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Electronic Structure of Aluminium Nitride and Its Solid Solutions
with Oxygen and Aluminium

V.M. Uvarov, E. M. Rudenko, Yu. V. Kudryavtsev, M. V. Uvarov,
I. V. Korotash, and M. V. Dyakin

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

Using band-structure calculations within the FLAPW (Full-Potential Linear-
ized Augmented-Plane-Wave) model, information is obtained regarding the
energy, charge and spatial characteristics of aluminium nitride and its solid
solutions with oxygen and aluminium. As established, the formation of these
solutions is accompanied by a reduction in electron density in their intera-
tomic regions. The accompanying decrease in the covalence of interatomic
interactions leads to both a reduction in binding energies and an increase in
the volumes of elementary cells within the compounds. The transition from
aluminium nitride to its energetically ‘nearest’ oxide is accompanied by a de-
crease in binding energy by 1.25 eV, which corresponds to over 14.5:103 K on
the temperature scale. This correlation underscores the high resistance of
aluminium nitride to oxidation processes. The formation of an alloy with al-
uminium incorporation becomes even less likely due to the larger decrease in
binding energy by 2.84 eV.

Key words: band-structure calculations, alloys, band structure, aluminium
nitride, solid solutions.

3a IOIIOMOro0 30HHNX po3paxyHKiB y mogeni FLAPW (the full-potential line-
arized augmented-plane-wave) omep:kamo iH(dopMaIlito Ipo eHepreTuyHi, 3a-
PAOOBi Ta IPOCTOPOBi XapaKTepPUCTUKHY HIiTpuAy AJOMiHiI0O Ta OTO TBepAUX
posumnHiB — MozeniB 3 Oxcurenom ta Aniominiem. BeranosieHo, IO yTBO-
PEeHHSA PO3UMHIB CYIPOBOIKYETHCA 3MEHIIIEHHAM I'YCTUHU €JEeKTPOHIB y Mi-
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JKaToMOBUX o0jacTAx. CymyTHE HNOHUKEHHS KOBAJEHTHOCTH Mi’KaTOMOBUX
B3a€MOJili MPUBOAUTE IO 3MEHITIEHHA eHepriit 3B’ A3Ky Ta 30iJabIeHHsa 00’ eMy
eJleMeHTapHUX KOMipoK cmoayk. Ilepexin Bim HiTpuay AimoMmiziro g0 iioro
€HEePreTUYHO «HAMOJIMIKUOTO» OKCUAY CYIPOBOMKYETHCA 3MEHIIIEHHAM eHep-
rii 3B’a3ky Ha 1,25eB, 1m0 B TemMIepaTypHi#i IIKajgi CTAHOBUTHL IIOHA
14,5-1082 K. Ile xopeJoe 3 BUCOKOIO CTifiKicTIO HiTpuay AMOMiHiI0 10 IpoiieciB
#ioro okucHeHHA. @OPMYBaHHA CTONY BTiJIeHHA 3 AJIIOMiHi€M BUABIAETHCS IITe
GiJIBIIT MaJIOMMOBiPHOIO IOi€I0 3 MPUUYUHU Ie GiJIBIITOr0 3MEHITIeHHSA OTO
eHeprii 3B’ sa3Ky — Ha 2,84 eB.

KarouoBi croBa: 30HHI po3paxyHKHU, eJJeKTPOHHA Oy/noBa, HiTpun AsomiHiio,
TBepPi PO3UUHHU.

