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Hayxkosuit :xypHaa «Meramodisuka ta HOBiTHI TexHosgorii» (MHT) momicansa ny6mikye crarri, aki
paHitre 11e He TyOJiKyBaJuCcsA Ta He IepebyBaloTh Ha POSTJIALI JJIs ONYyOIiKyBaHHS B iHIINX BUAAHHAX.
CraTTi MalOTh MiCTUTH Pe3yJbTaTU €KCIEPUMEHTAJIbHUX i TEOPETUUYHUX JAOCTiIKeHb B obsacTi pisuku Ta
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yi, Pasosi nepemeopennsa, Pisurxa miynocmu ma naacmuinocmu, Memaniuni noeéepxrni ma naiexu, By-
dosa ma enacmueocmi HAHOMACWMAOHUX | ME30CKONILHUX Mamepianie, Amoppruil i pidkuii cmanu,
B3aemodii 6unpominenHs ma 4acMUHOK i3 KOHOeHCO8AHOI Pewo8uHOoI0, Mamepisniu 6 eKCmpemMaibHUX
ymosax, Peaxmopre i asiaxocmiune memanoznaécmeo, Meduune memanoznaecmeo, Hosi memaanesi
mamepiaiu ma cunmemuuni memaau, Memanoemicui cmapm-mamepiaau, Pisuko-mexHiini 0CHOBU
excnepumenmy ma disizHocmuku, JJuckyciitii nogidomaeHHs.
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Crarri, B 0opopMJIeHHI AKUX He JOTPUMAHO HACTYIHUX IPaBWI N onyoaikyBanus 8 MGHT, mosep-
TAITHCSA aBTOpaM 0e3 posryiAaay mo cyri. ([JaToro HagXOMKeHHS BBAyKAEThCA [eHb TOBTOPHOT'O HAaJaHHS
CcTaTTi micya ZOTPUMAaHHA 3a3HAYEHUX HUKUe IIPABUIL. )

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

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

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

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

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

6. EjleKTpOHHA Bepcis PYKOIHUCY Ta MOro ApyKOBaHU BapisHT (B pasi MOro HagaHHA) MAIOTh OyTH ieHTnY-
HuMu. BoHr MaroTh 0hOPMITIOBATHCS 34 II1A0JI0HOM, STKUI MOYKHA 3aBAHTAKUTH 3 CAUTY JKypHAITY, 1 MicTuTu 5—
7 inperciB PACS B pepaknii ‘Physics and Astronomy Classification Scheme 2010’. TekcTu craTeil MaloTh Ta-
KOXK MICTUTY! Ha3BY CTATTi, CIIUCOK aBTOPiB, IIOBHi HA3BH Ta IOIITOBI a/IPeCH yCTaHOB, B AKX BOHY IIPAITIOIOTD,
aHoraniro crarri (200—-250 ciiB), 5—7 KIIOYOBUX CJIB ABOMAa MOBaMU (aHIVIICHKOIO Ta YKPATHCHKOI0), & 3aro-
JIOBKY TabJINIb 1 MigIHUCH [0 PUCYHKIB MAIOTh MOAABATUCS AK MOBOIO PYKOIINCY, TAK i AHIUIIICHKOI0 MOBOIO;
aHTJIOMOBHA aHOTAIliA MOXKe OyTH IIPEeCTABJIEHOIO B OLIbIIT posropuyToMy BapisuTi (1o 500 ciis). Hassa crarri,
i aHOTAIlifA Ta KIIIOYOBI CJIOBA MAIOTh HE MiCTUTHU CKJIALHI (DOPMY.IM, MAaTeMaTUYHi BUPA3!U YU IOBHAYEHHA.
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New Powdered Nanocrystalline Soft Magnetic Composites with
Portland Cement Binder

B. S. Baitaliuk, A. V. Nosenko, V. K. Nosenko, and G. A. Bagliuk”

G.V. Kurdyumov Institute for Metal Physics, N.A.S. of Ukraine,

36 Academician Vernadsky Blvd.,

UA-03142 Kyiv, Ukraine

“I. M. Frantsevich Institute for Problems in Materials Science, N.A.S. of Ukraine,
3 Omeljan Pritsak Str.,
UA-03142 Kyiv, Ukraine

Toroidal cores based on nanocrystalline powder Fer3SiisB:CuiNb; (of Finemet
type) and Portland cement ‘M-500 as a binder are fabricated using powder
metallurgy methods (where no pressing is applied). The cores exhibit reliable
strength, temperature resistance up to 300°C, and excellent magnetic prop-
erties. Using these composites provides lower losses and more stable frequen-
cy characteristics of the cores as compared to the cores for power electronics
based on carbonyl-iron powders, AlSiFe, or high-silicon electrical steel. Addi-
tionally, such composites can be used for production of the devices operating
at elevated temperatures, e.g., magnetic flux concentrators for induction
heaters. Since these soft magnetic composites do not require pressing opera-
tions, the cores’ manufacturing process is simplified significantly and ena-
bles diversification of core shapes and sizes.

Key words: nanocrystalline alloy, Portland cement, soft magnetic compo-
sites, powder cores.

MeTtogamu mopoImikoBoi MeTaryprii (6es omepaiiii npecyBanHs) O0yJIO oiepKaHO
TOPOiAHI ocepAsa HAa OCHOBi MOPOINIKIB HAHOKPUCTAJIIYHOTO METAJIEBOTO CTOIIY
MM-11H craany Fer3sSiisBsCuiNbs 3i 3B’s13K010 Ha OCHOBi IIOPTJIAHAIIEMEHTY
«M-500». Taxi ocepas MarOTh JOCTATHIO MiIlHiCTh, TeMIIEPATYPOCTIAKIiCTh 40
300°C, a Taxko:k BimMiHHI MarHeTHi BaacTuBOCTi. I1i KOMIO3UTH MOXKYTD 3aMi-
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HUTU OCEPAA IJA CUJIOBOI eJeKTPOHIKM Ha OCHOBI MOPOIIKiB KapOOHIJIBHOTO
3aJ1iza, aabcudepy UM eJeKTPOTEeXHIUHOI BUCOKOKPEeMHICTOI KPUIli, OCKiJIbKU
MalTh HUKUi BTpaTu Ta cTabiJbHIII YacTOTHI XapakTepucTuku. TakoK Taki
KOMITOBUTH MOYKYTH 3HAXOAUTU 3aCTOCYBAaHHS y MpUIafax i3 HigBUIMEHUMU
TeMIIepaTypaMmu eKCILIyaTailii, HalpuKJaa B KOHIIEHTPATOpax MAarHeTHOT'O
IMOTOKY iHAYVKI[IMHNX HarpiBauis. A oCKiJIbKM Taki MarHeTom’AKi KOMIIO3UTH
He IOoTpeOyIOoTh oIlepaillii IpecyBaHHS, TO IIe 3HAUHO CIIPOIIYy€E IIPOIiec BUPOO-
HUITBA IX Ta PO3MINPIOE ACOPTUMEHT ()OPM i POSMipiB TAKMX KOMIIO3UTIB.

KarouoBi cjioBa: HAHOKPUCTAJNIUHUH CTOI, IIOPTJIAHAIIEMEHT, MArHETOM SIKi
KOMIIO3UTH, IIOPOIIKOBI OCEPs, MAarHETOMieJIeKTPUKHA.

(Received 9 July, 2024; in final version, 20 July, 2024 )

1.INTRODUCTION

Powder magnetodielectrics have been used in power electronics for
quite a long time [1-3]. The cores based on carbonyl iron have been
gradually replaced by composite materials based on various alloys.
Among them the alloys AlSiFe, AlFe, permendur, Sendust, FluxSan,
Permalloy, and others [4—9] are most widely used.

Recently, a new group of soft magnetic magnetodielectrics based on
the powders of amorphous and nanocrystalline alloys emerged [10—-15];
they are proposed as alternatives to expensive Permalloy cores and
demonstrate a wide range of properties that can be tailored to specific
applications [16—22]. The combination of high saturation induction,
controllable permeability, stable frequency dependence, low core loss-
es, and temperature stability allows for reducing the weight and size of
magnetic components used, for instance, in pulse power supplies or
telecommunication equipment. Moreover, these new magnetodielec-
trics are manufactured using substandard waste of amorphous rib-
bons, which consist mostly of iron and silicon. All of these factors have
contributed to the growing use of this new class of composites in the
magnetic cores of medium-frequency (from 10 to 200 kHz) transform-
ers, chokes (inductors), converters, and other power electronics appli-
cations [23—-26].

The main challenge in obtaining such materials lies in the powder
compaction operation followed by heat treatment. Amorphous or nano-
crystalline powders themselves have high yield strength (and conse-
quently, high hardness), making them difficult to compact [27—-29]. To
achieve cores with the maximum magnetic filling factor (MFF), it is nec-
essary to apply high pressures (1 GPa and above) [30—32], which signifi-
cantly complicates the manufacturing technology and increases costs.

Another issue with magnetodielectrics is the low temperature stabil-
ity of organic binders commonly used to isolate powder particles from
each other (to reduce eddy current losses) and to provide sufficient
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strength of the composites [33, 34]. Typically, the operating tempera-
ture of such composites does not exceed 100-120°C, adversely affect-
ing their magnetic properties and losses. Organic substances like epoxy
and phenolic resins, epoxy and silicone-organic varnishes, as well as
certain inorganic binders (e.g., silicate glass, TiOg, SiOz, ZrO2, Al:Os,
NiZr), are frequently used as binders and insulators [35—42]. However,
the issue of pressing at high pressures remains, which significantly
complicates the manufacturing process.

The choice of binder type represents a compromise between strength,
electrical insulation properties, and temperature resistance [43, 44].

2. EXPERIMENTAL PROCEDURE
2.1. Materials

To manufacture the cores, we used a powder of the commercial MM-
11H alloy Fe73SiisB:Cui;Nbs, which had an amorphous-nanocrystalline
structure. As a binding agent, Portland cement of grade ‘CEM I’ was
utilized [45], chosen for its minimal admixture content.

2.2, Preparation of Nanocrystalline Powders

Nanocrystalline powder was obtained by mechanically milling of
amorphous ribbon of MM-11H alloy previously annealed at T.,=550°C.
The milling process took place in a ball mill for 1 hour in an alcohol en-
vironment. After grinding, the powders were dried and separated into
fractions.

2.3. Preparation of Soft Magnetic Composites

The manufacturing of the composite cores was carried out as follows.

Nanocrystalline powder was mixed with Portland cement in the fol-
lowing proportions: 80 g of nanocrystalline powder were mixed with
20 g of cement.

Then, water was added to the mixture in an amount no less than re-
quired for the complete reaction within the cement. For this grade of
cement, it was 25—50% of the cement mass.

The resulting mixture was mixed again until a homogeneous mass
was obtained. The mixture was poured into silicone moulds and left to
harden at room temperature in the open air.

After 24 hours, the samples were easily removed from the silicone
moulds.

The obtained cores had the dimensions as specified in Table 1. Fig-
ure 1 shows the photos of the samples before coating (a) and after coat-
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TABLE 1. Composition, MFF, and physical dimensions of magnetodielectrics
with cement binder. MFF is the ferromagnetic filling factor characterizes the
volumetric content of the ferromagnetic component in the composite and is
calculated as the ratio of the volume of the ferromagnetic component to the
total volume of the sample [46].

Dimensions Se,

P,
ODxIDxH, mm | cm? |/ €™ &

Core No.| Base composition | MFF 3
g/cm

MM-11H +
Bl oo VO L 033 32x18.5x12.5 0.278 7.93 20.3 3.03
B2 MM-11H + 0.31 32x18.5x12.5 0.263 7.93 19.2 2.78

+20% wt. CEM I

a ‘ o b

Fig. 1. Photos of the cores with cement binder: before coating (a), after coat-
ing (b).

ing with paint (b).

2.4. Measuring Magnetic Properties

For powder cores, the dimensions are specified as shown in Fig. 2.
For toroidal powder cores, the effective area S. is the same as the
cross-sectional area times filling factor:

Se=Ve/le=mep/le, (1)

where m. is the weight of the ferromagnetic particles, p is the density
of the ferromagnetic particles.

Ampere’s law is correctly written as the integral of the magnetic
field H along a closed path [.:

¢ Hdl, = NT, (2)

where H is the magnetic field strength vector, dl. is an infinitesimal
vector element of the closed loop, I is current passing through the
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Fig. 2. Schematic image of powder cores.

path, N is number of turns in a coil of wire.

By definition and Ampere’s law, the effective magnetic path length
is the ratio of ampere-turns NI to the average magnetizing force across
the core area, measured from the inside diameter to the outside diame-
ter. Utilizing Ampere’s law and averaging the magnetizing force, we
obtain the formula for the effective path length. With reasonable ac-
curacy, it is equal to the midline of the toroid, which is defined as:

- n(ID +0D) 3)
2
where ID and OD are the inner and outer diameters of the toroid, re-

spectively.

The magnetic properties of magnetodielectrics in a constant mag-
netic field were determined using the Measurement and Information
System V5045, designed for the measurement of static magnetic char-
acteristics of soft magnetic materials with coercivity up to 800 A/m
under the commutation mode of magnetization on ring-shaped sam-
ples, in accordance with the requirements of ICTVY 8.377-80.

To determine the magnetic characteristics of soft magnetic magne-
todielectrics in alternating magnetic fields, the measurement complex
for testing toroidal magnetic cores ‘MS-02 B-H Analyzer’ [47] was
used. The inductance of the toroidal cores was determined using the
HAMEG LCR Bridge HM8118 measurement complex (f=1kHz,
U=1V).

2.5. Comparison of the Investigated Composites with Similar Indus-
trial Ones

For an objective assessment of the magnetic properties, the new com-
posite cores were compared with several industrial cores of well-known
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TABLE 2. Dimensions and properties of industrial magnetodielectrics
[48].There ! is Fe—Si—Al alloy, 2 is nickel-molybdenum Permalloy, 2 is iron—
nickel Permalloy, *is Fe—6.5% wt. Si alloy.

. Dimensions
Core Brand.and Basg com- Dens1tgr, ODIDxH, |S.,cm? le, "
No. marking position g/cm mm cm
Micrometals 1
C1 MS-106026-2 Sendust 5.57
Micrometals 9
C2 MP-106026-2 MPP 6.63
Mi tal 27x15x11.2 0.654 6.35 26
icrometals ... 3
C3 HF-106026-2 Hi-Flux™ 6.65
Micrometals 4
C4 FS-106026-2 FluxSan™ 6.29

TABLE 3. Particle size distribution of the powder of the nanocrystalline alloy.

Particle size, mm Amount, % Particle size, mm Amount, %
1-2 0.4 0.16-0.2 13.2
0.63-1 0.7 0.1-0.16 21.6
0.4-0.63 2.5 0.063-0.1 22.7
0.315-0.4 3.7 0.05-0.063 11.0
0.2-0.315 13.5 <0.05 10.7
brands (Table 2).

3. RESULTS AND DISCUSSION
3.1. Powder Properties

The particle size distribution of obtaining powder is shown in Table 3.

Approximately 90% of the powder has a size of less than 315 um,
indicating a high ability of the annealed ribbon to be milled (see Table
3). Scanning electron microscopy (PEM-10611) was applied to analyse
the shape and surface morphology of individual particles (see Fig. 3).

SEM showed that the powder is polydisperse, and the particles have
a typical shard-like shape with sizes ranging from 1 to several hundred
micrometres. The phase composition and nanocrystal sizes of the pow-
der were practically unchanged compared to those of the annealed rib-
bon of this alloy. Detailed investigations of the crystallization kinetics
were conducted in previous studies [49-51].
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" 30um

Fig. 3. SEM images of the MM-11H powder after milling: mixture of fractions
(a), fracture surface (b).
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Fig. 4. Segments of the main magnetization curves (a) and relative magnetic
permeability (b) of the samples measured in a DC magnetic field.

3.2. Magnetic Properties of Cement-Binded Composites in DC Field

Figure 4 shows in magnetic properties of the samples in direct current
(DC) magnetic field measured in the range from 0 to 5300 A /m.

As can be seen in Fig. 4 the samples with cement binder (B1, B2)
have similar relative magnetic permeability in DC field and the same
magnetization curve compared to the industrial sample based on
Sendust (C1). As one could expect, at so low permeability the magneti-
zation curves are highly linear for both industrial and our samples;
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moreover, the samples demonstrated high stability of magnetic perme-
ability in the entire range of magnetic field under investigation.

3.3. Magnetic Properties of Cement-Binded Composites in AC Field

More significant results were obtained when measuring magnetic
properties in alternating current (AC) fields (up to 10 kHz) (Table 4).

The difference in the obtained values of the inductance factor A.
(formula (4)) for the ‘cement’ cores as compared to industrial ones with
nearly identical magnetic permeability values is clearly seen when one
considers the inductance formula for toroidal cores:

A L @)

e - N2 le
where N is the number of winding turns, po is the magnetic constant
(Lo=47-10""N/m), n is the material permeability.

The formula (4) implies that, for the same values of effective mag-
netic permeability u the value A will be larger at higher values of ef-
fective cross-sectional area S. and smaller values of the average centre-
line length l., and vice versa.

The values of core losses for nanocrystalline cores with cement bind-
er compared to industrial samples are shown in Fig. 5.

As can be seen from Figure 5, the nanocrystalline cores with a ce-
ment binder have significantly lower core losses compared to industri-
al magnetodielectrics. Considering the slope of the logarithmic lines at
the frequency 10 kHz, one can see that in the range, where the operat-
ing induction exceeds 1000 G, the new nanocrystalline cores with a
cement binder surpass all the studied industrial cores in terms of core
losses. It can be concluded that all other industrial cores, including
those with Mo-permalloy, have higher losses by 30-50% at the operat-

TABLE 4. Magnetic properties of magnetic cores in alternating fields. Core
losses at 10 kHz, 0.1 T.

Core Basg . Se, mm? | V., mm?| I, mm u P, mW/cm¥ Ar, nN
No. | composition
B1 MM-11N 0.279 7.93 2.21 28 67.6 12.4
B2 MM-11N 0.263 7.93 2.09 29 64.7 12.1
C1 Sendust 26 96 36.4
Cc2 MPP 24 103.9 32.3
. 0.654 6.35 4.15
C3  HiFlux™ 25 119.7 34.3

C4 FluxSan™ 25 175.5 33.8
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Fig. 5. Core losses in cores at a frequency of 10 kHz.
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Fig. 6. Core losses in cores at a frequency of 10 kHz.

ing induction of 0.1 T (1000 Gs).

It should be noted that higher values of operating induction are not
achieved due to the limitations of the available power amplifier.

The values of effective magnetic permeability vary with frequency
as shown in Fig. 6.
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In Figure 6, it can be seen that the decrease in magnetic permeability
for ‘cement’ cores in the frequency range of 50—500 kHz is only about
6% , similar to the other industrial cores that were studied.

3.4. Temperature Dependence and Thermal Stability of Cement-
Binded Composites

When comparing the change in effective magnetic permeability with
the annealing temperature, it is evident that the nanocrystalline cores
with cement binding exhibit better temperature stability as compared
to the industrial cores (Fig. 7).

Therefore, the effective magnetic permeability of the cores with ce-
ment binder increases with annealing temperature (Fig. 7), and at
500°C, this increase is 5% and 9% as compared to the magnetic perme-
ability values of the B1 and B2 samples in the unannealed state, corre-
spondingly. On the contrary, the permeability of all the investigated
industrial cores changes significantly already at 300°C, it increased by
approximately 20% . This is probably due to the fact that during the
manufacturing of the industrial cores, the pressing causes internal
stresses, and these stresses are partially relieved during the annealing
process. In contrast, the new nanocrystalline cores with cement binder
do not experience such stresses because the pressing operation is ab-
sent. This explains the small change in their permeability with anneal-

36

= C1 (Sendust)

Effective permeability p
b
i

244
-=- C2 (MPP)
{1 —-4-Bl (MM-11H) —=¢ C3 (Hi-Flux)
--B2 (MM-11H) =2 C4 (FluxSan)
20 1 T 1 L] L]
0 100 200 300 400 500 600

Annealing temperature, °C

Fig. 7. Core losses in cores at a frequency of 10 kHz.
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ing temperature.

We also investigated the temperature dependence of the relative
magnetic permeability in the temperature range from 30 to 300°C. The
cores with a multi-turn (78 turns) winding of wire with the diameter
D=0.5mm was heated at the rate of 5 K/min, their inductance was
continuously measured (with the 10°C step). Permeability was calcu-
lated according to the formula (1). The temperature dependence Ap/ 0
is shown in Fig. 8, a (120 is the effective magnetic permeability at room
temperature). From these data, it is possible to analyse the stability of
effective magnetic permeability and the appropriate temperature rang-
es for using the nanocrystalline powder cores with the cement binder.

From the curves shown in Fig. 8, a, we can conclude that the maxi-
mum thermal stability of the new composite cores is in the temperature
range from 20 to 200°C. Starting with 200°C, the magnetic permeabil-
ity begins to slightly decrease, probably, due to thermal stresses in the
composite. However, temperature very weakly affects the magnetic
permeability of the cores, and even at 300°C, it decreases only by 3.5% .

Comparing the temperature dependences of magnetic permeability
of our and industrial magnetodielectrics, the advantage of nanocrys-
talline cores with a cement binder becomes evident (Fig. 8, b).

In the temperature range 20—160°C, the ‘cement’ cores demonstrate
the best temperature stability. To determine how the magnetic perme-
ability and core losses change in powder cores after the exposure to el-
evated temperatures, we conducted sequential heat treatments (HT)

2
——Heating
i -—--Cooling
0_
S S
% -1 &
= I
< < _a
-2
1 =C1 (Sendust)
i 8-C2 (MPP)
—_3 -4 2C3 (Hi-Flux)
—=+C4 (FluxSan)-e-B2 (MM-11H)
T T T T T T T T T T T T
0 100 200 300 40 80 120 160
Temperature, °C Temperature, °C
a b

Fig. 8. Dependence of Ap/u2 on temperature for nanocrystalline cores with ce-
ment binder during continuous heating at a rate of 5 K/min (a), temperature
dependence of effective magnetic permeability Ap/pz0 of powder cores (b).
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TABLE 5. Core losses of powder cores band after annealing.

Core losses, mW /cm? (10 kHz, 0.1 T)
Core No. Before heat treatment|Heat treatment 300°C | Heat treatment 500°C
B1 67.6 61.0 65.0
B2 64.7 61.4 62.7
C1 96.0 84.5 90.2
Cc2 103.9 83.4 87.6
C3 119.7 114.2 126.1
C4 175.5 176.8 171.5

for all cores at 300°C and 500°C; the duration of heating was 30
minutes at each temperature. After each HT, the cores were cooled
down, and their properties were measured. The magnetic characteris-
tics of the samples after HTs are presented in Table 5 and Fig. 7.

From Table 5, it can be seen that in all samples there is a slight
change in core losses after heating to 300°C (and subsequent cooling).
For nanocrystalline cores with cement binding, there is a slight de-
crease in losses. Even after heating to 500°C for 30 minutes in the open
air, nanocrystalline cores with cement binding retain their magnetic
properties and strength, which is approximately equivalent to the
strength of regular concrete.

3.5. Inductance Factor of Soft Magnetic Composites

Another significant advantage of nanocrystalline composites with ce-
mentitious binders is their lower density as compared to well-known
magnetodielectrics. To make a fair comparison of the masses and in-
ductances of ‘cemented’ cores Bl and B2 with the industrial ones, we
calculated (based on the results obtained above) the values V., S, [,
and A; for the standard core dimensions of 27x15x11.2 mm. Therefore,
at the same dimensions as the industrial magnetodielectrics, the cores
B1 and B2 would yield the results shown in Table 6.

From Table 6, it can be seen that, for the same standard geometry,
the masses of ‘cemented’ cores will be half as much as those of the
known magnetodielectrics. At the same time, their inductances per
unit mass (A./m.) will differ on average by only 20—50% . This ensures
greater cost-effectiveness of nanocrystalline cores with cement binding.

4. CONCLUSIONS

Using crushed substandard amorphous ribbons of MM-11H alloy, the
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TABLE 6. Magnetic properties of magnetic cores in alternating fields. Calcu-
lated values based on the experimental data obtained for B1 and B2.

Core| Dimensions 9 3
No. |ODxIDxH, mm Se, mm4V,, mm? [, mm me, g | AL, nN A/m.,nN/g

B1 0.23 1.46 13.43 12.84 0.96
27x15x11.2 6.35

B2 0.22 1.38 12.70 12.53 0.99

C1 23.12 36.40 1.57

C2 27.561 32.30 1.17
27x15x11.2 6.35

C3 27.60 34.30 1.24

C4 26.10 33.80 1.29

nanocrystalline cores with Portland-cement binding were manufac-
tured. These advanced composite magnetic cores have an effective
magnetic permeability of 30 units and core losses of 64.7-67.6
mW /em? (at 10 kHz and 0.1 T), which is approximately 30-80% lower
than the losses of industrial magnetodielectrics made of nickel-
molybdenum permalloy, iron-nickel permalloy, and Fe—6.5% wt.—Si
alloy with the permeability of 26 units, measured under the same con-
ditions. Additionally, these new cores exhibit superior thermal stabil-
ity of magnetic permeability, retaining their properties even after pro-
longed heating up to 500°C. This allows them to be used in the condi-
tions where polymer or other organic bindings in most known magne-
todielectrics could deteriorate, for example, in magnetic flux concen-
trators of induction furnaces. Another advantage of such cores is their
low density: on average, for the same dimensions, they are half as
heavy as the cores made from modern industrial magnetodielectrics.

We sincerely thank LLC ‘MELTA’ for their generosity in providing
us with the powders for our research and some the equipment for con-
ducting experiments [52].
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Peculiarities of Mechanical Properties and Self-Organization
Processes in Deformed Crystals of CdTe—HgTe Alloys
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Under complex approach by means of simultaneous measurements (during
the deformation) of stress—strain diagrams (t—¢), the Hall coefficient Ry,
electrical conductivity o, temperature dependences of microhardness H(T)
and quantitative analysis of interfacial interactions (energy of interfacial
interaction y, and interfacial tension c,,), the peculiarities of the mechanical
properties in Cd,Hg;-,Te solid-solution crystals (x =0-0.26) with metal and
semi-conductor properties are studied. The special role of point defects and
the influence of band structure on the behaviour of mobile dislocations are
established. As found, in the process of strain hardening, a significant con-
tribution is made by the interphase interaction between neighbouring struc-
tural fragments inherent in the semi-metallic crystal as well as induced in the
process of deformation. From the point of view of non-equilibrium thermo-
dynamics, energy parameters of interphase interaction in a fragmented crys-
tal are estimated and a mechanism of self-organization is proposed. The pecu-
liarities of near-surface layers and their role in formation of the elastic—
plastic state of the investigated crystals are analysed. As claimed, the crystal
under process of deformation should be considered as an open non-
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equilibrium thermodynamic system that evolves to minimum entropy not
only to preserve its integrity, but also to create new types of structures (de-
fects) capable of more effectively dissipating the added energy.

Key words: deformed crystals, Hall coefficient, microhardness, Young’s
modulus, interfacial interaction, interfacial tension.

I3 3acTocyBaHHAM KOMILIEKCHOTO HiIX0y, — CUHXPOHHUX MipsaHBb y IIpoIeci
IedopmMmariii gisrpam Hanpy:keHHA—Aedopmaria (t—e), ['oamoBoro xoediien-
Ta Ry, €JIeKTPOIIPOBiAHOCTH G, TEMIIEPATYPHUX 3aJIEKHOCTEeH MiKpPOTBEPIOCTU
H(T) i xinskicHoi ananisu mirkdaszoBux B3aeMonin (eHeprii miskdasoBoi B3a-
€MOJii Ym 1 MisK(a30BOT0 HATATY Gm), — AOCILAIKEHO OCOOJMBOCTI MeXaHIUHIX
BJIACTUBOCTEM KpucTaaiB TBepaux posunnis Cd, Hg;-.Te (x =0-0,26). Becrano-
BJIEHO 0COOJIMBY DPOJIb TOUKOBUX Ae(eKTiB i BIIJIMB 30HHOI CTPYKTYpPH Ha IIOBE-
IiHKY PyXOMHUX AUCJOKAIlili. BusiBieHo, 1110 y mpoiieci megopmaliiiinoro amiir-
HEHHS iCTOTHUY BHECOK BHOCUTDL MijK(pas3oBa B3aeMOIiA MiK CyCiZHIMU CTPYK-
TYypHUMH (pparMeHTaMu, BIACTUBUMMU KPUCTATY, 4 TaKOXK iHAYKOBAHUMHU Y
mpoiieci gedopmarrii. 3 mo3uIliii HepiBHOBAMKHOI TepMOJUHAMIKK IPOBEIAEHO
OIIiHKM eHepreTUYHUX IIapaMeTpiB Mixk(aszoBoi B3aeMomii y ()parMmeHTOBaHO-
My KPHCTAJIi Ta 3aIIpOIMOHOBAHO MexaHidM camoopraHisarii. IIpoanasizoBano
0COOJIMBOCTiI MPUIIOBEPXHEBUX IIApiB Ta iXHIO poJib y (GOPMYyBaHHI IIPYKHBO-
IJIACTUYHOTO CTAaHy AOCIIMKYyBaHUX KpucTaaiB. CTBepAKyeThCA, 110 KPUCTAJ
y mporeci neopMairii caig posriiagaT AK BiZIKPUTY HePiBHOBAYKHY TEPMOIH-
HaMiuHy cuUCTeMy, AKa eBOJIIOIIOHYE M0 MiHiMaJIbHOI €HTPOIIil He JuIle IJsd
30eperKeHHs CBOEI IisicHOCTH, ajie if 3 MEeTOI0 CTBOPEHHS HOBUX THUIIIB CTPYK-
Typ (ZedeKTiB), 31aTHUX O1JIBIIT e(DEKTUBHO PO3CiI0OBATH MiBeIeHY eHepTiio.

