 0yJIo BUpPizaHO MAKCUMAJILHO OJM3BKO 10 BEKTOPA IPUK-
JagaHHA JOZaTKOBOTO THCKY Ha PO3TOIl; 3pas3Ku cepii 3 6y0 BUpidaHO
Ha MaKCHMAaJIbHO MOKJIMBiH BimmaJi Big BeKTopa HpUKJIALAHHS THUCKY
(puc. 2, 8); cepisa 2 — TPOMiKHUH BAPiAHT MiK BEKTOPOM HpUKJIaTaHHS
IOJaTKOBOI'O THCKY Ta 30HOI0 «riser/feeder». Takum umnom, 6yJio 00-
paHo cepii 3paskiB, AKi XapakTepuU3yIOTh CTPYKTYPHI 0COOJMBOCTI Ta
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MeXaHiuHi BJIaCTHUBOCTI YaCTHH BUJINBKA, Pi3HOBiALaIeHNX BiJ BEeKTOpa
OPUKJIATAaHHA TUCKY.

3. PE3YJIBTATH JOCJJIIKEHHA TA IX OBTOBOPEHHSI

Y nuTux cromiB, ofeprKaHNX 3a TeXHOJIOTi€I0 IPUKJIAJAHHSA HaJJIUIITKO-
BOT'O THCKY B IIPOIleci KpucTasrisallii Ta mogajabIloro TepMiyHoTo 06poo-
JeHHsA 3a pexkuMoM T6, 6yJIo BUBHAUEHO CTPYKTYPY Ta (PasoBUU CKJIIAT
(puc. 3).

Amnajiza MIKPOCTPYKTypu MOAedbHUX 3JuBKiB cromy AM4.5Kx
(BAJI10) migTBepauia, 1110 y JUTOMY CTaHi CTPYKTYypa € ZeHIPUTHOIO 3
cepeqHiM po3daMipoM KOMipoK ¥y 50 MKM; 0 MeKaxX JeHIPUTHUX KOMipoK
O.-TBEPIOT'O PO3UMHY CIIOCTEPIralOThCA IMIPOIIAapKU eBTeKTHUHUX (a3 (o-
Al +0-Al;Cu), AlsTi, Al;2CuMn; 1uBapHOro IMOXOAMKEHH, IKi IpaKkTu-
YHO IIOBHICTIO PO3UUHAIOTHCA y TBEPAOMY PO3UYMHI 3a TroMoreHisarril
crony. Kagmiii K moBepxXHEBO-aKTHUBHUN eJeMeHT, MMOBipHO, posTa-
IITOBYETHCA Y TOHKUX IIPOIITapKaXxX MisK 3epHaAMU TBEPAOTO0 po3unuy [8].

3a pesyiabTaTaMmu peHTTeH0o(ha30BOI aHaNi3M y CKJaIi 3paskiB BcTa-
HOBJIEHO HaABHicTh (pas3 amominio Ta AloCu (puc. 3). Iamuri dpasu me 0yJ1o
imeHTH(iKOBaHO, ITT0 MOKe OYTH HACTIAKOM iXHBOT'O HE3HAYHOT'O BMiCTy
a00 HaxkJIagaHHA IUPPaKIifHNX MAaKCUMYMiB. ¥ mpoilieci romoreHisarii
BimOyBaeThcsa (pparmeHTaris (a3, B CTPYKTYPi BUABIAIOTHCS CTPUK-
Hi/IJIacTUHU BKJIOYEHHS JOBXKUHOW0 ¥ 15—20 MM (puc. 4, a).

Haii6inein epeKTUBHUM ILIAXOM AJIS OJePKAaHHA KAaPOMIIIHUX CTO-
miB cucremu Al—Cu € 3MiIHEHHSA MIJISXOM TePMiYHOIo 00POOJIEHHS, 1[0
IOCATAETHCSA B Pe3yJIbTATi po3maay TBepPAOro PO3UMHY 3 YTBOPEHHIM
IUCIEePCHUX YACTUHOK. 30KpeMa, BBeIeHHA Y I'PATHUILI0 JTOMIiITKOBUX
aTOMiB cIpudAe yHOBiIbHEeHHIO AUGY3iMHMX IPOIleciB i MPpUBOAUTH IO

Puc. 3. Mikpocrpykrypa suroro crony AM4.5Kx (BAJI10) 3a ymoB npukJa-
TaHHA HAIJIUIITKOBOTO TUCKY B Mpolieci KpueTamisarrii: 3pasok 1 (a), 3pasok 2
(6), 3pasox 3 (8).

Fig. 3. Microstructure of cast alloy AM4.5Kx (BAJI10) under conditions of
applying excess pressure during the crystallization process: sample 1 (a),
sample 2 (6), sample 3 (8).
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Puc. 4. CEM-306paskenHa MikpocTpykTypu crormy AM4.5Ka (BAJI10) i EDS-
npodinb: mopdosaoria ¢asu 0-Al:Cu i TBepmoro posumuy o-Al (a); cuextep 6
(6), ciexTep 5 (8).

Fig. 4. SEM image of the microstructure of the AM4.5Kx (BAJI10) alloy and
EDS profile: morphology of the 0-Al:Cu phase and a-Al solid solution (a);
spectrum 6 (6), spectrum 5 (8).

posIIaay TBEPAOTO PO3UMHY 3 YTBOPEHHAM YaCTHUHOK OijbIOi mmciepc-
HOCTH.

Ilig wac kpucTaJisallii i3 posTomry B aJIOMiHilIOBOMY KYTi cucTemMu
Al-Cu—Mn y piBHOBa3si 3 amiOMiHifIOBUM TBEPAUM PO3UYMHOM 3HAXO-
marbeda ¢dasu Al,Cu, AlsMn i morpifina cmoayka T (Al;2CuMng) [9]. ¥V
dasi Al;Cu posumusersca mo 0,1% Mn, a B comoaymi AlsMn — 6ias
0,2% Cu. ITorpiiina ¢asa T mae obaacts romorenuocTu y 12,8—-19% Cu
ra 19,8-24% Mn. ¥V mesxax Iiel 00JIaCTH T'OMOT€HHOCTH MOXKJIVBE
yrBopeHHa cmoayku Al;isCuMn:; (12,8% Cu, 22,1% Mn) (puc. 3, 8).
Cooayka Ali2CuMn: mae opTropoMOiuHy CTPYKTYpPy 3 IapaMeTrpaMu
a=2,411uam, b=1,2518uM, ¢=7,71 HM, a ii rycTuHa cKJagae 3,59
r/cm®. Kynpywm i MaHrad sMeHIIIyIOTE IapaMeTep I'PATHUI aJIOMIiHi0 ¥
BiIOBiZHOCTI MO0 B3aKOHY aAWUTHUBHOCTU. Jler'yBaJIbHWII e€JIEMEHT Mae
CIIPUATU YTBOPEHHIO CKJIAAHUX TAXKKOTONKUX (a3, AKi He B3aEMOIiI0Th
3 TBepAUM po3umHOM 3a migBumienux Temieparyp [10]. Tomy Maurasn e
IOIATKOBUM JIETYBAJbHUM €JIEeMEeHTOM AJIS aJJIOMiHiMOBUX KapoOMiITHIX
cromiB. ¥ morpiiinii cucremi Al-Cu—Mn posumnnHicTs Kynpymy Ta Ma-
HraHy y TBepPAOMY PO3UYMHI 3a TeMIepaTypu IIOTPifiHOI eBTEeKTUKU
(5647,5°C) crmamae Bigmosiguo 5,45% i 0,3%, a 3a OiIBIINX KOHIIEHT-
pariii Kpucranisyerbcsa morpiiina eBrekTura L <> (a-Al+0-Al,Cu+ T-
Al;;MnyCu). 3 NOHMIKEHHAM TeMIIepaTypH CyMiCHa PiBHOBa)KHA PO3-
ypHHicTs Cu Ta Mn cunabHo 3menmyersesa i 3a 400°C ckaagae 1,4% i
~0,05% sBigmoBigHoO.

Buacimimox ymoBinbHeHHs mepebiry mudysifiHMX mporieciB y crommi
Al-Cu (AM4.5Kn, BAJI10) yrBOoproeThbca nepecuueHnit MaHnramom Tse-
pAui po3umH IIig yac KpucraJiaisaiii. Tomy BuTpuMKa 3a TeMIepaTypu
rapTyBaHHSA NPUBOIUTL IO OJHOYACHOTO IIepediry MBOoX KOHKYPYBaJb-
HUX IIPOIleciB. 3a IepIIMM MeXaHi3MOM BiZOyBa€ThcA YTBOPEHHS IIO
MeyKax 3epeH I ycepeAuHi sepHa Api6bHMX yacTuHOK (dasu T-Al;:MnyCu
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B pe3yJbTaTi posmamy IepecuueHOro MaHTaHOM TBEPAOTO PO3UUHY.
IIpucyrHicTs aucnepcuoi T-asu odMexkye pyxX AUCIOKAINA i cupuse
MiIBUIMEHHIO KapoMiHocTn Matepiany. Iammii MmexauisMm 3abesmeuye
pO3UMHEHHSA PO3TAIllOBaHOI II0 Mexxax 3epedH (¢asu 0-Al.Cu y a-Al-
TBEPAOMY PO3UMHI, ITI0 MOHMMKY€E KPUXKicTh cTomy. Taka ckjamHa moBe-
IiHKa KOMIIOHEHTIiB cTabilisye CTPYKTYpHO-(ha30BIMIi CTAH MaTEePidAIy Ta
cupuse 30epe:KeHHI0 HOoro BUCOKUX (Pi3MKO-MeXaHiuHMX XapaKTepuc-
THUK MiCJIS TPUBAJIOTO BILIUBY IIiIBUINEHUX TEMIEPATYP.

Posmogis jJeryBajabHUX €JIEeMEeHTIB Y MiKPOCTPYKTYPL ZOCIIigKyBaan
3a metomoio EDS. Enepreruunnii cuextep (EDS) migTBepaus, 1o mae-
HBKi cBiTJI BumieHHA ABJIAIOTDL coboro 0-Al:Cu-dasy (puc. 4). Binbma
vyactuHa Kynpymy npucytasa y ¢popmi dasu 0-Al.Cu; KoumenTparia Cu
B marpulii Al € Hu3bKO0I0, a MaHran maiiyke IOBHICTIO PO3UMHAETHCA B
amoMimiioBi#t marpuri. CoocrepiraeTbcsa HeBelnKa KilbKicTh MOABiTi-
HuUX abo moTpifiHMX iHTepMeTradimiB, Oaratux Ha Mn. Binbmricts Bumi-
JgeHb paszu 0-Al.Cu maroTh GopMy CTPUIMKHA a00 MJIACTHUH i PO3TAIIIOBY-
IOTBCSA Y MiMIeHIPUTHUX ob0JacTax (puc. 3), 30araueHux Kympymom
yepes3 HePiBHOBAKHY KPHCTAJi3aIlio.

PesynbTaTy cTaHZapTHUX BUIPOOYBaHb MEXaHiUHUX XapaKTePUCTUK
CTOIIiB HaBeAeHO B TabJ. 2. Bug KxpuBux Hanpy:KeHHA—IedopMallii, pi-
BEeHb MEXaHIYHNX XapaKTEePUCTUK i IMBUAKICTL medopMaIiiHOro 3Milr-
HeHHs HaBeJeHO Ha puC. 5.