(Received 22 August, 2023; in final version, 22 August, 2023)

1.INTRODUCTION

Aluminium nitride is an insulator with a wide bandgap, and its unique
properties have made it highly promising for applications in high
technologies. It is an electronic ceramic characterized by high resistiv-
ity [1], good dielectric strength [2], high hardness[3], and a coefficient
of thermal expansion close to that of silicon [4]. It also exhibits re-
sistance to oxidation and wear, along with outstanding thermal con-
ductivity comparable to highly conducting metals like aluminium [5].
These properties are also preserved in AIN films [6, 7]. Mentioned
properties make AIN an ideal candidate for use in microelectronics
substrates. AIN high strength, stability, and corrosion resistance al-
low its utilization in extreme conditions. The melting temperature of
AIN is not precisely defined, but there are some indications [8] sug-
gesting it lies approximately within the range close to 3000 K. Due to
its piezoelectric properties, aluminium nitride is also employed in
thin-film microwave acoustic resonators[9].

The partially mentioned properties and a range of practical applica-
tions of aluminium nitride have spurred extensive research into meth-
ods of its synthesis, as well as its structural, optical (including in the
infrared range), and electrical properties [10-16].

At atmospheric pressure and room temperature, AIN crystallizes
into a hexagonal wurtzite (WZ) structure with the spatial symmetry
group P63mc (No. 186) and four atoms per unit cell [17]. Epitaxially
grown AIN on most substrates maintains the stable wurtzite structure,
but there are also reports [8, 18] of its zinc blende (ZB) structure. The
ZB structure remains stable for film thicknesses not exceeding
1.5-2.0nm. For greater film thicknesses, ZB transforms into the WZ
structure [19]. Under pressure (= 14-22 GPa), AIN undergoes a trans-
formation from the WZ structure to a cubic NaCl-type (rock salt—RS)
structure[17, 20, 21].
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The charge density determined from x-ray diffraction experiments
[22] suggests that the chemical interatomic bonds in aluminium ni-
tride (hereafter referred to as its WZ-modification) are highly ionic.
However, the acceptance of a tetrahedrally co-ordinated wurtzite
structure under ambient conditions rather than that of a rock salt
structure indicates the presence of some degree of covalence. This is
also consistent with the fracture toughness exhibited by AIN, which
might be attributed to its partially covalent nature [13]. Spectroscopic
investigations of AIN include techniques such as combination scatter-
ing and infrared spectra [14-16, 23], reflection and transmission spec-
tra [24], x-ray emission spectra [25]. Ultraviolet photoemission spec-
troscopy (UPS), electron energy loss spectroscopy (EELS), and Auger
spectra have been reported [26, 27]. Elastic and piezoelectric charac-
teristics, as well as dielectric permittivity, have been calculated based
on measured phase velocities of surface acoustic waves [28].

In the optical absorption spectra of AIN films with micron thick-
nesses, several components have been identified [12], including ener-
giesof 4.5 and 4.8 eV, and a peak with maximum intensity at 6.2eV. A
low-energy peak at 2.8 eV has also been reported in a study [29]. Low-
energy features in the spectra are often associated with oxygen-related
impurities, while the component with maximum intensity at 6.2 eV is
attributed to the excitation of valence electrons to the conduction band
of AIN [12 and references therein]. This value is currently accepted as
the experimentally determined bandgap width of aluminium nitride.

Depending on the quantum mechanical calculation methodologies
employed, the direct bandgap energies of aluminium nitride have been
obtained with values ranging from 2.35 to 5.31 eV [30-33]. In a study
[34], using a semi-empirical tight-binding method, a value of 6.2eV
was obtained for the direct bandgap energy.

Currently, aluminium oxynitride (AION) is attracting significant
attention due to its potential applications as optical windows, trans-
parent armour, dome materials, and LED lighting [35, 36]. One of the
simplest methods for producing AION is the solid-state reaction be-
tween aluminium nitride and aluminium oxide, conducted at tempera-
tures above 1700°C for several hours[37].

Promising for the production of high-quality AIN and AION films is
the vacuum helicon-arc ion-plasma technology developed by the au-
thors, which allows to obtain high-quality films of ion-plasma conden-
sates on dielectric and conductive substrates at temperatures of
50-300°C[38-40].