Karouosi ciioBa: medopmoBaHi Kpucranm, IosriB xoedimienT, Mikporsep-
micts, Mmoxayab FOura, mikdgasua B3aeMmofisa, miskdasuuii HaTar.

(Received 12 September, 2024, in final version, 22 October, 2024 )

1.INTRODUCTION

The long-term history of the plastic deformation study in crystals in-
dicates the relaxation nature of internal processes under the action of
mechanical stresses. The multifaceted nature of structural states in-
herent in deformed materials testifies to the complex nature of defor-
mation defect formation and the non-trivial nature of dissipation of
the energy supplied to the crystal. Therefore, the logical consequence
of this situation is the absence of the universal and simple mechanism
for the deformation of solid bodies at the moment. In this aspect, in-
creasing the range of research on unique objects contributes to the
deepening of the understanding of existing and the formation of new
ideas about the mechanisms of deformation of solid bodies.

Single crystals of HgTe—CdTe solid solutions occupy intermediate
position between metals and classical semiconductors in terms of phys-
ical number and mechanical parameters were studied. With small com-
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position of CdTe (x=0.11-0.16), according to their electrical charac-
teristics, these crystals show semi-metallic properties. These materials
are characterized by high brittleness at room temperature, which
brings them closer to purely covalent semiconductors. However, on the
other hand, there are large densities of ‘forest’ dislocations (10°-—
10%cm™2), a high concentration of point defects, mainly mercury va-
cancies, reaching electron concentration values of 10'°-10%° cm™2 with-
in the homogeneity region, mixed ionic-covalent character of the
chemical bonds with the predominance of ionic component (= 60% )—
factors that bring such materials closer to metals. Let us note that the
concentration of vacancies in Ge, even close to the melting tempera-
ture, is only 10% cm™3. Moreover, the analysis of a number of conduct-
ed studies on the deformation behaviour of mixed crystals shows that
they are characterized by some contradictory properties that are not
characteristic of typical semiconductors but of metals. In combination
with low values of Peierls barriers, the studied crystals show a rela-
tively high fragility characteristic of classical semiconductors. On the
other hand, there is a high sensitivity of the yield point to the rate of
deformation; a significant dependence of their mechanical parameters
on temperature brings these crystals closer to metals. Such behaviour
cannot be explained within the framework of the traditional mecha-
nism of thermally activated dislocation motion. The multistage defor-
mation curves and the revealed fragmentation of the macrostructure
of the deformed crystal indicate not only a significant transformation
of the defective structure, but also complex mechanisms of energy dis-
sipation. The evidence is unique macrodefects in deformed crystals,
which arise as a result of self-organization processes in the defective
subsystem during the dynamic loading of the crystal [1]. Thus, along
with microdeformation (moving dislocations), macroplastic fluidity
takes place, in which three-dimensional structural elements take part.
Such features of the structure are caused by self-organizing processes
at the micro- and macrolevels, which correspond to different mecha-
nisms of energy dissipation in the loaded crystal at different stages of
its deformation [2]. That is, with a complete description of the mecha-
nisms of crystal deformation, the problem should be solved only taking
into account the hierarchy of structural levels of deformation. There-
fore, it is important to find out the mechanisms of self-organizing pro-
cesses at the macro- and microlevels at different stages of strain hard-
ening during uniaxial deformation.

Despite such ‘exotic’ objects and their important practical applica-
tion, data on the patterns of dislocation movement and mechanisms of
plastic flow are fragmentary. The role of other non-dislocation mecha-
nisms of plastic flow has also not been established. Therefore, the
study of the patterns of microdeformation of these crystals is an ur-
gent practical and fundamental task.
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The aim of the work was to establish in elastic-plastically deformed
crystals of Cd.Hg:-.Te solid solutions (x =0-0.26) at the macro- and
microstructural levels of deformation, the laws of energy relaxation
and their plastic deformation, taking into account the zone structure,
features of point defects and the role of interphase interactions and
self-organizing processes.

2. EXPERIMENTAL METHOD

Crystals grown by the Bridgman method and solid-state recrystalliza-
tion were used. The regularities of microplastic deformation of crys-
tals of HgTe—CdTe solid solutions were studied using uniaxial com-
pression methods on a Regel-Dubov relaxometer in the temperature
range of 77-450 K. Measurements at temperatures below room tem-
perature were carried out in a special vacuum cryostat. The dimensions
of non-oriented samples were of 3 mm. Deformation was performed by
uniaxial compression along the long rib at a constant speed. To study
the kinetics of deformation, we used a synchronous recording during
the process of uniaxial deformation of the load curve ‘stress—strain’
(t—¢). In the process of deformation, the sample was placed in a self-
centring quartz punch.

The measurement of the Hall coefficient Ry during deformation was
carried out according to the standard method in a constant magnetic
field with an induction of 0.8 T. The Hall magnetic field was created by
an electromagnet (NS) with the direction of the induction lines per-
pendicular to the axis of deformation. Synchronous measurements of
specific electrical conductivity o were at direct current using the four-
probe method using a point pair of contacts. The potential difference
was recorded with digital voltmeter.

3. RESULTS AND DISCUSSION

3.1. Analysis of Microplastic Deformation Dislocation Mechanisms in
Cd.Hg;-.Te Crystals

The traditional description of plastic deformation mechanisms in crys-
tals is based, on the dislocation mechanisms of nucleation and propaga-
tion of dislocations. In this regard, we will consider the patterns of mi-
croplastic deformation of crystals of HgTe—CdTe solid solutions.

The primary task of the research was to study the influence of vari-
ous factors on the parameters of the strain hardening curves ‘stress 1—
strain ¢’. It was established: 1) the dependences t—¢ are described by a
typical four-stage shape of the load curve with a characteristic yield
‘tooth’, first proposed for f.c.c. metals, 2) uniaxial compression of
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Cd.Hg:,Te samples along different crystallographic directions does
not reveal significant differences in the parameters of the strain hard-
ening curves. This fact follows logically from the geometry of disloca-
tion movement in the sphalerite structure [3], 3) the stoichiometry of
the crystals significantly affects the process of strain hardening and,
accordingly, the parameters of the oc—¢ curves, 4) strain hardening
curves show great sensitivity to loading speed (Fig. 1).

In particular, as can be seen, deformation at extremely low
(1.46-10*mm/min) and high (2.34-102 mm/min) velocities is not ac-
companied by the detection of characteristic fluidity ‘tooth’, the na-
ture of which in these crystals is described in [4].

An increase in the loading rate in the studied interval leads to an in-
crease in the yield strength of the crystal and a decrease in the length
of the easy sliding stage. It was established that the value of the maxi-
mum deformation for the minimum speed was 21% , and for the maxi-
mum—1.6% . The yield strength increases from 2.85 to 7.15 kHz/mm?
as the rate of deformation increases.

For the investigated crystals, it was established that the activation
energy of the dislocation movement lies within the range 0.14—
0.41eV, and the activation volume value is (11-22)b* (where b—
Burgers vector) [5]. According to [6], the given values of the activation
parameters of dislocation movement correspond to the Peierls mecha-
nism of displacement and propagation of dislocations.

8
Cd0,2Hg0.8Te
7
6_.
‘ 1 ——1.46-10" mm/min

R 2 ——5.56-10" mm/min
S~
Z 4] g ——11.7-10"° mm/min
= 4 —93.4-10"* mm/min
T 3

2]

14

0 L] 1 T Ll

1 1 ] 1 T I
0o 2 4 6 8 10 12 14 16 18 20 22
£, %

Fig. 1. Strain hardening curves (T = 293 K) of Cdo.2:HgosTe crystals at differ-
ent loading rates (mm/min): 1—1.46-103, 2—5.56-10"%, 3—11.7-1072, 4—
23.4-1073,
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Considering the non-stoichiometric nature of the investigated crys-
tals, the special role of stoichiometry defects in the processes of retar-
dation and propagation of dislocations must be taken into account
when analysing the mechanisms of plastic deformation. An increase in
the concentration of vacancies is accompanied by a natural decrease in
the activation volume and a slight increase in the activation energy.
This behaviour can be explained within the framework of the mecha-
nism of inhibition of mobile dislocations by local obstacles caused by
mercury vacancies. That is, in Cd.Hg;-.Te crystals, within the frame-
work of the main mechanism of displacement of dislocations (Peierls
mechanism), [Hg] vacancies are the dominant defects affecting the ki-
netics of movement and propagation of double kinks. However, the
role of point defects (mercury vacancies) in the investigated crystals is
not limited to the elastic interaction of mobile dislocations with such
imperfections. Obviously, one should expect certain features in such an
interaction, which are caused by the features of the zone structure of
crystals. In particular, in narrow-band crystals p-Cd, Hg:-.Te (E,=0.1—-
0.2eV), stoichiometric defects create acceptor levels in the band gap
near the ceiling of the valence band. In this regard, relatively small
changes in temperature lead to local centres recharging with corre-
sponding levels in the forbidden zone. Thus, within the limits of the
main deformation mechanism that controls the behaviour of disloca-
tions, a change in crystal temperature is accompanied, along with a
change in the electrical conductivity mechanism, by a change in the al-
ternative mechanism of interaction of mobile dislocations with point
defects of the crystal lattice. Thus, it can be asserted that, in addition to
the described factors, the equilibrium state of the electronic subsystem
of the crystal has a significant influence on the behaviour of dislocations.

For this purpose, the thermally activated sliding of dislocations in a
wide temperature range was studied synchronously with the state con-
trol of the electronic subsystem. In particular, we studied the behav-
iour of the yield strength to with temperature for a series of crystals of
the same type p-Cdo.2Hgo.sTe (Fig. 2).

To identify the state of the electronic subsystem, the figure also
shows the temperature dependence of the Hall coefficient of a typical
sample from this series of crystals used in deformation experiments. As
can be seen, in the area of impurity conductivity of the crystal (conduc-
tivity is carried out by ‘impurity’ acceptors: vacancies of mercury, cad-
mium or their complexes), 1o rapidly decreases with an activation energy
of 20.04 eV. In this temperature range, a significant concentration of
acceptors is in an electroneutral state, and only a small amount of them
is ionized. As the temperature increases, the number of electrons local-
ized at the acceptor level increases. Conduction in this interval is carried
out by impurity holes, as well as by own electrons. The yield strength of
crystals in this region varies relatively little with temperature.
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Fig. 2. Temperature dependence of yield strength t and Hall coefficient Ry of
p-Cdo.oHgo sTe crystal.

A further increase in temperature transfers the crystal to the region
of its own conductivity, within which electrical conductivity is carried
out by its own electrons and holes formed as a result of ‘zone—zone’
thermal excitations. All acceptor states here are ionized. The yield
strength in this region decreases with an increase in temperature with
an activation energy of 0.3 eV. Such dependencies are typical for semi-
conductor crystals. Characteristic values of the activation parameters
of dislocation movement for each analysed region are given in Table 1.

It can be seen that the general trend in the heat-activated movement

TABLE 1. Characteristic values of the activation parameters of dislocation
movement for each analysed region.

Area of electrical | Activation |Activation Energy position of

Sample conductivity energy, eV | volume, the acceé)\t,or level,
Own: 350-430 K 0.39 11
Cdo.sHgo.7Te, Mixed: 180—-290 K )
6. s . 0.07 3 0.085
prr=4-10" cm Impurity: 77— 0.04 0.4
180K ’ :
Own: 210-400 K 0.3 10
Cdo,2Hgo,sTe, Mixed: 100-210 K )
T . 0.08 2 0.028
prr=10"cm Impurity: 77— 0.04 0.3

100K
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of dislocations during the transition of crystals from the impurity re-
gion of conductivity to their own is an increase in the activation vol-
ume and activation energy of mobile dislocations.

Thus, taking into account the behaviour of the activation parame-
ters in the studied crystals, the thermally activated movement of dis-
locations in Cd,Hg:-.Te can be considered as an overlap of the mecha-
nisms of conservative movement of dislocations and pure slip. The
growth of the activation volume during the transition from the impu-
rity region to its own indicates the growth of the contribution of pure
slip over creep in the general mechanism of dislocation movement. The
last mechanism is quite complex and requires several types of defects
and two types of atoms to implement. As can be seen, the atomic struc-
ture of the studied crystals is quite favourable for such a mechanism.
Extensive studies of the processes of conservative movement of dislo-
cations have shown that dislocation creep is facilitated in materials
saturated with point defects [7]. This situation is typical for crystals of
Cd.Hg:-.Te solid solutions.

In the light of the outlined concept of the influence of the state of
the electronic subsystem on the behaviour of dislocations, a convincing
and vivid example is the results of studies of the temperature depend-
ence of H.(T) of the investigated crystals with different band gap
width E, and spectrum of point defects. Microhardness was measured
according to the standard method using the IIMT-3 device. In Figure 3,
the following dependences for p-type (x=0.19, E,=0.1eV) and n-type
(x=0.26, E;=0.15 eV) compositions are shown.

The peculiarity of these experiments is that the behaviour of dislo-
cations in the entire temperature range is followed on one sample,
which is characterized by a certain type of point defects inherent only
to this crystal. As follows from the given results, all the above-
described regularities of the influence of the electronic subsystem on
the behaviour of the yield strength with temperature are clearly ful-
filled also for microhardness. In particular, the dependence of 1(T)
(Fig. 3) has three characteristic sections: in the first section (77—
133 K, the region of impurity conductivity), t decreases sharply with
increasing temperature, reaching at the border of the section a value
almost equal to the corresponding value at room temperature. The sec-
ond region (133—-293 K, region of mixed conductivity) is characterized
by an almost athermal dependence of t(T'). The plastic flow of the crys-
tal in this region is insignificant. The third section (293—-450 K, the re-
gion of intrinsic conductivity) is characterized by a rapid increase in the
plasticity of the sample with increasing temperature. It is important
that the activation parameters of dislocations in the described experi-
ments lie within the limits of the values given above for uniaxial tests,
which indicates the adequacy of the above-discussed interpretation of
the behaviour of dislocations in intrinsically defective CdHgTe crystals.
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Fig. 3. Temperature dependence of the microhardness of p-Cdo.19Hgo.s1Te crys-
tals: 1—concentration of acceptors pr7=102m=3, 2—p;r=2-10 m3 and 3—n-
Cdo.26Hgo.74Te (177 =10 m™3).

As follows from Fig. 3, the behaviour of the dependence of ©(T) in n-
type crystals is significantly different from the similar one for p-type,
since the spectrum of point defects in these crystals is significantly
different (n >> p). It is characterized by a monotonous decrease in mi-
crohardness with increasing temperature without characteristic areas
inherent in p-type crystals. The dominant defects in this temperature
range in n-type crystals are ionized internodal mercury atoms. There-
fore, in the studied temperature range, the charge state of local stop-
pers for dislocations does not change. The temperature change in mi-
crohardness mainly occurs due to the change in the height of the Pei-
erls barriers and the probability of throwing out double kinks of dislo-
cations.

Note that the result of the interaction in the system ‘an ensemble of
point defects—moving dislocations’ is determined not only by the prop-
erties of point defects, but also by the properties of linear defects (dis-
locations) that carry out thermally activated movement in the slip
plane. To obtain such information, synchronous measurements in the
process of uniaxial deformation of the specific electrical conductivity
and the Hall coefficient are relevant.

As follows from Fig. 4, the uniaxial deformation of the p-type crys-
tal is accompanied by a monotonous decrease with an increase in the
degree of deformation of the Hall coefficient Ry and an increase in its
electrical conductivity c. Moreover, the Hall coefficient has a negative
value, since in the region of mixed conductivity, within which the
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Fig. 4. Change in the Hall coefficient (1) of the p-Cdo.2HgosTe crystal and its
electrical conductivity (2) in the process of uniaxial deformation (T'= 300 K).

measurements were made, the mobility of electrons greatly exceeds the
mobility of holes. A significant increase in the electrical conductivity
of the p-type sample is observed, as can be seen, after reaching the
‘tooth’ of fluidity. Therefore, at the stage of deformation to the ‘tooth’
(e < &0), the electrophysical changes of the crystal are determined by the
processes responsible for the formation of the ‘debris’ layer. The tran-
sition to the stage of macrofluidity (above &) is accompanied by the de-
localization of defect formation processes, i.e., the ‘drawing in’ of the
crystal volume into the deformation process. Therefore, changes in
electrophysical parameters in the process of deformation at this stage
will already be caused mainly by dislocation processes that will occur in
the ‘internal’ crystal, modified in relation to the original sample.

The simultaneous decrease in the Hall coefficient and increase in
electrical conductivity in p-type crystals during uniaxial deformation,
recorded experimentally (Fig. 4), can be explained within the frame-
work of the mechanism of thermofield ionization of charged centres.
Since strong electric fields are associated with dislocations in AZB°®
crystals (E=10°V/cm at a distance of =30 A from the dislocation
core), regions are formed in the zone of a strong electric field of a mov-
ing dislocation in which the dynamic equilibrium in the electronic sub-
system is shifted in side of the thermal generation of electrons from
local levels to the conduction zone. At the same time, electrons ‘eject-
ed’ by the field from the centres (Hg vacancies, ionized impurities) en-
ter the conduction zone and increase, accordingly, the concentration of
free electrons. Estimation of the thermal deionization time of the ac-
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ceptor centre with E»=0.03 eV gives a value of =2-107" s. For compari-
son, the localization time of the centre near a moving charged disloca-
tion significantly exceeds this value: ¢ = Rex,/Va= 1025 >> 107" s (Rexr is
the radius of the Ridov cylinder of the dislocation line =4-107°cm),
which indicates the assumption benefit have made.

In connection with the alternative properties of point defects in p-
and n-type crystals, the plastic deformation will differ significantly
due to the significant influence of electronic subsystem on the behav-
iour of mobile dislocations.

3.2. Interphase Interaction and Self-Organization Processes in the
Volume of a Deformed Crystal

A complete description of elastic-plastic deformations should analyse
the deformed crystal as an open thermodynamic system that evolves in
the process of deformation in the direction of creating structures of
effective energy dissipation, which continuously enters the object
through open channels [1, 2]. In such open highly unbalanced systems,
energy dissipation may not occur according to the Boltzmann law with
entropy growth (as in closed systems), but by its decrease due to cer-
tain quasi-stationary states. The behaviour of such systems in condi-
tions far from equilibrium is an irreversible process: a successive tran-
sition from one non-equilibrium state to another, which occurs with a
decrease in entropy, that is, an increase in the organization of the sys-
tem. Such processes are described by non-equilibrium thermodynam-
ics. They are characterized by the spontaneous arrangement of struc-
tures and the presence of bifurcation points, branching points of evo-
lution. A certain sign of self-organization is the staged change in the
process of evolution of the main parameters that reflect its structural
state. Important factors in such processes are mechanisms of energy
dissipation, which can change during the evolution of the system.

The self-organization of the deformed crystal experimentally mani-
fests itself in the gradual change of the macroscopic parameters. In
structures with existing interphase boundaries (heterogeneous sys-
tems), the efficiency of energy dissipation is determined by the inten-
sity of interphase interaction. Therefore, the goal of self-organization
in the deformation process is not only the preservation of the integrity
of the crystal at this stage, but also the generation of new types of
structures capable of effectively dissipating the added energy during
the further deformation process. That is, in the process of deformation
of the crystal, a process of spontaneous self-organization occurs due to
the emergence of new spatial structures. Therefore, the deformation
process should be considered at the macro- and micro-levels from the
standpoint of self-organization of the crystal with the aim of forming a
synergistic structure leading to minimum entropy.
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In this regard, we will discuss the mechanism of self-organization
processes at the macro level in such a fragmented crystal. The presence
in it of adjacent grains (areas) with different crystallographic orienta-
tion, the emergence of new structural elements separated by disloca-
tion sub-boundaries, leads to a specific phenomenon—interphase in-
teraction of bounded areas. This type of interaction occurs, as is
known, between heterogeneous volumes, as well as within the same sol-
id body between regions with different mechanical compatibility, i.e.,
which have different Young’s moduli E and are separated by a struc-
tural boundary [8]. It should be noted that the fragmentation of the
crystal during uniaxial deformation begins at the stage of its elastic-
plastic deformation during the formation of the debris layer. As shown
in Fig. 5, the microstructure of a deformed crystal at different stages
of deformation, which demonstrates the sequential process of crystal
deformational fragmentation with the formation of such separated
structures by dislocation boundaries.

When the crystal is loaded, the volume of the crystal is ‘drawn’ into
the deformation process of new deformation fragments formation. This
indicates an increase in the quantitative contribution of interphase in-
teraction to the mechanisms of crystal deformation. Quantitatively, the

Fig. 5. Formation of a gradient layer near the surface of a deformed crystal:
€=0.6% (a),e=1.2% (b).
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intensity of such interaction is estimated by two main parameters: the
interfacial interaction energy y. and the interfacial tension .

A detailed method of estimating the interfacial energy y. and inter-
facial tension o, and their numerical values for number of practically
important contacting pairs is given in Ref. [9]. The evaluation of the
parameters of the interfacial interaction according to this method in
deformed Cd.Hg:-.Te crystals revealed: when the Young’s moduli of
the bounded regions change as a result of crystallographic misorienta-
tion to the value E/E;=1.5, the energy of interfacial interaction
changes to 2-3%, and the value of interfacial tension—to 15. For
samples close in composition to CdTe, this parameter can reach 20%.
As can be seen, the most sensitive parameter to modular changes, which
determines the stress state on interfacial surfaces, is interfacial tension.
Therefore, without reducing generality, it can be stated that the process
of strain hardening is not only the result of the multiplication and inter-
action of dislocations generated in the process of plastic yielding, but
also a certain contribution of interfacial tension between deformation
fragments.

3.3. Nucleation of Dislocations and Interphase Interaction in Near-
Surface Layers of Deformed Crystals

Despite the Peierls mechanism of generation and propagation of dislo-
cations, the studied crystals have a relatively low yield stress that in-
dicates the nucleation of dislocations and, accordingly, the beginning
of microplastic flow, at very small values. It is obvious that this behav-
iour is due to the peculiarity of the behaviour of the surface sources of
dislocations inherent in these crystals. The investigated crystals are
characterized, in particular, by the presence on the surface of a wide
range of natural oxides CdO, CdTeOs, TeOs, HgTeOs;, HgTe205, which
form a stable dielectric structure with the semiconductor crystal—a
semiconductor.

The presence of a stable oxide layer on the surface of a semiconduc-
tor crystal creates a classic dielectric-semiconductor contact with the
corresponding structural elements inherent in such a structure (Fig.
6). In Figure 7, a typical zone diagram of such a contact is shown. A
feature of the structure is the presence of a strong electric field in the
oxide-semiconductor transition layer, which can reach values of 103—
10*V/em, caused by the localization of a positive built-in charge in the
border layer of the oxide [10]. Therefore, the existing electric field,
localized in the boundary layers of the semiconductor crystal and the
dielectric, will significantly affect the probability of the nucleation of
dislocation loops and their further behaviour.

Microscopic studies of deformed samples of Cd,Hg;-.Te in the pseu-
do-elastic stage indicate that the slip bands do not originate directly
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i(c

b

Fig. 6. Model representation of a fragment of the oxide layer (1) on the sur-
face of the deformed crystal (2) and the area of the space charge created by the
positive built-in charge in the oxide (3) and the negative charge (4) in the
semi-conductor.

from the surface, but originate at some distance from it. This indicates
that the formation of the near-surface gradient of dislocations at the
initial stage of deformation occurs mainly not with the participation of
purely surface sources (ribbons, microuniformities, etc.), but near-
surface sources. Such sources of dislocations are the accumulation of
point defects in the form of clusters or loops (vacancy and internodal
types), which are formed during deformational supersaturation. In
particular, under conditions of uniaxial compression, the equilibrium
concentration of vacancies on the surfaces to which the normal com-
pressive stress is applied decreases to the value ¢ = ¢, exp(-c9, / kT),

where ¢y is the equilibrium concentration of vacancies in the unloaded
crystal, 9, —atomic volume. At the same time, the equilibrium con-
centration of internodes, on the contrary, increases to the value
¢, = ¢, exp(—c9, / kT). This leads to oversaturation with vacancies
and to undersaturation in internodes. At the same time, vacancies mi-
grate to drains and form clusters and loops, which act as sources of
further propagation of dislocations. Since the vacancy formation en-
ergy in the near-surface layers of the crystal is significantly lower than
in the bulk, and the equilibrium concentration is correspondingly
higher, it becomes obvious that the specified processes of condensation
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Fig.7. A typical dielectric—semiconductor energy band diagram showing the
characteristic properties of an oxide layer on the surface of a deformed semi-
conductor.

of point defects will take place primarily and primarily in these ele-
ments of the crystal. The predominant formation of loops in the near-
surface layers will also be facilitated by the concentration of stresses
near the oxide—semiconductor interface due to the difference in elastic
moduli and coefficients of thermal expansion.

The critical size of the nucleus r. for stable growth of the vacancy
cluster has the form: r.=2y/c, where vy is the surface tension [11]. For
the investigated crystals, the nucleus size according to calculations is
r.=0.12 mm, which mean to real values.

Thus, at the initial pseudo-elastic stage of deformation, vacancy clus-
ters and clusters can form, which later play the role of the main sources
of dislocations near the free surface. Therefore, the formation of the
primary embryos of nucleation actually begins not directly from the sur-
face, but at some distance from it, that is, in a thin near-surface layer.

4. CONCLUSION

1. Within the framework of the thermoactivation dislocation mecha-
nism of deformation of Cd.Hg:_.Te solid solution crystals, it was estab-
lished that the movement of dislocations is controlled by the Peierls
mechanism with characteristic process parameters. The influence of
stoichiometry defects and features of the band structure on the ther-
mally activated movement of dislocations in narrow-band crystals has
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been clarified. Due to the alternative properties of point defects in p-
and n-type crystals, their plastic deformation is significantly different
due to the significant influence of the equilibrium state of the elec-
tronic subsystem on the behaviour of mobile dislocations.

2. It was established that the presence of a strong electric field associ-
ated with dislocations leads to an increase in the electrical conductivity
of p-Cd.Hgi-.Te crystals in the process of deformation as a result of
thermofield ionization of electrons from charged centres in the field of
amoving dislocation.

3. Deformation of Cd.Hg:-.Te crystals, along with translational dislo-
cation slip, is accompanied by the emergence of new structural defor-
mation elements that take part in the deformation process as inde-
pendent ones. The presence of adjacent grains (areas) with different
crystallographic orientation, the emergence of new structural ele-
ments separated by dislocation sub-boundaries, leads to a specific phe-
nomenon—interphase interaction of bounded areas. This type of inter-
action occurs between heterogeneous volumes, as well as within the
same solid body between regions with different mechanical compatibil-
ity, i.e., which have different Young’s module E and are separated by a
structural boundary. It is claimed that the process of strain hardening is
not only the result of the multiplication and interaction of dislocations
generated in the process of plastic yielding, but also a certain contribu-
tion of interfacial tension between deformation fragments. According to
estimates, the contribution of this mechanism can reach up to 20% .

4. The onset of microplastic yielding in Cd,Hg:-.Te crystals occurs at
stresses much lower than the macroscopic yield strength. This is
caused by the presence on the surface of the deformed crystal of a wide
range of natural oxides CdO, CdTeOs, TeOs, HgTeOs;, HgTe205, which
form a stable structure of a dielectric—a semiconductor with a semi-
conductor crystal containing an electric field localized within the tran-
sition layer. The last factor will influence the probability of nucleation
in the near-surface layer of dislocation loops. The process of formation of
vacancy clusters and clusters in the near-surface layers of the deformed
crystal is analysed, which later play the role of the main sources of dislo-
cations near the free surface. Therefore, the formation of the primary
embryos of nucleation actually begins not directly from the surface, but
at some distance from it, that is, in a thin near-surface layer.