Amnajiza MexaHIUYHMX BJIACTUBOCTEH CBiqUMUTh, 110 3pasku 1—3 3i cTo-
oy AM4.5Kg (BAJI10) mafoTh AOCTaTHBO BUCOKUH PiBeHb MIiITHiCHUX
xapakTepuctuk (o2 — mo 410 MIla, o, — mo 486 MIla) [11, 12]. Box-
HOUAaC ILJIACTUYHICTE 3paskis 1, 2 ckaanae 3—4,5%, aspaska 3 — 1,7%.
Ile moB’sA3aHe 3 OCOOJMBOCTAMM KPHCTAJizarii MaTepisaay 3paska 3 B
yMOBaxX HM3BKOTI'O THCKY PO3TONY HMOPiBHAHO 3i 3paskamu 1, 2 (puc. 2,
8), HACJIITKOM YOT'0 € YTBOPEHHS TOBCTUX IIPOINApKiB (cBiTsI0-cipi obJia-
cTi Ha puc. 3) MiK DeHIPUTHHUMH KOMipKaMu 3 O-TBEPIOTO PO3UUHY
amoMinito (TemMHO-cipi obaacti ma puc. 3). Ili mpormapku MicTATL He-
posumbeni gucuepcui eBrekTruHi Gasu Al,Cu, AlsTi, Al;2CuMn,, axi
MePeNTKoIKal0Th PyXy AUCJIOKAIlii i poboTi mucaoKaIiiiHOro Mexamis-
MYy IIJacTUYHOI Aedopmalrii, 1110 iCTOTHO MOHUKY€E IIJaCTUYHICTh MaTe-
pisry.

¥ poborax [13, 14] mokasaHO, IO MiKPOCTPYKTYPHi 0cobGuBOCTI Ta

TABJINIIA 2. Mexauiuni BaactuBocti crony AM4.5Ka (BAJI10).
TABLE 2. Mechanical properties of the AM4.5Kzg (BAJI10) alloy.

Temneparypa — 20°C os, MIIa | co,2, MIIa | €p, % | v, %
3pasok 1 397 346 2,83 18,802
3pasok 2 486 410 4,48 15,004

3pasok 3 407 355 1,72 4,347
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Puc. 5. ®isurko-mexaniuni Baacrtusocti crorry AM4.5Kn (BAJI10) spaskis 1-3:
TUIIOBI KPWBiI HaBaHTa’KeHHA HaNpyKeHHA—Aedopmarllis (a), maHi CTOCOBHO
MeXaHiYHUX BJIacTUBOCTell (0, 8), IMIBUAKICTE AedopMaIriifiHoro sMintueHu4g (2).

Fig. 5. Physical-mechanical properties of the AM4.5Kx (BAJI10) alloy of
samples 1-3: typical stress—strain load curves (a), mechanical-properties’ da-
ta (6, 8), strain-hardening rate (2).

MexaHiuHi BJaCTHUBOCTI 3pasKiB ajlfoMiHii0OBUX CTOMiB, BUpPi3aHUX 3 Pi-
3HUX YaCTHUH BUJIUBKA, I0 KPUCTANIBYETbCA MHiJ] HAAJIUNIKOBUM THC-
KOM, iCTOTHO BimpisHAIOTHCA (TPAHUIIA MIITHOCTH MOKe BiApisHATHCS
IJs1 pisHuX 30H BuauBKa Ha 30% ). B HallloMy BUIIAAKY OesiKa HEPiBHO-
MipHiCTh MeXaHiUHUX BJIACTUBOCTEH € pe3yJIbTaTOM Di3HUX YMOB Tel-
JIOBiABEeIEHHS IIiJ] Yac KPUCTaJIi3alii AJ1a pisHMX 30H BUJINBKA.
KatouoBoio ocobauBicTio cTpykTypu AM4.5Ka (BAJI10) € HaaBHicTD
y MaTPHUIIlI YaCTUHOK 3MinmHOBaJabHUX (hpas. Taxi (pasu He B3aeMOLiIOThH 3
Al-maTpuiiero # yTBOPIOIOTECSA B PE3yJbTATi CHEIiSJILHOr0 TEPMiUHOTO
00pobaenns. OcCHOBOIO AJIS peasisallii gucmepciiiHoro sMilfHeHHS TaKo-
ro TUIIy TBEPAUX PO3UYMUHIB € IXHA MiKpOreTeporeHHiCTh ycepeauHi 3e-
PeH O.-TBEPAOTO PO3UMHY, 110 e(peKTUBHO HiABUIIYE KaPOMII[HICThH CTO-
ny. IloBHUM KOMIJIEKC JeT'yBaJbHUX €JIeMEHTIB YMOKJINBIIOE CTBOPUTH
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KOMIIOBUTHU, B AKUX OJHOUACHO peaJIidyeThCAd TBEPAOPOIUMHHUMN 1 quc-
nepciiiHmii MexaHi3Mu 3MinfHeHHA. IligBuIenHa MexXaHiYHUX BJIACTH-
Bocreit crory AM4.5Kx (BAJI10) 3a HOpMaJIbHUX 1 BUCOKUX TeMIIepa-
Typ BimbyBaeThesa saBaaku JeryBanuio IIM Maunramom, Tutanom i Kaz-
miem [15]. Turan Hamae moamdikyBadbHUI BIJIUB, IIOAPiIOHIOIOUN 3€p-
HO, ¥ yTBOpIoe amominig Turamy TiAls, AKMH BUALIAECTHCA IO MeXKax i
ycepennHi 3epeH i MOCHUJII0E MiKporereporeHHicTsb. MaHTaH IPUIITBU]L-
IIy€e 3MIiITHEHHS IIiJ Yac CTapiHHSA Ta IIiJBUINYE YTBOPEHHS 30H Timie—
IIpectona (3ITI), crabimisyroun mpomikuy dasy Al,Cu. fkmo BmicT
Kynpymy mepeBUIITye IPaHUII0 POSUMHHOCTH y TBepAOMYy cTaHi, MaH-
rad B3aeMogie i3 Hagaumkom KynpymMy, YTBOPIOIOYM IIOTPiAHY CIIONYKY
Al;sMnoCu. Takwuii epexkT 3MiI[HIOE CTON i HPUIIBUAINYE CTAPiHHA. Y
CTOIIax 3 MOHMKEeHNUM BMicToM KymmpyMy yTBOpeHHS ITOTPiiiHOI CIIOTyKHT
3MeHITy€ KiTbKicTs Kynpymy, 1110 HeoOXiguuii 114 3MilHeHHA MaTPUITi
[15].

B ob6sacTi kiMHaTHUX TeMIepaTyp, Je OCHOBHUM MexXaHidMoM medo-
pMarrii € gucioKaIiliHe KOB3aHHSA, 3HAUYEHHA I'PAHUID ILIMHHOCTU JIJIS
3paskiB € ousskuMu. IIIBUAKOCTI JedopMaIliiiHOro 3sMilfHEeHHS 3pas3KiB
1-3 e mpubsausHO piBHUMHY (pUC. 5, 2). g frucuepcHO3MIiITHEHUX CTOIIiB
B3a€EMOYMH IUCJIOKAIlil i3 CyOCTPYKTYPOIO MOKe BiOyBaTucd 3a JBOMA
OCHOBHUMMU MexaHisMamu. ¥ BUOAJKy TBEPAOrO PO3UUHY 3 AUCIIEPCiii-
HUM 3MIiITHEHHSM IIeé — MEeXaHi3M B3a€MOJil PyXJMBUX AUCJIOKAIill i3
OPYsKHIMM TOJAMU HABKOJO YaCTUHOK, POJb AKUX He 3MiHIOEThCA i3
306iibIIeHHAM cTyneHA gedopmarliii. PiBmomipHua gedopmaria €, nasa nu-
CIIEPCHO3MIITHEHOTO TBEPJOT0 PO3UNHY BU3HAUYAETHCA MOAU(MIiKOBAHUM
Koucunmeposum cmiBeigmomenaam [16]: o=(1+m)(do/de), ne m —
MMOKA3HUK MIBUAKICHOI YUyTJIMBOCTH OAeOPMYBAJLHOTO HAIPY:KEHHS,
AKUHN 38 HU3LKUX TeMIIepaTyp HeXTOBHO MaJuil. 3a KiMHATHOI TeMmIie-
paTypu BeJIMUKMHA &, OJd 3pasKiB ckaagae 1,7-4,5% . Cron pyiiHyeTbCS
0e3 YTBOPEHHS MINHKY 3 IPUUYNHN CUJILHOrO AedopMaIliliHOTO 3MiIlTHEeH-
Hs; nedpopMallisi B MOMEHT PYMHYBaHHS cKJagae 15—-18%.

Iamuit mexauism sminmmenusa cromy AM4.5Ka (BAJI10) mparioe 3a
HaaBHOCTU y cucteMi Kagmito [8]. BHacrimoxk piskHMIIL B aTOMOBUX pa-
mirocax Al ta Cd (0,143 A i 0,152 A BizmoBigHO) 32 pO3UMHEHHS OCTaH-
HBOT'O B aJIIOMiHil crmocTepiraeTbed medopmallid KpUCTaIiuyHOI I'DATHU-
i, AKa IIPUBOAUTH A0 BUHUKHEHHS HAIIPYsKEHOI'0 CTAaHY KPUCTAJIUHOL
rpaTHHII Ta sminuenHa crony [17]. B poborax [8, 17] BcTaHOBIIEHO, ITI0
MingicHi xapakTtepucTuku 3poctaiTh i3 Bmicrom Cd Bix 0,06% 1mo
0,28% . Bcranosiieno, 1o Kagmiii sMiHIO€E XapakTep po3namy TBEPIOro
pos3umMHy mmig yac crapinasa. BHacaigok mnoro edeKTy BigOyBaeThCcA iH-
TEHCUBHIIIIUY PO3maj TBEPAOrO PO3UNHY 3 BUNAAEHHAM OiJIbIN IUCIIEp-
cHUX i minbHO posramoBanux SITI Ta Meracrabimbmoi (asu 0'-Al,Cu
miaTtiByacTol hopMu.

Mexamnism BrinBy Kagwmiro mig wac HarpiBaHHS IIig rapTyBaHHS IIO-
asrae B yrBopeuHi xommiekcis Cd- ra Cd—Cu-Bakanciii, y pesyabrari
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YOro 3MEHINYETHCA KiJIbKiCTh BIJIBHMX BaKaHCili, IO CIPUAE YCKJIALI-
HeHHIO nudy3il aTomiB mmig yac crapinasa. Takuii epeKT Mae CTBOPIOBATH
obmexxenHsa pocry 3ITI ta 0'-hasu, 361IbLTyI0UN IXHIO KiIbKicTh. Xapa-
KTepHOI0 0COOJMBIiCTIO MeTacTabiIbHUX BUALJIEHb € IXHEe B3a€MHO IIep-
MeHINKYJIApHEe poaTamnryBanusd [8]. 3asHaveHi MexaHisMu IPUBOAATE IO
iCTOTHOTO pPOCTy MIITHIiCHUX XapaKTepMCTUK 3a HOPMaJbHUX TeMIlepa-
Typ.