In this context, it becomes interesting to consider a model problem
of introducing oxygen atoms directly into the aluminium nitride ma-
trix. The same holds true for the aluminium-saturated compound
Al;3N,, which can be regarded as a model for simulating the processes of
aluminium doping in AIN, forming an interface layer at the boundary
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of aluminium nitride and an aluminium substrate.

It is worth noting that none of the mentioned studies have employed
a unified and comprehensive approach to investigating crucial elec-
tronic structure characteristics of the mentioned compounds, such as
binding energies, atomic charge states, valence and conduction band
structures, and the nature of interatomic chemical bonds. Comparative
analyses of the electronic structures of these compounds are of par-
ticular interest.

This work is dedicated to addressing mentioned issues.

2. CALCULATION METHODOLOGY

In this study, electronic structure band calculations were conducted
for aluminium nitride and its solid solution-models with oxygen and
aluminium. The elementary unit cells of the investigated compounds,
labelled by the values K =1-7 (K—atomic configuration) and arranged
in order of decreasing binding energies (Fig. 2), are presented in Fig. 1.
The structure of the K =1 initial aluminium nitride belongs to the hex-
agonal symmetry with P63mc space group (No. 186) [41]. Interstitial
solid solution involving oxygen and aluminium, as depicted in Fig. 1,
are represented by elementary unit cells K =2 and K =4. On the other

Fig. 1. Elementary cells of aluminium nitride (K =1) and its compounds with
oxygen and aluminium. The co-ordinate system is the same for all cells. Here
and further in the figures K is the atomic configuration.
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Fig. 2. Spatial electron densities (¢, e—electron charge) in interatomic re-

gions, average binding energies per atom (E.t) and volumes (V) of elementary
cells of compounds.

hand, the remaining cells obtained from Al3N. simulate solutions in
which oxygen atoms replace atoms in the structure of the ‘body’ of AIN
itself.

The band calculations were carried out using the LAPW (Linear
Augmented Plane Wave) approximation [42] with the generalized gra-
dient approximation (GGA) for electronic density in the form [43]. The
scalar-relativistic variant of the LAPW method [44] was employed to
calculate the electronic structure characteristics of the compounds.
The positions of atom components in the structure of the investigated
compounds were determined using symmetry operations of a simple
hexagonal lattice H and the information provided in the Table 1. Here,
the coordinates of aluminium and nitrogen atoms with indices 1 and 2
represent the structure of AIN. The structures of the remaining alloy
models were simulated by sequentially replacing oxygen atoms with
atomsin the K =4 cell.

The muffin-tin (MT) radii of atomic spheres were selected to mini-
mize the size of the interstitial region (II) in the K =1 modification,
which has the smallest volume of the elementary cell. For all spatial
configurations and all atoms, these radii were set at 1.69 Bohr
(1 Bohr=5.2918-10"!'m). In the electronic structure calculations of all
compounds, 168 points were used in the irreducible parts of their Bril-
louin zones. The product of the MT sphere radius (R.:) and the maxi-
mum value of the wave vector for plane waves (K u.x) was chosen to be
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TABLE 1. The positions of atoms in the structure of the AlsN:z alloy in the
fractions of the edges of the unit cell (K =4).

‘ X ‘ y ’ 2

Al 1/3 2/3 0.0
Al 2/3 1/3 0.5
Ni 1/3 2/3 0.381
N 2/3 1/3 0.881
Als 0.0 0.0 0.0

seven, with maximum values of the quantum number [ set to 10 for
partial waves within spheres and [ =4 in calculations of non-muffin-tin
matrix elements.

As there is no literature information available on the values of lat-
tice parameters for the hexagonal lattices associated with solid solu-
tions of aluminium nitride, they were calculated using a spatial struc-
ture minimization procedure [44].

The binding energies (cohesive energies) were calculated as the dif-
ferences between the total energies of the compounds themselves and
the sums of the total energies of the constituent atoms when they are
infinitely separated from each other. The latter were determined ac-
cording to the recommendations [45].