5. In the case of weak adhesion of the oxide layer to the surface of a
semiconductor with excellent Young’s moduli, when the crystal is
loaded, a process of interphase slip occurs with the formation of de-
fects of the type of mismatch dislocations at the interphase boundary.
In the presence of strong adhesion of the oxide layer to the surface of
the semiconductor at the stage of pseudoelastic deformation, an inter-
phase interaction occurs, respectively, which is the cause of strong me-
chanical stresses in the interphase boundaries and thus facilitates the



PECULIARITIES OF MECHANICAL PROPERTIES AND SELF-ORGANIZATION 1083

nucleation of dislocation loops in the near-surface layers of the de-
formed crystal.
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Bniue mikposaeryBanaa TutaHoM Ha CTPYKTYPOYTBOPEHHS Ta
MeXaHiYHi BJIACTUBOCTI KPUIlh

H. I0. ®inonenko™", 0. I. Babauenko’, I'. A. Komorenkro”, O. M. Tangina™

“‘ITnemumym woproi memanypeii in. 3. 1. Hexpacosa HAH Ykpainu,
na.Axademira Cmapodybosa, 1,
49107 quinpo, Ykpaina
“ITHinposcviUil OeprcasHUll MeOULHUIL YHiBepcumen,
8yJ. Borodumupa Bepradcvrozo, 9,
49044 [Ininpo, Yxpaina

Hapasi y 3B’A3Ky 3 PO3BUTKOM IIPOMUCJIOBOCTH € TOTPeda B oJepsKaHHI BUPO-
6iB i3 KpwuIli, AKi BUKOPUCTOBYIOTh 3a BEJIWKOTO HaBaHTa'KeHHs. IK Bimomo,
ST OflePKaHHA KPUITh 3 MiABUIEHNM KOMILIEKCOM MeXaHiuHUX, CAYKO0BUX
Ta EeKCIUIyaTal[ifHUX BJIACTUBOCTEH BUKOPUCTOBYIOTH HAMOIJNBIN ITOIIHPEHi
migxomau: peryJmoioTh BMicT Kap6oHy, BU3HAUAIOTh ONITUMAJIbLHUI BMicT 6aso-
BUX €JIeMEHTiB, pe:KUMHU TePMiuHOT0o 00pobIeHHA Ta MiKpoJier'yBaHHs. MeToro
POOOTH € MOCHiAKeHHSA 0COOJMBOCTEN MIKPOCTPYKTYPH, CTPYKTYPHUX CKJIa-
IOBUX, MiKpocerperarii mig uac MmikpoJieryBanusa TUTaHOM KPUIh 3 IIigBUIIE-
uuM BMicTom Kap6omy y 0,70-0,76% wmac. HocaimxyBanucs 3pasKu Iicasa
JUTTSA Ta Iicjas rapadol medopmalrii 3 HACTYIHUM TEPMiUYHUM OOpOOJIeHHAM.
3acTocoByBasin MeTajiorpadiuHy aHaisy, BU3HAUEHHS MeXaHiUHUX BJIACTH-
BOCTel, XeMiuHy i PEeHTIeHOCTPYKTYpHY aHaxisu. [lociimkeHHs, 1o Oyau
IpoBeJieHi B maHiii poboTi, moxasaau, IO MiKpoJeryBaHHA Kpuili Turanom
CIpusae 3MEHIIIEeHHI0 PO3MipiB 3epHa Ta Je()eKTHOCTU CTPYKTYPHU, TPUBOIUTE
IO 3MeHIIIeHHSA PO3MipiB JeHIPUTiB TBEPLOrO PO3UNHY y-3ajli3a, MiKIeHIDUT-
HOI Bimmasi y mopiBHAHHI 3 Kpuiieio 6e3 MikpoJjeryBanua. KpiMm mporo, moka-
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3aHO, II[0 BUKOPUCTAHHS TAKOT0 MiKpOJeIr'yBaHHSA IIPUBOIUTE N0 30iJIbIIIeHHSA
KiIbKOCTM BUIAIB yTBOpPeHHX (as. 3a pedyJabTaTaMU PEHTI'eHOCTPYKTYPHOIL
aHajisu OyJj0 BUSBJIEeHO momaTkoBo (¢asu MnSi, FeosMn;eC, FeSiC ta TiC y
TOPiBHAHHI 3 Kpurieo 6e3 mikposeryBanua Turanom. Omeps:KaHuil pe3yabTaT
YMOMKJIUBJIIOE 3POOMUTH BMCHOBOK IIPO Te, 10 THUTaH 3MEHIIYE PO3UYNMHHICTH
Kap6ory, Maurany ta Cuiimiro B CTPYKTYPHUX CKJIamoBux. Iliciia moBHOro
IMUKJIY 00pOo0JIeHHA KPUILi, MiKposeroBaHi Turanom, Maau migBUIEeHUT KOM-
IJIEKC MeXaHiYHUX BJIAaCTUBOCTEN (IIiABUINEHHS I'PaHUIll MiITHOCTH Ta IpaHUILi
niauaHOCTH Ha = 10% y mopiBHAHHI 3 KpuIleio 6e3 MikpoJieryBanusa Turanom).

Kuarouogsi caoBa: mikposerysanusa TuTaHoM, KPHUIld, MiKPOCTPYKTYypa, medo-
pMarrifine Ta TepMmiuHe 00p0oOIeHHA, MEXAHIUHi BJaCTUBOCTI.

Currently, in the view of industrial development, there is a need to obtain
steel products designed for heavy loads. As known, the most common ap-
proaches are used to obtain steels with an advanced set of mechanical, service,
and operational properties: regulating the carbon content, determining the
rational content of basic elements, heat-treatment and microalloying regimes.
The purpose of the paper is to study the features of the microstructure, struc-
tural components, and microsegregation during titanium microalloying of
steels with an increased carbon content of 0.70-0.76% wt. Samples are stud-
ied after casting and hot deformation with subsequent heat treatment. Metal-
lographic analysis, mechanical test, chemical analysis, x-ray diffraction
method are used. The studies carried out in this work show that the microal-
loying of steel with titanium contributes to the reduction of grain sizes and
structure imperfection, leads to a decrease in the size of dendrites of y-iron
solid solution and the interdendritic distance, compared to steel without mi-
croalloying. In addition, it is shown that the use of such microalloying leads to
an increase in the number of types of the phases formed. According to the re-
sults of x-ray diffraction analysis, the following phases are additionally de-
tected: MnSi, Fe¢4Mn3C, FeSiC and TiC, in comparison with steel without
titanium microalloying. The obtained result enables to conclude that titanium
reduces the solubility of carbon, manganese, and silicon in structural compo-
nents. After a full circle processing, steels microalloyed with titanium have an
improved set of mechanical properties (increase in strength limit and yield
stress by 2 10% , compared to steel without titanium microalloying).

Key words: microalloying with titanium, steel, microstructure, deformation
and heat treatment, mechanical properties.

(Ompumano 28 mpaensa 2024 p.; ocmamoun. apiasum — 9 aunus 2024 p. )

1. BCTYII

CyuacHi moTpebu BUKOPUCTAHHA MeTaJIeBUX BUPOOiB Y IPOMUCIOBOCTI B
YyMOBaX IiJBUINEHOTO HABAHTAMKEHHS IIOTPEeOYIOTH OJlep:KaHHA KPUILH 3
MOJIITIIIIeHUM KOMILJIEKCOM MeXaHiuHMX, eKCILIyaTalliiHuX i ciy:k00-
BUX BJacTuBocTeli. OMHUM i3 MiAXOMiB 10 BUPIIIeHHS I[OT0 IIUTAHHS €
BUOip ONITMMAJIIBHOTO BMicTy 6a30BUX XEMiUHUX €JIEeMEeHTiB, MiKpoJery-
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BaHHJA Ta TepMiuHe 00pO0IeHHA.

Bimomo, mio MmikpoJseryBaHHAM MOKHA BILIMBATH Ha PO3Mip 3epHa,
CIPUATH 30iJbIITeHHIO KiJIBKOCTH HAHOPO3MipHMX BULLJIEHB, IO MOKe
3HAYHO ITIiABUIIMTU NOKA3HUKU MIITHOCTH Ta BILIMHYTH Ha IIJacCTUY-
HicTs i B’askicTk Kpumi [1]. Ak Bimomo, mikposeryBamua Turanom
cupuse yrBopeHH!0 BKIOUeHb TiC, TiN i TiC(N) 3a BucoKux Temmepa-
TYyp. 3aBAAKHN BUCOKiil TeMIlepaTypi TOILJIeHHA, BUCOKi# TBepaocTi yac-
TuHKYU TiC(N) mImpoKo BUKOPUCTOBYIOThCA AJIA MOJINIIEHHA MeXaHiu-
HUX BJIACTHUBOCTEHM MAaTEPisjiB 3a paXyHOK AMCIIEPCIAHOrO 3MiITHEHHS;
ajie MOKJIMBe HEKOHTPOJIbOBaHe YTBOPEeHHA BTOpuHHUX (as [2, 3]. Tep-
MiuHMM 00pPOOJIEHHAM KPUIlh MOYKHA KOHTPOJJIIOBATH MOP(OJIOTi0, PO3-
Mipu Ta PO3IO/IiJ BKJIIOUEHb HA PiBHUX cTamiax BupoOHuITBa [4]. Byio
BUABJICHO, II[0 MiKpoJser'yBaHHA Kpuii Ti mpuBoAuTL 40 MOAPiOHEeHHS
3epHAa Ta 30inblmenHA KinbKocTu nepiity. Ha nymKy aBTOpiB [5], moapi-
OHEeHHs 3epeH (hepuTy cepelHLOBYIJIEIeBOi Kpulli BimOyBaeThCA 3a pa-
XYHOK YTBOPeHHA HiTpuUAiB i KapbimiBs Turany uepes 3MeHIIIeHHSA PO3-
yuHHOCTH THUTAHY B ayCTeHIiTi 3 MOHMKeHHAM Temueparypu [2, 5]. Tu-
TaH Ma€ 3HAYHWYM MO3SUTUBHUY BIJIUB HA TBEPAICTh, MIIIHICTh Ta YIapHY
B’ABKIiCTEL i IPUBOAUTE A0 MOHMKEHHSA TeMIepaTypu JiKBigycy Ta 306i-
JBIIEHHS TeMIIepaTypu YTBOPEHHd aycTeHiTy [2, b, 6]. Takum unHOM,
ONHUM i3 BasKJIMBUX IINUTAHb 3a MiKpoJer'yBaHHA TuTaHOM KPUILi € KOH-
TPOJIb YTBOPEHHA KiJIbKOCTH, (pOpMM, PO3Mipy Ta posmoxmiay ¢das, 1mo
BILJINBA€E Ha MEXaHIUYHI BJIaCTUBOCTI KPUIIb.

Bigomo, 1o geryBaHHsa Kpullb CHIillieM MoKe 3HAUHO 306iJIbITUTH
MIiITHiCTD, MMOKPAIUTH yAapHY B’SA3KicTh, a mpu JeryBanHi MaHranom
301JIBITYyEThCA MiTHiCTDh KpUIh [ 7].

TaxuMm unHOM, MiKpoaeryBaHHA Ti Moxke OyTH IIIMPOKO 3aCTOCOBAHE
IJs BUPOOHUIITBA BHCOKOMIITHOI KPUIII 3 HiJBUINMEHMM KOMILIEKCOM
MeXaHiUYHMX BJIACTHUBOCTEI IJId Pi3HUX MeTaJIeBIX BUPOOiB.

Meroio po6GOTHM € MJOCHiAYKEeHHS OCOOJIMBOCTEHl MiKpPOCTPYKTYPH,
YTBOPEHHSA CTPYKTYPHUX CKJIAJO0BUX, MEeXaHIYHUX BJaCTUBOCTEeM 3a Mi-
KpoJeryBanua Turamom KpuIb 3 migsuinienuM Bmicrom Kap6omy (0,70—
0,76% mac.).

2. MATEPIAJIN TA METOAUKA JOCJHIT:KEHD

B maniit po6oTi mpoBoaMIN HOCITiAKeHHA KPUIlh (Tabs. 1).

Hocmigui xpuili 0yJiu BUTOILJIEHI 3 3aCTOCYBaHHAM TOIHJIBHOTO arpe-
raty ITIIE-0,01 3 BucoKouacTOTHUM AxkepesioMm ctpymy BTI'-20-22. T'a-
paue mnactuude gedopmyBaHHA (['TIIL) npob KpuIlh TPOBOAMIN MHiCJs
HarpiBanHa o temnepatypu 1260+ 10°C i BUTPUMKEN IIPOTATOM 2 TO-
IuH 3i crymernem gedopmaririi y = 50% Ta 0X0JI0mKeHHAM HA CIIOKifHO-
MYy IOBiTpi 70 KiMHaATHOI TeMmepaTypu. 3 1ed)OpMOBaHNX BUJIUBKIB BU-
pisasm 3aroToBKM 3paskiB posmipom y 10x10x20 cm® Ta BUKOHYyBaIn
repMmiune o6pobaenusa (TO): marpis mo remmeparypu y 900 + 10°C i1 oxo-
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TABJINIIA 1. Xemiuuuii cKJIag JOCTIAHUX KPUIL, % Mac.

TABLE 1. Chemical composition of experimental steels, % wt.

Mapkysarasy C | Si [Mn| P | S | Mo [ Ni | Al | Ti | V
KpunaNel 0,71 0,36 0,82 0,013 0,009 0,014 0,21 0,012<0,060,055
KpunaNe2 0,72 0,33 0,85 0,010 0,005 0,010 0,15 0,016 0,013 0,09

Jom:KeHHs 3i mBuAKicTio y 2,5°C/c. Ilicaa oxomomxeHHA IIPOBOAUIN
Bizmyck 3a remnepatrypu y 300 + 10°C rpusagicTio B 1 roguny.

Meranorpagiuni mripu Kpuilh BUTOTOBJIAJIN 34 CTAHIAPTHUMU Me-
TOOIUKAaMU, IaBJeHHA IIOBEPXHi 3pa3KiB 3MiACHIOBAJIN TapsIdYNM PO3UM-
HoM mikpaty Harpito (my1sa BusHaueHHSA TiJIAHOK i3 cerperaiiero Curi-
miro Ta MaHrany, AKi popMyIoThCA ITiJi Yac KpUcTaisallii Ta pos3ralo-
BaHi y MIsKIEHIPUTHUX IIPocTOpax) i mitamom. {14 BUsHAUEHHA XeMiu-
HOTO CKJIaIy KPHUIIL BUKOPHCTOBYBaNU (DOTOEJEKTPUUHY CIEKTPAILHY
aHauigy. HocaigKeHHda MiKIIJIaCTUHHOI Bifgasii BUKOHYBaJlu Ha pacT-
poBOoMY ejleKTpoHHOMY MiKpockomi PEM-106 Ta 3a JOIIOMOTOO OIITHY-
HUX MiKpockomiB BupobuuiiTea Kommanii «Carl Zeiss» «Neophot-32» i
«Axiovert 200 M MAT». Mexauiuni BunmpobyBamHa 3pasKiB KPUIlb
OpOBOAMJIM i3 BacToCyBaHHAM MAalmuHW Ha po3puB Tuimy TTDL
«Instron». PeHTT'eHOCTPYKTYPHY aHaisy 3[ilicHIOBaiu Ha IuMpPaKTO-
metpi JIPOH-3 y momoxpomaTtusoBanomy FeK,-BumpomiHneHHi.

3. PESYJBTATHU JOCJIIsKEHD

MikpocTpyKTypa Kpuiii Ne 1 B IMTOMY CTaHi Maja HepIiTHY CTPYKTYPY
(puc. 1, a). 3a pesyabTaTaMu PEHTI€HOCTPYKTYPHOI aHajisum OyJo BuU-
asiero ¢asu o-Fe, Fes:MnysC, FeSiC, MnSi, Mn-C; i okcugzuz MnO,
Al;O3 B HeBeuKili KinbkocTi (puc. 1, 6).

MikpocTpyKTypa Kpuili Ne 2 Mae MEHIIUH PO3Mip HMepJiTHUX KOJIO-
Hi#f i 6inpmy KinbKicTs BumiB ¢as o-Fe, MnSi, xapb6igis Fez:Mng sC,
Feo,sMn;,6C, FeSiC, Mn;Cs, TiC i oxkcuzgis MnO, Al:O3; y mopiBHAHHI 3
Kpureio Ne 1 (puc. 2).

TakuM 4yWHOM, 3a HOPIBHAHHSA DPe3yJbTaTiB PEHTI'€HOCTPYKTYPHOIL
anayisu xpumb Ne 1 i Ne 2 BugHO, 110 MiKpoJeryBaHHA Kpuilb Turtanom
IPUBOAUTEL OO0 30iJbINIeHHS KiJIbKOCTH BKJIIOUEHL KapOimis, Ifo y3ro-
IKYETBCS 3 pedyabTaTaMu, HaBegeHUMHU B poOoTi [8]. Oxep:xkaHuii pe-
3yJALTAT MOKHA IOACHUTU TUM, IT1I0 MiKpoJeryBanua kpuili Ne 2 Tura-
HOM i HiTporeHom BUKJIMNKAae 3MeHINIeHHA podunHHocTy Cuiimiro, MaH-
ragy Ta Kap6oHY B CTPYKTYPHUX CKJIaZoOBUX [4, 9].

Oxpim 1mporo, posumHHicTh KapbOomy, Manramy ta Cuiimiio Oyne
MEHIIIOI0 V MTOPiBHAHHI 3 PO3UMHHICTIO B OiHAPHUX i TepHAPHUX CHUCTe-
Max mux eaeMmenTis [10].
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Puc. 1. MikpocTpykTrypa 3auska, x1000 (a); nudppaxrorpama (6) Kpuri Ne 1.
Fig. 1. Microstructure of the ingot, x1000 (a); diffractogram (6) of steel No. 1.
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Puc. 2. MikpocTpykTypa 3nuBka, x1000 (a); mudparTorpama (6) kpuiri Ne 2.
Fig. 2. Microstructure of the ingot, x1000 (a); diffractogram (6) of steel No. 2.

JocaimxkeHHa BINIMBY MiKpoJieryBanHA THTaHOM Ha MiKPOCTPYKTY-
Py IOKasayu, M0 BimOyBaeThCcsl YTBOPEHHSA IEPJIiTY 3 MEHIIIOI0 cepes-
HBOIO BiImasrio MisK ITacTHHAMHY y MOPiBHAHHI 3 KpuIeio Ne 1 (puc. 3).
s xpuiri Ne 1 cepenas Bigmaab MixK miractuaamu Oyina y 0,23 MKM, a
Kpuii Ne 2 — 0,201 MKM, IO Y3TOAKYETLCS 3 pe3yJbTaTaMi, HaBele-
HuMU B poboTi [11].

HocmimxeHHa OeHIPUTIB TBEPAOTO PO3UNHY Y-3ajis3a 3a MicIaAMU ce-
rperairii e1eMeHTiB, IT0 (DOPMYIOTHCA ITIiJ Uac KpHUcTaisaiii, micaa 1ma-
BJIEHHSA ITIOBEPXHIi 3pasKiB rapauymm posunHoM mikpaTty Hatpiro mokasa-
Jau, 1o Kpuilg Ne 1 mictuTh meHapuTu 6iabIIoro po3mipy (cepenHiit po-
amip mergputiB — 8—20 MKM), v mopiBHaAHHI 3 Kpureo Ne 2 (cepenHii
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WD=10.8mm 20.00kV._~ x20. WD=10.9mm 20.00kV "~ x20.

Puc. 3. MikpoctpyKTypa Kpuiib: Ne 1 (a), Ne 2 (6).
Fig. 3. Microstructure of steels: No. 1 (a), No. 2 (6).

Puc. 4. [linauku 3 cerperarieio Cuiirnito Ta Maurany, aki opMyooThe Imig uac
KpHucTajisarii Ta po3TalioBaHi y MiMKIeHAPUTHUX IIPOCTOPAax; IIaBJIEeHHA IIi-
kpatom Harpito: kpuisa Ne 1 (a), kpura Ne 2 (6), x100.

Fig. 4. Areas with segregation of silicon and manganese, which are formed
during crystallization and located in the interdendritic spaces; etching with
sodium picrate: steel No. 1 (a), steel No. 2 (6), x100.

posmip meHapuTiB — 8—14 MmrMm) (puc. 4).

Heuaputu kpuili Ne 1 Maam oci mepioro Ta po3BHHEHi oci Apyroro
MMOPAIKY, a AeHaApuTu Kpuili Ne 2 — B OinbIiii KiJbKoCTi oci mepioro
MOPSAAKY Ta cJaabKo po3BUHEHi oci apyroro mopaary. HocaigkeHHsa Mi-
KIEHIPUTHOI BifcTaHi JocIigHUX 3pasKiB mMOKasaau, IO MisKIeHIPUT-
Ha BigcTaub y Kpuili Ne 1 6yme 6inbitioro, Hik y Kputi Ne 2 (puc. 4).

3a imTeHcuBHiCcTIO 3a0apBieHHS BUIHO, IO MiKpoJeryBauusa Twura-
HOM 3MeHIIIye MiKpocerperamiro Manrany it Cuiaiiito ta ixuiii BmicT y
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MIKIEHIPUTHOMY IIPOCTOPi, 10 HAJA€ TOSICHEHHSI CTOCOBHO YTBOPEHHS
O1JIBIITOI KiTBKOCTH BKJIIOUEHD, AKi MicTATh Mauras i Cuitiii.

ITapametrpu TOHKOI KpucraniuuHoi OymoBU AOCHiZHMX 3paskiB (cTy-
OiHb TEeTPArOHAJBHOCTH KPHUCTAJIUHOI I'DATHUII, TYCTHHA AVCJIOKAITilA,
poamip o0macTeii KOTepeHTHOTO PO3CiAHHSA, BeJHMUYMHA BUKPUBJICHD
KpucTaJiuHoi rpaTHuUIi Apyroro poay) y craui micas I'TI]] ra TO BusHa-
YeHO 3 BUKOPUCTAHHAM METOIMKU PEHTIeHiBChKOI CTPYKTYPHOI aHaJIi-
su. Mikpoaerysaunua kpumi Ne 1 TuTtamoM IPUBOAUTEL A0 3MEHIIEHHS
BUKPUBJEHDL IPYTOr0 POAY Ta I'yCTUHU AUcJoKaliut (tabu. 2), mo cBia-
YUTH ITPO 3MEHINIeHH Te)eKTHOCTHU CTPYKTypu [12].

Ha pucyuky 5 mpeacTaBIeHO MiKPOCTPYKTYPY HiCJsd IIOBHOTO ITUKJIY
medopmariino-repmiuHoro obpobaernua. MikpocTpykTypa Kpumi Ne 2
MaJjia GiIBIN APiOHOAMCIIEPCHY CTPYKTYPY, — MEHIIHUH PO3Mip 3epeH,
PiBHOMIipHMI PO3IIOAiJ BKJIIOUEHD i JIIAHOK MiKpocerperaiii, — y mo-
piBHaHHI 3 Kpuiieio Ne 1.

JocaimxeHHsa MexXaHiYHUX BJIACTUBOCTEN KPUIh MOKAasaju, IM0 IJd

TABJINIIA 2. [Iapamerpu KpucTaxiuunoi 6yZ0BY JOCTiIKyBaHUX 3pasKiB.

TABLE 2. Parameters of the crystal structure of the studied samples.

ITapameTep POSM.lp Bukpusnernua| I'ycruna T'yeruna
0JI0KiB
MapryBanud| rpaTHAIL \osaixy L.| APYTOTO pony IUCJIOKAIIIN | IMCJIOKAITi it
a, A i ’ M, % (110) D, cm}|(220) D, emt
Kpuma Nel  2,8642 1871 1,25.1073 4,93-101° 36,5-101°
KpumaNe2  2,8645 1875 0,85-1073 4,82-101° 22,9-101°

20.00kV

a 0

Puc. 5. MikpocTpyKTypa KPHUIlh MicJIsd IOBHOTO IIUKJIY AedopmMaliiiimoro it Tep-
MiuHOro 06pobsienus: Kpuid Ne 1 (a), xpuiisa Ne 2 (6).

Fig. 5. Microstructure of steels after a full cycle of deformation and heat
treatment: steel No. 1 (a), steel No. 2 (6).
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TABJINIIA 3. MexaHiuHi BJacTUBOCTI 3JIUBKiB KPUIIi AOCIiAHOr0 CKJIAAy Iic-
JISI rapsyol maacTUYHOI JedopMmairii Ta HACTYIIHOTO TEPMiYHOT0 00POOJIeHH .

TABLE 3. Mechanical properties of steel ingots of experimental composition
after hot plastic deformation and subsequent heat treatment.

Bigaocue Bigaocue

2 2

Mapxysanna|c,, H/Mm"| Go,2, H/mm BUJIOBXEHHA S, % | sBy:xeHHA Y, %
Kpuma Ne 1 1094,4 636,6 14,2 36,51
KpumaNe 2 1120,4 665,0 12,6 21,2

Kpuiri Ne 2 rpasHuIli MiIfHOCTH Ta IJIMHHOCTY MAIOTh BUIIL TOKA3HUKU, a
BiHOCHE BUIOB/KEHHSA Ta 3BY:KE€HHS MAalOTh OiJIbIli 3HAUEHHSA JJId KPU-
i Ne 1 (tabui. 3), 1110 HOSICHIOETHCA OCOOJIMBOCTAME CTPYKTYPH 3a MiK-
poneryBanua Turanom.

TaxkuM YMHOM, MiKposeryBaHHsa THTaHOM IPUBOAUTE A0 30iIbIlIeHHS
JIUCIIEPCHOCTH CTPYKTYPHUX CKJIAJOBUX, 30iJbINIeHHA KiTLKOCTH BUIIB
IPiOHOIMCIIEPCHUX BKJIIOUYEHb, O1JIBIII PiBHOMiIPHOIO PO3HOALIY AiIAHOK
Mikpocerperamii Kap6ony, Mauramy ta Curiiiro.

4. BUCHOBRKH

1. BcranosieHo, 10 MiKpoJsieryBaHHA Kpuili TuTaHOM OPUBOIUTH IO:
30iJbIIIeHHA KiJIBbKOCTU BHUAIB BKJIIOUEHB, — FesMnosC, FeosMnsC,
FeSiC, Mn-Cs, TiC, — Ta iXxHBOI AUCIIEPCHOCTH 32 PAXYHOK 3MEHITIeHHS
posumHHOCT ManraHy Ta CHUIIillilo B CTPYKTYPHHX CKJIAIOBUX; YTBO-
peHHsA OiJbII OJHOPIAHUX 34 PO3MipOM AEHAPUTIB TBEPOTO POSUUHY Y-
3aJIiza Ta 3SMeHIIeHHA NiJAHOK MiKpocerperanii Kapbony, Maurany ta
Cuuiniro; 3MeHIIIeHHS BUKPUBJIEHD IPYTOTO POAY Ta TYCTHUHU JUCIOKA-
il y NOPiBHSAHHI 3 MOKa3HUKaMI KPUILi, AKY He MiKpoJjerosauno Tura-
HOM.

2. BecraHoByeHo, 110 MikpoJseryBaHHA Kpulli Turanom cupuse: 3MeH-
IIIeHHI0 PO3MipiB 3epeH, OijbII pPiBHOMiIpHOMY PO3IOAiNY BKJIIOUEHD,
30iJIBIIIEHHIO TPAHUIL MIITHOCTH Ta IauHHOCTHA HA = 10% micas gedop-
MAaIlifiHO-TepMiuHOT0 00POBJIEeHHSA, — TapsauoTo MJIACTUYHOrO AedopMy-
BaHHA ITicysa HarpiBamusa go temieparypu y 1260+ 10°C 3si crynmernem
medopmariii y 250% Ta momasbIoro HarpiBaHHSA IO TeMIIEPATypu Y
900 + 10°C i1 oxosomskeHHA 3i mBHUAKicTIO ¥ 2,5°C/C, BiATycKy 3a TeM-
nepatrypu y 300 = 10°C rpusaiicTtio B 1 roguny, — y IOPiBHAHHI 3 KpH-
1eio 6e3 MmikposeryBanas Tutanom.
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BrutuB BiZHOBIIOBAJIbHOTO HATOILIIOBAHHSA MPUCATHUM IPOTOM
BT22c¢B Ha BTOMHI TOKa3HUKHU 3pa3kKiB 3i cromy BT22

A. O.Topnenko, O. I. CemeHennb

AT (cAHTOHOB»,
sya. Mpii, 1,
03062 Ruis, Ykpaina

Y po6oTi mpoBeAeHo JOCTifKeHHI MeXaHiuHX BJACTUBOCTEMH 3pas3KiB 3i cTomy
BT22, migmanmx BiZHOBHOMY aproOHOAYI'OBOMY HATOILIIOBAHHIO IIPHCATHIM
apotom BT22c¢B y cepemoBuilli aprouy is sacTocyBaHHAM 30BHIIITHBOTO 3MiHHO-
ro MarHeTHOTO II0JIS Ta MOAAJBIIIOMY JIOKAJIbHOMY TepMoobpobiaenHio (JITO).
HocaigsxeHHs MOKasaIu, 110 HEJOCTATHIN 3aXUCT i Yac HATOILIIOBAHHS IIPU-
3BiB 10 YyTBOpPeHHs JAe()eKTiB y 30HI TOIJIEHHA 3pas3KiB IepInoi rpyu, Irmo mo-
HU3UJIO IXHIO CTifKiCTh 4O BTOMHOIO PYHHYBaHHA. 3pasKu APYroi rpymnu, o
MaJu IMOPU Yy HATOILJIEHOMY IIapi, JeMOHCTPYBAJIU 3HAUHY PO30iKHICTH y Ha-
nparfoBanHi. [Topu, AKi posramioByBaincsa mopAI 3 OTBOPOM, CIAYTyBaJIu KOH-
IeHTpaTOpaMU HaNPY:KeHb i COPUSAIN PO3BUTKY TpimuH. BomHouac, BimcyT-
HicTb mop 0isdg oTBOPYy Ta mpoBenene JITO 3HAUHO MOJINIIUAN SKiCTH HATOI-
JIEHOTO IIIapy Ta 30HU TePMiYHOTO BIJIUBY, ITI0 IPUBEJIO A0 SHAUHUX HAIPAIlio-
BaHb 3pasKa IIiJ uac BTOMHHUX BUIpobyBaub. OmepskaHi pes3yabTaTi, 30KpeMa
OPaKTUYHIi, TiATBEPIKYIOTh BAYKJINBICTh JOTPUMAaHHSI BCTAHOBJIEHUX IIapaMe-
TPiB HATONJIEHHSA, KiHIIeBOT0O 00po0eHHs AeTasiB i pexxkumiB JITO gna migsu-
meHHsd e()eKTUBHOCTHY Ta HAiMHOCTH IIPOIeAYPH BiTHOBJIIEHHS.