Ddpakrrorpadiuni mocraimKenusa cepii spaskiB 1-3 rpyuTysanuca Ha
MOPiBHAJJBHIN aHaisi 3/1aMiB 3pasKiB cTOIy micjasa BUOPoOOyBaHB Ha Po-
3TAT 3a KiMHaTHOI Temiepatypu. MopdoJorito pyliHyBaHHA IIOKa3aHO
Ha puc. 6, a—6. MiKpoCTpyKTypa HO3MOB:KHIX PyHHYBaHb MICTUTL Be-
JUKY KiJbKiCTEL IJIOIUH PO3KOJY JHUIEe 3 KiJIbKOMA HEerJIUOOKUMU SIM-
KaMu, I10 BKa3ye Ha Te, 1110 pyHHyBaHHA € MiskKpucTtaaiTaum. [lomepe-
YHUU MeXaHi3M pyHHYBaHHA CKJAJaeTbCA 3 ILJIONIUH CHANMHOCTU Ta
amok. CrocrepiraioTbCsi TaKOK BiTHOCHO BeJIUKiI AMKM PO3TaTy:KeHOL
dopmu posmipom y 10 MKM 3 elleMeHTaMU B’ I3KO-AMHOTO0 PYHHYBAHHS.
Taxkox y pagidajabHil 30Hi € eJleMeHTH B’ I3KOT0 3J1aMy, OJd SKOTO0 Xapa-
KTepHa HaABHICTDL HiJIAHOK 3 PO3BUHEHUM MiKpopeabedoM (IMKaAMHU Ta
rpebHaAMM), AKI BUHUKJM Oif Yac 3JUTTA MiKpomop i moposxkHeu. Mik-
popeinbed HaBeJeHUX 30H CKJIANAEThCA 3 PiBHOBICHUX AMOK PO3MipoM Yy
5—10 MKM, IKi 3HAXOOATHCA B KOHTAKTI Ta (JOPMYIOTEH IIOPiBHIHO OTHO-
pioHy moBepxHIO pylHYBaHHA. B TaKuxX cTOmax OCHOBHUM BUAOM PYyi-
HYBaHHA € XapaKTepHUl sMintaHuil 3 mepeBakHOIO [0JIEI0 TPaHCKPUC-
rajiTHoro. IlpuunHo0 pyHHYBaHHA IIiCJIsS TePMiUHOTO OOPOOJIEHHS Ha
MeXKi sepeH sanumiaeThea HeposdunHeHa 0-AloCu-¢pasa. Takox Mauraun y
cronax cucremu Al-Cu mMae TeHAEHIiI0 KOHIEHTPYBATHUCA II0 MeXKax
3epeH, a 3J1aM HOCUTh epeBasKHO MisKKpucTamiTHui xapakrtep [18].

PesynbTatu MipAHHS MiKkpoTBepmocTu 3paskiB cromy AM4.5Kn
(BAJI10) 3a cTraTuHOr0 HABaHTAYKEHHA HaBeAeHO y TabJ1. 3.

Puc. 6. CEM-mopdoJiorisi moBepxHi pyHdHyBaHHS 3pasKiB 3a KIMHATHOI TeMIIe-
parypu crory AM4.5Kx (BAJI10): spasox 1 (a), 3pasok 2 (6), 3pa3ok 3 (8).

Fig. 6. SEM morphology of the fracture surface of samples at room tempera-
ture of the AM4.5K g (BAJI10) alloy: sample 1 (a), sample 2 (6), sample 3 (8).
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TABJINIIA 3. MikporsepaicTs 3a Bikkepcom crorry AM4.5Kx (BAJI10).
TABLE 3. Vickers microhardness of alloy AM4.5Kg (BAJI10).

Mapxka cromy AM4.5Kx (BAJI10) Di, Mxwm | D2, mrm| Mikporsepaicts Hy, MIIa

3pasok 1 35.129 35.757 150
3pasoxk 2 35.913 35.925 145
3pasok 3 41.089 40.842 110

BusnaueHo, 1110 TBepPAiCTb MAaTEPiAIy BEPXHBOI YaCTMHU BUJUBKA
(3paszok 3), MakcUMAaJbLHO BiAmajieHOl Bifl 30HM NMPUKJIAZAHHS TUCKY,
3HAUYHO IIOCTYIIAETHCS TBEPAOCTi 3paskiB 1, 2 (Tabu. 3). Ile moscHIOETE-
cs THUM, IO OJIA KPHCTAJi3allili MaTepidjy B 30HI HEU3BKOT'O THCKY PO3-
TOIIY XapaKTEePHUMHU € YTBOPEeHHA AeeKTiB JUTTSA Ta (GOPMYBaAHHS ITTH-
POKMX Mi’K3epeHHUX MEXK 3 BUCOKUM BMiCTOM eBTEKTUYHUX (has, 30K-
pema Al:Cu i1 Al12CuMns, 1110 TigTBEPAKYETHCA PE3yIbTATAMUI METAJIO-
rpadiunoi 1 EDS amaniz. Brmims poaraloBaHMX IO MeKaX 3epeH O.-
TBEPAOT0 PO3UNHY AJIOMiHiI0 TUCIIEPCHUX €BTEKTUUYHUX BUAIJIEHD IIPO-
ABJIAECTHCA Y OKPUXUEHHI Ta 3MEeHIIIeHHi TBepAOCTH 3pa3KiB cepii 3.

Bucoki sHaueHHA MIiITHOCTH Ta MiKpPOTBEPAOCTH 3pasKiB cepiit 1, 2
MOKHA TOSCHUTH OCOOJMBOCTAMEN MexXaHismy medopmairii. B mporeci
HaBaHTAMKEHHS CTOIIB ITiel cucTeMu BiZOyBaeThCA pesaKcalliad HaIpy-
JKeHb ¥ 1ed)opMOBaHOMY ITapi 3 MOXKJIUBICTIO TiBUITIEHHSA I1JIaCTUYHOC-
TA 1Iig yac po3tary. IIIBuaKicTs medopMyBaHHSA 3a CTATUYHOT'O HaBaH-
Ta’KeHHA MOMKe CJIYIyBaTHU MOTATKOBOIO NiATHOCTUYHOIO O3HAKOIO IJIS
OIIiHKM SIKOCTH OeP:KaHNX MaTepPiaaiB.

4. BUICHOBRKH

TexHOJIOTiYHMMY Ta KOHCTPYKIIIMHNME 3acob0aMu peaJIidoBaHO JaMiHa-
pHe 3amoBHeHHA (POPMHU PO3TOIOM 3 MeTOo0 MiHimisarii ¢opmyBanHA
TEeXHOJIOTiUYHUX JedeKTiB JUTTA. 3a I[i€l0 TeXHOJIOTi€l0 OJeP;KaHo Bif-
auBoOK 3i cromry AM4.5Ka (BAJI10) 3 BUCOKMMU eKCILIyaTalliiHIMH 1a-
pamMeTpaMmu Ta MiHiMaJbHOIO KiJIBKIiCTIO TeXHOJOTiUHUX AedeKTiB, He-
3BaKal0uMr HA iCTOTHY TOBIIUHY BUJINBKA.

Busnaueno ¢aszoBuii ckJag i MiKpocTpyKTypy crtomy AM4.5Kn
(BAJI10), a came, 3paskiB 1-3, AKi BiApisHAIOTHCA TEXHOJOTiUYHUMU
YMOBaMU OJlep:KaHHSA i yac IpUKJIaJaHHI JOTaTKOBOTO THCKY Ha PO3-
TOII YIPOAOBIK JUTTA. 3’sICOBAHO, IO 30HA IIPUKJIATAHHA OJATKOBOTO
THUCKY Ha PO3TOII IIiJf Yac KPHUCTaJIisaIlii icTOTHO BIJIMBAE Ha IIJIaCTUY-
HicTh i TBepmicTh marepisiy. Tak, BigHOCHI medopmaliia Ta 3By:KeHHSA
O6m3bKUX IO Iiel 30uu 3paskis 1, 2 craazgae 2,8—4,5% i 156-18% =Bix-
noBigHO. B TOI Ke uac BigHOCHI medopMallia i 3ByKeHHA BigIaIeHOTro
BijJ 30HU MPUKJAJAaHHA THUCKY 3pasKa 3 € 3HAUHO HUKYNMU Ta CKJIaaa-
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o1s 1,7% 1 4,3% Bignmosiguo. TeepaicTs 3a Bikkepcom 3paska 3 cKJia-
mae 110 MIla, o icToTHO HuiKUe TBepmocTu 3paskiB 1, 2 (145-150
MIlIa). Takuii epeKT 3yMOBJIEHUH 0COOJIUBOCTAME KpPUCTAIi3aIlii cromy
AMA4.5Kx (BAJI10) v BepxHili YaCTUHI BUJIUBKA 3 HUBBKUM THUCKOM DO-
3TOITY, OJIA AKOI XapaKTepHe QOPMYBAHHS IMTUPOKNX MiK3epPeHHNX MEK
i3 BHMCOKMM BMicTOM Hepo3umHeHHX eBTeKTmuHux (as AlCu Ta
Al;;CuMn;. ITe cTBOPIOE HMEPEIIKOAY AJIA PYXY AUCIOKAIIiM mif uac ma-
CTUYHOI gedopmailrii, IPU3BOAUTEL 40 OKPUXUYECHHSI MATEePidAJay Ta IMOHU-
JKY€ TBEPAiCTh i IJIaCTUYHICTH CTOITY.

Busnaueno, mio y 3paskax 1-3 cromy AM4.5Kg (BAJI10) BinOyBaeTn-
cAd XapaKTepHUH 3MiIIammii cmocid pyHHYBaHHS 3 IIPEBAKHOIO HOJIEI0
TpaHCKpucrajdiTHoro. IlpuunHo0 Ta d:KepesioM B’SI3KOT0 PYHHYBaHHS
ImicJss TepMiuHOTrO 0OPOOJEHHA Ha MeXKi 3epeH 3aIUIIacThCAa Hepo3ul-
Hena 0-Al,Cu-da3sa.

ITokasamo, 1m0 Ba:KkJIUBOIO ocobauBicTio cTomiB AM4.5Kx (BAJI10) e
HaABHICTh Yy IXHill MaTpuUIli YaCTUHOK 3MinmHOBaJabHUX (pas. Tari dazu
He B3aEMOJIIOTEL 3 Al-MaTpuIleo 1 YyTBOPIOIOTHCSI B PE3YJILTATI CIIEI[is-
JBHOTO TepMiuHoro o6pobaenns. OCHOBOIO AJIs peasisarii guciepciii-
HOT'0 3MiIITHEHHS TaKOr'0 THUIIY TBEepPAUX PO3UMHIB € IXHA MiKporerepo-
TeHHICTh ycepequHi 3epeH o-TBEePAOT0 PO3UNHY, IO 0iabIl ed)eKTUBHO
OiBUIITYE KapoMilHicTh cTony. IIoBHUI KOMILIEKC JieTyBaJbHUX eJie-
MEHTIiB YMOKJIMBJIIOE CTBOPUTHU KOMIIO3UTH, B AKUX OJHOYACHO PeaJi-
3YEThCSA TBEPAOPOIUNHHUM i fUCIIepCiiHNI MeXaHi3Mu 3MiITHeHHS.

Pob6oTy BUKOHaHO B paMKax Aep:komomxerHol Temu Ne 2805 Hairio-
HAJLHOTO TEeXHIUHOTO yHiBepcuTeTy YKpaium «KuiBcbKUM mOTiTeXHiU-
Hui# iHctuTyT imeni Iropsa Cikopcbkoro» «Pospobka mammimmEoro aJro-
MiHi€BOTO CIIJIaBY 3 YJIBTPAANCIEPCHOIO CTPYKTYPOIO IJIA AeTajiell aBia-
IifiHOTO TpU3HaUYeHHs, M0 IIPAII0I0Th B eKCTPEeMAaJIbLHUX YMOBax» (me-
pexpeectpariiamit Ne 0125U001485).
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Evaluation of the Stress—Strain State of the Wire during
the Developed Thermomechanical Processing

I. E. Volokitina, E. A. Panin, and T. D. Fedorova

Karaganda Industrial University,
30 Republic Ave.,
KZ-101400 Temirtau, Republic of Kazakhstan

This work considers the results of modelling the stress—strain state of the
wire in the implementation of a new thermomechanical processing technolo-
gy, which is a combined process of drawing and continuous cooling in a spe-
cial chamber using liquid nitrogen. The absence of heating to ambient tem-
perature causes an increase in the level of equivalent stress by 5-10%. An
increase in the deformation rate causes a decrease in the stress level due to an
increase in deformation heating. The development of cross-sectional strain
occurs unevenly, the surface receives a higher level of strain. As the number
of passes increases, this difference increases due to the cumulative nature of
the equivalent strain.