3. RESULTS AND DISCUSSION

The sequential transition from aluminium nitride with an elementary
cell configuration of K =1 to its solid solution with K =7 is accompa-
nied by a decrease in the electron density within the interatomic region
of the investigated compounds (Fig. 2). This circumstance indicates
[46] the accompanying reduction in the covalence of interatomic inter-
actions, which in turn leads to a decrease in binding energies and an
increase in the volumes of the elementary cells of the compounds. From
the discussed graph, it’s evident that the behaviour of the curves for
E.; (binding energies) and V (volumes) is essentially governed by and
aligns with the charge densities in the interatomic regions of the com-
pounds. The covalent bonds are most loosened in the compounds with
K =5-7. As apparent from the values of binding energies (E.;) of these
compounds, they turn out to be the least stable. Thus, the formation of
stable oxides with substituted nitrogen atoms appears to be an improb-
able process. The transition from aluminium nitride to its energetical-
ly ‘closest’ oxide with K = 2 is accompanied by a decrease in binding en-
ergy of AE, =1.25eV, which in terms of temperature corresponds to
over 14.5-103 K. These facts point to the high resistance of aluminium
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nitride to oxidation and corrosion processes. On the other hand, the
formation of the insertion alloy Al;N: (K =4) becomes an even more
improbable event due to the larger value of AE,;=2.84¢eV.

The energy band structures E(k) of the investigated compounds are
presented in Fig. 3. It is evident that aluminium nitride itself (K =1)
and the oxide with substituted nitrogen atom within the AIN structure
(K =7) are insulators. The energy bandgap (Eg.p) in the aluminium ni-
tride structure is 4.2 eV, and it is a direct bandgap concentrated at the
I' point of the Brillouin zone. The obtained value of E¢., was noticeably
lower than the experimentally determined value, reflecting the general
trend of underestimated values obtained in band calculations (see in-
troduction). One possible reason for this can be attributed to the fact
that most band calculations do not accurately describe excited final
states of electrons, which are observed in experiments. A direct energy
gap localized in the interval from A-I in the Brillouin zone is present
in the E(k) spectrum of the oxide with K=7, with a value of
Ec.p1=0.25eV. A smaller energy gap Egap2=0.23 eV is indirect, corre-
sponding to electronic transitions involving phonons from K—>A-T.
The remaining band structures (K #1, 7) in Fig. 3 are typical of com-
pounds characteristic of metals.

The charge states of the atoms within the investigated compounds

4.0 3.0

8.0 A\ 1.0 / \/: \'\/'\
6.0] 3.0 2.0
' 7 2.0 &

N 4.0 0.0 \ E, 1-0 / 1.0] |
20/ .

L:“ 0.0 £, N 00N, B I N /E"
-20 %i@// -1.0 //\/ -10 / "Q,.— 101 [ />
—.0 -2.0] —2.0-°Q 74

z NN
T MK ATAA 2F T MK A TAA D OFE MK A TAA T T M K A TAA
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AN W
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Fig. 3. Energy band structure E(k) of aluminium nitride (K =1) and its solid
solutions with aluminium (K =4) and oxygen (K # 1, 4).
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Fig. 4. Atomic charges (@, e—electron charge) of compounds.

exhibit a compensatory nature, where an increase in charge on certain
atoms is accompanied by a decrease on other types of atoms (see Fig. 4).
For instance, the reduction in the charges of nitrogen and Al atoms,
which are genetically linked to aluminium nitride and form the central
region of its elementary cell, is correspondingly associated with an
anomalous redistribution of charges onto oxygen atoms in the struc-
tures with K =2 and K = 3. Further, the almost monotonic decrease in
the charges on the mentioned atoms in structures with K >4 is accom-
panied by an increase in the charge states of the remaining aluminium
and oxygen atoms. It is noteworthy that, in the K =5 structure with
the central oxygen atom, its charge reaches a minimum value of 6.93
units of electron charge.