Karouosi cioBa: Bucokominuuit TuranoBuii crorn BT22, mosepxHeBi gedexTn,
3BapIOBAHHS, 30HA TEPMiUHOI'0 BILJINBY, [[UKJ/JIiUHEe HABAHTAKEHHS.

This study investigates the mechanical properties of BT22-alloy samples sub-
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jected to restorative argon arc cladding using BT22c¢B-filler wire in an argon
environment with the application of an external alternating magnetic field,
followed by local heat treatment (LHT). The research reveals that insuffi-
cient protection during cladding led to defects in the fusion zone of the first
group of samples, which reduce their resistance to fatigue failure. The second
group of samples, which had pores in the clad layer, exhibits significant vari-
ability in service life, as pores located near the hole act as stress concentra-
tors and facilitate crack development. In contrast, the absence of pores near
the hole and the application of LHT significantly improve the quality of the
clad layer and the heat-affected zone, resulting in substantial service life
during fatigue testing. The findings provide valuable practical insights and
emphasize the importance of adhering to established cladding parameters,
final processing of parts, and LHT regimes to enhance the effectiveness and
reliability of the restoration process.

Key words: high-strength titanium BT22 alloy, surface defects, welding,
heat-affected zone, cyclic loading.

(Ompumano 8 cepnnsa 2024 p.; ocmamoyn. eapianm — 14 sxoemus 2024 p. )

1. BCTYII

BigHoBiIeHHA MOBEPXOHD i IMiABUINEHHS MTOBIOBiYHOCTH BMCOKOHABAH-
Ta’KeHNX KOMIIOHEHTiB € KPUTHYHO Ba'KJIMBUMHU 3aBIaHHAMUN B Oara-
THOX TaJNy3AX IIPOMUCJIOBOCTH, BKJIOUAIOUN AaBiAIiHYy # OOOPOHHY
chepu. 30Kpema, Iie CTOCYETHCA MaTepiAIiB, SKi IpaIoioTh B yMOBax
BHCOKUX TeMIIEpaTyp i HaBaHTaKeHb, TAKUX AK TUTAHOBIi cTonu. Tura-
HOBi CTOIIM 3aBAAKN CBOIM BHMCOKHM HHTOMHUM XaPAKTEPUCTHUKAM MiIl-
HOCTU, HMU3BKIA I'ycTMHI Ta BiAMIiHHIN KOpPO3ifiHINA CTIiAKOCTI HIMPOKO
BUKOPUCTOBYIOTHCA AJIs BUTOTOBJIEHHA AEeTaliB, IO IPAIIOIOTh B €KCT-
peManbHUX yMoBax [1-3].

MeTton HaTOIIJIIOBAHHA NPUCAAHUM APOTOM Yy CEPENOBUIII iHEPTHUX
rasiB € ofHUM 3 e(PeKTUBHUX CIHOCOOiB BiTHOBIEHHSA 3HOIIIEHUX IIOBEP-
XOHD i 301JIBITIEHHS eKCILTyaTalliiiHOTO pecypcy aeraiB [4—6]. Bukopu-
CTaHHA 30BHINTHHOTO 3MiHHOT'O MAarHeTHOT'O MOJIA il Yac HaTOIJIIOBaH-
HS YMOKJIMBJIIOE ITOJIITIIIIATH AKiCTh 3’€¢THAHHA Ta MiHiMi3yBaTu yTBO-
peHHda nedeKTiB, TaKuUX AK Iopu Ta TpimuHu. omaTKoBe JOKaIbHE
TepMoob6pobaenHs (JITO) Morke 3HAYHO MOIIIITUTY MeXaHiuHi BJIaCTHUBO-
CTi HATOILIEHUX IIIAPiB Y JOKAJIBLHIN 30Hi, Ae OyJI0 3aCTOCOBAHO BiTHOBJIIO-
BaJIbHY TEXHOJIOT'iI0 HATOILJIIOBAHHS, 38 PAXYHOK MOAU(pIiKyBaHHI MiKpPO-
CTPYKTYypH, 3a6e3Ieuyiou IIi IBUIIIeHHA TBEPIOCTH, MiITHOCTH Ta CTilAKO-
CTU 10 BTOMHOTI'O Py HyBaHHH.

ImcTuryT enekrposBapioBanusa im. €. O. Ilarona HAH Ykpainu pos-
POOMB TeXHOJOTiI0 BiIHOBJIEHHS MOBEPXHi IMOIIKOMKEHUX JEeTAJiB Me-
TOAOM HATOILJIIOBAHHS 3 BUKODPUCTAHHAM IIPUCAAHUX APOTIB 31 cTOMmiB
CII15cB i BT22¢B y cepemoBuillli iHepTHUX rasiB i3 3acTOCYBaHHAM 30B-
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HinmrELOTO MarHeTHoro mojsd [7, 8]. Ilro TexHoJsorito YacTKOBO OyJIO
BrupoBapkeno Ha mignpuemctsi AT « AHTOHOB», ne 6yJio BiHOBJIEHO
TIOBEPXHIO BEJIMKOTO AeTaJio Jitaka AH-124 3 Tutanosoro crony BT22,
IIT0 MaB JIOKAJBHUM 3HOC TJInOuHOI0 y moHasn 1,5 mm. [1a morinmienas
MeXaHiUHMX BJIACTMBOCTEH BiJHOBJIEHOTO HOETAJI0 OyJO0 3aCTOCOBAHO
JITO, sike BRJIIOYAJIO IIBUAKWIN HArpiB 0 TeMIlepaTypu ogHOMA3HOTO [3-
PO3UMHY Ta IoJaJIbIlTe KOPOTKOoUacHe cTapinua [9—11].

HesBaxarouu Ha YMCJIEHHI IepeBaru IuxX METO/iB, 3aJINIIAIOTLCI Bijl-
KPUTUMHU OHUTAHHA IOAO OIITHMMIilaIlii TeXHOJIOTIYHMX HapaMeTpiB Ta
YMOB 00pO0JIeHHA, 30KpeMa IIoA0 3MEHIIIeHH BILIMBY IIOP Ta iHIINX Je-
dexTiB Ha KiHIeBi MexaHiuHi BaacTuBocTi BupobiB. HaaBHicTs mop y Ha-
TOILIEHOMY IIIapi MOKe iCTOTHO MOHMIKYBATH MIITHICTBH i JOBroOBiUHICTB
MAaTepifary, 110 0cOO0JIMBO BaKJIMBO B YMOBaX MUKJIIUHNX HaBaHTAKEHb.

VY 1mi#i craTTi HJOCJTigiKeHO BIJIMB BiMHOBJIIOBAJIBHOI TEXHOJIOTiI 3Ba-
pIOBaHHA Ha BTOMHI XapaKTepPUCTUKYU BUCOKOMIITHOTO TUTAHOBOTO CTO-
oy BT22. Insa mboro 6yJjio BUTOTOBJIEHO 3pasKy AJIs IPOBEIeHHSI BTOM-
HUX BUIIPOOyBaHb. MeTa JOCHiAKeHHS IoJAraja y BCeOiUuHOMY HOCJi-
MKeHHi ITicThoX 3PYHMHOBAHUX 3pasKiB 3 orBopoM 3i cromy BT-22, mo
AKUX OyJI0O 3aCTOCOBAHO TEXHOJIOTiI0 BiJHOBHOTO HATOILJIIOBAHHS 3 BHU-
kopucraaaam apory BT22¢s (Ti—5,7Al-5,5Mo0-5,5V-1,5Cr-0,3Zr).

2. MATEPIAJIN I METOOAHU JOCJAIIEKEHD

[ mpoBeleHHS BTOMHUX BUIPOOYBAaHb y ILIUTI TOBIMHOIO y 15 MM
0yJ10 BUKOHAHO (Dpe3epyBaHHs A IIOAAIBIIION0 BUTOTOBJIEHHS IITiCTHOX
CTaHAAPTHUX 3Pas3KiB TUIY «JIOHMaTKa». B IeHTpaJabHill YaCTUHI IITUTHU
TaKkoK 0yJIO 3HATO MOBEPXHEeBUH 1iap raubuuow y 1-1,5 mm (puc. 1, a),
110 iMiTyBaJIO 3HOIIIEHY IMTOBEPXHIO PeaIbHUX JIeTaJiB, B MeKaX AKOI 0y-
JI0O BUKOHAHO BiHOBJIIOBAJIbHE HATOILIIOBAHHSA IIPHUCAAHUM IPOTOM
BT22cB B cepemoBuiili aprouny. Ilapamerpu pexuMy HaTOILITIOBAHHS ITi-
IOupaJncs 3 ypaxXyBaHHAM MiHiMizallii riimOuHY IPOTOILIEHHSA Ta 30HU
repmiunoro BuauBy (3TB) za samamoi mupuum Hatomy. I[asa peryJio-

17

15

6

Puc. 1. Cxema BupisKu 3pasKiB AJd IIPOBeIEHHA BTOMHUX BUIPOOyBaHb (a) i
cxeMa IapaMeTpiB HaTomaeHoro mapy (0).

Fig. 1. Diagram of sample cutting for fatigue testing (a) and diagram of the
parameters of the deposited layer (6).
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TABJHUIIA 1. [TapameTpu pe;XuMy HATOILIIOBAHHSA JOCIiTHUX 3pas3KiB.

TABLE 1. Parameters of the deposition mode of experimental samples.

ITapameTpu HaTOIIJIeHHS 3HaYeHHS
CrpymM 3BaproBanusd, A 270
Hampyra nyru, B 12,5
IIBuAKiCTh HATOMJIIOBAHHS, M/T 5,5
IIBuakicTs mogaui ApoTy, M/T 35
YacToTa KepyBaJbHOT'O MATHETHOTO IIOJIS, I'IT 20
MarneTtHa iHAYKIIisT KepyBaJbHOTO MATHETHOTO ITOJIsA, MTJI 5,5

BaHHA IUX IIapaMeTpiB BUKOPUCTOBYBAJIIU 3MiHHE 30BHIIIITHE MarHeTHe
mmoJie, ITI0 JaJI0 3MOTY KepyBaTHu IpoiiecoM opMyBaHud mapy. Ilapame-
TPU PeKUMY HATOILJIIOBAHHSA Ta KiHIIEeBi po3Mipu 11Ba HaBeIeHO B TabJI.
1imapuc. 1, 6 BigmoBiguo.

HasBHiCTH HATOILIEHOTO IIAPY YV 3pas3Kkax HeMUHYYE CYIPOBOIKYETE-
¢ 3HAYHUM IIOTiPINEHHAM YChOTO KOMILJIEKCY MeXaHiuHNX BJIACTHUBOC-
reit. Tomy mauTy B momibHOMYy HaToILIeHOMY cTaHi 0yso miggano JITO B
IeHTPaJbHUX 30HAX 3Pas3KiB.

s mposenerna JITO 6y1o BUKOPUCTAHO eKCIIEPUMEHTAILHY YCTAHO-
BKY, ITI0 YMOXKJIUBJIIOE ITPOBOAMTH HATPiB IMOBepXHi ToBIIMHOW ¥ 10—12
MM OJHOUYAcHO 3 000X cTopiH. IIpoBemennit mBuakicunit HBY-marpis mig
raptyBaHHsa 10 900 + 15°C Ta 0xX0JI0MKeHHA Ha IOBIiTPi Jaau 3MOry mpuo-
paTu MakKpo- ¥ MiKPOCTPYKTYPHY HEOTHOPiZHOCTI, IO CIIOCTepirajamucs y
BUXiTHOMY HATOILJIEHOMY CTaHi, a TAaKOK HiBeJIIOBaTU MOUYATKOBY BiMiH-
HicTs v TBepaocTi. Ilix wac rapryBanua Haiibianin npobaemuy 3TB Oyio
nigmaHo ha3oBill IepeKpucTaIisallii, 3a paxXyHOK Y0Tr0 BIaJIOCSA IIOHU3UTH
3aJINIIIKOBI HAIIPYKEeHHS 10 PiBHS, OJIM3BKOr0 BiAIIaIeHOMY CTAHY.

3acrocyBanHa nogajbiiioro HBY-crapinusa, a came, HarpiBy g0 TeMIie-
patypu y 600°C ta ButpuMku 20 XBUJIWH, IPUBEJIO IO TOTO, IO AK Y Ma-
Tepisyi HaTomLIeHHs, TaK i B 3TB yTBopuBCA crabiibHUIT ABO(MA3HUM
o+ B-cTaH, AKMI, HE3BAYKAIOUN HAa JleAKe 30iIbIIIeHHA MiKPOTBEDPIOCTH B
nepeximgHill 30HI, XapaKTepu3yBaBCcAd HU3LKUM PiBHEM 3aJIHIITKOBUX Ha-
IPYKEeHb.

Ilicia mpoBemenHs maTomaoBaHuA Ta JITO Oyjio BUKOHAHO BUPiI3KY
Ta KiHieBe oO0pPOOJIeHHSA IIIiCThOX 3Pas3KiB TUIIY «JIOMATKA», a IIiCJIsI 00-
pobyieHHA B IeHTPAJbHIN 30HI Bcix 3paskiB O0yB BukoHaHuil orBip 1116
MM 3 HeoOXiZHOIO IIepcTKicTIo moBepxHi Ha piBHi Ra 0,8 MM (puc. 2).

BumnpobyBaHHA 3pasKiB 3ailicHIOBAIN HA TigpaBiiuHiit mamuai ¥ MM-
25 10 iIXHBOT'0 MOBHOTO PYHUHYBAHHA Bif HyIboBOTrO MUKy (R = 0) 3 uacrto-
Toto v 3 'l 3 HaBaHTAKEHHAMU Praxposrar = 90 KH 1 Praxernex = 60 KH. s
3PYUYHOCTH 00POOJIeHHS OflePrKaHNX Pe3yabTATIB 3pasKu OyJaIu po3aiieHi
Ha JIBi rpynu y BiATIOBiAHOCTI 10 IXHBOTO XapaKkTepy pyiHyBaHHA. B 11e-
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Puc. 2. 3oBHimHill BUrIAL i cxema 3paskKa 3 BiJHOBJIEHOIO IIOBEPXHEIO, IO
TIPOMIIIOB BTOMHI BUIPOOYBaAHHS.

Fig. 2. Appearance and diagram of the specimen with the restored surface
that underwent fatigue testing.

pIily rpymy yBifiliIz Tpu 3pasKu, 1o OyJiu 3pyHHOBaHi B MicIili cToIl-
JIEHHS OCHOBHOT'O MeTaJly 3 HaTOILJIEHHAM, B IPYIy — 3PasKu, Y AKUX
pyiiHyBaHHA BinOyBasocs Bix oTBopy (auB. Tabm. 1).

CTpYyKTypy Ta IOBEPXHIO PYHMHYBAHHS 3pa3KiB BUBUYAJIM 3a HOIIOMO-
roro ounTuuHoro (Neophot-21) i ckanyBansuoro (TESCAN VEGA 3) mik-
pockotmiB. MikpoTBepAicTh 3pasKiB BU3HAYAJIN METOJIOM iHCTPyMEHTa-
JBbHOTO iHZeHTyBaHHA 3a Bikkepcom (HV) Ha mikporBepaomipi QNESS
60A+EVO iz maBauTa:xkeauam y 0,3 H.

3. PE3YJIbTATU EKCHHEPUMEHTY TA IX OBTOBOPEHHS

PyiinyBaHHs 3pasKiB mepImoi rpynu BigOyBajocs B 30HI TOIJIEHHS OC-
HOBHOT'O MeTaJy 3 HATOIIOM; Iie MOKe OyTHu 3yMOBJIEHO HEJOCTAaTHIM 3a-
XMCTOM IIOBEPXHi ITBa ITiJi Yyac HATOIJIIOBAHHSA Y CEePEIOBUIIi iHEPTHUX
rasis.

Bes zaxucHoi aTmMochepu aproHy mMeTaJs ImigmaeTbesa BBy OKcure-
Hy Ta HiTporeny 3 mosiTps, 1110 MOKe IPUBECTHU 10 YTBOPEHHS OKCHUIIB i
HiTPUAiB Ha TOBepXHi 3BaproBajbHOI BanHU. Ile icToTHO moripirye 3Mo-
YyBaHHS Ta IPOTOILIEHHA OCHOBHOTO METAJIy, PO III0 CBifUaTh KOJIbLOPU
IIJIMHHOCTY Ha IIOBEPXHi 3j1aMiB.

3pasok 1 MaB HAMOINIBII OKMCHEHY IIOBEPXHIO, II[0 3YMOBIJIO HAWHN-
JKUi HampaIloBaHHs OO0 PYHHYBaHHA Iifl Uac MPOBEeJeHHs BUIPOOYBaHb
Ha BTOMY 3 ycix 3paskis (Tabu. 2).
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TABJINIIA 2. HanpaijoBaHHA 3pasKiB micjs mpoBeJeHHs BTOMHUX BUIPOOY-
BaHb.

TABLE 2. Operating time of samples after fatigue testing.

Ne gpaska N, mukJ.
3917
7054
6378
14784

28388
14192

I'pynal

T'pyma 2

S O W N

Ha sigminy Big 3paskiB 11 3, pyiinyBauusa 3paska 2 BizOyBaocd K B
30Hi TOIJIEHHSA, TaK i BiJT OTBOPY.

PylinyBanHA 3pasKiB MaJjo IMMOYaTKOBUM KPUXKUM i TogaabIIni BTO-
MHUH XapaxkTep.

VY spaskax 1 i 3 TpiluuM po3BUHYJINCS IO Kpaio 30HU ToIIeHHs. Ha

MOBEePXHi TPIMIMH BUAINAINCA TPU 30HU, AKi BiApisHAIMCA 3a CBOEIO
6ymosoio (puc. 3):
— TJIagKa, 0OJIMcKyYa 30HaA 3 KOJIbOpaMU IIJIMHHOCTY (3a HeBeJIUKUX 30i-
JBIIIeHb Ha IIOBEePXHi ITiel 30HM BUAHO MOOAMHOKI CTOBIIUACTI 3epHa, Ue-
pes AKi BigOyBasiocss pyHHYBaHHA, a TAKOMK PUCKU BijJ MeXaHiuHOTO 00-
pobyeHHsA, 1110 MOTJIM BUHUKHYTHU IIiJT Yac BUKOHAHHA IIa3iB mepe; 3Ba-
pIOBaHHAM, IO BKa3ye HA YaCTKOBE CTOIJIEHHS OCHOBHOI'O MeTaJy 3 Ha-
TOTIOM);

3pasox 1

Puc. 3. 3oBuimHi# Buraan spaska 1, mo 3pyiiHyBaBca B IPOIeci BTOMHUX BU-
npoOyBaHb.

Fig. 3. Appearance of specimen 1 that failed during fatigue testing.
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— TeMHa 30Ha 3 rpyoum maxpopenbedom (3TB) (11 30Ha xXapaxTepusy-
€ThCA 3HAYHUMU 3MiHAMU MiKPOCTPYKTYPHU MijJ] BIJINBOM BUCOKUX TEM-
neparyp);

— IrJIaJKa MaToBa OiJMAHKA 3 KiJbIIeBUMHU JiHiAMU BTOMHU (IIA OiISTHKA
BKasye Ha IOAAJBbINMUN PO3BUTOK BTOMHOIO PYHHYBaHHSA ITIiCJIA IIOoYaT-
KOBOT'O KPUXKOTO).

Y 3pasky 2 TpillmHN MaJu 3MIIIaHUN XapaKkTep PO3BUTKY, 3apo-
IKYIOUNCHh AK BiJl 30H CTOILIEHHS, TaK i Big mopu giamerpom y 70 MKM,
AKa yTBOpUJacs ITiji yac 3BapiOBaHHS B HATOILJIEHOMY IIapi mo6mnsy mo-
BepXHi 0TBOPY. 1i POBBUTOK BinGyBaBCA Uepes MOETHAHHA KPUXKOTO Ta
B’SIBKOT'0 MeXaHi3MiB, 3 HASIBHICTIO 30H MOYAaTKOBOT'O BTOMHOTO IIipoc-
TaHHA B 30HI HaTomjaeHHA. Tpeba Tako:K 3a3HAUUTHU, IO HAIBHA 30HA
OCTATOYHOTO PYHHYBAHHSA, SIKA PO3TAIIIOBYBajlacd Yy HATOILJIEHOMY IIa-
pi, BKasye, 1110 PO3BUTOK TPIiIlIMHU BiAOyBaBCs mapajeibHO — SK Bifm
MOBEPXHI 3pasKka, Tak i Big oTBOPY.

dororpadii Ta cxemu OymoBu 3saMiB 3paskiB 1, 2 mepioi rpymnu Ha-
BeJeHO Ha puc. 4.

Y KoxHOMY 3pasKy APYyroi rpynu BUSABJIEHO II0 ABi TPiIuHM, IIT0 PO3-
BUHYJINCA Bif moBepxHi orBOpy. Ilig uac mocaimkeHHs i3 3acTocyBaH-
HAM HeBeJIMKUX 30iJbINIeHb V 30HaX CTOIIJIEHHS 3pas3KiB 4, 6 0yJj10 BUAB-
JeHO ne()eKTH y BUIJVIALI MHOMKUHHUX IIOP, AiAMeTep AKUX CTAHOBUB

Puc. 4. 3oBHiMHiY BUTIAL Ta cxeMu 0y 1oBU 3J1aMiB 3paskiB 1 (a) ta 2 (6).

Fig. 4. Appearance and fracture structure diagrams of specimens 1 (a) and 2 (6).
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3pazok 6 3pazok 4
TIopa O 0,085 mm , ITopa 0 0,12 MM
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Puc. 5. ®ororpadii ¢pparmenTy 3J1aMiB ABOX 3paskKis 4 Ta 6 3 mopamMu B HATOII-
JeHOMY II1api, BiJy AKMUX IMOYaBCA POSBUTOK BTOMHUX TPiIlMH.

Fig. 5. Photographs of fracture fragments of two specimens 4 and 6 with
pores in the deposited layer, from which fatigue cracks are started to develop.

0,05-0,10 mMm. Sapoms:KeHHs TpPilluH BimOyBajocdA Big mop, IMo poaTa-
IIIOBYBAJIUCS Y HATOIJIEHOMY ITapi mobJin3y OTBOPY, ajie He BUXOIUJIN
Ha 1ioro moBepxHIO (puc. 5). Ha Bigminy Bix nBox momepenHix 3pasKis,
iminiroBaHHA TPilUH Yy 3pasKy b BigOyBajsocs y 30HI TepMiUyHOIr0O BILIU-
By. B 30HiI HaTOILIEeHHA TaKo:K (piKcyBasmucsa IIOOAWHOKI mopHM AissMeT-
pom mo 0,05 mm.

ITix yac maxkpodparkTorpadivHoro SOCJaiAKeHHs O0yJI0 BCTaHOBJIEHO,
1110 3aPOIKEeHHs Ta PO3SBUTOK TPIIllMH 3pa3KiB 4, 6 BigOyBaBcs Bij moBe-
PxHi OTBOPiB 3a 3MilllaHMM KPUXKUM i B’ A3KUM MeXaHisMaMu 3a HasAB-
HOCTH IIOYATKOBUX 30H BTOMHOI'O Hi[POCTAHHA TPIIUH. 3 AOCATaHHIM
3TB moBepxHsA 3JaMiB cTaja GiIbIIT HEPiBHOMIPHOIO Uepes MiKpPOCTPYK-
TYPHiI 3MiHM Ta ITiABUINEHY KOHIIEHTPAIiI0 HAIPY:KEeHb, IO CIPUSIE
OiNMBII MIBUAIIIOMY PO3BUTKY Tpimuuu. ¥ 3TB cmocTepiraroTbes o3HAKHU
B’A3KOr0 Ta YaCTKOBO KPUXKOT0 PYHHYBaHHA, 30KpeMa, IJIaCTUYHi Je-
dopmarrii maTepianay HaBKoJo Tpimuuu. Kpuxke pylinyBanusa BigoyBa-
JIOCh SIK iIHTEePKPHUCTAJITHO II0 MeXKax [3-3epeH, TaK i TpaHCKPUCTAJIITHO
3a eJieMeHTaMU CTPYKTypu. Hampukinii Tpinus mopsAn is mepeBaskaro-
YUM SMKOBUM MiKpopesibedoM BUABJIANACA HeBeJUKa KiabKicTh (ace-
TOK KPUXKOT0 pyHHYBaHHA.

Ha Bimminy Big 7BOX IIOIIepeIHBO PO3TIIAHYTHUX 3pas3KiB, pyHHYBaHHA
3paska 5 Bimbysasoca y 3TB mobum3y HaATOILIEHOTO IIAPy Ta MaJio
OiIBII 3TJIamKeHnIl peabed MOPiBHAHO 3 iIHITMMHY 3pa3KaMu I[iel rpymu,
1110 MO2Ke BKasyBaTH Ha OiJIbIII i ABUITEeHY IJIACTUYHICTD i€l 30HH’.

Ha pucynky 6 mHasegeuno ¢ororpadii Ta cxemu 0ya0BU 3J1aMiB 3pasKiB
5i6.

HociimxeHHsa 3pasKiB Ha CKaHYBaJIbHOMY €JIEKTPOHHOMY MiKPOCKO-
IIi BUSIBIJIO HACTYIIHI 0COBJIMBOCTI IXHBOTO PYyHHYBaHHS.

Ha mouaTKoBUX AiMSHKAX TPillMH 3pasKiB mepImnoi rpymu Mikpope-
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3oHa HaTOILIEHOrO, MaTepiany

30HA KPIXKOI'O pyHWHYBAHHA =
OHa B'A3KOT0 CTATIHHOTO PYHHYBaHHA
OHa 3MIIIAHOT0 PYWHYBAHHHA (BTOMHO-B’A3KOI0)
OHA OCTATOYHOTO PYUHYBaHHSA

HanpaMok posBHTKY TpLITUHHA

Ocepenox TPiluHEN

Puc. 6. ®ororpadia Ta cxema 6ymoBu 3;1aMiB 3paskis b (a), 6 (0).

Fig. 6. Photograph and fracture structure diagram of specimens 5 (a), 6 (6).

Jbed Y 30HaX YaCTKOBOI'O CTOILJIEHHS CKJAJaBCA 3 OKPEMUX CTOBIIUAC-
TUX 3€PeH, 110 pyUHyBaJuCcsa 3a MeXaHi3MOM 3JMTTSA MiKpomop i riaf-
KUX JISAHOK HECTOILJIEHHS IIOBEePXHi, HA IKUX YiTKO PO3PiSHAIMCS CJIi-
Iu Big MexaHiuHOTr0 00pobseHHs (puc. 7, a). ¥ 3TB cnoctepirascs 3mi-
niaHui KpUXKU MiKpopenabed, AKUN CKJIaJZaBcAd 3 3epPHOMEKOBUX (a-
CeTOK 1 TiJIAHOK BigKOJy Ta KBasuBigkoiy (puc. 7, 6). Y 30Hi BTOMU BU-
SABJABCA G0po3HUCTHI Mikpopenabed (puc. 7, 8).

B mporeci gocraigskenusa 0yJIo BCTAHOBJIEHO, IO 3pPa3Ku I'pynu 2 Ma-
IOTH 3MilTaHUM XapaKTep PyHHYBaHHSA — ITOBTOPHO-CTATHUUHUI (MaJo-
IIMKJIOBA BTOMA) Ta KPUXKUU MiK3epeHHUU. 3apoAKeHHs TPIIUH Y
3paskax 4, 6 BigOyBajocs 3a BTOMHMM MeXaHi3MOM BiJ mop giaMeTpoM
1o 0,12 mm, 110 posTariosyBaauca Ha Biggami y 80—100 mxkM Big moBep-
XHi OTBOPY B 30Hi HaTOILIIOBaHHA (puc. 8, 9).