Key words: modelling, steel, wire, drawing, cryogenic cooling, stress—strain
state.

Y po6oTi posTIIAHYTO PE3yabTaTH MOJENIOBAHHSA HAIPYKEHO-Ie(OopMOBAHOTO
CTaHy APOTY mim dac peanisanii HoBOI TexHoJOTiI TepMomMexaHiUHOTO 06pPOO-
JIeHHS, 110 ABJIsIE€ cOO0I0 TOETHAHM ITPOIIEC BOJIOUiHHSA Ta 6€31epepBHOTO 0XO0-
JIOI)KEHHA y CIEUiAJNbHIN KaMepi 3 BUKOPUCTAHHAM pizkoro asory. Bixcyrt-
HicTh HarpiBaHHA 0 TEMIEPATyPU HABKOJIUIIHLOT'O CEPeIOBUINA TPUBOAUTH
o 30isbIlieHHA PiBHA eKBiBaJleHTHUX HanpyKeHb HA 5—10% . 36inbieHHsA
HIBUAKOCTHU Aedopmallii TpuBOAUTE A0 MOHMIKEHHSA PiBHA HANPYKEeHb 3a pa-
XYHOK 30inbinenHa nedopmarniiinoro HarpiBauud. PossuTor medopmarii mo-
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IIEPEeYHOro Iepepisy BimOyBaeThCA HEPIBHOMipPHO, IOBEPXHA OTPUMYE OijbIm
BUCOKUH piBeHb medopmalrii. 3i 30iJbIITeHHAM YMCIa TPOXOIiB IS PiKHUILA
3pocTae uepes KyMYJISATUBHUN XapaKTep eKBiBaseHTHOI gedopmarrii.

KarouoBi ciioBa: MomentoBaHHs, KPUILA, APIT, BOJOUiHHSA, KPiOTeHHE 0XO0JIO-
IKEeHHS, HAlPyKeHo-1edOPMOBaHUII CTaH.

(Received 11 August, 2024, in final version, 1 November, 2024 )

1. INTRODUCTION

As the basis for creating a variety of materials, metals have unique
properties that directly depend on their internal structure. This de-
pendence is key factor to understanding how to create materials with
specified characteristics.

Thanks to the development of technology, it is possible to create ma-
terials with unique properties that meet the increasingly complex re-
quirements of modern industry [1-5]. One of the most important ways
to increase the strength and wear resistance of metals is to reduce the
grain size in their structure. The smaller the grain, the more difficult
it is for dislocations to move, which increases the deformation re-
sistance. Therefore, reducing the grain size makes the material more
resistant to deformation and destruction; they withstand repeated
loads better, and resist corrosion better, which prolongs their service
life in aggressive environments [6-8].

Methods of severe plastic deformation (SPD) make it possible to ob-
tain ultrafine-grained and nanomaterials with unique properties
[9-15]. Such SPD methods, as high-speed stamping, extrusion and
rolling, have a number of advantages, allowing you to obtain materials
with unique properties and characteristics. However, along with this,
they also have their drawbacks, which must be taken into account when
applying them.

One of the key disadvantages is the discreteness of the processes.
Unlike traditional processing methods, where deformation occurs con-
tinuously, severe deformation methods involve a series of individual
pulses or cycles [16—18]. This can lead to an uneven distribution of
strain over the workpiece volume, as well as to the occurrence of mi-
crocracks and other defects. The heterogeneity of the microstructure
may also be related to the peculiarities of the deformation process.
Crystal lattice defects such as dislocations, vacancies, and interstitial
atoms can form in areas of intense deformation. These defects, in turn,
can affect the strength, ductility and fatigue strength of the material.

Another significant disadvantage is the complexity and wear of the
tool. The tool used for severe plastic deformation must be made of
high-strength and wear-resistant materials capable of withstanding
high loads and temperatures. This significantly complicates the manu-
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facturing process and increases its cost. In addition, the tool is subject
to intense wear and tear, requiring regular replacement or restoration.

In general, methods of severe plastic deformation are a powerful
tool for obtaining materials with unique properties. However, it is nec-
essary to carefully analyse all their advantages and disadvantages, as
well as optimize the technological process in order to minimize the
negative impact of these disadvantages.

Cryogenic cooling is another direction that grinds the microstruc-
ture of metal [19-21]. This is an effective method for producing mate-
rials with a fine-grained structure and improved mechanical proper-
ties. The essence of the method is to cool the material to extremely low
temperatures, usually to —196°C (liquid nitrogen temperature), which
leads to a significant slowdown in diffusion processes in the metal.

During cryogenic cooling, metal atoms become less mobile, which
prevents their rearrangement and the formation of large grains. As a
result, the structure of the material becomes more fine-grained, which
leads to an increase in its strength, hardness and wear resistance.

The use of cryogenic cooling in combination with thermomechanical
treatment makes it possible to achieve results, which are even more
impressive. Thermomechanical processing involves a combination of
deformation and thermal action, which allows you to control the struc-
ture and properties of the material at the micro level. At the same
time, cryogenic cooling after thermomechanical treatment makes it
possible to ‘freeze’ the structure obtained as a result of deformation.
This leads to the preservation of a fine-grained structure and an in-
crease in the strength of the material.

In the case of wire, cryogenic cooling can be used to increase its
strength, hardness and wear resistance, which makes it more resistant
to bending, stretching and wear. This is especially important in cases
where the wire is used in conditions of high loads and aggressive envi-
ronments. Therefore, we propose to carry out cryogenic cooling of the
wire immediately after heating it in the fibre in order to ‘freeze’ the
structure obtained as a result of deformation.

It is important to note that cryogenic cooling is a technology that
requires special equipment and knowledge. Cryogenic cooling is based
on cooling the material to ultra-low temperatures (below —150°C),
which leads to a change in its microstructure and, as a result, to a
change in physical and mechanical properties. Improper use of such
technology can lead to unpredictable consequences: from damage to the
material to equipment failure. Therefore, before using cryogenic cool-
ing, it is necessary to study carefully the characteristics of the materi-
al and the rules of its processing.

At the initial stage, it is recommended to simulate a new thermome-
chanical treatment in a special ‘Deform’ software package. It allows
visualizing the cooling process and analysing possible risks and chang-
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es in the structure of the material. This will minimize the risks and get
the most out of cryogenic cooling.

The ‘Deform’ program uses the finite element method to simulate com-
plex physical processes, including heat transfer, deformation, and phase
change. It allows taking into account the influence of various parameters
such as temperature, pressure, cooling rate and holding time [22-25].

Therefore, the novelty of this article is the modelling of a new ther-
momechanical treatment of steel wire to determine the optimal cryogen-
ic cooling modes, which will maximize the efficiency of this technology.

2. EXPERIMENTAL

The developed technology of thermomechanical wire processing is a com-
bined process of wire drawing and continuous cooling in a special chamber
using liquid nitrogen. This chamber is located in the rolling line directly
behind the drawing machine. When the drawing machine reaches the op-
erating speed, the chamber is filled with liquid nitrogen. The degree of
compression is 5—7%. This means that in the first pass the steel is de-
formed from 6 mm to 5.6 mm, in the second pass—from 5.6 mm to
5.3 mm, in the third—from 5.3 mm to 5 mm. In addition, it was decided to
consider the possibility of drawing thicker wire with a diameter of 9 mm.
Here, the workpiece was stretched to 8.2 mm, from 8.2 mm to 7.5 mm in
the second pass and from 7.5 mm to 7 mm in the third pass.

The simulation was carried out at two deformation speeds:
500 mm/s and 1000 mm/s. Accordingly, it was assumed that any wire
section is in liquid nitrogen for a certain amount of time: 1 s at a speed
of 500 mm/s and 0.5 s at a speed of 1000 mm/s. As a result, the work-
piece after such a short-term treatment with liquid nitrogen will have a
significant temperature gradient across the cross section, which will
lead to an uneven distribution of mechanical properties. In the first var-
iant, after each treatment with liquid nitrogen, the workpiece was heat-
ed to 20°Cin air. In the second variant, this heating was not carried out.

The assessment of the stress—strain state during the deformation
process is a key task of theoretical research. The analysis of the strain
state allows assessing the overall level of metal processing at any point
of the workpiece. Stress analysis makes it possible to assess the stress-
es that arise, to determine the zones where the tensile strength is ex-
ceeded (these zones are places of potential defect formation).

When studying the strain state during drawing, an indicator of the
intensity of strain (equivalent strain) is usually considered. This re-
flects the overall level of metal processing. The study of the stress state
during drawing involves determining the conditions under which the
resulting level of equivalent stresses will be less than the tensile strength
of the material. Otherwise, it will be inevitable that the wire will break in
the area between the drawing die and the pulling mechanism.
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3. RESULTS AND DISCUSSION

Figures 1, 2 show pictures of equivalent stresses for drawing models of
both workpieces at 500 mm /s with the workpiece heated to 20°C.
Using the local scale display, it is possible to see the minimum and
maximum of the parameter at the selected calculation step. Since in
these models the properties of the material at each stage of drawing
correspond well to the nomogram of the tensile strength of AISI-316
steel, it was decided to compare the obtained values of the maximum
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Fig. 1. Equivalent stresses in a model of drawing from 6 mm to 5mm at a
speed of 500 mm /s while heating the workpiece to 20°C after each pass.

@

&
o

w

Stress - Effective (MPa) Stress - Effective (MPa) Stress - Effective (MPa)
786 999
(‘ 688 H 794 H 886 E
590 685 73
. 491 75 /_J\ 659
393 I 5 I 546 I
205 56 ‘ 433
197 286 ‘ 320
08.3 I a7 207 I
O;g.??l?gsl\mn 272;'1 Min 9:?. glslv[in
786 Max 904 Max 899 Max
a

Fig. 2. Equivalent stresses in the drawing model from 9mm to 7mm at
500 mm /s with the workpiece heated to 20°C after each pass.
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TABLE 1. Stress state parameters in models with workpiece heating up to 20°C.

Drawing a workpiece with a diameter of 6 mm

PassNo. | Do,mm | Di,mm |TSo, MPa|TSi, MPa| OF | O
1 6 5.6 862 1038 758 744
2 5.6 5.3 1038 1156 867 853
3 5.3 5 1156 1284 959 946

Drawing a workpiece with a diameter of 9 mm

PassNo. | Do,mm | Di,mm |TSo, MPa|TSi, MPa| OF0 | Oy
1 9 8.2 862 1080 786 772
2 8.2 7.5 1080 1284 904 886
3 7.5 7 1284 1420 999 974

equivalent stresses with the values of the tensile strength. Table 1
shows the summary values of these parameters from models with both
drawing speeds.

As can be seen in Table 1, in all passes for each wire size, the value of
equivalent stresses does not exceed the lower limit of the tensile
strength. This allows concluding that the deformation process is stable
without the danger of wire rupture. This approach to stress assessment
in the presence of a strength limit nomogram corresponding to the
specified conditions is an effective way to predict the possible for-
mation of defects, the modelling of which seems to be quite a difficult
task in terms of the accuracy of the results obtained. It can be seen
from the data obtained that an increase in the deformation speed, lead-
ing to an increase in the level of deformation heating, causes a decrease
in the level of equivalent stresses. At the same time, it should be noted
that, despite the twofold increase in the drawing speed, the decrease in
the stress level is insignificant. In all cases, the stress values were de-
creased by about 1-3%.