Figure 5 shows the total and atomic electron densities of some of the
investigated compounds. The structure of their valence bands consists
of two subzones—one localized near the energy level of —-15.0eV, and
the other is concentrated in the interval of —-8.0t00.0eV.

The first subzone is predominantly represented by s-states of nitro-
gen atoms, which are genetically linked to its quasi-core 2s electrons.
In the solid solution with oxygen incorporation (K =2), the discussed
states are hybridized, while in structures with larger values of K =4,
5, they appear as distinct peaks, reflecting their atomization. In the



ELECTRONIC STRUCTURE OF ALUMINIUM NITRIDE AND ITS SOLID SOLUTIONS 207

04

) 04
02| Al W 0.2]
0.0k 0.0+

OMW ﬂ R

4
2
0
3.0
15

0.8

Al 0.2
0.0
041
3.0
4 ¥ 1.5 ‘ rl
0.0t ; . . 0.0t
NZ

MJL 1 oda

168 0 8 16 -16-8 0 & 16 '—16—8 0 8 16 -16-8 0 8 16
K=1 K=2 K=4 K=5

04 0y 4 MIW
0.2 02{ %y ) H'N‘"‘ 0a) A
, 00 U-OJ“—ﬂ“M‘ 0.0t
W

= =

- b b

States/eV

&

N

-F

Q. B » ¥

Fig. 5. Full (upper panels in each column of the figure) and full atomic elec-
tron densities of compounds. Vertical thin lines indicate the energy positions
of the Fermi levels (Er).

case of the oxide with K =5, states of oxygen atoms with the same
symmetry and genetics as well as high degree of atomization also ap-
pear in this energy zone. The mentioned atomization and, as a conse-
quence, the reduction in interaction among the discussed atoms due to
their quasi-core electrons, are caused by the difference in the charge
states of nitrogen and oxygen atoms (see Fig. 4). Indeed, the lower the
charge of one of the nitrogen atoms, the lower the binding energy (in
absolute terms) of its quasi-core electrons—the corresponding peak in
the electron densities will ‘emerge’ towards the Fermi level and vice
versa. It’s worth noting that the observed atomization correlates with
the decrease in the binding energies of the compounds as their configu-
rations transition to larger K values (see Fig. 2). This emphasizes the
importance of considering interactions involving the quasi-core elec-
trons of nitrogen when examining the chemical aspects of compound
formation with its participation.

The second subzone is formed by hybridized states of nitrogen and
aluminium atoms, and in the case of oxides, states of oxygen atoms are
added to the hybridization region. In this hybridization, p-symmetry
electrons from all the atoms of the compounds participate, and alumin-
ium’s s-electrons, which are primarily localized at the bottom (Al,,
Al;), the middle (Als), and near the Fermi level (Als) of the subzone, al-
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so contribute to the formation of the band. In turn, the conduction
band of the compounds is primarily formed by s and p-states of nitro-
gen and aluminium atoms. As evident from the discussed results pre-
sented in Fig. 5, in the oxides and solid solution Al;N», there are peaks
of high intensity in the electronic density of states directly at the Fer-
mi level. Typically, the presence of such components in the electronic
density of states of compounds indicates a reduction in their thermo-
dynamic stability. Upon transitioning from K=2 - K=4 — K =5, the
intensity of Fermi level components increases in the sequence of
2.83—5.8—-7.9 density units, respectively. The progressive decrease in
stability among the discussed compounds is also confirmed by their
binding energies (Fig. 2).

4. CONCLUSIONS

1. The formation of solid solutions of aluminium nitride with oxygen
and aluminium is accompanied by a decrease in the electron density in
their interatomic regions. The simultaneous reduction in the covalence
of interatomic interactions leads to a decrease in binding energies and
an increase in the volumes of elementary cells in the compounds. The
transition from aluminium nitride to its energetically ‘nearest’ oxide
is accompanied by a decrease in binding energy by 1.25 eV, correspond-
ing to over 14.5x 103K on the temperature scale. This explains the
high resistance of aluminium nitride to oxidation processes. The for-
mation of an alloy with aluminium is even more unlikely due to a larger
reduction in its binding energy by 2.84 eV.