HaaBuicTs BTOPUHHUX MIiKPOTPIlIIWH, IO PO3BUHYJUCA Bix mopu,
BKa3ye Ha 3HAUHY KOHIIEHTpAIlil0 HAIIPpYKeHb i mouyaTKoBe Miclle pyu-
HyBaHHA (puc. 10, a). ¥V 3jaMi HaTOILJIEHOTO METANy 3 MOJAJIbIITIM POC-
TOM TPIiIlIMHU CHOCTEPiraBcs PeryJasapHUM OOPO3HUCTHII MiKpopeabed
(puc. 10, 6). Y ocumoBHOMy MeTrasi y 3TB Oynm BuABJIEeHI mepeBasKHO
Kpuxki daceru Bigkoay (puc. 10, 8) i HeBeluKa KiJIbKicTh MiKpomiisa-
HOK MiK3epeHHOTro pylHyBaHHA. [oJIoM MiK eleMeHTaMU KPUXKOTO
pY#HYBaHHA BigOyBaBcA 3a JOIIOMOTOIO B’ A3KOT0 MeXaHi3MYy 3JIUTTSA Mi-
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Puc. 7. Buxg noBepxHi 3JaMiB 3paskiB mepiroi rpynu y 30Hi HaTOIJIeHHS (a), ¥
3TB (0) #1 y 30Hi BTOMHOTO PO3BUTKY (8).

Fig. 7. Appearance of the fracture surfaces of the specimens from the first
group in the deposited zone (a), in the HAZ (6), and in the fatigue develop-
ment zone (8).

Kpomop (puc. 10, 2). ¥ mipy 3pocranusa Tpimuau (mosa 3TB) nepeBaskas
MeXaHi3M IIPUIIBUAIIEHOI BTOMM — B 3JIaMi cIlocTepiraBcsa xapaKTep-
HU TPAHCKPUCTAJIIUHUI MiKpopeabed, IO UuepryBaBCcs 3 AiISHKAMU
B’A3KOr0o AMKOBOTO MiKpopeabedy.

3apomKeHHA TPIIUHN Y 3pas3Ky b BinOyBasocs BiJ IOBepXHi OTBOPY ¥

SEMHV: 20.0MV _ Dwie{wiay}: 118323

Puc. 8. Bug mopu B ocepeKy TpilliuHu 3pasKa 4, sKa PO3BUHYJIACS ¥ HATOILIE-
HOMY IIapi mpaBopyd BiJ MOBEPXHi IEHTPAJIBLHOTO OTBOPY.

Fig. 8. View of the pore at the crack initiation site of specimen 4, which devel-
oped in the deposited layer to the right of the surface of the central hole.
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g~ 0,08

Puc. 9. Bug mop B ocepeaky TpilnuHu 3paska 6, iKi po3BUHYJINCS Y HATOILIE-
HOMY Itapi jriBopyu (@) i mpaBopyu (0) Bix mMOBEepXHi IIEHTPATIBHOTO OTBODY.

Fig. 9. View of the pores at the crack initiation site of specimen 6, which de-
veloped in the deposited layer to the left (a) and right (6) of the surface of the
central hole.

3TB (puc. 11). ¥V 31ami B 30Hi HATONIIOBAHHA ITO0JIM3Y IIOBEPXHi OTBOPY
dikcyBamacsa mopa gismerpom y 0,05 MM, ajie BoHa icTOTHO He BILIUHYJIA
Ha PO3BUTOK OCHOBHOI Tpimuuu (puc. 12, a).

B nmopanpmiomy B TPiTUHI cIocTepiraBcs 3TUIasKeHUA MiKpopeabed
3 XapaKTepHUM AJd BTOMH CTPYMKOBHM BizepyHKoM (puc. 12, 0), B
AKOMY 3i 30iJBIIIEHHAM BUSIBJISABCSA OOPO3HHCTHI MiKkpopenabed (puc.
12, g8). J[lami moBepxHA 3J1aMiB cTasa GiILIIT HEPiBHOMipHOIO uepes MiK-
POCTPYKTYPHI 3MiHM Ta IiABUIIIEHY KOHIIEHTpaIlifo HanpysKeHb. Haas-
HiCTh IJIACKMX (paceTOK 3epeH i3 UiTKMMU 3epeHHUMU MeKaMU, Ha I10-
BEePXHIi AKUX CIIOCTEPirajucsa TeKCTYPHi 0coOGJIMBOCTI Ta JeTasi Mmopdo-

Puc. 10. XapakrepHuii Mikpopenbed moBepxHi 3;1aMiB 3paskiB 4, 6, a came:
BUJ IOYATKOBOT'O PYHHYBaHHA Bif mopu 3a Oisnbiroro 36iibinenssa (a), Bug 60-
posHucToro mikpopenbedy (6), pacerku Binkoay y 3TB (8), B’ aA3Kuit AMKOBuUI
MiKpopebed y 30Hi 0CTATOUYHOTO PYHHYBaHHS (2).

Fig. 10. Characteristic microtopography of the fracture surfaces of specimens
4 and 6: view of initial failure from a pore at higher magnification (a), view of
the grooved microtopography (6), facets of the fracture within the HAZ (s),
ductile dimpled microtopography in the final failure zone (2).
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Puc. 11. Bug ocepenkis Tpimuuau 3paska 5, aki possuryauca y 3TB siBopyu
(a) i mpaBopyu (6) Big moBepxHi IeHTPATIBLHOTO OTBODY.

Fig. 11. View of the crack initiation sites of specimen 5, which developed in
the HAZ to the left (a) and right (6) of the surface of the central hole.

JIOTii KBA3MKPUXKOTO PYHHYBAHHSA, MOKE CBIiIUNTHY PO HEPiBHOMIpHUH
poBIoAis Jler'yBaJbHUX €JeMEeHTIiB y 3epHi mig yac TepmiuHoro o6poo-
JIEHHA 3pasKa, II[0 IPUBEJIO A0 YTBOPEHHS PisHUX (a3, 30H 3 PisHUMU
MexXaHiuHMMU BJaacTuBocTaMu (puc. 12, 2).
Hns BecranoBaenHA BIIuBY JITO Ha KiHIIEBY CTPYKTYPY Ta MexXaHiuHi
BJIACTHBOCTI 3pas3KiB 0yJI0 BUTOTOBJIEHO LIi(hK Y BUCOTHOMY HAIIPAMKY .
BukoHaHo MipAHHSA MiKpPOTBEPIOCTH BCiX 3pasKiB y TPhLOX HAIIPAM-

9 ~0.056

Puc. 12. XapaxTepHi Mikpopeabedu moBepxHi 31aMy 3paska 5: mopa B HaTOII-
JieHi mo0/in3y moBepXHi 0TBOPY (@), BTOMHUU MiKpopeabed Ha AeAKOMY Bigma-
JeHi Bix ocepenky Tpimmunu (6), Bug 60po3eHuacToro Mmikpopeabedy (8), dhacer-
KU BifKOJy 3epeH 3 MiKpOAiIAHKaAMM KPUXKOTO Ta B A3KOTO MiK3epEHHOI'O
pyiinyBauuay 3TB (2).

Fig. 12. Characteristic micro topographies of the fracture surface of speci-
men 5: pore in the deposited layer near the surface of the hole (a), fatigue mi-
crotopography at some distance from the crack initiation site (6), view of the
grooved microtopography (8), facets of grain fractures with microareas of
brittle and ductile intergranular failure within the HAZ (2).
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TABJHUIIA 3. Cepenni 3HaueHHA MiKPOTBEPIOCTY 30H HATOILJIIEHHS.

TABLE 3. Average microhardness values of the deposition zones.

CepenHi 3HaUeHHS MiKpOTBEpPAOCTU 3paskis, HV

3oHa H,

KOHTDPOJIO | MM Tpyna 1 T'pyna 2
1 2 3 4+ | 5 | 6
HaT‘}’E;‘;HHH 0,5 - 363+18,6 -  355+13,4371+12,3357+10,8
Bora 2 431+19,5 376+19,6 422+ 7,44 346 + 3,68425 + 24,0 371+ 15,3

repmiusoro 3,5 422+6,6 406+6,4 418+8,48366+11,9415+10,1381+25,0
BILIUBY 5 323+10,0 421+5,12421+5,76370+12,4 438+8,1 375+19,0
OcuoBHmiiMeTanr 6 364+18,9 389+24,16378+12,8413+16,3 445+9,2 412+8,48

KaXx: y HaTomieHomy Iapi, 3TB Tta B ocHoBHOMY MeTaJsi. Oxep:kaHi pe-
3yJbTaTH HaBeIeHO B TabJI. 3.

3rizHo 3 MpoBedeHUMU AOCIIIKeHHIAMN MiKpoILIi)iB OyJo omepsxa-
HO HACTYHIHIi pedyabTaTi. 30HA HATOILTIOBAHHS BCiX 3pasKiB cKJamasa-
cd 3 BeJIMKUX BUTATHYTHUX (-3epeH (500—600 MmxM), opieHTOBaHUX y HAa-
MPAMKY TeIJIOBiBeeHHs, 3 BiIMaHIITEeTTEHOBOIO CTPYKTYPOIO, SKa
yTBOpHUJacAd BHACHiZOK AuUGpY3ifiHOro mepeTBOpeHHA B [-TUTaHi micuas
JITO.

YacTuHa MapTeHCUTHOI o -hasu, 1110 yTBOPUJIACA IIiJ] Yac rapTyBaH-
Hs, YaCTKOBO PO3KJAJACSA, YTBOPUBIIM TOHKI IIacTUHU o-)as3u B MaT-
puii B-gasu. A BugHO 3 pucyHKa 13, MiKpPOCTPYKTYpPU HATOILJIEHUX
mIapiB 3pasKiB APYyroi rpyIiu JeIro BiApisHAaI0oThC: O-IJIACTUHU B HATO-
ILJIEHOMY IIapi 3paska 5 MaioTh OLIBII TOHKI BuAiIeHHA o'-(pasu B IOpi-

Gigaml )
e o
L

ey

=

Puc. 13. MikpocTpykTypa obsacTu HaTomaioBanuA micaa JITO spaskis 4 (a), 6
(6) Ta 3paska 5 (8) gpyroi rpymu.

Fig. 13. Microstructure of the deposited layer area after local thermal treat-
ment of specimens 4 (a), 6 (6), and specimen 5 (8) of the second group.
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Puc. 14. PesyabTaTi MipsaHHA MiKpPOTBEPAOCTH 3pasKis 4—6 gpyroi rpymu.

Fig. 14. Results of microhardness measurements of specimens 4—6 of the sec-
ond group.

BHAHHI 3i 3paskamu 4, 6, 1110 BKa3ye Ha He3HAUHI BiAXuWIu Imig gac mpo-
BemenHsa JITO. MipAHHS MiKpOTBepIOCTH HATOILJIEHOTO IIapy Iiiei rpy-
I IOKAas3ajo, I0 3HAUeHHA MiKpPOTBEPAOCTH 3pasKa b Jelro BiapisHs-
€ThCA BiJl 3HAaUYeHb A4 3pasKis 4, 6.

VY 6inbmioctu 3paskiB y 3TB micaa JITO 6yio cdhopmoBaro gBodasHy
CTPYKTYPY, IO BKJIMOYAa o- 1 -hasu. PopMmyBaHHA ABODA3HOI CTPYK-
TYyPH € HACJJiTKOM BiJHOCHO IIOBLJILHOT'O OXOJIOAKEeHHS 3pa3KiB Ha IIOBi-
Tpi mig yac crapinHda. Ile copusago mepeTBOPEHHIO BUCOKOTEMIIEPATYP-
HOI 3-(asu, 110 yTBOPUIACS i Yac rapTyBaHHs, B PiBHOBaXKHY d-(hasy
Ta 3aJIUIIKOBY MaTpuIlio B-hasu. MipanHa nmokasaau He3HaUHIi Bapiaii
3HAUEeHb MiKpOTBepaoCcTH 3paskiB apyroi rpynu y 3TB. Busasieni Bin-
XUJIN MiKPOTBEPAOCTH APYroi rpynu MOKYTh BKa3yBaTHU Ha HEe3HAUHY
JIiKBaIliio JeryBajbHUX ejemMenTiB mig uac JITO (puc. 14).

IlopiBHAHHA 3pasKiB JBOX I'PYIl He IIPOBOAUJIOCSA Uepe3 PYUHYBaHHA
3pasKiB IepIoi rpynu B IIepexiiHiil 30Hi HaTOMJIEHHA—OCHOBHUI MeTaJl.

4. BUCHOBKH

IIposeneni (pparkTorpadiuna Ta merasorpadiuna aHaAIiI31 3PYHHOBAHUX
i yac IpoBeleHHs BTOMHUX BUIIPOOyBaHb 3pasKiB 3i cromy BT22
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YMOKJIUBUIY 3pOOUTH HACTYIHI BUCHOBKH.

3pasKu Ieplnoi IPymy Majii HeJOCTATHINl 3aXMCT MiJ Yac HaTOILIIO-
BaHHAA, IIT0 IIPU3BEJIO 0 PYHHYBaHHA B 30Hi CTOILJIEHHA 3 OCHOBHUM Me-
TaJoOM.

HartonmioBamusa mpucaguuMm aporoMm BT22c¢B y cepemoBHIIL aproHy
Oi BIIMBOM 3MiHHOT'O 30BHIIITHBOIO MArHETHOI'O IIOJIS YMOMKJIMBUJIO
IOCSATTH TapHUX Pe3yJbTaTiB B IJIaHi MiHiMizalil riinOuHN IPOTOIIEH-
HsdA, 30HU TEePMiYHOTO BIIJIMBY Ta Ae(eKTiB 3BapioBaHHA, a came, IOpP V
HaTOILJIEHOMY IIapi.

3HauHa Po30iKHiCTL B HampallloBaHHI 3pasKiB Apyroi rpynom Moxxke
OyTH 3yMOBJIEHOIO PO3TAIITYBAHHAM IIOP YV HATOILJIEHOMY ITTapi BiZHOCHO
oTBOPYy. Busasieni mopu, mismerep AKMX 3HaxoamBca B Mexxkax 0,05—
0,10 MM, icTOTHO BILTIMHYJIN HAa MeXaHiUHi BJaCTHBOCTI Ta BUTPUBAJIICTH
3paskiB. Ilopu cayrysainm KOHIIEHTPATOPAMU HAIIPYKEHb, IO CIPUAINA
3apPO/KEeHHIO Ta PO3BUTKY TPillUH, 3MEHITYIOUN 3araJIbHy CTiAKiCTEL OO
BTOMHOT'O PyHHYBaHHA.

VY 3paskax 4 Ta 6 TPilUHYN IOUMHAJNCS BiJ IIOp Y 30HI HATOIJIIOBaH-
HdA, IO CBIAYMTHL IIPO iXHil 3HAUHWH BILIMB HAa IIPOIleC PYHHYBAaHHA.
3pas3oK 5, AKUI MaB MEHIII HOPUCTUN HATOILJICHUH I11ap, JeMOHCTPYBaB
Jinmry cTifikicThb i 6iJbIn piBHOMipHUI MiKpopeabed 31aMiB, IIT0 MOKe
CBIIUMTH TIPO JIIINTY AKiCTh HATOIJIEHOIO IIapy Ta MEHIY KOHIIeHTpPAa-
1ito HApyKeHb micaa JITO.

3arajom BifMiHHA AKiCTh HATOILJIEHHS, He3HAUHA KiJIbKicTh mop mia-
meTpoM B Me:xkax 0,1 MM i1 epexTuBHicTs JITO cupusaam mosrinieHHIO
MeXaHiuYHMX BJIACTUBOCTEM 3pas3KiB Apyroi rpymu, mio 3abe3meunyio ix-
HIO TPUBAJIY eKCILIyaTaIliio.

TexHoJIOTiA BiTHOBJIEHHS MOBEPXHI Ma€ BEJIUKUH IIOTEHIIA AJIS pe-
MOHTY Ta BiTHOBJIEHHA BUCOKOHABaHTaKEeHUX KOMIIOHEHTIB, 1110 MalOTh
saoc. Ile MosKe BKJIIOUATHU JIOMIATKU TypOiH, KOPIIycu IBUTYHIiB, IaHIle-
POBaHi eJleMeHTH Ta iHINII KPUTUYHO BaKJuBi getasi. Bukopucranua
1iei TexHoJOrI1 1ae 3Mory ed)eKTUBHO BiJJHOBJIIOBATU HAsABHI KOMIIOHEH-
TH B PiBHUX Tray3AaX IPOMIUCJIOBOCTH, IIOHMKYIOUN BUTPATHU Ha BUPOO-
HUIITBO HOBHUX JETAJIIB i 3arajbHi ekcmayaramniiai sutpatu. Kpim Toro,
BiHOBJIEHH: AeTasiB i3 3acrocyBanuaM JITO cuopusie migBuIeHHio Ha-
IifiHOCTU Ta 60MOBOI TOTOBHOCTY BifiCBKOBOI TeXHIiKH, IO € KJIIOYOBUM
s 3a0e3MeueHHsa 000POHO3TATHOCTY KPaiHU B HAIII Uac.
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IMosinmeHHsA BJIaCTUBOCTEH BUCOKOMAHI AHOBUX KPHIIh METOAaMHU
TepPMIiYHOTO 00POOIeHHSA

B. M. Caxxues, I'. B. CHiskHOI

Hauyionaavhuil ynigepcumem «3anopi3vka noiimexnika»,
ey.. yKroecvroezo, 64,
6906 3 3anopixcacs, Ykpaina

HocaimxeHHAMY, TIpPeICTaBIeHUMH B AaHiil poboTi, mpoaHasi3oBaHO BILJIUB
BmicTy Mn, IIBUAKOCTH OXOJIOMKEHHS METaJIy B JIMBAPHIii (popMi Ta cuermid-
JBbHUX PEKUMiB TepMiuHOTO 00POOJIeHHS Ha MexaHisM 3MiH (a30BOTO CKJIaxy
ayCTEHITHUX MAHTaHOBUX KPUIlb, IXHI0O MiKPOCTPYKTYpY, isuKo-MexaHiuHi
BJIACTUBOCTI Ta 3HOCOCTiiKicThb. B mocimimHmx Kpuigax BapitoBaBca BmicT Mn
Ha piBHAX 8%, 10% , 13%; BMicT iHIIINX KOMIIOHEHTIB OCHOBHOI'O Xe€MiuHOT'O
CKJIAAy MiATPpUMYyBaBCA B MeKax craHgapTy A kpuii 110T'13J1. Hocaimxen-
HSA IIPOBOAUJINICS HA JIUTUX 3pasKax Pi3HOI TOBIIUHM AJIA KepyBaHHA IIBUIKI-
CTIO TEIJIOBiBEIEHHA Iij yac MepBUHHOI Kpucraiisdarii. JociimkenHsa moxa-
3aJId, 110 Y KPUISAX i3 MOHMMKEHUM BMicToM Mn MOKJIMBe OAPiOHEHHA 3epeH
ayCTeHIiTy ¥ icTOTHe HimBUINEHHSA BJIACTUBOCTEIl MeTaJly 3a 3HAUHO MEHIITO1
TPUBAJIOCTH BiAmaay, HisK e morpiouo aasa xpuili 110T'13JI. [[ia ToBCTOCTiH-
HUX BUINBKIB i3 Kpuri 110T'10JI TpuBaiicTs Bigmaay Moxke OYTH CKOPOUEHOIO
BABiui, a misa BuauBkiB i3 Kpurii 110I'8JI mepexkpucrasrizaiiis Moske 6yTH IPo-
BeJIeHOI0 6e3 IMoIepeIHboTo BiAnany, SKIo i Yac TBePAiHHS BUJIUBKIB y (o-
pMi Oyze 3abesreueHO YIIOBiJIbHEHEe OXOJIOAMKEHHsS. 3allpOIOHOBAHO pallioHa-
JIbHI peKUMU TePMiuHOTO 00PO0JIeHHA KPUIlh 13 MOHMKeHuM BMicToM Mn, AKi
3a0e3IeuyIoTh 3HaUHe IIOAPiOHEeHHA 3ePeH ayCTeHITy Ta HiABUIIIeHHS KOMILIe-
Kcy QisMKo-MexXaHiuYHMX i eKCILTyaTaiiHuX BJIaCTUBOCTEN METaJy.

KuarouoBi ci1oBa: BICOKOMAHI'aHOBA KPUILA, ayCTEHIT, IMepJiT, kapoin, Tepmiu-
He 00p00JIeHHA, MiKPOCTPYKTYpa, 3HOCOCTiHKiCTh.
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1112 B. M. CAYKHEB, T. B. CHI;KHOI1

The mechanism of change in the phase composition of austenitic steels, their
wear resistance and microstructure is analysed. The influence of Mn, the rate
of cooling of the metal in the casting mould, and special modes of heat treat-
ment on the physical and mechanical properties of high-manganese steels is
investigated. In the studied steels, the Mn content is varied at the levels of
8%, 10%, and 13%. The content of other components of the main chemical
composition is maintained within the standard for the 110I'13JI steel. Stud-
ies are conducted on cast samples of various thicknesses to control the rate of
heat removal during primary crystallization. In steels with reduced Mn con-
tent, grinding of austenite grains is possible, and a significant increase in
metal properties with a considerably shorter annealing duration (than this is
required for the 110I'13JI steel) is shown. In thick-walled castings made of
the 110I"'10JI steel, the duration of annealing can be reduced by half. In cast-
ings made of the 110I'8JI steel, recrystallization can be carried out without
preliminary annealing, if slow cooling is ensured during hardening of the
castings in the mould. Rational modes of heat treatment of steels with a re-
duced Mn content are proposed providing both a significant grinding of aus-
tenite grains and increasing the complex of physical, mechanical, and opera-
tional properties of the metal.

Key words: high-manganese steel, austenite, pearlite, carbide, heat treat-
ment, microstructure, wear resistance.

(Ompumano 18 6epesns 2024 p.; ocmamouH. eapiasnm — 8 aunus 2024 p.)

1. BCTYII

151 BUTOTOBJIEHHS 3HAUHOI HOMEHKJIATYPH IIBUAKO3HOIIIYBAHUX JeTa-
JIiB ripHHYOZ00YBHOTO, TipHUUYO30arauyBaJbHOTO OOJATHAHHSA, CiJIbCh-
KOI'OCIIOZapPChKOI TeXHIKM, 3aJIiBHUYHOI'O TPAHCIIOPTY HMINPOKE 3aCTOCY-
BaHHSA ByKe JPyre CTOJITTA 3HAHIILIA JINTA BUCOKOMaHI'aHOBA KPHUII ay-
creriTHOrO Kaacy tTumry 110I'13JI. HemmepepBHUI POSBUTOK IIUX TaTy3eH
IisJIBHOCTH IPUBOAUTEL OO0 YCKJIATHEHHS YMOB eKCIlIyaTallii getamiB i3
3HOCOCTIMKOI KpUIli, HiABUINeHHS BUMOT OO0 ii (dismko-MexaHiuHMX i
cay:k00BuX BiaacTuBocTeii. ToMy BUEHMMU HPOBOAATHLCSA AOCTiIKEeHHS
XeMiuHOro CKJIaAy i pe:KuMiB TepMiuHOro 06po0ieHHs, SKi HAIIpaBJIeHi
Ha IMOJIiNIeHHA AKOCTY BUJIMBKIB i BIAaCTUBOCTEH KPUITh.

2. AHAJIISA JITEPATYPHUX JAHUX

Amnajisa siTepaTypHUX JaHUX IIOKAa3ye, 110 BJIACTUBOCTI KPUIIi B 3HAU-
Hi#l Mipi 3ayieskaTh Bij il XeMiYHOr0 CKJIaay II0 OCHOBHUX eJIeMEeHTaXx, AK
B Me)KaX CTaHAAapTHOIO CKJALy, Tak i, TUM OijibIle, 3a HUMU, JOJATKO-
BOTO JIeTr'yBaHHA, MOAU(DIKYyBaHHA, TepMiuHOTO 06pobieHusA. Tak, B po-
borax [1, 2], npucBaYeHux AocJimKenHIo BILiuBy Kap6ouny Ta Maurany
Ha (pismKo-MexaHiuHi # cJayk00Bi BJIACTHMBOCTI BUCOKOMAHTaHOBUX
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KPHUIlb, MiATBEePAKEHO, 1[0 AJA AeTaldiB, aKi migmaroTbca adpasuBHOMY
S3HOIIIYBAHHIO 3a 3HAUHMX CTATUYHUX i AUHAMIUHMX HaABaHTAKEHD,
HAWJTIIIIMIUM MaTEePisiioM 3aJHINAEThCA TPaAIUIifHO 3acTOCOBYBaHA
Kpura 110I'13J1 iz 12-14% Manrany. [lia meraiiB, 1Mo IpaIfiolOTh 3a
HUBbKUX YIapPHUX HaBAHTAKeHb, JOILILHUM € 3aCTOCYBAaHHA ayCTeHIiT-
HUX 3HOCOCTIiMKUX KPUIL i3 MOHMKeHuM 10 8—10% BmicTom Maurany
[3, 4]. ¥ meBHUX iHTepBasax KoHIleHTpaliil Kapbory Ta Manrany B mux
KPUIAX HAABHICTb MapTeHCUTY AedopMallii cnpuse TigBUIEHHIO CIIPO-
THBY a0pasuBHOMY 3HOIITYBAHHIO Ta JA€ 3MOTY HiJIBUIIUTU PECypc Pobo-
TH JeTaJIiB 3 TOHM)KEeHHIM BUTPAT MAHTaHOBUX (DEPOCTOMIB.

B cBiit wac 6yau po3pobieni pismoro Tumy Kpuii iz Bmictom Mn y
16-18%, axi mMaTh Taki K BUXiTHI XapaKTepPUCTUKU, AK i KpUIA 3
12-14% Mn, aje ImIBHUAIIEe HAKJIEIYIOThCA, TOMY MEHIIE 3HOIIYIOTHCS
miJg yac ygapHo-a0pas3sMBHOTO HABAHTAMKEHHS i BBAYKAIOTHCA OiJIBII VHi-
BepCcaJIbHUM 3HOCOCTiMKMM Matepisiaom [5—7]. Ta meaki mocrmimHmkm
CIIPOCTOBYIOTH Iieil BUCHOBOK: y [8] 3asHaueno, mio kpursa 3 11% Mn mo-
Kasye OijbIny B’A3KiCcTb, IJIaCTHUHICTL i medopmarlliiine 3MillHeHHS,
Hisk Kpuna 3 14% Mn; xkpuii 3 6igsmum Bmictom Mn (22-25%) 1me
ITBUIITIEe HAKJIEITYIOThCS, Ta BBAXKAEThLCA, IO iXHi mepeBaru HEIIPOIop-
IifiHi BApTOCTi, SKa 3HAYHO BUIIe BapTocTu Kpuiti 3 12—-14% Mn [9, 10].

JlocTaTHBO NMIMPOKO JOCTiAMKEHO BILJIMB JOAATKOBUX JIeTyBaJIbHUX
eseMeHTiB, Takux Ak Al [11], Cr[12, 13], Ni [14] Ta iu. Jocaigankamu
BCTAHOBJIEHO ONITHMAaJIbHI KOHIIeHTPAIlil Jler'yBaJbHUX J00ABOK 3 TOUKU
30py IXHBOTO BIJIMBY Ha (Pi3MKO-MeXaHiuHi Ta cIy:KO00Bi BIACTHBOCTI
BHCOKOMAaHT'aHOBOI Kpuili. Pe3yabTaTi JOCIIiIKeHb BUKOPUCTOBYIOTHCS
Ha IPaKTHUI OIS BUPOOHUIITBA IIIBUIKO3HOIIYBAHNX AETaJiB TipHUYO-
IOOYBHOIO Ta TipHMUO0-30arauyBaJbHOTO O0JIafHAHHA.

VMoBipHO, HaHOGiABITY YaCTHHY NOCIiAKeHb, HAIPaBIeHUX Ha IiA-
BUIIEHHSA BJIACTHUBOCTEH BMCOKOMAHI'AHOBUX KPUIL, IIOB’SI3aHO i3 3Mi-
HEeHHSIM AUCIepcHOCTU (a3, M0 KPUCTANII3YIOThCS, MIISIX0OM BBeIeHH Y
PiOKY KpUITI0O HEBEINKUX HO0ABOK OKPEMHUX €JIEMEHTiB, CIIOJNIYK, TOOTO
monudikyBanHaM. HaiibinbIillie mOIMIMpeHHA B AKOCTI MomumdikaTopis
orpumaiu Ti, V, Ce, Ca, Zr, Nb, Ta, Hf, B [15]. ABTopamu po6otu [1]
BCTAHOBJIEHO, IIT0 HAW61JIbII ONITUMAJILHUM 3 TOUKU 30PY ePeKTUBHOCTHU
Ta BAPTOCTH MOAU(IKATOPiB € KOMILIEeKcHe Moau(diKkyBauua AloMiHi-
eMm, Turanom i Banagiem.