A comparison of models without preheating the workpiece is shown
in Table 2. As shown by the study of temperature fields, the absence of
heating to ambient temperature leads to an increase in the temperature
gradient in the workpiece section, which ultimately causes an increase
in the level of equivalent stresses by about 5-10% . At the same time,
there is also no crossing of the lower limit of the tensile strength.

Analysing the strain state, it should be noted that any parameter of
the strain state is accumulative, and their values depend on the geo-
metric parameters. Accordingly, the point estimation method previ-
ously used to estimate temperature is suitable for their assessment.
Figure 3 shows graphs of the accumulation of equivalent strain for
both thicknesses of workpieces. Measurements were carried out on the
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TABLE 2. Stress state parameters in models without preheating the workpiece.

Drawing a workpiece with a diameter of 6 mm

PassNo. | Do,mm | Di,mm | TSo, MPa | TS, MPa | Ot [O 00
1 6 5.6 862 1038 758 744
2 5.6 5.3 1038 1156 956 932
3 5.3 5 1156 1284 1018 1003

Drawing a workpiece with a diameter of 9 mm

PassNo. | Do,mm | Di,mm | TSo, MPa | T'Si, MPa | “fne [O58 00
1 9 8.2 862 1080 786 772
2 8.2 7.5 1080 1284 1010 944
3 7.5 7 1284 1420 1044 1022

surface (point 1) and on the axis of the workpiece (point2). Both
graphs have an identical appearance, consisting of three stages that
characterize the drawing stages. The horizontal sections correspond to
the cooling stages in liquid nitrogen.

Taking into account the fact that sufficiently high drawing speeds
are used in modelling, planes with specified points pass through the
deformation zone almost instantly. This leads to the fact that these
sections of the graphs have a vertical appearance. It should be noted
that the overall level of strain is higher when using a 9 mm thick blank.
However, this is a consequence of the fact that when deformed, it re-
ceives a higher level of total compression (39.5% versus 30.55% for a
workpiece with a thickness of 6 mm).

Strain (Effective) (mm/mm) Strain (Effective) (mm/mm)
0<460|l\i 0‘6147""I"YYI-’Y‘IKKA‘IKV--
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Fig. 3. Graphs of equivalent strain: drawing model from 6 mm to 5 m (a);
drawing model from 9 mm to 7 mm (b).
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4. CONCLUSION

The paper considers the results of modelling the stress—strain state of
the wire in the implementation of a new thermomechanical processing
technology, which is a combined process of drawing and continuous
cooling in a special chamber using liquid nitrogen. A comparison of the
values in models with and without workpiece heating showed that the
absence of heating to room temperature causes an increase in the level
of equivalent stresses by about 5—10% . At the same time, in both mod-
els, an increase in the deformation speed causes a decrease in the stress
level due to an increase in deformation heating. The development of
cross-sectional strain occurs unevenly, the surface receives a higher
level of strain. In both models, an increase in the difference between
the levels of strain on the surface and in the centre was recorded with
an increase in the number of passes, which is explained by the fact that
equivalent strain is a parameter of a cumulative (accumulated) nature.

This research is funded by the Science Committee of the Ministry of
Science and Higher Education of the Republic of Kazakhstan (Grant
No. AP19576369).
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CoCrNi alloys are a new family of high-performance alloys, which have found
use in a variety of applications, including automotive, aerospace, and bio-
medical industries. The alloys can be manufactured by different processes,
and they offer excellent properties such as high strength, good ductility,
biocompatibility, and corrosion resistance. This article discusses the manu-
facturing route, phase evolution, and mechanical properties of medium-
entropy CrCoNi-based alloys processed by means of powder-metallurgy tech-
niques. Some of the main results obtained indicate that there is the presence
of a Co—Cr—Ni solid solution and a mixture of f.c.c. and b.c.c. structures in
the alloy. The microstructure is homogeneous with equiaxial grains and con-
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tains a mixture of phases due to the alloying elements. The alloy presents
high mechanical strengths with good strain values. The presence of different
phases, between them a Co—Cr—Ni solid solution and Co—Ni one with dissimi-
lar crystalline structures, is the cause of the high entropy of the alloy and,
consequently, of its good mechanical characteristics.

Key words: Co—Cr—Ni alloy, medium entropy alloys, solid solutions, f.c.c.
and b.c.c. structures, mechanical properties.

Cronu CoCrNi — 11e HOBe ciMecTBO BUCOKOe(heKTUBHUX CTOMIB, AKi 3HAUIILIN
3aCTOCYBaHHS B pPisHUX chepax, BKIOUAIOUN aBTOMOOLIBEHY, a€POKOCMIUHY Ta
b6iomenmuny npomMucaoBocTi. CTOIM MOXKYTH Oy TH BUTOTOBJIEHI PiSHMMU MeETO-
JIaMU Ta JeMOHCTPYIOTH BiIMiHHi BJIaCTHMBOCTI, TaKi AK BUCOKAa Mil[HiCTH, ILJIa-
CTUYHiCTh, OiocyMmicHicTs i KopogsifiHa crifikicTh. ¥V mmi#l craTTi pPOSTIAHYTO
TeXHOJIOTiUHUH ITPOIleC BUTOTOBJIECHHS, €BOJIIOIiI0 (has i MexaHiuHi BiacTuBOC-
Ti cepemuboeHTpomiiinux cromiB Ha ocHOBiI CrCoNi, 06pobieHUx MeTomaMu
OPOIIKoBOi Metanayprii. Jledaxki 3 OCHOBHUX Ofep:KaHUX pPe3yJIbTaTiB BKasy-
I0Th Ha HaaBHicTH TBepgoro posdumHy Co—Cr—Ni i cywmimi T'ITK- iz OIIK-
CTPYKTYP y cTomi. MiKpOCTPYyKTypa € OLHOPiAHOIO 3 PIBHOBiCHUMY 3€pHAMY Ta
micTuTh cymim a3 uepes JeryBasibHiI enemeHTH. CTOI ZEMOHCTPYE BHUCOKY
MeXaHiuYHy MiIlHiCTh 3 Xopomumu sHaueHHAMU Aedopmartii. HaaBHicTs pis-
Hux ¢as, cepern akux — TBepai podumau Co—Cr—Ni ta Co—Ni 3 HecxoxuMuU
KPUCTAIIYHUMU CTPYKTYpPaMU, € IPUUYMHOIO BUCOKOI eHTpoii cromy i, Bixmo-
BiTHO, 1OT0 XOPOIIINX MEXaHIYHUX XapPaKTEPUCTUK.

Karouosi caosa: cron Co—Cr—Ni, cepenHboeHTpOmIiNHI cTony, TBepAi pos3uu-
"y, 'IK- 1 OHK-cTpyKTypH, MexaHiuHi BIaCTHBOCTI.

(Received 12 October, 2024, in final version, 1 April, 2025 )

1. INTRODUCTION

High-entropy alloys (HEAs) or multicomponent alloys are made up of
several main elements (more than five), which generally have an
equiatomic or close to equiatomic composition. Cantor and Yeh first
reported in 2004 on this type of alloys working separately [1, 2]. All
alloys in use today, contain a high proportion of one element with mi-
nor amounts of additional elements added, but HEAs are made of an
equal mixture of each constituent element. These balanced atomic
compositions appear to give some of these materials an extraordinarily
high combination of strength and ductility when subjected to stress,
which together form what is called ‘toughness’. The composition of
these new alloys theoretically provides practically limitless possibili-
ties for the design of the composition and optimization of alloy proper-
ties. Due to the high entropy of their structure, HEAs are recognized
to present larger physical, chemical, and mechanical properties com-
pared to conventional alloys, including exceptional thermal stability,
corrosion resistance and, high fracture toughness [3—8]. Even some of
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the alloys developed have excellent magnetic properties [9, 10]. Thus,
HEASs have been a hot field of research since they were first developed
just over 20 years ago. However, several authors have reported that
HEAs are multiphase alloys [11-14], which causes their entropy to be
not so high. Moreover, only a few of the many HEAs until now studied
are single-phase solid solutions. Thus, the number of components of
the alloy is not most important factor, and the chemical nature of the
components must be critically studied. Given this situation, about 10
years ago, medium entropy alloys (MEAs) began to be developed, which
are made up of 3 elements added as in HEAs in equiatomic quantities or
close to them, with the idea of obtaining in these alloys a single-phase
solid solution with the 3 alloying elements. Among the medium entro-
py alloys studied, it is found that the CrCoNi alloys are a family of
high-performance alloys that have found use in a diversity of applica-
tions, including aerospace, biomedical, and automotive industries. The
alloys are formed by combining chromium, cobalt, and nickel, and they
offer excellent properties such as high strength, ductility, biocompati-
bility, and corrosion resistance. For these reasons, this alloy has been
extensively studied, trying to understand the mechanisms of seeking
to explain the reasons for its high properties [15—18]. Likewise, Zhang
et al. [19] studied the short-range order and exposed that it plays an
important role in lowering the electrical and thermal conductivities in
the alloy. Other researchers have conducted studies that include grain
refinement [20], heterogeneous structure [21], and the effect of alloy-
ing elements [22—-25], oriented to determine the relationships between
strength and ductility. Finally, oxidation resistance and biocompati-
bility have also been explored [26]. In summary, it has been established
that MEAs possess excellent microstructures and properties, which
can be compared with or even better than those of HEAs can. There-
fore, its study is of great interest. The objective of this work is to pro-
duce by powder metallurgy the CrCoNi equiatomic alloy and to study
the mechanical and microstructural response of the alloy subjected to
different heat treatments).

2. MATERIALS AND METHODS

Elemental powders of Cr, Co, and Ni with purity greater than 99% and
sizes of —325 mesh, in equiatomic proportions, were mechanically pro-
cessed in a high-energy planetary mill (Retsch, PM 100, Germany). The
grinding parameters used in the mixture were as follows: dry grinding
for 6 hours at 300 rpm, using methyl alcohol as a control agent, and
managing a ball weight to powder weight ratio of 10:1. Once the pow-
ders were ground, they were pressed to form cylindrical pellets with an
average diameter and height of 10 mm and 3 mm respectively, using a
tool grade steel die. Compaction of these samples was carried out at
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room temperature by uniaxial pressing using a pressure of 300 kg/cm?
in a hydraulic press (Montequipo, LAB-30T, México). Afterward, all
the pellets were sintered in an electric furnace (Carbolite RHF 17/3E,
England) at 1400°C for 2 h, with a heating rate of 10°C/min. The fur-
nace was set up with a protective argon atmosphere to prevent oxida-
tion of the metals. In order to determine the effect of different anneal-
ing heat treatments on the mechanical properties of the alloy, 3 heat
treatments were carried out at 300, 400, and 500°C for 1 hour each, on
the already sintered samples. After the grinding stage, the particle size
distribution and the specific surface area were determined using a Mas-
tersizer 2000 equipment of English origin. Before characterization of
the sintered samples, they were ground with SiC sandpaper and then
polished using alumina and diamond suspensions. Crystalline phases of
sintered alloys were determined using x-ray diffraction analysis (XRD)
under CuK, radiation, performed on X’Pert PRO PANalytical and in-
terpreted with the X’Pert Highscore Plus PANalytical software using
patterns in the ICDD PDF2 database. Meanwhile, scanning electron
microscopy (SEM) and an energy dispersion spectrometer detector
(EDS) on a HITACHI SU3500 microscope analysed the obtained micro-
structure. Microstructure after annealing treatments was analysed by
optical microscopy (Nikon 2000 plus, Japan). Finally, the study sam-
ples were characterized to determine the mechanical properties. The
mechanical properties evaluated were as follows: The ultrasonic method
determined Young’s modulus, following ASTM standards [27], using
Grindosonic A-360 Japanese manufacturing equipment. Microhard-
ness was evaluated in agreement with the ASTM E384-16 standard
[28]. In this case, twelve measurements were performed at different
sample locations and the average value of the indentations is reported;
these measurements were performed with a microhardness tester (Wil-
son Instruments Model S400, USA). The compressive strength was
evaluated at a Universal Material Tester WP 300 Gunt, German).