2. Most of the compounds modelling the processes of forming solid so-
lutions of aluminium nitride with oxygen and aluminium exhibit me-
tallic behaviour. The charge states of atoms in the investigated com-
pounds have a compensatory nature—an increase in the charge on some
atoms is accompanied by a decrease in charge on other types of atoms.
3. The structure of the valence bands of aluminium nitride and its solid
solutions consists of two subzones—one of them is localized near the
energy level of —15.0 eV, and the second is concentrated in the range of
-8.0t00.0eV.

4. The first subzone is predominantly formed by s-states of nitrogen
atoms, genetically linked to its quasi-core 2s-electrons. In the solid so-
lution with oxygen incorporation, the discussed states are hybridized,
whereas in the remaining compounds, they are represented by individ-
ual peaks reflecting their atomic character. This atomization corre-
lates with the decrease in bond energies of the compounds, indicating
the importance of considering the interactions of nitrogen’s quasi-core
electrons when examining the chemical aspects of compound formation
involving nitrogen.

5. The second subzone is formed by hybridized states of nitrogen and
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aluminium atoms, while in oxides, states of oxygen atoms are added to
the hybridization region. In this hybridization, p-symmetry electrons
of all atoms in the compounds are involved, and aluminium s-electrons
contribute to the formation of the band too. The conduction band of the
compounds is predominantly shaped by s and p-states of nitrogen and
aluminium atoms.

6. In the electronic densities of solid solutions of aluminium nitride
with oxygen and aluminium, high-intensity components are present at
the Fermi level. The intensities of these components correlate with the
binding energies of the compounds and can be used as one of the crite-
ria to determine their thermodynamic stability.

The authors are grateful to the National Academy of Sciences of
Ukraine for partial support within the framework of the projects
4.2/23-II of the budget program ‘Support for the development of pri-
ority areas of scientific research’ (KIIKBK 6541230) and IM®-2022/1
(KIIKBK 6541230).

REFERENCES

1. A. W. Weimer, G. A. Cochran, G. A. Eisman, J. P. Henley, B. D. Hook,

L. K. Mills, T. A. Guiton, A. K. Knudsen, N. R. Nicholas, J. E. Volmering, and

W. G. Moore, J. Am. Ceram. Soc.,77: 3 (1994).

A. V. Virkar, T. B. Jackson, and R. A. Cutler, J. Am. Ceram. Soc., 72: 2031 (1989).

T.dJ. Mroz, Jr., Am.Ceram. Soc. Bull., 71: 782 (1992).

4. P. T. B. Shaffer and T. J. Mroz, Jr., Aluminum Nitride (Advanced Refractory
Technology, Inc., 1991).

5. A. Glen, R. A. Slack, R. Tanzilli, O. Pohl, and J. W. Vandersande, J. Phys. Chem.
Solids, 48: 141 (1987).

6. 0. Ye. Pogorelov, O. V. Filatov, E. M. Rudenko, I. V. Korotash, and M. V. Dyakin,
Progressin Physics of Metals, 24, No. 2: 239 (2023).

7. E. M. Rudenko, A. O. Krakovnyy, M. V. Dyakin, I. V. Korotash,

D. Yu. Polots’kyy, and M. A. Skoryk, Metallofiz. Noveishie Tekhnol., 44, No. 8:

989 (2022) (in Ukrainian).

A. Siegel, K. Parlinski, and U. D. Wdowik, Phys. Rev. B, 74, 104116 (2006).

G. R. Kline and K. M. Lakin, Appl. Phys. Lett., 43, 750 (1983).

10. H. Vollstadt, E. Ito, M. Akaishi, S. Akimoto, and O. Fukunaga, Proc. Japan Acad.,
66, Ser. B: 7(1990).

11. 1. Petrov, E. Mojab, R. C. Powell, J. E. Greene, L. Hultman, and J.-E. Sundgren,
Appl. Phys. Lett., 60: 2491 (1992).