JJia mostinIieHHA CTPYKTYPU Ta IIiABUMIIEHHS BJIACTUBOCTEH KpHITi
ITOCTaTHHO ITHUPOKO POITJIAAAJNCA M PisHI MeToau TepMiuHOro 00pPO0O6-
JeHHsA. B 6inmbmrocTi BUNIaAKiB mociimxeHHa OyJsin HampaBJeHi Ha ymo-
CKOHAJIEHHSA PEKNMIB TPaSUIIiHHOTO rapTyBaHHI KPUILh YV BOII IJIs JIi-
MIIIOTO PO3UMHEHHA ciTuacTHX Kapbimis i meaxoro moxpiOHeHHS 3epeH
aycreHitTy. Il1d mocATHeHHA pe3yJIbTaTiB y IIbOMY HaIpPAMi TOCIIigHU-
KaMu IPOIOHYIOThCA ABocTamiiiai [16] it worupocrazmitiai [17] npomecu
posumHeHHA KapbiZiB B aycTeniTHiit maTpumi. Ta B poboTti [17] cTBep-
IXKYETBCH, 10 3a TeMiepatyp v 550-650°C cTabiibHiCTh ayCcTeHITY II0-
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HUKYETBCA i TOMI1 YTBOPIOETHCS HMEPJIIiT. A 3 HiABUITEeHHAM TeMIIepaTypu
MepJiTHI KJIacTepW PeKPUCTATI3yIOThCA B aycTeHiT. AHajoriumi pe-
3yabTaTu 0yJIo ofmep:kaHo i B pooori [18]. Mo:kaIuBicTs moapiOHEeHHS ay-
CTEHITY IIJIAXOM TPUBAJIOI BUTPUMKH 3a Temnepatypu y 600°C 3 macTy-
IIHUM IPUIIBUIIIEHMM HarpiBaHHAM 1 rapTyBaHHSAM CTajJa OCHOBOIO
IIPOBEIEeHHS PeaJbHUX JOCTiKeHb.

3. META TA 3ABJIAHHS TOCJLIKEHD

Mera po60oTH — pPO3pPOOKA HOBOT'O IIPOI'PECUBHOr0 METOAY TEPMiuHOTO
00po0bJIeHHA MAaHI'AHOBUX KpHUIlh i3 BMmicTrom Mamrany y 8% i 10%, y
SAKUX CTa0iJIBHICTD ayCcTeHITY € HMMKUOoI0, HixkK y Kpumi 110I'13JI, mio
YMOIKJIMBJIIIOE IIOAPIOHNUTH 3epHa ayCTEHITY Ta MiABUIIUTHA BJIACTUBOCTI
3HOCOCTIMKUX KPUILh 38 OMHOYACHOI EKOHOMiI MaHI'aHOBUX (DEPOCTOIIIB.

JJisa mocATHEHHSA IIOCTaBJEHOI MeTH BUPiITyBaJucd HACTYIHI 3aaayi:
TOCJiINTY BILINB TEeMIIEPATYPHU BiAIaysy Ta rapTyBaHHS Ha CTPYKTYPY,
JTOCJIiINTY BIACTUBOCTi BUCOKOMAHTaHOBUX KPUIIb.

4. MATEPIAJNU TA METOJUKA DOCJIIIKREHD

Kpuii BuTomioBantu B iHAYKIIiHiHiN TuUreabHil meui 3 ¢yTepyBaHHAM
OCHOBHUMHU BOTHeTpmBamMu. KoHmeHTpaiiia Maurany B KpHUISIX Bapito-
Bajsacsa Ha piBHAX y 8%, 10% , 13%. BmicT iHmux eleMeHTiB OCHOBHOT'O
XEeMIUHOI0 CKJIaAy HiATPpUMyBaBCs HA CePEeIHbOMY PiBHI B MeKax JIep:K-
cragmapry aasa Kpuii 110I'13JI. PoskucHeHHS KpPHIL ITPOBOAUJIN
AnomiznieM i3 po3paxyHKY MOro 3aJMIIKOBOTO BMIiCTy B MeTaJi y
0,015-0,020%.

Pigxwuit MmeTas 3aamBaJiv B CyXi mimaxi popmMu o ofep:KaHHSA JIM-
TUX 3Pa3KiB M MeXaHiYHMX BUIIPOOYBAHbL i BUJIMBKIB AisIMeTpoOM Yy
100 mm, mpoB:kuHOIO v 400 MmM. Bei opmu aiis muTtux 3paskiB i BUIUB-
KiB /I8 KOXKHOI MapK! KPUI[I BUJIUBAJINCA 3 OSJHOI'O PO3TOIIY OJIS BHU-
KJIIOUeHHSA BILIMBY iHININX TEXHOJIOTIUHUX YMHHUKIB. 3pasKM Ta BUJIU-
BKU OXOJIOJKYyBaJancA y (popMax 0 KiMHATHOI TeMIIepaTypu. XeMiuHni
CKJIaJ JOCJHiZHMX KPUIThL HaBeaeHo y Tabu. 1.

Tepmiume 00poOIeHHSA 3pasKiB JOCTIZHUX TOILIEHb IPOBOAMIN B Jia-
0opaTopHili eJeKTpoIleui 3 aBTOMATUUYHUM KOHTPOJIEM TEeMIIEPATyPU.
TepMooOpOOIeHHST 3a OMHAKOBUM PEKUMOM AK JUTHUX 3pasKiB, Tak i
3pasKiB, BUPi3aHMUX i3 BUJIMBKIB, IIPOBOIMJIOCS OJHOIO CAIKOIO.

BunpobyBaHHsS Ha PO3pWB MPOBOAWJIM Ha MammuHi Mmapku ¥ PM-50.
g BusHauenHa ynapHoi B’ askoctu KCU 3pasku 3 U-moniouum Hampi-
30M BuUIpoboByBau HA MaaTHUKoBoMY Kompi MK-30A. Mipsauusa TBep-
noctu H B nipoBoaui Ha BpinenieBomy mpuiai.

Busnauenns ygapHo-a0pasuBHOI 3HOCOCTiHKOCTH &€ IPOBOIUIN B Jia-
00paTOPHOMY KYJIBOBOMY MJIMHI 3a BiZHOIIIEHHSAM BTPAT MacH €TaJIOH-
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TABJINIIA 1. Xemiunuii ckjaan BucokomMauranosux kpumns '13J1, I'10JI, I'8JI,
% Mac.

TABLE 1. Chemical composition of high-manganese steels I'1 3JI, T'10JI, and
T'8JI, % mass.

Mapxka Bwmicr enemenTin

KpH c | Mn | si | P | 8 | o | A
110T'13J1 1,26 13,8 0,76 0,092 0,016 0,30 0,018
110T'10J1 1,20 10,47 0,77 0,084 0,014 0,30 0,021
1101'8J1 1,24 8,6 0,66 0,088 0,017 0,30 0,019

HUX i mocaigHmX 3pasKiB. B AKOCTI eTajioHA BUKOPUCTOBYBAJIACI KPUILA
110I"'13JI. BumpoOyBaHHA B KYJIHOBOMY MJIMHI ITPOBOAMJIU IPOTATOM
100 rogueE 3a pPO3MEIIOBAHHS TpPaHiTHOro InebeHio (pakijieo vy
20-40 mm. Higamerep 6apabana munuaa — 700 MM, goB:kuHa — 680 MM,
yacToTa 06epTiB — 34 06/xB. Maca Ky1boBoro 3aBaHTakeHHA — 120 Kr
(mmebento 3aBanTaxkysaau 40 kr), Bogu — 20 giTpiB. 3amina medeH:0 Ta
BOIM IMPOBOMJIACA Uepes KOKHi b roguH poboTtu. [Iia BunpodyBaHb BU-
KOPHCTOBYBaJIU 3pasKku (0 3 MITYKW HA KOXKHUUN BapiAHT) podMipaMu y
20x9x9 MM?, BUTOTOBJIEH]I 3 IIOJOBUHOK 3PasKiB HA ymapHY B’S3KiCTh.
Eranouni 3pasku y KiIbKoCTi 5 IIITYK BUIPOOOBYBAJIM PA30M 3 JOCJIif-
HUMU. MiKpOCTPYKTYpPHY aHaJi3y HPOBOAMJIN Ha MeTajiorpadiuHomMmy
Mikpockomi MIM-8.

111,06 omiHuTH BOJIMB TepMiuHOTO 00pOo0IeHH I, 3pas3ku Kpullb 110I'8,
110I"10, 110I'13 6yau miggaHi voTupboM pexxkumam: 1 — Bigmaa 600°C,
rapryBauada 880°C; 2 — Bigmaa 600°C, rapryBaunaa 930°C; 3 — Bigman
600°C, rapryBanaa 980°C; 4 — rapryBanua 3 1050°C 6es Bimmauy.
IIsugkicTs HarpiBamaa mo Bigmany — 100°C/rox., micas Bigmanmy mo
rapryBauasa — 150°C/rox. TpusaiicTs Bigmaay — 6 rox., rapTyBaHHS
— 2ron. 3a3HaueHi peXUMU TePMiuHOro 0OpOOJIeHHA MOCIIiIKyBaHUX
KPHUIIh IPeACcTaBJIeHo Ha puc. 1.

5. PE3YJIPTATH 1 OFTOBOPEHH BILJINBY PEKHNMIB
TEPMOOBPOBJIEHHS HA BJIACTHABOCTI
BUCOKOMAHI AHOBUX KPUIIh

BuiuBKY 3 BUCOKOMAHI'aHOBOI KPUILi, OXOJIOAKeHi y mimmaHinn gopmi,
MaloTh CTPYKTYPY, 1110 CKJIAJA€ThCA 3 ayCTEHITY i3 BKIIOUEHHAMU Kap-
oigie. KinbKicTh, popMa Ta xapaxkTep pO3TaIllyBaHHA KapOigiB saje-
KUTh, TOJIOBHUM YMHOM, BiJl YMOB OXOJIOJKEeHHA MeTaJy Ta Moro xemi-
YHOTO CKJIaAy, ocobsmuBo Bif Bmicty Kapbony i Cuiaintito. Hum meHIIa
IIBUIKICTh OXOJIOMKEHHA KPUIIi Ta BUINI KoHIeHTpaIlii B Hiit Kapoomny
#1 Curinito, TuM GisbIlle BUAIIAETHCA B CTPYKTYPL Kap6ifiB i TuM BoHUI
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Puc. 1. Pe:xkxumu TepMiuHOTO 06POOIEHHS.

Fig. 1. Modes of heat treatments.

KpynHinri. Takox Bugienua Kap0biny, y ckaanmi sxoro € 22—25% MaH-
rany, BUKJNKae 30iguenraa MauranoM Meski mogisy fioro 3 aycTeHiTOM.
Kpim Toro, Ha KinbKicThb i po3dMipu Kap6ifiB y BUCOKOMAaHI'aHOBiH KPHUILi
BILJIMBAIOTH i TEXHOJIOTIUHI YMHHUKN, TaKi K CTYIIiHb IIeperpiBy Kpuiri
mij yac saJilMBaHHSA, Maca I TOBIIIUHA CTiHKY BuJMBKA Ta iH. Ilinaro Ha-
CTYIIHOTO TEePMiuHOTO OOpOOJIeHHS € PO3UMHEHHS KapOifgiB, BUPiBHIO-
BaHHS XeMiYHOTO CKJIany Ta (PiKCcyBaHHS ayCTEHITHOI CTPYKTypH. B inme-
aJIbHOMY BUIIAAKY V BUCOKOMAHI'aHOBill KPUIIi IIiCcJ/Is TepMOOOPOOIeHH
Mae OyTU YMCTO aycTeHiTHa cTpyKTypa. IIpakTuuHo K, KpPiM aycTeHiTy,
Y BUJIMBKAX IiCJIS TePMiuHOTO 00POOJEeHHSA CIOCTEePiraeThbcsa HeBeJIUKa
KimbkicTh Kapbimmoi hasu (uacTilie ychoro Ha MesKax 3epeH).

BuinuBKY 3 BUCOKOMAHI'aHOBOI KPUIli, B 3aJIE;KHOCTL BiJf IpU3HAUEH-
Hs, 3HAUHO BiIPi3HAIOTHCA 110 TOBIIMHI cTiHKU 1 Maci. Tpaku ryceHUIb
CiTBCHKOTOCIOapPChKOI TEXHIKY MAlOTh TOBIIIMHY CTiHKY A0 15 MM i ma-
Cy y KijJIbKa Kimorpamis, a IpaKTHUUYHO BCi JeTasi ripHMuo36arauyBajb-
HOTO O0JIafHaHHS MAIOTh TOBIMUHY CTiHKM Oinbire 100 MM i MOXKYTH
BaKUTU BiJl COTeHb KijJorpamiB Ao Kijabkox ToH. IIIBHAKiCTH 0XO0JIO-
IKeHHsA y (dopMi, XeMiuyHMHA CKJa[ KPUIL II0-Pi3HOMY BILIMBAIOTH Ha
MiKPOCTPYKTYPY Ta BJACTUBOCTI BUJUBKIB Pi3HOI TOBIIMHU ¥ MAacwu.
Tomy Ajis oxep:xkaHHsA 00’€KTUBHUX Pe3yJAbTATIB JOCHiAKeHHS IIPOBO-
OUJINCSA Ha JIUTUX 3pa3Kax i3 pi3HOI0 TOBIIMHOIO CTiHOK.

BigmparroBaHHS peXMMIB TepMiuHOTO OOpPOOJIEHHS MHPOBOMMJIOCS HA
TOHKOCTiHHMX (TOBITUHOIO Yy 15 MM) JIUTHX 3pasKax AJsa MeXaHiYHUX BU-
mpobyBaHb. [[JId KOXKHOTO PesKUMY IPOBOAMIN MeTajgorpadiuny aHamisy,
BUIIPOOYBaHHS MeEXaHIUHMX BJIACTUBOCTEI i yZapHO-aOpasuMBHOI 3HOCO-
cTifikocTu.

B saraproBamomy Big 1050°C crTaHi posmip 3epHa aycTeHiTy y Bcix
cromnax 0yB IpubJIM3HO OJHAKOBUM (puc. 2).
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Jlvrra
CTPYKTypa

TapryBamma
3 1050°C

Bignax mpu
600°C (6 rom)

+ rapTyBaHHsA
3 980°C

Bigman npu
600°C (6 rom)

Bignan npu
600°C (6 rox)
+ rapTyBaHHA

3 930°C

+ rapryBaHHA
3 880°C

Biamnan npn
600°C (6 rox)

Puc. 2. 3anexHICTh CTPYKTYPU KPUIb Yy BUJIMBKAX 3 TOBIUHOIO CTiHKHU [0
15 MM Bifg pesxumy Tepmoodpobsiernrsa: 110I'13JI (a), 110T'10JI (6), 110T'8JI (8).

Fig. 2. Dependence of the steels’ structure in castings with a wall thickness of up
to 15 mm on the heat-treatment mode: 110I'13JI (a); 110I'10JI (6); 110I'8JI (8).
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Bignman autoro merany 3a tremuepatrypu y 600°C nporsarom 6 roguH 3a-
OesmeunB pos3mal KapOifiB i yTBOpeHHs 3a MeXKaMU 3epeH BeJINKOI Kijb-
KOCTU IPOAYKTIB MEePEeTBOPEHHSA ayCTeHiTy. 3 MOHMMKEeHHAM BMicTy Mn
KiJIbKiCTh IIPOAYKTIB IIEPETBOPEHHS ayCTEHITYy MiJ Yac Bigmasy piskKo
30iapITyBajsiaca, MeTaJ cTaBaB (DePOMATHETHUM i ITIOPiBHSIHO JIETKO 00pO-
OJIoBaHUM Ha MeTajopisaabHUX BepcraTax. HacrymrHe micia Bigmairy 3a-
raprysauusd Big 980°C 3abesmneunyio piske moapiOHeHHs 3epHA ayCTEeHITy
y kpunax 110I'8JIi 110I'10JI i vacTkoBY (pa30By IIepeKpHCTaIi3aIlio ay-
cTeHiTy Mo Mexxax 3epeH y kpuii 110I'13JI. Ilicis ocTaTouHOro rapry-
BaHHJA Big HKunx teMmuepatyp y 930°C i 880°C 3pasku Mau ayCTeHiTHY
CTPYKTYPY 3 ApiOHOAMCIEePCHUMM KapbifaMu, PO3IOIiIeHNMI B MaTPH-
mi. KinmbkicTs api6bHMX KapbimiB 36iabIryBasacs i posmoaia ix y maTpuiri
cTaBaB HEPiIBHOMIpHUM y Mipy IigBUIlleHHA BMicTy MaHTraHy Ta IIOHU-
JKeHHS TeMIIepaTypHu 3arapTyBaHHS (DuB. puc. 2). 3HaUeHHA MexXaHiu-
HUX BJACTHUBOCTEI JOCHiIKyBaHUX KPUIIL TA YAApHO-abpasmBHOI 3HO-
COCTIiHKOCTHM 3a 3HOIIIYBAHHSA Y KYJIHOBOMY MJIMHI HaBeJeHO B TabJ. 2.

IIpoBemeni pocuimxeHHSA IOKasalu, IO HAMOIABINI paIlioHATILHIM
nasa Kpuilb 110I'8JIi 110I'10J1 € pesxumM, 110 BKIoUae Bigmaa 3a 600°C i
sdarapryBanua Big 980°C. Ile yMOKINBIIOE 3HAYHO IIiIBUIITUTH BJIACTH-
BOCTi KpuIlh 3 HmMOHM:KeHuM BMicTom Manuramy. Haa xkpumi 110I'13J1
TpUBAJIiCTh Bignany y 6 rogun O0yJia HemocTaTHbOIO. IlinBuInenns mexa-
HiYHMX BJIACTUBOCTEH MOSICHIOETHCA PiBKUM HOAPiOHEHHAM 3epHa i TuM,
IIT0 X0U ITPOXOAUTDL PYHHAIIIS MeX IepBUHHOTO 3epHA, 3HAUHA YaCTHUHA

TABJHUIIA 2. Baoius TepMiuHOTO 00p00I€HHSA HA BJIACTUBOCTI JOCIiIKyBaHUX
KpUIh (YMOBHA I'DAHUIA IIIMHHOCTH Op,2, ME¥Ka MIiITHOCTH Oy, BiTHOCHE BUOB-
JKeHHsd O, BinHocue 3By:keuusa ¥, ynapua B’saskicts KCU, TBepaicts HB, 3HO-
COCTiHKiCTB €).

TABLE 2. The effect of heat treatment on the properties of the studied steels
(conditional yield strength co.2, strength limit o;, relative elongation 3, rela-
tive narrowing ¥, impact toughness KCU, hardness H B, wear resistance g).

ITokaszaukm
Maprka | Pexxum repmiurOro xcU. VuB
KpHUILi 00po0IeHHA Go,2, | Os» 0 0 ’ ’
P P MTTa| MITa| & 70 | ¥> % M w2 MTTa | ©
1 2 3 4 5 6 7 8

raprysanHa Big 1050°C| 397 | 820 |31,2(29,4| 2,26 |1930| 1,0

Bigman 600°C + rapry-
Banusa Big 980°C

110T'13JI |gi iram 600°C + rapry-
BanHA Big 930°C

418 | 832 |28,6 |27,5| 2,28 |(2020|1,10

435 | 843 |21,2|20,1| 1,94 |2070|1,13

Bigman 600°C + rapry-

BamHsa Big 880°C 456 | 851 |18,8|17,3| 1,67 |2120(1,14
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IIpodosicenns TABJIUIII 2.
Continuation of TABLE 2.

1 2 3 4 5 6 7 8

rapryBanHa 3 1050°C | 426 | 723 | 20,2 (19,1| 1,99 |1960|1,18

Bigmas 600°C + rapTy- 463 | 765

BaHHA 3 980°C 24,6 | 23,4 2,34 2070| 1,35

110T'10JI Bigmas 600°C + rapry-

ams 3 930°C 492 | 778 |118,9|18,5| 2,17 |2120|1,36

Bigmas 600°C + rapTy- 508 | 815

BaHHA 3 880°C 14,7]13,8 1,55 2170| 1,39

110T'8JI [rapryBanusa 3 1050°C | 440 | 606 | 11,6 | 11,1 | 1,04 [1960|1,14

Bigmas 600°C + rapry- 496 | 644

BaHHA 3 980°C 13,313,4| 1,45 |2120|1,46

Bigmas 600°C + rapry-

BapHa 3 930°C 505 | 667 (11,8 11,6 | 1,18 [2170|1,43

Bigmas 600°C + rapry- 524 | 693

BauHA 3 880°C 9,2 | 8,8 0,79 |2230(1,44

eHeprii BUTpauaeThCcA Ha IMOIIMPEHHS TPIIlIMH HABKOJIO BTOPUHHUX 3e-
peu (puc. 3). IligBuileHHsS CTYyIeHSA IPAHYJAANIl CTPYKTYypH KpUILi
CIIPHUsE TAKOMK PO3MOAiNYy Ta moApibHeHHIO pocdigHOol eBTeKTUKM. Y Mi-
Py 30iIbIlIeHHA 3arajbHOI0 IIepUMeTpa 3epeH IIKiaauBuii Boaue Poc-
dopy mocsabamoerbea. AK BuaHO 3 puc. 4, migBUINEeHA KOHIEHTpPAIlis
dochopy crmocTepiraeThed TiABKH y Kapbodocdimax, 110 po3TaIloBY-
IOThCS AK BCEpeOUHi 3epeH, Tak i 3a ixHiMu mexxkamu. IlIoHUIKEeHHA TeM-
ImepaTypy 3arapTyBaHHS IPUBOAUJIO M0 YTBOPEHHS APiOHOAMCIIEPCHUX
KapbifiB, IO HmiABUINYIOTH 3HOCOCTIMKIiCThL, ajle MOHMIKYBAJIHUCS ILIacC-
THUYHI BJIACTUBOCTI (ZuB. TabJ. 2).

Bniue moHM:KEHHSA ITBUAKOCTY OXOJIOMKEHHSA BUJIUBKIB ¥ opMmi Ha
BUXiTHY CTPYKTYPY Ta Ha iHTEeHCHUBHICTH PO3IMAAY ayCTEHITY 34 CIIeIis-
JBbHUX PEKUMIB TePMiuHOTO 06pO0JIeHHA TPOBOAMIN Ha 3pasKax, BUPi-
3aHUX i3 BusmuBKiB pismerpom y 100 mm i mos:kuHOIO ¥ 400 MM.

MeranorpadiuHa aHajisa JJUTOTO MeTaNy IIOKasaJa, 110, Ha BiaMiny
Big kpuri 110I'13JI, 110 Mae jiuiie aycTeHITHY CTPYKTYPY 3 BKIIIOUEHHS -
MU BeJIHMKHUX KapOifiB, y KPUIAX i3 MOHMKEeHUM BMicToM MauraHy Bifm-
OyBCA PO3IAaL ayCcTeHiTy mo Mesxi 3epeH. KilbKicTh MPOAYKTIB ImepeTBo-
PeHHs TPOX¥ 3MEHINUJAcd BiJf Kpaio IO IeHTPY BUJMBKU i CTAaHOBUJIA
10-15% y xpuni 110I'10JI i 30-35% y xkpumi 110I'8JI. TensoBa enepris,
axKyMyJiboBaHa )OPMOIO, CIIPUAIA IIOBIIBHOMY OXOJIOM:KEHHIO BUJINBKIB,
1110 IIPUBEJIO 4O PO3MAAy ayCTEeHITY B HeCTAOLILHUX KPUIAX (puc. 5).

l'apryBanusa suauBKiB Big 1050°C 3abe3mneunio ofep:KaHHsa CYyTO ay-
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Puc. 3. 3minu B xapaxkTepi mOMIUPeHHA TPIuH y 3pyiHoBaHi# Kpuii 110T'10J1
3a PisHUX PeKUMIB TepMiuHOTO 06pobseHHuA: rapTyBanuda Big 1050°C (a), Bix-
maj 3a 600°C + rapryBauusa Big 980°C (6).

Fig. 3. Changes in the nature of crack propagation in destroyed 110I"10JI steel
under different heat-treatment regimes: hardening from 1050°C (a); anneal-
ing at 600°C + hardening from 980°C (6).

CTEeHITHOI CTPYKTYPH Y BCiX TOCJIiIKyBaHMX KPUIAX, ajie BeJIMUYNHU
3epHa ayCTEeHITy B HUX 3HAUHO BifpisHAMUCcA. Bynu BigMiHHOCTI y po3-
Mipi 3epHa i MOPiBHAHO 3 BUJIMBKaMu nepepizom y 15 mm (Tabdia. 3)

Y ToBcTocTimHUX BraIMBKax i3 Kpuili 110I'"13JI BeanunHa 3epHa ayc-
TEHITY 3ajuIansacsa Takomo K, AKO0I0 0yJa oepsKaHa 3a IepBUHHOI KPU-
crajisarii, a 8 Kpurni 110I'10JI BigObysnaca yacTkoBa pa3oBa ImepeKprc-
Tajisarmisa mo me:kax 3epeH. ¥ kpuii 110I'8JI Bigdymacsa piska nepexpu-
cTaJIisalris mo BChboMy IIepepisy BMJIMBKU. Bigmasa auToro merasy 3a Te-
mnepatypu y 600°C mporsarom 3 roauH 3a0e3leunB PO3UMHEHHS Kap0oi-
IIiB Ta YTBOPEHHS 110 MeyKaX 3epPeH IIPOAYKTIiB IIepeTBOPEHHA ayCTeHITY,
KiTbKicTh AKMX Pi3KO 30iJbITyBasacA 3 MOHMKEeHHAM BMicTy Mauramy.
Hacrynre micia Bigmany sarapryBauuda Big 980°C 3abesmeunio moapio-
HeHHd 3epHa aycTeHiTy y Kpunax 110I'8JI i 110I'10JI ta yuacTkoBYy me-
pexpucTaaisaIiro aycTeHiTy 1Mo Meskax 3epeH y kpui 110T'13JI.

IIpoBeneHi mociaimKkeHHs IMOKa3aJH, IO Y BUJIMBKAX i3 KPUIh 3 IO-
HI)KeHUM BMicToM MaHTrany MOKJNBe IOAPiIOHEHHS 3epHa I icTOoTHe
OigBUINEHHA BJIAaCTUBOCTE MeTaJsy 3a 3HAUHO MEHIIIOl TPMBAJIOCTH Bif-
nany, HixK 1me motpiouo aaa xpuili 110I'13J1. Ii1sa ToBCTOCTIHHUX BUJIH-
BKiB i3 xpui 110I'10JI TpuBaiicTh Bigmaay Moske OYTH CKOPOUYEHOIO [0
3 roguH, a aAaA BUJAMBKIB i3 Kpuili 110I'8JI mepexkpucraaisaiis mMmoxke
OyTH IIPOBEAEHOI0 0e3 IMoIIepPeJHLOI0 BiAIany, AKIIO IIi Yac 3aTBepIiH-
Hs BUJINBKA y GopMi Oye 3a0e31meueHo yIoBiJIbHeHE 0X0J0IKeHHA.

IIpomucioBi BumpoOyBaHHS OMJI MOJIOTKOBHX APOOApPOK i3 Kpuii
110I"10JI, TepMo0OpPOOIEHX 3a 3aIIPOIMOHOBAHNM PEXKNMOM, HiITBEp-
IUJIN Pe3yJIbTAaTH JOCTIiIMKeHb i ITOKas3aJu, 0 HecTaOlabHi KpuIli, misa-
IaHi mepeKpucTagisailii, MOXYyTbL OYyTH PEeKOMEHAOBaHiI 3aMicTh KPHILi
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Puc. 4. Kpusi KoHIeHTpAI[iIHOTO PO3IOAiNYy €JIeMeHTiB Y BUJIMBKAX TOBIIH-
HOI0O ¥ 100 MM i3 xpwuti 110I'10JI: sigman 3a 600°C (a); Bigmaa 3a 600°C + rap-
TyBaHHA Bix 980°C (6).

Fig. 4. Concentration curves of the distribution of elements in samples of
110T"10JI steel with a thickness of 100 mm: annealing at 600°C (a); annealing
at 600°C + hardening from 980°C (6).