3. RESULTS AND DISCUSSION
3.1. Particle Size

Figure 1 shows the distribution of particle sizes obtained after powder
grinding. This figure shows a good distribution of powder, with sizes
ranging from 5 microns to approximately 17 microns. Results show
that 50% of the powders are smaller than 9.5 microns, while 25% of
them are smaller than 8 microns. This distribution of powder sizes can
be considered well because, during the powder compaction stage, it will
be feasible to arrange the powders in such a way that the spaces left by
the larger powders will be occupied by the smaller ones, thus causing a
high number of contacts between the powders and a higher densifica-
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Fig. 1. Particle size distribution of the grinded mixture.

tion of the green sample. These two conditions will favour the densifi-
cation of the sample during the sintering stage.

3.2. Phase Analysis

The x-ray diffraction pattern from metallic components present in the
sintered sample is shown in Fig. 2. In this diffraction pattern, it can be
observed at angles 2 theta of 43.3°, 54.1°, and 74.4° that some solid
solution phases have formed due to the combination of the 3 elements
of the alloy (Co, Cr, and Ni). In agreement with that reported by Guo et
al. [29], the crystal structure in the peaks where the 3 metals of the
alloy were mixed corresponds to a cubic structure centred on the faces.
Also, at angles of 57.7°, it can be observed that another phase is formed
between Ni and Co. Owing to this, there is the presence of a mixture of
face-centred cubic (f.c.c.) by the presence of Ni and body-centred cubic
(b.c.c.) crystalline structures in those regions where the Ni and Co
were combined. The pattern shows some peaks corresponding to the
original unmixed metals. This may be mainly due to the high melting
point of chromium as well as its larger atomic radius compared to the
other two metals nickel and cobalt. Hence, it is also understandable
why nickel and cobalt can be properly mixed to form a solid solution.
The mixture of these phases with different crystalline structures
states the high entropy of the alloy. In order to obtain a single solid
solution with a unique phase, it is recommended for future studies to
sinter samples at higher temperatures (1.500°C), to dissolve chromium
in the structure of the other 2 metals. Nevertheless, with the presence



1116 M. G.SALAZAR-JUAREZ, I. ESTRADA-GUEL, C. GAMALIEL. GARAY-REYES et al.

Ni-Co

Intensity (a.u.)

Ni-Co
Co-Cr-Ni

Co Co-Cr-Ni

10 20 30 40 50 60 70 80
2 Theta (degree)

Fig. 2. X-ray diffraction patter of the sintered sample.

of different crystalline structures and two phases, it can be expected
that the alloy may have a good combination of mechanical properties
such as high hardness and elastic modulus combined with good me-
chanical strength and ductility.

3.3. Microstructure (SEM)

Figure 3 shows a scanning electron microscope photograph taken at
two different magnifications of a representative sample of the alloy
microstructure after sintering. Here, we can better observe the mor-
phology and size of the grains, which, is equiaxial with varied sizes.
The presence of very small pores in intergranular zones can also be ap-
preciated. From this figure, it can be commented that the alloy was
densified very well during the sintering stage, so a good mechanical
response could be expected from it.

e TN PN

CY

S

Fig. 3. Microstructure of sintered sample observed with SEM.
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Fig. 4. Energy dispersive spectroscopy of x-rays analysis performed on the
sintered alloy.

3.4. Energy Dispersive Spectroscopy of X-Rays

To confirm the presence of the alloying elements, an energy dispersive
spectroscopy of x-ray analysis was performed on the sintered alloy.
The result of this analysis is shown in Fig. 4, where it can be observed
that the spectrum shows the presence of the three main components of
the alloy Co, Cr, and Ni. This confirms that the sample was not contam-
inated or oxidized during processing.

3.5. Mapping

Figure 5 shows a typical mapping of the elements in the alloy. This el-
emental analysis mapping shows that the sample exhibits that sintered
CoCrNi alloy possesses multiphase microstructures. In the figure, spa-
tial areas with a good distribution of alloying elements indicate the
formation of the entropy alloys sought here. From this analysis, it can
be determined that the microstructure of this alloy is composed of a Co,
Cr, and Ni solid solution (light areas), and a dark region composed of
dispersed nickel—cobalt phases. This composition confirms the obser-
vation made in the x-ray diffraction analysis.

3.6. Microstructure after Annealing (OM)

Figure 6 presents the microstructure observed by optical microscopy of
the annealing samples. In this image, it can be observed in all pictures
that microstructure is characterized by the presence of equiaxial
grains with a size distribution. Depending on the treatment tempera-
ture, grain coarsening is observed, which is greater at higher treat-
ment temperatures. The presence of grains larger than 20 microns is
observed in the sample annealed at 500°C, whereas, in the sintered
sample and that treated at 300°C, the grain size does not exceed 10 mi-
crons. This is indicative of the fact that high treatment temperatures
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Fig. 5. Mappings performed by energy dispersive x-ray spectroscopy on the
medium entropy alloy to verify the distribution of the alloy components.

Fig. 6. Microstructure of sintered and heat-treated samples observed with
optical microscope.

cause uncontrolled growth of the microstructure, which may affect its
mechanical behaviour.

Some porosity is observed in the samples, with small pores (less than
1 micron) for the sintered sample and bigger pores in the sample treat-
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ed at 500°C. The porosity in all samples is located mainly in intergran-
ular zones. Due to grain growth, it is not expected that samples treated
at elevated temperatures present the best mechanical properties be-
cause there are fewer barriers (grain boundaries) to prevent the ad-
vancement of cracks generated during stress application.

3.7. Mechanical Properties

For comparative purposes, the mechanical properties evaluated in the
alloy heat-treated at different temperatures are compared with those
of quenched and tempered AISI 4140 steel. AISI 1040 steel is a low al-
loy steel of the Cr—Mo series, which has high strength and hardenabil-
ity, good toughness, high creep resistance and long-lasting high-
temperature resistance. This steel has many uses in the aerospace, oil
and gas, and automotive industries. Typical uses are thin-walled pres-
sure vessels, forged gears and shafts, spindles, high-strength bolts,
and torsion bars [30].

3.7.1. Elastic Modulus

Figure 7 shows the values of the elastic modulus in the heat-treated
alloy. This figure initially shows a slight increase in the modulus of the
sample treated at 300°C compared to the control sample (untreated),
then at higher treatment temperatures, the elastic modulus decreases
considerably. This may be due to the coarsening of the microstructure
due to the treatment temperatures, where probably also with abnormal
grain growth, the porosity increased causing a loss of rigidity of the
alloy. The value of the elastic modulus of the AISI4140 steel is well
above the values of the Co—Cr—Ni alloy processed here. This is because
this steel was first manufactured by casting and then cold-deformed
and heat-treated; so, there was good control of the microstructure of
the steel at each stage of processing.

3.7.2. Hardness

Figure 7 also shows the microhardness values of the Co—Cr—Ni alloy.
The figure shows an analogous behaviour to the elastic modulus, with
an increase in the sample treated at 300°C and a considerable drop in
hardness at higher treatment temperatures. However, when compar-
ing the hardness values of the alloy treated at 300°C with those of the
AISI4140 steel, a slightly higher hardness is observed in the alloy than
in the AISI4140 steel. This behaviour may be due to the mixture of
f.c.c. and b.c.c. crystal structures including the presence in small areas
of the compact hexagonal structure due to the chromium that did not
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Fig. 7. Elastic modulus and hardness of the Co—Cr—Ni alloy sintered, heat
treated and compared with those properties of AISI41440 steel.

dissolve in the alloy. Here the significant increase in the hardness of
the sample treated at 300°C compared to that of the control sample is
striking. Therefore, the treatment at this temperature probably fa-
voured the recrystallization and the relief of some stresses generated
during processing, such as the high mechanical deformation of the
metals during milling and later during compaction.

3.7.3.Yield and Compression Strength

Figure 8 shows the results of the yield and compressive strength of the
heat-treated Co—Cr—Ni alloy. Again, here, it is observed that the sam-
ple treated at 300°C has the highest values of yield and compression
strength from all tests, including those of AISI4140 steel. It has been
found that high-temperature treatments at 400°C and 500°C result in
considerable degradation of the alloys’ strength, even dropping below
that of the simply sintered sample. As mentioned above, this may be
due to the coarsening of the microstructure at these high treatment
temperatures. Regarding the higher strength of the alloy compared to
AISI4140 steel, the reason is due to the solid solution formed by the
alloy elements, the mixture of phases and the combination of crystal-
line structures, which causes higher entropy and consequently a better
mechanical behaviour due to the different sliding systems that are pre-
sent in the alloy.

3.7.4. Ductility

Figure 9 shows the ductility of the Co—Cr—Ni alloy and that of Al-
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Fig. 9. Ductility of the Co—Cr—Ni alloy and of AISI4140 steel during mechani-
cal compression tests.

SI141440 steel during mechanical compression tests. As expected, an
alloy obtained by powder metallurgy will not exhibit considerable duc-
tility values, due to the nature of its microstructure formation, which
was obtained through the union of powders. This figure shows similar
ductility values between the control sample and the heat-treated sam-
ples, which range from approximately 4 to 5%.

While the ductility of AISI steel is more than 100% compared to the
ductility of the Co—Cr—Ni alloy, reaching values are slightly higher
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than 10%.

This demonstrates the good characteristic of steel that it can com-
bine a number of mechanical properties, significantly improving one
without decreasing others. However, having compared the mechanical
properties of the alloy manufactured here with those of AISI steel and
observing that in some of them the mechanical properties of the Co—
Cr—Ni alloy are superior to those of steel, it is indicative that this new
alloy has great potential to replace steel in some applications.

4. CONCLUSIONS

The powder metallurgy process has proved to be an effective, cheap,
and easy experimental route for the manufacture of medium entropy
alloys. Since mechanical milling makes finer particle size and lattice
distortion, both conditions facilitate metal bonding in the solid state.
Likewise, sintering promotes metal diffusion and, consequently, their
solubility and sample consolidation.

Based on XRD studies, it was determined the formation of a mixture
of crystalline structures composed of f.c.c. and b.c.c. ones, as well as,
the formation of Ni—-Cr—Co and Ni—Co solid solution phases.

In order to obtain a single solid solution with a unique phase, it is
recommended for future studies to sinter samples at higher tempera-
tures (1 500°C) to dissolve chromium in the structure of the other 2
metals.