110T"13JI g1sa poboTU B yMOBax yJIapHO-a0pasuBHOTO 3HOCY.
IIpomuciioBi BumpoOyBamusa geraniB i3 Kpuili 110I'10JI, Tepmiuno
00po6JIeHNX 3a 3alPOIIOHOBAHUM PEKUMOM, 0YJI0 IPOBEIEHO B YMOBax
aryJioMepariiiHoro mexy 3amopisbKoro adpasuBHOTO KOMOiHATY mim uac
Ipobaenusa 6oxcuTiB. Buia mosoTkoBoi gpobapku CM-I9A kinbKicTio y
140 mT. Oy BUNOTOBJIEH]I Y PEMOHTHO-MeXaHiuHOMY 11exy I HinpoBCh-
Koro ajroMinieBoro 3aBony. Xemiunuii ckyaan kpuii: C — 1,25%, Mn —
10,3%, Si — 0,95%, P — 0,104%, S — 0,006%, Ti — 0,08%, Al —
0,012%. 3anuBaHHA TPOBOAUAN y cupi mimmaHo-rauHAcTi popmu. Tep-
MiuHe 00pO0JeHHA JOCIITHUX AeTalliB IPOBOAUIN 34 PEIKMMOM: Bigmau
3a Temueparypu y 550—-600°C mporsarom 4 roguH, OXOJIOIKEeHHS 3 Mid-
g0 1o 200°C, moriM Ha MOBiTpi; rapTyBaHHS Y BOJi Bif TeMmepaTypu y
970-1000°C (BuTpuMKa 3a TeMIlepaTypu TrapTyBaHHS — 2 TrOOWHH,
HIBUAKICTh HarpiBauHg mig rapryBaHHsa — 150 rpax/ron). Take Tepmi-
yHe 00pOOJIeHHS YMOMKJIMBHUJIO HMOAPiIOHUTH 3epHO aycTeHiTy (puc. 6).
YnapHa B’sI3KicTb 3pas3KiB, BUpisaHux i3 po6ouoi yacTuHM OmIa, CTaHO-
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Taprysammsa 3
1050°C

Bigman mpu
600°C (3 ron)

Bignmanx mpu 600°
C (3 ron)
+rapTyBaHHd 3
980°C

Puc. 5. 3MiHU CTPYKTYpPU BUCOKOMAHTaHOBUX KPHUITh YV BUIUBKAX i3 TOBIITUHOIO
crinku 70 100 mm: 110T'13JI (a), 110I"10JI (6), 110I'8JI (8).

Fig. 5. Changes in the structure of high-manganese steels in castings with a
wall thickness of up to 100 mm: 110T'13JI (a); 110I'10JI (6); 110T'8JI (8).

Buaa 1,8 M /M2,

ITix vac BunpoOyBaHb AOCJIiAHI O1Ia BCTAHOBJIIOBAJINCS PasoM i3 ce-
pitthrumu i3 Kpuni 110I'13JI, raprosanumu y Boxi Bim 1050-1100°C.
Ognuu Baa 6apabaHa IpobapKM KOMILIEKTYBABCS €KCIePUMEeHTAJIbHIMHI
JeTaasaMu, aBa — cepiimumu. JIimifima mBuAKicTs pob6OUYOI YaCTHHU
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TABJINIIA 3. 3miHy BeIUWUYMHU 3epHA ayCTEHITYy B 3aJe:KHOCTI Bif pekumy
TepMiUYHOTO 00pO0OJEeHHSA Ta TOBIIUHU CTIHKY BUJIMUBKH.

TABLE 3. Changes in the austenite grain size depending on both the heat-
treatment regime and the thickness of the casting wall.

CepenHiit po3Mip 3epHa ayCTEHITY, MKM
Mapxka ToBmuHA » - - O
kpuri | crimku, mm | JluTmit |TaprysaHHs Bix Bigman za 600°C +
cTaH 1050°C rapryBanHs Big 980°C
100 383 380 316
110T"13JI
15 269 264 227
100 381 332 46
110T'10JI
15 284 278 25
100 365 43 28
1101T°8JI
15 267 255 16

Puc. 6. Mikpoctpykrypa xpuii 110I'10JI, Tepmiuro o6pobsieHOI 3a 3ampoIio-
HOBAaHUM pEXWMOM y IIPOMHCJIOBMX yMOBaxX: JuUTHM cTaH (a); Biamasa 3a
550-600°C mpoTarom 4 roguH; Bignaia + rapryBanud Big 970-1000°C (8).

Fig. 6. Microstructure of the 110I'10JI steel heat-treated according to the
proposed regime in industrial conditions: cast state (a); annealing at
550-600°C for 4 hours (6); annealing + hardening from 970-1000°C (8).

6uJIa Ha MOMEHT yaapy cramoBua 0aussko 50 m/c. CTifiKicTs ekcmepu-
MEeHTAJIbLHUX O MOJIOTKOBOI Apobapku Oyjia Ha piBHI cepifinux. Buma-
IKiB IepefyacHOTO BUXOAY 3 JIaAy AOCJIiTHUX OeTalliB uepes IMOJOMKU
BUSIBJIEHO He 0YJI0.

Bunpobysanus mokasanuu, 1m1o kpuiia 110I'10JI, repmiumo o6pobiiesa 3a
3aIIPOIIOHOBAHUM PEKMMOM, MO:Ke OyTHM BHUKOPHCTAHOIO 3aMiCTh KPWUII
110I"'13J1 B ekcIIyaTariiHuX yMOBaX BUCOKUX TNHAMIUHUX HABAHTAYKEHb.

6. BUCHOBKH

1. Mocmim:keHO BILIUB TepMiuHOTO 00POOJIEHHS HA CTPYKTYPY Ta BJac-
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THUBOCTi BEUCOKOMAHI'aHOBUX KPUIlb. BCTaHOB/IEHO 3aJI€)KHICTL IIPOIECY
posImany ayCcTeHiTy I yac oXOoJIoAKeHHsA y (opMi Ta TepmiuHOTO 00pO-
OseHHA Big BMicTy MaHrany Ta TOBIMUHY CTiHKY BUJTUBKMU.

2. PospobieHo pamioHalbHi PeXMMH TepMiuHOTO OOpPOOJeHHA oI
Kpumb i3 pisumm BmicTrom MaHrany, mo 3a0e3meuyioTh IMOAPiOHEHHS
3epHa Ta HiIBUIIeHHI KOMILIEKCY BJIaCTHBOCTEH.
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Influence of Plastic Deformation and Long-Term Natural Ageing
on the Elastic Properties of Superplastic Eutectic Alloy Bi—
43 wt.% Sn
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The study of changes in the dynamic Young’s modulus of a typical model su-
perplastic Bi—43 wt.% Sn alloy under the conditions of plastic deformation,
under which polycrystalline materials are subjected in order to create a
structural-phase state capable of manifesting the effect of superplasticity, is
performed. Changes in the Young’s modulus are also studied during long-
term exposure at room temperature and normal atmospheric pressure, as a
result of which the phenomenological indicators of the superplastic flow of
the studied alloy are noticeably reduced, but the manifestation of the effect
of superplasticity is observed. Acoustic measurements are carried out using
the method of a two-component piezoelectric vibrator. An increase in the dy-
namic Young’s modulus as a result of compression by = 70% on a hydraulic
press and in the ageing process is found in both cast and compressed samples.
The obtained experimental data are analysed taking into account previously
obtained data on changes in the phase composition of the alloy under experi-
mental conditions. The results of the analysis show that the increase in the
Young’s modulus as a result of compression is caused by the appearance of
internal stresses in the material. The increase in the Young’s modulus during
ageing is primarily related to the transition of the alloy from the initial met-
astable state to the phase state, which is in equilibrium at room temperature.
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On the kinetic dependences of the modulus of elasticity in both cast and com-
pressed samples, there is an inhibition of its changes at the ageing stag, when
the phase equilibrium in the alloy has not yet been established. This is ex-
plained by the change in the kinetics of the decomposition of the o(Sn)-phase
(a supersaturated solid solution of bismuth in tin) caused by the appearance
of phase stresses associated with the volume effect of phase transformation.
As shown, such stresses have an inhibitory effect on the progress of decom-
position.

Key words: eutectic alloy, superplasticity, plastic deformation, natural age-
ing, phase composition, dynamic Young’s modulus, internal stresses.

Burkonano gociimkenus smin puHamiuHoro moxyssa OHT'a TUIIOBOTO MOIEJb-
HOTO HaAmIacTuyHoro crorny Bi—43 Bar.% Sn B ymoBax miactuuHoi gedopma-
mii, AKiA miggaroTh DOMiKpUCTATIIUHI MaTepisan OJIsi CTBOPEHHS CTPYKTYPHO-
¢a30BOTO CTaHy, 3JATHOTO A0 MPOABY edeKTy HAAILJIaCTUUYHOCTU. TaKoK BU-
BueHO 3Minu mony. s FOHT'a B mmpoilieci TpuBajiol BUTPUMKHU 3a KiMHATHOI TeM-
mepaTypu Ta HOpMaJIbHOTO aTMOC(hEepPHOTO TUCKY, V Pe3yJabTaTi aKoi eHoMme-
HOJIOTiIUHi TOKAa3HUKY HAAIIJIACTUYHOI Teuii JOCiI?KeHOoro CToIy IIOMiTHO II0-
HUKYIOTBCS, ajie IPOoAB ePeKTy HAAIJIACTUUYHOCTH cIocTepiraerbcsa. IIpose-
IeHO aKyCTUYHiI MipsSHHSA 3 BUKOPUCTAHHAM METOIU IIOABIAHOTO CKJIaJEHOI0
I’€30eJeKTPUYHOTO BiOpaTopa. BuaBieHO 3poCTaHHSA AWHAMIYHOTO MOIYJIA
IOura B pesysbrari cTucaenHs Ha = 70% Ha rigpasiaiuHoMy mpeci Ta B mporieci
CcTapiHHA AK y JUTHUX, TaK 1 y CTHCHEeHUX 3paskax. OgeprkaHi ekcepruMeHTa-
JbHI JMaHi IIpoaHa/Ii30BaHO 3 ypaxXyBaHHSAM pAaHiIlle Oep:KaHUX NaHUX IIPO
3MiHH (pa30BOr0 CKJAaIy CTOIIy B YMOBaX eKCIepUMeHTy. Pe3yabraTu aHarisu
cBimuarh, 110 36inbInenHa Monyad FOHTra B pe3yabTaTi CTUCHEHHS 3yMOBJIEHO
IIOSIBOIO BHYTPIIIHIX HANPysKeHb y MaTepisaai. 3pocranuda moaysa FOura mifg
yac cTapiHHSA OB’ si3aHe, IMEPII 3a Bce, 3 IEPEX0JI0M CTOITY 3 BUXiAHOTO MeTac-
TabiILHOrO 0 PiBHOBAXKHOTO 3a KiMHATHOI TemmepaTypu (pasoBoro crany. Ha
KiHeTMUYHUX 3aJIe’KHOCTSIX MOJAYJISI OPYsKHOCTH i y IUTUX, 1 Y CTUCHEHUX 3pas-
KiB cmocTepiraerhbcs raJlbMyBaHHSA MOT0 3MiH Ha eTalli cTapiHHSA, Koau paszoBa
piBHOBara y croIi e He BcTaHoBuMJacsA. lle mosicHIOETHCA 3MiHOIO KiHETHUKU
posmany o(Sn)-hasu (mepecuueHoro TBepPA0ro po3unHy BicMyTy B fuHi), 3ymMo-
BJIEHOIO MOSBOIO (pa30BUX HANPYKEHb, MOB’sI3aHUX 3 00’eMHUM e(eKToM (a-
30BOro nmeperBopeHHaA. Iloxasano, 110 TaKi HANPYKEHHA YNHATHh raJbMiBHUNI
BILJIMB Ha Iepebir posmany.

KarouoBi ciroBa: eBTEeKTUYHUI CTOII, HAAILJIACTUYHICTD, IIacTU4YHA Aedopma-
I[isl, IpUPOAHEe cTapiHHsdA, (has3oBuUll CKJIaL, IUHAMiuHU Moayab FOHT'a, BHYT-
pimrHi HAaTpyKEeHHA.

(Received 10 May, 2024, in final version, 24 June, 2024 )

1.INTRODUCTION

Superplasticity is a universal state of metallic materials that occurs
after the creation of an ultrafine-grained microstructure in them and
subsequent deformation under certain temperature and speed condi-
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tions. To obtain a small grain size, preliminary plastic deformation is
widely used [1-5]. Manifestation of the effect of superplasticity of eu-
tectic alloys is also associated with their fineness, which occurs under
the conditions of crystallization and as a result of preliminary plastic
deformation.

The Bi—43 wt.% Sn eutectic alloy studied in this work is one of the
typical superplastic (SP) model alloys, on which the authors first began
a systematic study of changes in elastic and inelastic properties caused
by previous plastic deformation, long-term natural ageing and in SP
flow conditions [6, 7]. Interest in the study of these issues is largely
determined by the lack of understanding of the role played by the dise-
quilibrium of the phase state of alloys in the manifestation of the su-
perplasticity effect. It is natural to expect, considering the well-known
fact that superplasticity is observed only in rapidly hardened samples.

The experiments in [6, 7] were carried out using the method of
acoustic spectroscopy, which is characterized by high sensitivity to
changes in the structure and phase state of the material. This makes it
possible to obtain new experimental data, which are important for fur-
ther deeper understanding of the physical nature of the superplasticity
effect.

Previously, during the study of the Sn—38% Pb eutectic alloy, the
authors found that as a result of preliminary plastic deformation of
cast samples by compression on a hydraulic press, the Young’s modu-
lus of the alloy increases by 70—75%. An increase in the Young’s modu-
lus is also observed during the ageing process of the cast samples.
When studying compressed samples at the initial stage of ageing, a
slight increase in Young’s modulus was recorded. Then its value de-
creases, passes through a minimum and increases again during a ra-
ther long ageing time [6]. The established patterns of changes in the
elastic properties of the Sn—38% Pb alloy were explained taking into
account the data obtained by the authors on the disequilibrium of the
phase state formed under the conditions of crystallization and its
changes due to compression and long exposure at ambient conditions.
Since these studies, as already mentioned above, were performed for
the first time, there is a need for their further development, in particu-
lar, in the study of alloys of other systems which was the goal of this
work. Ultimately, such studies contribute to the identification and es-
tablishment of the essence of phase changes that occur in multicompo-
nent materials under conditions of superplasticity, and, therefore, to
the successful resolution of the question of the role of phase transfor-
mation in the manifestation of this effect. This issue, which is im-
portant for further deeper understanding of the nature of the struc-
tural-phase state and mass transfer mechanisms under conditions of
superplasticity, remains the subject of discussions for quite a long
time.
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2. EXPERIMENTAL DETAILS

The studied Bi—43 wt.% Sn alloy was produced in laboratory conditions
by fusion of pure components followed by casting on a massive copper
substrate. In separate experiments, it was established that the process
of crystallization of the samples was carried out under conditions of
supercooling which took place at = 17°C. The resulting cast ingots were
deformed by compression on a hydraulic press by = 70%.

The experiments were carried out according to the methodology pre-
viously developed by the authors [7]. Young’s modulus was determined
based on the results of acoustic measurements using the two-component
composite piezoelectric vibrator technique [8]. The measurements are
done at room temperature at the frequencies of longitudinal oscilla-
tions =102 kHz and = 113 kHz in the amplitude-independent region at
the amplitude of ultrasonic deformation go~ 1077,

The relative measurement error of Young’s dynamic modulus did
not exceed ~ 1-10™%, while the total absolute error was no greater than
~0.5% measured quantity. The absolute error of determining the den-
sity of the samples did not exceed = 2 kg/m3.

3. RESULTS AND DISCUSSION

First of all, we note that in order to obtain as accurate data as possible,
the temperature dependence of the dynamic Young’s modulus of the
Bi—43 wt.% Sn alloy was studied in the range of 60—-302 K, with the
help of which the influence of temperature on the change of the
Young’s modulus was taken into account. This dependence for the case
of an increase in the temperature of the sample during the measure-
ment process is shown in Fig. 1.
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Fig. 1. Temperature dependence of the dynamic Young’s modulus E of the Bi—
43 wt.% Sn alloy. Freshly compressed sample.
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In the course of the experiments, it was also established that there
were no significant changes in the density p of the alloy in the cast and
compressed states during ageing. The density was determined using
the absolute method of hydrostatic weighing [9].

Figure 2 shows the dependence of the value p of the deformed sam-
ples on the ageing time ¢.

Figure 3 shows the time dependences of the dynamic Young’s modu-
lus E of the Bi—43 wt.% Sn alloy both in cast and compressed samples.

As can be seen from this figure, in the process of ageing of the cast
alloy for =1 month, a noticeable increase in the Young’s modulus E is
observed, and then its value practically does not change in the investi-
gated time interval (Fig. 3, curve 1). Because of plastic deformation by
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Fig. 2. Dependence of the density p of plastically deformed samples of the Bi—
43 wt.% Sn alloy on the time of natural ageing ¢.
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Fig. 3. Dependences of the dynamic Young’s modulus E of the Bi—43 wt.% Sn
alloy on the ageing time ¢t. I—in the cast state; 2—after plastic deformation
by compression by = 70%.
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compression, the Young’s modulus of the alloy also increases. During
further ageing of the deformed samples in ambient conditions during
the above-mentioned period, the value of E continues to increase, and
then, remains practically constant too (Fig. 3, curve 2).

The detected changes in the elastic properties of the studied alloy
Bi—43 wt.% Sn were associated, first of all, with the peculiarities of
the phase state in which the alloy is immediately after casting, and
transformations of its phase composition during subsequent mechani-
cal processing and long-term natural ageing.

Earlier in Ref. [10], it was established that under the chosen condi-
tions of crystallization of the Bi—43 wt.% Sn alloy a significant excess
of the relative amount of the a(Sn)-phase (a solid solution of bismuth
in tin) is recorded in the initial ingots compared to its amount corre-
sponding to the phase equilibrium both at room and eutectic tempera-
tures. During exposure at ambient conditions, the a(Sn)-phase super-
saturated with bismuth disintegrates. However, the disintegration
process is very slow. The experimental data obtained in Ref. [10] indi-
cate the stimulating effect of plastic deformation on the disintegration
of the a(Sn)-phase. However, even after ageing for more than one year,
the equilibrium phase state of the alloy at room temperature is not
reached. It was also established that in the compressed state immedi-
ately after casting, the alloy exhibits quite bright SP properties. Elon-
gation to failure € reaches almost 800%. During ageing, the value of ¢
and the rate of SP deformation decrease but the alloy remains super-
plastic[11].

As it turned out, the obtained kinetic curves in the time interval in-
vestigated (see Fig. 3) are quite well approximated by the well-known
Avrami relation, which is used to describe the kinetics of isothermal
transformations controlled by the processes of nucleation and growth
of particles of a new phase (see, for example, [12]):

T,

E(t)= E0) + AE, 11— exp{— (ij } : 1)
where AEin. is the maximum change of the measured value, 1; is the
relaxation time. Information about the numerical values of the param-
eters in this equation is given in Table 1.

Experimental data presented in Fig. 3, were analysed taking into
account the information obtained in [10] about the volumetric ratio of
o(Sn)- and B(Bi)-phases (the second phase is a solid solution of tin in
bismuth) Vs,/Vs and the results of a theoretical assessment of the
change in Young’s modulus during its transition from the initial meta-
stable to the equilibrium state at room temperature. Such a numerical
estimate was made under the assumption that in the process of ageing,
the volume ratio of the phases changes from the value corresponding to
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their ratio, which is in equilibrium at the eutectic temperature, to the
value in equilibrium conditions at room temperature. Data on the
modulus of elasticity of tin-based and bismuth-based phases, which are
structural components of the alloy, and on the volume ratio of these
phases were used. Numerical estimates of the volume ratio of the
Vsn/Vs: phases in the alloy for these states were previously performed
in [10]. Data on Young’s moduli of phases were taken from [13]. Due to
the negligibly small solubility of tin in bismuth, the Young’s modulus
value of the B(Bi)-phase was considered unchanged and equal to the
Young’s modulus of pure bismuth. Young’s modulus of the alloy was
determined according to the mixture rule using the formula[14]:

E=}c"E, (2)
J

where ¢;'*' and E; are, respectively, the relative volume and the Young’s
modulus of each phase. The calculations were carried out in the Voigt
(Ev[15]) and Reuss (Er [16]) approximations. The results of the calcu-
lations are given in Table 2.

The data presented in the table indicate that the transition of the
studied alloy Bi—43 wt.% Sn to the equilibrium state should be accom-
panied by an increase in the Young’s modulus. At the same time, the

TABLE 1. Numerical values of the parameters of the Avrami equation for the
investigated states of the alloy Bi—43 wt.% Sn.

Parameter Cast state (i=1) After plastic deformation (i=2)
E; (0), GPa 38.56 £0.045 39.16 £0.047
AE;, GPa 0.968 +0.043 0.634 +0.046
Ti, days 14.26 +1.62 8.737+1.37
n 1 1

TABLE 2. Theoretical estimation of the value of the Young’s modulus E of the
Bi—43 wt.% Sn alloy for different volume ratios of phases.

Alloy Bi—43 Wt.o/o Sn VSn/VBi Ev, GPa ER, GPa EH, GPa
The equilibrium phase ratio

corresponding to room tem- 1 43.5 41.4 42.5
perature

The equilibrium phase ratio
corresponding to the eutectic 1.5 41.5 40.5 41.0
temperature
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change in its average arithmetic value Ey (Hill’s approximation),
which, according to Ref. [17], corresponds well with the effective val-
ues of Young’s modulus of isotropic composite materials, should be at
least 3.7%. This gives grounds for asserting that the observed increase
in Young’s modulus is primarily related to the disequilibrium of the
initial phase state of the alloy and its transition to an equilibrium state
at room temperature.

In Ref. [10], it was found that after compression, the relative num-
ber of phases in the surface layers of the samples remains unchanged.
This indicates that under conditions of actual plastic deformation, the
supersaturated o(Sn)-phase does not disintegrate. In this regard, the
increase in E as a result of compression should be associated with the
appearance of internal stresses in the material. As it was shown in [18]
on the basis of the analysis of the changes in the crystal lattice parame-
ters of the phases, such stresses occur in the Sn—38 wt.% Pb alloy after
deformation under the same conditions as for the Bi—43 wt.% Sn alloy.

The appearance of significant internal stresses in the Bi—43 wt.% Sn
alloy as a result of deformation is evidenced by the macroscopic crack-
ing of the ingots, which occurs in this case. Figure 4 shows an image of
the cast ingot surface after its compression on a hydraulic press.

Internal stresses under conditions of compression deformation thus
reach the limit of the strength of the material. In undamaged parts of
the ingot, which, as already mentioned, show rather high SP proper-
ties, elastic stresses certainly decrease after cracking and relaxation,
but there is no reason to believe that they disappear completely.

The presence of residual internal stresses in the Bi—43 wt.% Sn alloy

Fig. 4. Macroscopic cracking of the Bi—43 wt.% Sn alloy ingot after plastic
deformation by compression by = 70%.
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is also evidenced by the joint analysis of the above data on the change
in Young’s modulus during the ageing process and the data on the
change in the relative phase ratio Vs./Ve that accompanies this pro-
cess. As established in Ref. [10], the values of Vs,/Vg; in cast samples
are 3.8 after ageing for 8 days and 3.1 after ageing for 23 months. At
the same time, in plastically deformed samples, the Vs,/Vs: ratio is
equal to 2.7 and 1.9 at the indicated sample holding times, respective-
ly. Taking this one into account, one should expect a more significant
change in the Young’s modulus in deformed samples compared to cast
ones during the ageing process. However, as evidenced by the data of
Fig. 3 and Table 1, in the cast alloy, the maximum change in the elastic
modulus during the ageing process, at its investigated stage, is greater
than in the plastically deformed samples. This allows us to conclude
that in the deformed Bi—43 wt.% Sn alloy, the change in Young’s mod-
ulus during ageing is due, on the one hand, to its increase due to the
change in the phase composition of the alloy, and to its decrease due to
the relaxation of internal elastic stresses, on the other hand. At the
same time, the process of relaxation to the thermal equilibrium state in
the cast samples is slower compared to the compressed samples, which
reflects the stimulating effect of plastic deformation on the decompo-
sition of the supersaturated o(Sn)-phase.

As well known, plastic deformation leads to an increase in the densi-
ty of dislocations and the concentration of point defects, which arise
from their non-conservative movement in crystals. As a result, the
looseness of the crystal lattice increases, places with weakened intera-
tomic interaction appear, which leads to a decrease in the modulus of
elasticity [19]. The action of this factor, thus, can level out the in-
crease in the value of E of the studied alloy, which is associated with
the appearance of internal elastic stresses after compression of the
samples. Relaxation processes in the dislocation subsystem during
sample exposure in an unloaded state may be accompanied by a de-
crease in the density of dislocations and, accordingly, contribute to an
increase in the elastic modulus. Then, this will indicate a more signifi-
cant contribution of the processes that ensure the relaxation of inter-
nal elastic stresses to the resulting change in Young’s modulus in de-
formed samples under ageing conditions, which is observed in the ex-
periment.

The influence of another factor caused by the dislocation nature of
plastic deformation is associated with an increase in the contribution
of dislocation inelasticity to the effective values of elastic moduli [19].
As evidenced by the analysis of literature data, a decrease in the modu-
lus of elasticity caused by dislocation inelasticity is observed in the
early stages of plastic deformation. At this stage, the density of fresh
dislocations, which are not surrounded by the formed Cottrell atmos-
pheres, increases in the material. The inelasticity associated with such
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dislocations leads to the appearance of a modulus defect. In steel, for
example, such effects are manifested at deformations that are only
2.5-3% [19]. With further deformation, the modulus defect usually
reaches saturation, and then its decrease is observed. In addition, tak-
ing into account the large value of the compression deformation of the
samples (= 70%), as well as the small value of the amplitude of the ul-
trasonic deformation (= 10°7) during the measurements, the effect of
dislocation inelasticity on the dynamic modulus of the studied alloy
can be neglected.

A joint analysis of the above and previously obtained experimental
results allows us to come to a conclusion about the importance of inter-
nal stresses for the emergence of the SP state in the studied material.
As shown in Ref. [18] on the example of the Sn—38% Pb alloy, the level
of internal stresses arising as a result of compression is sufficient to
activate the additional Frank—Read dislocation sources and ensure a
noticeable increase in the dislocation density of under the action of ex-
ternal mechanical stress. As indicated in Ref. [20], the presence of sig-
nificant internal stresses can be the reason for the manifestation of the
hydrodynamic mode of deformation in conditions of superplasticity,
which was first discovered by the authors.

One of the important reasons for the change in the elastic character-
istics of polycrystals is the appearance or changes in the texture of the
material. The analysis of the results of the x-ray diffractometric stud-
ies published in Ref. [21] shows that there are no significant changes in
the texture of the investigated Bi—-43 wt.% Sn alloy due to compres-
sion.

Finally, let us turn once again to the dependence of the dynamic
Young’s modulus of the Bi—43 wt.% Sn alloy on the duration of ageing
shown in Fig. 3. As already mentioned above, significant changes in
the value of E in both states of the alloy are observed only at the initial
stage of ageing. At the same time, the relative increase in Young’s
modulus in the ageing process does not reach its value, which may be
due to the decomposition of the supersaturated a(Sn)-phase. This indi-
cates that at the stage of a significant decrease in the growth rate of E,
there are reasons that slow down the disintegration of the solid solu-
tion of bismuth in tin. One such reason could be the internal stresses
associated with the bulk effect of this phase transformation.

As known, the structure of alloys of the type investigated in this
work is characterized by the presence of continuous skeletons of grains
of both phases, and each of them reacts in one way or another to volu-
metric changes in the other skeleton. Let us evaluate the volumetric
changes that should occur in the a(Sn)-phase as a result of the transi-
tion to an equilibrium state at room temperature. Such an estimate can
be made based on the data on the x-ray density pxray of the two-phase
mixture, which is formed as a result of decomposition, and the relative
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number of phases.

Calculations performed using known formulas [10] made it possible
to establish the following. At the concentration of the solid solution of
bismuth in tin, which corresponds to the eutectic temperature, the x-
ray density of the a(Sn)-phase is of 7.7719 g/cm3. According to the
state diagram of the Sn—Bi system, this solution at room temperature
turns into a mixture of a solid solution of bismuth in tin with a concen-
tration of 1.3 wt.% Bi and practically pure bismuth. The quantitative
phase ratio is 80.04 to 19.96, respectively. The calculated x-ray densi-
ty of such a mixture is equal to 7.7032 g/cm?. Thus, during the decom-
position of the o(Sn)-phase, the specific volume of the material in-
creases. The rigid skeleton of B(Bi)-phase grains certainly has an inhib-
itory effect on the kinetics of this transformation.

4. CONCLUSIONS

For the first time, a study of the effect of preliminary plastic defor-
mation, which ensures the emergence of a structural phase state capa-
ble of manifesting the effect of superplasticity, and long-term natural
ageing on the dynamic Young’s modulus of the superplastic eutectic
alloy Bi—43 wt.% Sn was carried out. The experiments were carried out
using the acoustic method of the two-component composite piezoelec-
tric vibrator.

It is shown that the detected changes in the elastic properties of the
superplastic alloy Bi—43 wt.% Sn are primarily related to the disequi-
librium of the phase state, which is formed under conditions of rapid
crystallization, the effect of plastic deformation on the phase composi-
tion of the alloy, as well as the occurrence of internal stresses in as a
result of plastic deformation.