The MEA alloy that achieved the better mechanical behaviour is the
sample annealed at 300°C, whereas, heat treatment at highest temper-
atures than 400°C provokes decrement of the mechanical properties of
the alloy. The better mechanical properties of the Co—Cr—Ni alloy heat
treated at 300°C are due to the mixture of crystalline structures, the
formation of solid solutions in the alloy, and recrystallization during
the heat treatment.
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Influence of the Superheating Temperature of Metal Melts on
their Supercooling before Crystallization

A. S. Nuradinov, V. L. Mazur, K. A. Sirenko,
0. V. Chistyakov, and I. A. Nuradinov
Physico-Technological Institute of Metals and Alloys of N.A.S. of Ukraine,

34/1 Academician Vernadsky Blvd.,
UA-03142 Kyiv, Ukraine

This work is devoted to the study of the effect of overheating of metal melts
on their supercooling before crystallization. Melting and crystallization are
important technological processes for producing high-quality castings. The
direct study of the processes involved in casting metals and their alloys is ex-
tremely difficult because they are opaque, take place at very high tempera-
tures and sometimes occur in aggressive environments. In this regard, we
have applied the physical modelling method to conduct these studies, using
the low-temperature metal alloys Wood and Rose and the organic media di-
phenylamine and camphene as objects of study. To conduct the research, a
special experimental setup was created and a physical modelling technique is
developed. In the experiments, three prototypes of equal weight were pre-
pared from each model alloy on an electronic balance with a weighing accura-
cy of 0.01 g. To ensure the absolute identity of the melting and crystalliza-
tion conditions of the model alloys, all three test samples were simultaneous-
ly placed in a thermostatically controlled chamber. The samples are gradually
heated to melt and superheat to a certain level. After the melt is held in the
superheated state, it is cooled to the temperature of nucleation, which is rec-
orded using thermocouples. The signal from the thermocouples is observed
on the screen of the potentiometer in the form of absolute digital temperature
values, and on the laptop screen in the form of temperature curves of cooling
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of the melts of the test media. The magnitude of melt supercooling, at which
crystals nucleate, is determined by characteristic features on the cooling
temperature curve of the model medium, i.e., the appearance of boards on
them due to the release of crystallization heat. In experiments on transparent
organic media (camphene and diphenylamine), the accuracy of fixing the
amount of supercooling in their melts using thermocouples is also controlled
visually by observing the moment of crystal nucleation in them. As a result of
the research, it is found that the effect of overheating on supercooling of the
studied alloys is most likely due to a change in the concentration of limitedly
soluble impurities. This assumption is based on the fact that the dissolution
of impurities in the melt of any metal occurs as a result of diffusion, which is
a relatively time-consuming process, and to obtain greater homogeneity of
the metal melt, it is necessary either to increase the temperature of its over-
heating or to ensure its longer holding in the overheated state. The results of
our research confirmed these assumptions. With an increase in the degree of
dissolution of impurities, the supercooling of model melts changes, which is
due to a change in the physical and chemical properties during the nucleation
of crystals.

Key words: model alloys, metal melt, overheating temperature, supercooling,
limited soluble impurities, crystal nucleation.

Pobora npucBsaueHa BUBYEHHIO BIJIMBY IEPErpPiBy PO3TOIIB MeTaIiB Ha IX IIe-
PEeOXOJOMKeHHA mepes Kpucranisarieio. TommeHHA Ta KpUCTATidalia — Iie
BaKJIMBI TEXHOJIOTIUHI IIpOIecH AJA OMepP:KaHHSI AKICHUX JIUTUX 3aTOTOBOK.
Besmocepenie BUBUEHHS MTPOIECiB, IMOB’A3aHUX 3 PO3JMBKOIO METAJiB Ta ix
CTOIIiB HA3BUUYANHO YCKJIAJHEHEe TUM, 110 BOHU € HEIPO30PUMM, IPOTiKAIOTh
3a [ysKe BUCOKMX TeMIIepaTyp Ta iHOMi IPOXOAATh B arPpeCUBHOMY CEPEIOBH-
m1i. ¥ 3B A3KY 3 IIUM [IJIsI ITPOBEIeHHA JaHUX JOCTiIKeHb HAMU 3aCTOCOBAHUMI
MeTon hi3MUHOTO MOIETIOBAHHA, B AKUX IK 00’€KTU BUBUEHHS, BUKOPUCTAHL
HUBbKOTeMIepaTypHi MetaseBi cronu Byga Ta Pose Ta oprauiuni cepemoBuiiia
mudeninamia Ta Kamden. g mpoBegeHHA TOCTiIKEHb 0yJI0 CTBOPEHO CIeIri-
AJBHY EeKCIePUMEHTAJbHY YCTAHOBKY Ta PO3PO0JIEHO MeTOAUKY (hiZWUHOTO
MO/eJII0BaHHA. B eKciepuMeHTax 3 KOKHOTO MO/IeJILHOTO CTOIY Ha €JIeKTPOH-
HUX Barax 3 TouHicTio 3BasKyBauHsa 0,01 r roTyBasu Mo Tpu JOCTiTHUX 3pasKa
oxHakroBoi Macu. [lyia 3abe3neueHHA a0COTIOTHOI iTeHTUYHOCTI YMOB TOIIJIEHH A
Ta KPUCTAJIi3aIlii MOAEeJIbLHUX CTOIIIB yCi TPU AOCTifHI 3pasku OJHOYACHO IIO-
MiIaam y KaMepy, IIT0 TePMOCTATyEThCA. 3PasKU IOCTYIIOBO HATrpiBauca 0
POSTOILIEHHSA Ta IIeperpiBy o meBHOro piBHA. Ilicaa BUTpuMKM pO3TOIY B Iie-
perpiTomMy cTaHi HOTO OXOJIOAKYBAJIU OO TEMIIEPATYPU YTBOPEHHSA 3apPOAKIB,
AKY GikcyBasu 3a JomoMoroio Tepmorap. CurHas Bif TepMoImap crocrepiraam
Ha eKpaHi MoTeHIlioMeTpa y BUTJIAAL a0COMIOTHUX IMU(PPOBUX 3HAUEHb TEeMIIe-
paTyp, a Ha eKpaHi HOyTOyKa — y BUIJISAI TEeMIIEPATYPHUX KPUBUX OXOJIO-
IKEeHHSA PO3TOIIiB AOCTITHUX CEePEeNOBUIl. BelnuuHy IepeoxoofKeHHI PO3-
TOWY, IPU AKOMY Yy HUX Bi0yBaeThCs 3apOAKEHHA KPUCTAJIiB, BUSHAYAIN 34
XapaKTepHUMU O3HAKaMU Ha TEMIIePATyPHIN KPUBiNl OXOJIOMIKEHHSA MOJEJb-
HOTO CepeloBUINA — IOSABi IJIaT HA HUX Yepe3 BUIIJIEHHA TeIlJla KPHUCTajisa-
mii. B ekcrmepuMeHTax Ha ONPO30pPUX OPraHiuHMX cepefoBuIax (KamdeH Ta
mudeninamin) TouricTs ¢ikcarii BesmUYMHY IT€PEOXOJIONKEHHA B IX posTomax
3a IOMOMOT'OI0 TepMOoIlap KOHTPOJIOBAIHU e I Bi3yasbHO, CIOCTepirarouu 3a
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MOMEHTOM 3apPOIKeHHA KPHUCTAJiB y HuUX. B pesysbraTti mpoBemeHUX HOCIi-
[I’KeHDb BCTAHOBJIEHO, IIT0 BIIJIUB IIePETPiBY HA IEPEOXOJIOPKEHHA JOCIi3KeHIX
cTOmiB, HaWiMoBipHilTIe, 00yMOBIeHU 3MiHOIO KOHIIEHTPAI[ii 00MEKEeHO PO3-
YNHHUX OOMiniok. Take npunyineHHA I'PYHTYETHCA HA TOMY, 110 POSYNHEHH
JIOMIiIITOK ¥ PO3TOIIi OyIb-sIKOTO MeTaJy BimOyBaeThCA BHACTIAOK qudy3sii, 1m0 €
BiTHOCHO TPMBAJIUM y Yaci MPOIecoM i Ijis oTprMaHH:A 0inbmol ogHOPiZHOCTI
posToIry MeTay HeoOXinHO abo migBUINTMTY TeMIIepaTypy Horo meperpisy, abo
3a20e3MeYnTy TPUBAJINTy HOTO BUTPUMKY B meperpitomy craui. PesynapraTum
IIPOBENEHUX AOCIiIKeHb MiqTBepANIN Il IPUNYINEeHHA. I3 mifBUIIeHHAM CTy-
IIeHA PO3YMHEHHHA NOMIIIOK 3MiHIOETHCA IIEPEOXOJIONKEHHA MOJEJIbHUX PO3-
TOIiB, IO OOYMOBJIEHO 3MiHOIO (hiBMKO-XeMiUHUX BJIACTUBOCTEH IPU 3aPO-
IPKEHHI KpuCTaIiB.

KarouoBi cioBa: MomenbHiI CTOIIM, PO3TOI METaNy, TeMIepaTrypa Ieperpiny,
TIePEOXO0JOIKEHH A, OOMEKeHO PO3SUNHHI JOMIIITK Y, 3apPOAKEeHHA KPUCTAJIB.

(Received 13 September, 2024, in final version, 15 November, 2025 )

1. INTRODUCTION

The properties of the final metal product are mainly determined by the
characteristics of the primary crystal structure of the billets at the stage
of casting. And the structure and properties of cast metal are primarily
determined by the conditions of the crystallization process, i.e. the rate
of nucleation and growth of crystallization centres. Accordingly, in or-
der to control the structure formation process of cast billets, it is neces-
sary to be able to influence the nucleation and growth of crystals in so-
lidifying metal melts. An important parameter that significantly af-
fects the nucleation and growth of crystals and, accordingly, the struc-
ture of cast billets is the supercooling (At”) of the metal melt before crys-
tallization. Therefore, many studies have been devoted to the problem of
crystal nucleation and growth, which confirm the importance of super-
cooling in crystallization processes and the general pattern of its gradu-
al increase with increasing degree (temperature) of overheating (At*) of
the melt with gradual reaching a plateau (saturation)[1-6].

Despite a large number of researches on this problem, there are var-
ious theories explaining the dependence of melt supercooling on over-
heating, which can be divided into surface and bulk crystallization
theories. In the first case, it is believed that crystallization begins on
the surface between the melt and the crucible (or oxide film) and that
overheating affects the state of this surface (it is assumed that the sol-
id metal remains in the pores of the crucible or in the pores of the oxide
film when overheated to a certain critical temperature) [7T—9]. The the-
ory of bulk crystallization assumes the existence of microgroups of at-
oms (clusters) in the melt, which are preserved at a slight overheating
of the melt above the liquidus and serve as nuclei during crystalliza-
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TABLE 1. Properties of modelling environments.

Properties Environment Wood alloy | Rose alloy | Camphene Dlprillie:llgla'
Density, kg/m? 9720 7600 845 1200
Liquidus temperature, °C 68 94 45 53
Solidus temperature, °C 68 94 42 53
Crystallization interval, °C 0 0 3 0

tion, but are destroyed at higher overheats [2, 10, 11]. However, both
theories have been only partially confirmed experimentally in experi-
ments with pure metals.

In our opinion, the contradictory nature of the known results is due
to the different content of soluble impurities in the studied metals,
changes in their concentration during melting, and, accordingly, the
instability of the microscopic state of melts in the superheated state. In
addition, this is due to the lack of reliable methods for determining the
moment of crystal nucleation in metal melts, especially in metals with
a low impurity content, in which crystal nucleation occurs at high su-
persaturations (supercoolings). Therefore, this work was aimed at,
first, developing a reliable methodology for fixing the moment of crys-
tal nucleation in metal melts and, second, studying the dependence of
supercooling of the experimental alloys on their melting (i.e., super-
heating temperature and holding time in the superheated state) and
solidification modes.

2. MATERIALS AND METHODOLOGY

To create new and improve existing metallurgical technologies related
to the casting of metals and their alloys, it is necessary to study pro-
cesses that operate at very high temperatures, are opaque and some-
times take place in aggressive environments. Direct study of such pro-
cesses is extremely difficult. To solve this problem, indirect methods
of study in the laboratory are widely used, in particular, the method of
physical modelling of natural objects on low-temperature alloys
[12—14]. In conducting these studies, the method of physical modelling
was also applied, and low-temperature metal alloys and organic media
were used as objects for study. These materials were chosen based on
the following considerations: the nature of crystallization is similar to
metals and alloys with a high melting point; transparency (for organic
media) provides visualization of the processes under study; melting
point not exceeding 100°C provides convenience of experiments, etc.
Taking into account the above requirements, the following materials
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were used as objects for study: low-temperature metal alloys Wood
(12.5% tin, 25% lead, 50% bismuth, 12.5% cadmium) and Rose (25%
tin, 25% lead, 50% cadmium) and transparent organic substances di-
phenylamine (C;2H;:N) and camphene (C10His) (Table 1).

In this work, we investigated the effect of the melt superheat tempera-
ture of the experimental alloys on its supercooling, at which crystal nu-
cleation occurs. To conduct the research, a physical modelling technique
was developed and a special experimental setup was created (Fig. 1).

The research was carried out according to the following procedure.
At the beginning of the experiments, three test samples of the same
mass were prepared from each model alloy on an electronic balance
(with a weighing accuracy of 0.01 g.) in quartz tubes with a diameter
of 5 mm. To ensure the absolute identity of the melting and crystalliza-
tion conditions of the model alloys, all three test tubes with the test
samples 1 were simultaneously placed in a chamber 3 using a special
mount (cassette) 2, into which a transparent coolant (water) was sup-
plied from a thermostat 4 by a circulating pump. The temperature in
the chamber was gradually increased at a given rate to a certain level in
order to melt and superheat the model alloy. After appropriate expo-
sure of the melt in the superheated state, it was cooled at a certain rate
by cooling the coolant in the thermostat 3. To record the temperature
of nucleation, thermocouples 5 were lowered into test tubes 1 with test
samples, the signal from which, in the form of absolute temperature
values in digits, was observed on the screen of a digital potentiometer 6

6
Potenti
ometer
3
2 J I B
oY
1
™ s — []
vl
U
?

M
|
r

Fig. 1. General scheme of the experimental setup.
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and stored on a memory card. From the memory card, these digital
temperature values were converted into temperature curves for cool-
ing the melts of the test media using a laptop in a special program.
Characteristic features on the cooling temperature curve of the model
medium (i.e., when boards appear on it due to the release of crystalliza-
tion heat) determined the amount of melt supercooling at which crys-
tals are formed. In the experiments with a transparent model medium
(diphenylamine, camphene), the nucleation of crystals was also observed
visually through the transparent faces of the chamber. To improve the
observation of the crystallization processes through the transparent
faces of the chamber 3, the chamber was illuminated with a lamp 7.

3. RESULTS AND DISCUSSION

Initially, when developing the methodology, it was found that the
range of supercooling (At") for the experimental metal alloys (Wood,
Rose), ceteris paribus, was equal to £ 1°C. The range of supercooling
(At") for organic media (diphenylamine, camphene) depended on their
moisture saturation (they are hygroscopic substances) and, depending
on the degree of their saturation, could differ from each other up to
5 times (Fig. 2, curves 1, 3). Therefore, the experimental samples from
organic media were subjected to preliminary heat treatment at a tem-
perature of 95°C for 60 minutes, after which they were tightly closed
with a cork to prevent contact with the atmosphere. After the heat
treatment, the scatter of supercooling (At") of the test samples from
these media did not exceed + 3°C (Fig. 2, curves 2, 4).

20 4
—3
15
&) 2
10 = 1T ]
4 /77/,/

0 2 4 6 8 10

Fig. 2. Dependence of supercooling of camphene (I, 2) and diphenylamine
(3, 4) alloys on the number of repeated tests of samples with a volume of
12:10°° m? at overheating At*=10°C: 1, 3 without heat treatment; 2, 4—with
heat treatment at 95°C for 60 min.
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In the course of further studies, classical curves were obtained for
all model media, confirming the dependence of supercooling before
crystallization (A¢") on the magnitude of overheating of their melts
(At") (Fig. 3). This pattern is explained in the literature by the deacti-
vation of solid substrates and the melting of the crystalline phase in
micropores on their surfaces [1]. However, we have previously ob-
tained results in other experimental environments that show that the
effect of melt overheating on its supercooling can be caused by a
change in the concentration of limitedly soluble impurities [15]. In
work [15], we saturated the salol melt with water vapor, as a result of
which, during the first crystallization, its supercooling, ceteris pari-
bus, was 6—7 times less than for an unsaturated melt. With an increase
in the superheating temperature of the moisture-saturated melt of
lard, its supercooling increased. Such an effect of the superheating
temperature on the supercooling of the saturated with water vapor
melt of the lard is most logically explained by a change in the concen-
tration of a soluble impurity (water) in it. It is obvious that the solubil-
ity of water in the lard melt increases with increasing temperature,
which results in changes in its physicochemical properties [15].

These researches on other model alloys (camphene, diphenylamine,
Wood and Rose alloys) confirmed the results of our previous researches
on salol and gallium. In addition, new data were obtained for all of the ex-
perimental alloys, confirming our hypothesis about the crucial role of
limitedly soluble impurities in the dependence of the supercooling of met-
als before crystallization on the superheat temperature of their melts.

Let us consider the results obtained for the example of Wood and
camphene alloys. Thus, Figure 4 shows the dependence of supercooling

20 |
15 -
O - — -—--;—7-4»—-4/-»--9 3
.10 )l R
4o ; = 1 1
3 e
st —
0
0 10 20 - | |
Afr’ oC

Fig. 3. Dependence of supercooling of samples from the studied model alloys
with a volume of 12-10°°m3 on the overheating temperature for 2 min: Rose
alloy (1); Wood alloy (2); camphene (3); diphenylamine (4).
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(At") of Wood alloy on the volume of test samples for two superheat
temperatures At" = 10°C (curve 1) and At" = 25°C (curve 3) with holding
in the superheated state for 2 minutes under other identical experi-
mental conditions. Curve 2 in Fig. 4 is based on the test data of samples
obtained by combining two identical alloy samples that were overheat-
ed by 10°C and 25°C, respectively. Before combining, the temperature
of the 25°C sample was slowly lowered to the overheating temperature
of the other sample (i.e., At*=10°C). Then the samples were combined
into one tube (shown by arrows in Fig. 4) and the amount of supercool-
ing (¢7) of the new sample obtained by mixing them was determined. As
a result of the research, it was recorded that the supercooling for the
new sample (Fig. 4, curve 2) was higher than the supercooling of sam-
ple 1 (Fig. 4, curve 1), which was overheated by At"=10°C.

In our opinion, the experiments with the combination of two identi-
cal samples superheated to different temperatures convincingly
demonstrate that the change in their supercooling is not due to the de-
activation of mechanical impurities. It would seem that no matter how
much volume was added to the sample that produced a lower supercool-
ing, the activity of the mechanical impurities or the crystals remaining
in the pores on them should not have changed. However, more super-
cooling was required for the crystallization of all new samples (com-
bined). This indicates that overheating changes the amount of super-
cooling of Wood alloy precisely due to changes in the concentration of
limitedly soluble impurities.

In this case, the amount of supercooling should depend on the heat-
ing rate of the test sample, since it takes time for the concentration of
soluble impurities to equalize throughout its volume by diffusion. The

40

30
5

=20
]
<
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0

0 2 4 6 8 10
V, 10 m?

Fig. 4. Dependence of Wood alloy supercooling on the volume of the test sam-
ple: with overheating At*=10°C (1); At*=25°C (3); samples obtained by com-
bining the corresponding samples of curves 1 and 2 (2).
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corresponding experiment for all the test alloys confirmed that their
supercooling significantly depends on the heating rate, ceteris pari-
bus. Figure 5 shows the curves of dependence of Wood alloy supercool-
ing on its heating rate and holding time in the superheated state. We
can see that with an increase in the heating rate of Wood alloy from
2°C/min to 44°C/min with a short holding time in the overheated state
(t<£1min.), its supercooling decreases by more than 3 times. This re-
sult, in our opinion, is explained by the different degree of dissolution
of the same impurities in the melt of this alloy. The dissolution of im-
purities in the melt of any metal occurs as a result of diffusion, which
is a relatively long process in time. To ensure the homogeneity of the
metal melt, it is necessary to ensure that it is held in an overheated
state for a longer period of time. Indeed, a significant increase in the
holding time of the Wood alloy melt in an overheated state (t> 50 min)
has levelled this dependence.

In the next experiment, quartz powder (particle diameter 0.2 mm)
was added to the camphene melt with a volume of 2:10®m3in a 1:1 ra-
tio. The purpose of this study was, firstly, to determine their effect on
the diffusion of soluble impurities, and, secondly, to introduce addi-
tional crystallization centres (each powder particle should theoretical-
ly be a potential nucleus in the melt). To activate the quartz powder
particles, several recrystallizations of the prototypes were performed.
It was assumed that the effect of overheating on the melt supercooling
was due to the influence of mechanical impurities, and that after acti-
vation of the quartz particles that had been in the solidified camphene,
the supercooling should have decreased. But this did not happen in any
of the repeated experiments.

0 8 16 24 32 40 48
Wp, °C/min

Fig. 5. Influence of the heating rate of a prototype sample of Wood alloy with
a volume of 2:10°m® on its supercooling: t=1min (I1); t=20min (2);
T=40min (3); =50 min (4).
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The presence of quartz particles in the test sample of camphene led
to an increase in the dependence of its supercooling on the holding time
in the superheated state, in contrast to the control samples (Fig. 6). We
can see that at low values of the holding time of the camphene melt in
the superheated state (t <3 min), its supercooling is less than for the
control sample. At higher values of the holding time (t > 3 min), on the
contrary, the supercooling of the powdered camphene is greater than
for the control sample.

The obtained character of the supercooling curves in this figure, in
our opinion, is due to the fact that in samples of camphene with quartz
powder, the diffusion of soluble impurities is hampered both during
heating and when the temperature decreases. That is, at low values of
the holding time of camphene with powder in an overheated state
(t £3 min), impurities do not have time to completely dissolve (diffuse)
in its melt and, accordingly, it crystallizes at a lower supercooling than
the control sample. At high values of the holding time of camphene
with powder (t>83 min), impurities are completely dissolved in the
melt, so their ‘reverse diffusion’ requires more time, during which its
supercooling increases.

These results convincingly prove the decisive influence of soluble
impurities on the dependence of supercooling of the studied model alloys
on the superheat temperature of their melts. In general, the interest in
this problem is due to the fact that the degree of supercooling of the
metal melt (At") before crystallization affects the crystallization rate
and the dispersion of the crystal structure of the cast metal [16]. The
crystallization of metals is known to occur by the mechanism of normal
crystal growth, in which the rate of crystal growth (R) is directly pro-
portional to the supercooling of the melt (At") at the interface [16]:
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Fig. 6. Dependence of supercooling of a 2-107% m® camphene sample on the time
of holding its melt in an overheated state: control sample (1); sample with
quartz powder (2).
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Fig. 7. The macrostructure of camphene depending on the supercooling at
which it crystallizes: At~ = 2°C (a); At~ =12°C (b); At~ =36°C (¢).

R=Fk-At, 1)

where £ is the kinetic coefficient, which for metals has a value in the
range of (1-40) m/s°C.

The effect of supercooling on the dispersion of the cast structure can
be clearly seen on the example of crystallization of the model medium
of camphene (Fig. 7), for which the size of the macro-grain of the ingot
decreases significantly with increasing supercooling.

4. CONCLUSION

An original method of physical modelling was developed to study the
effect of overheating of experimental alloy melts on their supercooling
before crystallization, which allowed us to reliably record the moments
of crystal nucleation in them. Using metal alloys (Wood and Rose) and
organic media (diphenylamine and camphene), it was found that the
effect of the melting superheat temperature on the degree of their su-
percooling before crystallization is due to the temperature dependence
of the concentration of limitedly soluble impurities present in them.

It has been shown that by changing such parameters of melting and
casting of metal alloys as superheat temperature, holding time in the
superheated state, heating and cooling rates, etc., it is possible to control
the degree of supercooling of metal melts before their crystallization,
and, accordingly, to influence the dispersion of the structures of cast
billets (i.e., the physical and mechanical properties of the cast metal).
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