The increase in the Young’s modulus of the Bi—43 wt.% Sn alloy dur-
ing the ageing process in both cast and compressed samples is due to its
transition to an equilibrium phase state, namely, the decomposition of
the a(Sn)-phase—a supersaturated solid solution of bismuth in tin. At
the same time, on the kinetic dependences of the modulus of elasticity
in both cases, there is an inhibition of its changes at the stage of ageing
when the phase equilibrium in the alloy has not yet been established.
This is explained by the difference in decomposition kinetics at the ini-
tial and later stages of ageing due to the appearance of phase stresses
associated with the volume effect of phase transformation. Such
stresses have an inhibitory effect on the progress of decomposition.

The increase in the Young’s modulus of the alloy as a result of plas-
tic compression deformation is mainly determined by the internal
stresses, which arise.

The change in Young’s modulus during the ageing process in sam-
ples previously deformed by compression is due, on the one hand, to its
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increase in connection with the transition of the alloy to a more equi-
librium structural-phase state and to a decrease associated with the
relaxation of internal stresses remaining after compression, on the
other hand.

The patterns of changes in the Young’s modulus of the superplastic
alloy Bi—43 wt.% Sn, which are caused by previous plastic deformation
and natural ageing, well reproduce the previously discovered patterns
of changes in the elastic characteristics of the superplastic alloy Sn—38
wt.% Pb under similar conditions of external influence. They agree
with the new data obtained by the authors earlier about the character-
istic features of the phase state of superplastic eutectic alloys, which is
formed under the conditions of crystallization, and its changes under
the influence of plastic deformation and ageing.

The results of the conducted research are important for a further
deeper understanding of the nature of the structural-phase state of
multicomponent metallic materials that have the ability to manifest
the effect of superplasticity, and the relationship between phase trans-
formations and mass transfer mechanisms under conditions of super-
plastic flow.
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It is proposed to use the idea of the rate of hydrogen crossing the metal
boundary for the calculation of the hydrogen permeability of palladium-
containing membranes. The corresponding kinetic coefficient of proportion-
ality between the hydrogen flux density and the hydrogen chemical-potential
jump at the metal boundary is introduced. Criteria for distinguishing be-
tween diffusion-limited and surface-limited regimes based on the introduced
kinetic coefficients are established. This coefficient is amenable to relatively
simple experimental determination by a bending—rebending study of a palla-
dium cantilever. The hydrogen flux density through the membrane is calcu-
lated as a function of the diffusion coefficient, membrane thickness, and ki-
netic coefficients at the entrance and exit surfaces. As revealed, the hydro-
gen flux density and concentration profile within the membrane are influ-
enced by membrane thickness and the rates of hydrogen penetration at the
input and output surfaces. Furthermore, it is proposed a simple scheme for
calculating the hydrogen permeability of palladium-containing membranes,
providing insights for membrane design and optimization. The concentration
of atomic hydrogen at the inlet and outlet of the membrane is determined.
The results of hydrogen-permeability calculation converge with relevant lit-
erature data. This study sheds light on the factors governing the hydrogen
permeability in palladium membranes and offers valuable insights for the
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development of high-performance hydrogen-separation technologies.
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3amnpoIoHOBAaHO BUKOPUCTOBYBATH iJlel0 IIBUAKOCTH Iepexony Iiaporeny ue-
pe3 MeKy MeTaJly IJIS POSPaXyHKY BOJHEBOI MIPOHUKHOCTU MMAJALiOBUX MEM-
Opau. BBemeHo BimmoBimHUMI KiHeTHUYHUHN Koedilli€eHT IPOMOPI[IHHOCTU MiK
T'YCTUHOIO MOTOKY [imporeny Ta crpubKoM XeMiuHOro moTeHIliaay izporeny
Ha MesKi merasry. Ha ocHOBI BBeZleHUX KiHETHUHUX KOoe(iI[ieHTiB BCTAaHOBJIEHO
Kpurepii posame:kyBaHHA TUPY3iiiHO-00MeKeHOT0 Ta ITOBEPXHEBO-00MEKEeHOT0
pesxkumiB. et KoeditieHT miggaeThCca BiTHOCHO IPOCTOMY €KCIEPUMEHTAJb-
HOMY BMBHAYEHHIO 34 JOIIOMOTOIO JOCJiI}KeHHA BUTMHY Ta POSMPAMJICHHS I1a-
JagifioBOTO KaHTHUJIeBEPa, 3aKPiIlJIeHOTo 3 OMHiel CTOPOHM IIiJT yac B3aeMozii 3
Tiagporenom. I'yecruaa morory ligporeny uepes MmeMOpaHy po3paxoOBYETHCA K
dyuKIig KoedimienTa gudysii, ToBIIIMHEN MeMOpaHu Ta KiHETUUYHUX Koedilri-
€HTiB Ha BXO/Ii Ta BUXO/Ii TIOBEPXOHb. Pe3ysibTaTl MOKa3yI0Th, 1110 HA TYCTUHY
motoky I'izporeny Ta npodijb KoHIIeHTpaIlil BcepeaquHi MeMOpaHu BILINBAIOTh
TOBIIMHA MeMOpaHU Ta IIBUIKICTh IPOHUKHeHHA ['iTporeny Ha BXimHy Ta BHU-
xigHy nmoBepxHi. KpiMm Toro, IponoHyeThCS IIpocTa cXeMa AJIs PO3PaxyHKY BO-
JHEeBOl IPOHUKHOCTU MeMOpaH, 1[0 MiCTATH HaJafiil, HaJal0Uu POIYMiHHSA qU-
3aliHy i ontuMisaiii memOpas. Busnaueno kKoHIleHTpaIlio aromapaoro I'igpo-
I'eHy Ha BXOJi Ta BUXOJi 3 MeMOpaHu. Pe3ybTaTu po3paxyHKY BOAHEBOI IIPO-
HUKHOCTH 36iratoThCA 3 BiATIOBiZHMMMY JiTepaTypHUMU AaHuUMU. [laHe moCJi-
I:KEeHHsI IIPOJIMBAE CBiTJIO HA YMHHUKU, 1110 BUSHAYAIOTh IPOHUKHIiCTE ['igpo-
T'eHy B HmaJIafiiOoBUX MeMOpaHaxX, i MpoIoHye IiHHY iH(GopMaIliio AJisg po3pos-
KM BUCOKOE(EeKTUBHUX TeXHOJOTil PO3AiJIeHHS BOIHIO.

Kuarouori caoBa: Tigporen, manmaniii, nudysid, KoHIIeHTpaIlid, BOAHEeBI Ha-
Opy'KeHHdA, BUTUH, IPOHUKHEHHS.
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1.INTRODUCTION

In light of the rapid development of hydrogen energy and a number of
high technologies in various industries, the interest in efficient ways
of producing pure hydrogen has increased. One of the most promising,
productive and economically profitable ways to produce high-purity
hydrogen from industrial gas mixtures containing more than 30% hy-
drogen is diffusion through metal membranes made of palladium al-
loys whose permeability for other gases is extremely low (10—
108 cm-s - Pa?2[1-3].

The main characteristics of palladium membranes for hydrogen ex-
traction from gas mixtures are the rate of hydrogen penetration
through the membrane, their selectivity and stability under working
conditions [4—-10].

The use of thermodynamically open Pd—H systems is in demand not
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only because of palladium’s unique hydrogen permeability, but also
because of the relative simplicity of its phase diagram [11-13]. This
allows the use of palladium as a model material to study the basic in-
teractions of hydrogen with metals. However, the use of pure palladi-
um is limited to temperatures below 300°C and pressures up to 2 MPa
and to hydride phases, the transitions between which lead to the de-
struction of diffusion membranes after several cycles of heating and
cooling in a hydrogen atmosphere[13, 14].

The problem of creating industrial membrane separators has not yet
been solved, since there are no high-performance palladium alloys that
have high selectivity for hydrogen, low ability to expand when satu-
rated with hydrogen, high resistance to corrosive gases and durability
in operation above 300°C [15—20]. Given that the membranes are foil
and microtubes, the alloys must have high plasticity [21—24]. There-
fore, the task of studying the hydrogen permeability of the palladium
membrane is topical [25—28].

Our work consists of studying the kinetics (specifically, finding the
rate) of the process of hydrogen passing through the membrane [29].
To do this, it is necessary to know the corresponding kinetic coeffi-
cients. For the first time, we introduced a clearly defined kinetic y co-
efficient, which can be found from a detached experiment.

2. EXPERIMENTAL DETAILS

According to the classical scheme of membrane permeability by hydro-
gen, the process consists of the following stages [6, 7]: 1) dissociation
and chemical adsorption of hydrogen on a metal surface (in our case,
palladium), 2) overcoming the surface energy barrier, 3) diffusion flux
of atomic hydrogen from the inlet to the outlet surface, 4) transition of
hydrogen atoms across the outlet surface,5) the union of hydrogen at-
oms into molecules and the desorption of molecular hydrogen from the
outlet surface.

In a phenomenological description of hydrogen permeability, we can
interconnect processes 1) and 2) at the input surface, as well as 4) and
5) at the output surface. This integration is based on the notion that
the hydrogen flux density is proportional to the jump pn,/2 — pg of the
chemo potential at the transition across the interface. Here, ug, is the
chemo potential of molecular hydrogen, uu is the potential of atomic
hydrogen.

In turn, this jump is proportional to the difference c.— cs, where c. is
the equilibrium of atomic hydrogen at given pressures and tempera-
tures, cs is the current concentration of atomic hydrogen immediately
below the surface on the metal side.

According to these notions, the hydrogen flux density j through the
inlet surface of the membrane (index 1) is



1142 E. P. FELDMAN and O. M. LIUBYMENKO

h =1, —¢), 1)

where v, is the kinetic coefficient of velocity dimensionality, which de-
pends on temperature, surface condition (impurities, defects, rough-
ness), etc., c.1 is the equilibrium concentration of hydrogen at the inlet
surface of the membrane, c; is the current concentration of the atomic
immediately below the inlet surface.

This coefficient determines the rate at which two processes occur
simultaneously: the separation of hydrogen molecules into atoms on
the input surface (or recombination on the output surface) and the
penetration of hydrogen atoms through the input surface (passage
through the output surface).

The coefficient y can be called the rate of hydrogen penetration
through the surface. Its role and possibilities of experimental deter-
mination will be discussed later. The hydrogen flux density through
the outlet surface of the membrane is written similarly to (1):

j2 = Yz(cz - Cez) s (2)

where v; is the penetration rate at the exit surface, c: is the current
concentration on the output side, ce.2 is hydrogen concentration at the
outlet surface.

In the general case with different structure and defectiveness of the
input and output surfaces, y1 # v2.

The flux density of hydrogen inside the metal is determined by dif-
fusion processes. In the stationary mode, the flux density is

i = D(c, —¢,)
1 h
where D is the effective diffusion coefficient of hydrogen, A is the
thickness of the membrane.

The above relationship is illustrated by a scheme (Fig. 1) that comes
from Wang’s classical scheme [30], but it differs significantly from it
in the introduction of concentration jumps on the inlet and outlet sides
of the membrane and their analytical description.

If hydrogen does not accumulate in the metal, then, all three fluxes
j1, j2 and j; in the stationary mode, should be equal to each other:

, 3

j1 = jz = ji > 4)
D(c, —¢,)
— (5)

From the set of equations (5), we find the total flux j, as well as the
concentrations c; and ¢z of hydrogen on the inlet and outlet surfaces,
respectively,

71(Ce1 - C1) = Y2(Cz _ce2) =
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Fig. 1. Concentration profile of hydrogen in the membrane in the stationary-
state mode.

¢ =c, — Co1 ~ Cep : (6)
Y,(h/D+1/vy,+1/7,)
¢, =c,+ Co ~ % : (7)
Yo(h/D+1/y,+1/7,)
. c,—°¢C
] el e2 (8)

Ch/D+1/y,+1/y,

3. RESULTS AND DISCUSSION

First of all, note that the equilibrium concentrations, according to Sie-
verts’ law [6, 7], are proportional to the square root of the correspond-
ing pressure[31]:

¢ = [(T)P}, 9)

¢ = [(T)RY, (10)
where P; is the inlet pressure of molecular hydrogen, P; is the output,
f(T) is a temperature-dependent inverse Sieverts’ constant having the
dimensionality [Pa/?].

From formula (8), we see that the flux density is determined by
three parameters: D/k and two permeability rates, y; and ys. If

v,h/D>>1landy,h/D>>1, (11)
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then,
. D D
j= z(cel —C) = ;f(T)(Pf/2 - B?). (12)

If, in the experiment [4], hydrogen is pumped from the outlet side,
and the inlet pressure is P = P, then, the flux density:

j= %f(T)P”z , (13)

that is the classical form of Richardson [31] in the DRL (diffusion-
limited regime).

In the reverse limiting case, when at least one of two parameters
(yih/D, y2h/D) much less than one the SRL mode (surface limited re-
gime) is realized:

h
% <Ly, —>7> (14)
flux density
j=vf(T)P?, (15)

where y is the smaller of the two (y1, y2) parameters.

In both limiting cases, the flux density is proportional to P¥2, and
the proportional coefficients, which can be called hydrogen permeabil-
ities, are determined by different parameters: in the case of DRL, the
hydrogen permeability is equal to (D/h)f(T), and, in the case of SRL, it
is equal to yf(T).

In general terms, the above reasoning and conclusions are known (see
e.g.,[30, 32]). However, we found criterion (12) and formula (13), which
includes the rate of hydrogen passing through the boundary (y). The
physical meaning and experimental determination of this parameter are
discussed in detail in our works [32—36]. In particular, a method for de-
termining the hydrogen penetration rate in palladium from simple bend-
ing—unbending experiments of a palladium cantilever is indicated.

Under the conditions of our experiment, maximum bending is
achieved in ¢, =21 s. The coefficient y is calculated by the simple formula:

y:h/tsv

where £ =0.27-102m is the thickness of the plate. In the way, we get
gammay=1.3-103m/s.

We tested a series of experiments on the bending and unbending of a
palladium cantilever at temperatures from 110°C to 350°C. At these
temperatures, a solution of hydrogen in palladium is a pure a-phase.
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The difference for different temperatures in this range is only in the
duration of the experiment and the convenience of recording the re-
sults. In this regard, a temperature of 180°C is representative.

The test sample in the form of a thin plate with dimensions
(68%x5.5%x0.27 mm) made of pure palladium (99.98%) was annealed at
700°C for 60 minutes and cooled in a furnace. One side of the annealed
sample was electrolytically coated with copper.

In the working chamber of the hydrogen—vacuum installation, the
sample was fixed into the holder with one end so that the side of the
sample with copper coating was at the top. To remove residual stresses,
the fixed sample was subjected to low-temperature vacuum annealing
directly in the working chamber: it was slowly heated to the experi-
mental temperature at a rate of 3°C /min and then cooled in the furnace.

The experiments were carried out in the following order. The sample
was slowly (3°C/min) heated to 180°C and kept at this temperature for
20 min. After this, under isothermal conditions, diffusion-purified
hydrogen was supplied to the working chamber to a given pressure,
thus saturating the plate to the alloy composition a-PdH,, where n is
the equilibrium concentration of hydrogen in palladium. Then it was
kept in such conditions until the plate returned to its original state.
From the start of hydrogen supply (¢ =0s), changes in the cantilever
deflection through a quartz window in the working chamber were rec-
orded using a cathetometer and a video camera. The resulting video
recordings were analysed frame by frame in the Sony Vegas program,
which makes it possible to obtain the dependence of the sample deflec-
tion arrow on time.

It turned out, for example, that at a temperature of 180°C, palladi-
um plate thickness £=0.27-103m and concentration c.=9-103 the
permeation rate y=1.3-10°m/s. For such a membrane thickness and
for this temperature, with a diffusion coefficient D=10"°m?/s,
vh/D = 3.5, that is, criterion (9) is satisfied, and hence Richardson’s
formula works.

For a specific numerical determination of hydrogen permeability, it
is necessary to know the inverse Sieverts’ coefficient. In estimating it,
we used the values of the enthalpy of hydrogen dissolution in palladi-
um AH=4620cal/mol [6, 7] and the residual entropy AS=
=25.5cal/(K-mol) [6]. As aresult, we obtained that:

f(T)=0,53-107 -10°%" Pa'/?, (16)
where T is the temperature in Kelvin’s degrees.
For the hydrogen permeability in the SLT mode, using the results we

obtained earlier [32—-36] for y, we obtain:

Yf(T) =107 cm -s™ - Pa V2.
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The corresponding flux density at a pressure of 10*Pa is of
10° ecm/s, which is close in order to the flux density for the coated
sample [4] studied in [4, 32—-36].

Thus, the calculated and experimentally obtained [32, 33] values of
the rate y of hydrogen penetration through the palladium-molecular
hydrogen interface make it possible, using our model, to estimate with
the accepted accuracy the hydrogen permeability of palladium-
containing membranes. It seems to us that our scheme can also be ap-
plied to calculate the hydrogen permeability of other metallic mem-
branes.

Let us consider further, the distribution of hydrogen over the mem-
brane thickness in the stationary-state mode. For certainty, let us con-
sider the case when hydrogen is pumped out of the working chamber
from the side of the outlet surface. In this case, cc2=0. The inlet and
outlet concentrations of atomic hydrogen, according to (6) and (7),
have the form, respectively:

¢ -c, (1_ 1 j (17)
V,(h/D+1/y,+1/7,)

¢, = Ca . (18)

Vo(h/D+1/v,+1/7,)

From formulas (17) and (18) it is clear, that at low permeation rates
through the outlet surface of the membrane (y: > 0) both concentra-
tions c¢; and c¢3, are close to c.;. This means that atomic hydrogen fills
the entire membrane with a concentration close to the equilibrium con-
centration at a given pressure of molecular hydrogen at the inlet. If
v1— 0, however, the hydrogen concentration in the membrane is close
to zero, i.e., hydrogen hardly penetrates the membrane. In both of these
cases, the hydrogen permeability of the membrane is small in propor-
tion to the smallness of y; or ..

In the symmetric case, when y; =y2=1v, that is, when both surfaces
have the same permeability, the hydrogen flux density:

cel - ce2 _ D cel B ce2

— et T %2 2 . (19)
h/D+2/y h1+2D/vh

The multiplier 1/2 appears in the criterion for the applicability of
the Richardson formula, that is, the DLT mode,

vh /2D >>1. (20)
In the reverse limiting case, in the SLT mode, with y;=y2=Yv, it fol-

lows from formulas (17) and (18) that the concentrations ¢; and c2 are
close to each other. If, in addition, hydrogen is pumped from the outlet
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side, i.e., ce2=0, then ci~c2~(1/2)ce:. This means that the hydrogen
concentration is homogeneous over the thickness of the membrane,
and that only half of the hydrogen approaching the inlet side pene-
trates the metal.

4. CONCLUSION

1. A simple scheme for calculating the hydrogen permeability of palla-
dium-containing membranes based on the notion of the rate of hydrogen
penetration through the hydrogen—metal interface has been proposed.

2. The hydrogen flux density and hydrogen concentration profile in
stationary-state mode as a function of membrane thickness, diffusion
coefficient, and hydrogen penetration rates through metal boundaries
were calculated. Formulas have been introduced that quantify the in-
crease in hydrogen permeability and membranes with the increase in
the coefficients we introduced, y; and v..

3. It is indicated that it is quite possible to use the results of calcula-
tions and experiments on bending—rebending of palladium cantilevers
outlined in our papers to determine the penetration rate.

4.1t was found that the hydrogen concentration in the metal, in the
stationary mode, is close to zero, when the penetration rate of the in-
put surface is low and close to the equilibrium concentration when the
crossing rate of the output surface is low.

5. The criteria for the implementation of the DLT (diffusion limited
regime) and SLT (surface limited regime) modes are written using the
kinetic coefficients we introduced, such as the hydrogen crossing rates
of metal surfaces.

REFERENCES

1. G. S. Burkhanov, N. B. Gorina, N. B. Kolchugina, and N. R. Rosai, Russian
Chem.d., 50: 36 (2006).

2. L. P. Didenko, M. S. Voronetsky, L. A. Sementsova et al., Int. Sci.J. Alternative
Energy Ecology, 90: 154 (2010).

3. S. M. Jokar, A. Farokhnia, M. Tavakolian M. Pejman, P. Parvasi,
J. Javanmardi, F. Zare, M. Clara Gongalves, and A. Basile, Int.J. Hydrogen
Energy, 18, Iss. 16: 6451 (2023).

4. G. P. Glazunov, V. M. Azhazha, A. A. Andreev, D. I. Baron, E. D. Volkov,
A. L. Konotopskiy, I. M. Neklyudov, and A. P. Svinarenko, VANT, 91: 13
(2007) (in Russian).

5. A. A. Pisarev, I. V. Tsvetkov, E. D. Marenkov, and S. S. Yarko, Pronitsaye-

most’ Vodoroda Cherez Metally [Permeability of Hydrogen through Metals]

(Moskva: MIFI: 2008) (in Russian).

G. Alefeld and S. Volkl, Hydrogen in Metals (Berlin: Springer Verlag: 1978).

7. E. Fromm and E. Gebhardt, Gases and Carbon in Metals (Berlin—Heiddelberg—
New York: Springer Verlag: 1976).

©


https://doi.org/10.1016/j.ijhydene.2022.05.296
https://doi.org/10.1016/j.ijhydene.2022.05.296
https://doi.org/10.1007/3-540-08883-0

1148

10.
11.
12.
13.
14.
15.

16.
17.

18.
19.

20.

21.

22.

23.

24.

25.

26.

27.

28.
29.

30.
31.
32.

33.
34.

35.
36.

E. P. FELDMAN and O. M. LIUBYMENKO

V.N. Lobko and I. N. Beckman, Int. Sci.J. Alternative Energy Ecology, 10: 36 (2010).
A. Gondolini, A. Bartoletti, E. Mercadelli, P. Gramazio, A. Fasolini, F. Basile,
and A. Sanson, J. Membrane Sci., 684: 121865 (2023).

W.-Y. Yu, M. G. Mullen, and C. B. Mullins, J. Phys. Chem.C, 117, Iss. 38:
19535 (2013).

K. Hubkowska, M. Pajak, and A. Czerwinski, Materials, 16, Iss. 13: 4556 (2023).
C. Goyhenex and L. Piccolo, Phys. Chem.Chem. Phys., 19: 32451 (2017).

H. Duncan and A. Lasia, Electrochimica Acta., 53, Iss. 23: 6845 (2008).

H. Wang, W. Li, H. Liu, Z. Wang, X. Gao, X. Zhang, Y. Guo, M. Yan, S. Zhang,
L. Sun, H. Liu, Z. Wang, and H. Peng, ACS Applied Nano Materials, 6, Iss. 13:
12322 (2023).

L. Moumaneix, A. Rautakorpi, and T. Kallio, ChemElectroChem, 10, Iss. 14:
202300111 (2023).

F. A. Lewis, Int.J. Hydrogen Energy, 21, Iss. 6: 461 (1996).

E. A. Crespo, S. Claramonte, M. Ruda, and S. Ramos, Int.J. Hydrogen Energy,
35, Iss. 11: 6037 (2010).

H. Cheng, Separations, 10, Iss. 5: 317 (2023).

B. Roy, E. L. Pointe, A. Holmes, D. Camarillo, B. Jackson, D. Mathew, and

A. Craft, Materials, 16, Iss. 1: 291 (2023).

S. Ryu, A. Badakhsh, J. G. Oh, H. C. Ham, H. Sohn, S. P. Yoon, and S. H. Choi,
Membranes, 13, Iss. 1: 23 (2023).

1. S. Petriev, I. S. Lutsenko, P. D. Pushankina V. Yu. Frolov, Yu. S. Glazkova,
T.I. Mal’kov, A. M. Gladkikh, M. A. Otkidach, E. B. Sypalo, P. M. Baryshev,
N. A. Shostak, and G. F. Kopytov, Russ. Phys. ., 65: 312 (2022).

J. Tang, S. Yamamoto, T. Koitaya, Y. Yoshikura, K. Mukai, S. Yoshimoto,

I. Matsuda, and J. Yoshinobu, Appl. Surf. Sci., 463: 1161 (2019).

A. K. Chawla, Sh. Wadhwa, A. B. Dey, F. Bertram, S. A. Khan, R. Pandey,

M. Gupta, V. Chawla, A. U. Rao, and D. K. Avasthi, Int.J. Hydrogen Energy,
47,Iss. 71: 30613 (2022).

S. B. Eadi, J. S. Oh, Ch. Kim, G. Sim, K. Kim, H. Y. Kim, J. J. Kim, H. R. Do,
S.-I. Chu, S. H. Jung, and H. D. Lee, Int.J. Hydrogen Energy, 48, Iss. 33:
12534 (2023).

A. Ledovskikh, D. Danilov, and P. Notten, Phys. Rev., 76: 064106 (2007).

M. L. Bosko, A. D. Fontana, A. Tarditi, and L. Cornaglia, Int.J. Hydrogen En-
ergy, 46, Iss. 29: 15572 (2021).

W.-H. Chen, Ch.-H. Lin, Y.-L. Lin, C.-W. Tsai, R.-Y. Chein, and C.-T. Yu,
Chem.Eng.dJ., 305: 156 (2016).

S. T. Oyinbo, T.-Ch. Jen, Q. Gao, and X. Lu, Vacuum, 183: 109804 (2021).
E.P. Feldman, A. D. Alexeev, T. N. Melnik, and L. N. Gumen, Int.J. Hydrogen
Energy, 30, Iss. 5: 509 (2005).

J. Wang, Math. Proc. Cambridge Phil. Society, 32, Iss. 4: 657 (1936).

O. Richardson, J. Nicol, and T. Parnell, Phil. Mag., 8, Iss. 43: 1 (1904).

E. P. Feldman, O. M. Lyubimenko, and K. V. Gumennyk, J. Applied Phys., 24:
245104 (2020).

E. P. Feldman and O. M. Lyubimenko, Acta Mech., 234: 1619 (2023).

O. M. Lyubimenko, Metallofiz. Noveishie Tekhnol., 45, No. 2: 363 (2023) (in
Ukrainian).

0. M. Lyubimenko, Mater. Sci., 58: 801 (2023).

0. M. Lyubimenko, Metallofiz. Noveishie Tekhnol., 44, No. 7: 899 (2022) (in
Ukrainian).


https://doi.org/10.1016/j.memsci.2023.121865
https://doi.org/10.1021/jp406736b
https://doi.org/10.1021/jp406736b
https://doi.org/10.3390/ma16134556
https://doi.org/10.1039/C7CP07155H
https://doi.org/10.1016/j.electacta.2007.12.012
https://doi.org/10.1021/acsanm.3c02000
https://doi.org/10.1021/acsanm.3c02000
https://doi.org/10.1002/celc.202300111
https://doi.org/10.1002/celc.202300111
https://doi.org/10.1016/0360-3199(95)00126-3
https://doi.org/10.1016/j.ijhydene.2009.12.074
https://doi.org/10.1016/j.ijhydene.2009.12.074
https://doi.org/10.3390/separations10050317
https://doi.org/10.3390/ma16010291
https://doi.org/10.3390/membranes13010023
https://doi.org/10.1007/s11182-022-02637-x
https://doi.org/10.1016/j.apsusc.2018.07.078
https://doi.org/10.1016/j.ijhydene.2022.07.043
https://doi.org/10.1016/j.ijhydene.2022.07.043
https://doi.org/10.1016/j.ijhydene.2022.11.313
https://doi.org/10.1016/j.ijhydene.2022.11.313
https://doi.org/10.1103/PhysRevB.76.064106
https://doi.org/10.1016/j.ijhydene.2021.02.082
https://doi.org/10.1016/j.ijhydene.2021.02.082
https://doi.org/10.1016/j.cej.2016.01.036
https://doi.org/10.1016/j.vacuum.2020.109804
https://doi.org/10.1016/j.ijhydene.2004.05.007
https://doi.org/10.1016/j.ijhydene.2004.05.007
https://doi.org/10.1017/S030500410001940X
https://doi.org/10.1080/14786440409463168
https://doi.org/10.1063/5.0011826
https://doi.org/10.1063/5.0011826
https://doi.org/10.1007/s00707-022-03471-5
https://doi.org/10.15407/mfint.45.02.0263
https://doi.org/10.1007/s11003-023-00733-y
https://doi.org/10.15407/mfint.44.07.0899

	CONT_46.11_BAT_final
	Поліпшення властивостей високоманґанових криць методами термічного обробленняВ. М. САЖНЄВ, Г. В. СНІЖНОЙ 1111
	Кінетика проникання Гідроґену в паладій в стаціонарному режиміЕ. П. ФЕЛЬДМАН, О. М. ЛЮБИМЕНКО 1139

	MNT_INFORMATION_V-VIII
	01_BAYTALYUK_1
	Belka 1066
	02_KOMAN
	Belka 1084
	03_FILONENKO
	Belka 1094
	04_GORPENKO
	05_SAZHNEV
	06_КОРШАК
	Belka 1138
	07_FELDMAN