12. S. Strite and H. Morkoc, J. Vac. Sci. Technol. B, 10: 1237(1992).

13. E. Ruiz, S. Alvarez, and Pere Alemany, Phys. Rev. B, 49: 7115 (1994).

14. Fedir Sizov, Zinoviia Tsybrii, Ihor Korotash, and Eduard Rudenko, IR Blocking
and Transparent in Visible and THz Filters // LAP LAMBERT Academic Publish-
ing; Published on: 2018-08-10. 88 p. ISBN-13: 978-613-9-89803-9.

15. E. Rudenko, Z. Tsybrii, F. Sizov, I. Korotash, D. Polotskiy, M. Skoryk,

M. Vuichyk, and K. Svezhentsova, J. Appl. Phys., 121, No. 13: 135304 (2017).

16. Z. Tsybrii, F. Sizov, M. Vuichyk, I. Korotash, and E. Rudenko, Infrared Phys.

w N

© 0o


https://doi.org/10.1111/j.1151-2916.1994.tb06951.x
https://doi.org/10.1111/j.1151-2916.1989.tb06027.x
https://doi.org/10.15407/mfint.44.08.0989
https://doi.org/10.15407/mfint.44.08.0989
https://doi.org/10.1103/PhysRevB.74.104116
https://doi.org/10.1063/1.94484
https://doi.org/10.2183/pjab.66.7
https://doi.org/10.2183/pjab.66.7
https://doi.org/10.1116/1.585897
https://doi.org/10.1116/1.585897
https://doi.org/10.1103/PhysRevB.49.7115
https://doi.org/10.1063/1.4979858
https://doi.org/10.1016/j.infrared.2020.103323

210

17.
18.
19.

20.

21.

22.
23.
24.
25.

26.
27.
28.

29.
30.
31.
32.
33.
34.
35.
36.
37.
38.
39.
40.
41.
42.
43.
44.

45.
46.

V.M. UVAROV, E. M. RUDENKO, Yu. V. KUDRYAVTSEV et al.

Technol., 107: 103323 (2020).

Q. Xia, H. Xia, and A. L. Ruoff, J. Appl. Phys., 73: 8193 (1993).

M. Durandurdu, J. Alloys and Compd., 480: 917 (2009).

L. Hultman, S. Benhenda, G. Radnoczi, J.-E. Sundgren, J. E. Greene, and

1. Petrov, Thin Solid Films, 215: 152 (1992).

M. Ueno, A. Onodera, O. Shimomura, and K. Takemura, Phys. Rev. B, 45: 10123
(1992).

S. Uehara, T. Masamoto, A. Onodera, M. Ueno, O. Shimomura, and K. Takemura,
J. Phys. Chem. Solids, 58: 2093 (1997).

E. Gabe, Y. LePage, and S. L. Mair, Phys. Rev. B, 24: 5634 (1981).

C. Carlone, K. M. Lakin, and H. R. Shanks, J. Appl. Phys., 55: 4010 (1984).

A.T. Collins, E. C. Lightowlers, and P. J. Dean, Phys. Rev., 158: 833 (1967).

V. A. Fomichev, Fiz. Tverd. Tela (Leningrad ), 10, 763 (1968) [Sov. Phys. Solid.
State, 10: 597 (1968)].

R. V. Kasowski and F. S. Ohuchi, Phys. Rev. B, 35: 9311 (1987).

M. Gautier, J. P. Duraud, and C. Le Gressus, Surf. Sci., 178: 201 (1986).

K. Tsubouchi, K. Sugai, and N. Mikoshiba, In 1981 Ultrasonics Symposia Proceed-
ings, edited by B. R. McAvoy (IEEE, New York, 1981), p. 375.

W. M. Yim, E. J. Stofko, P. J. Zanzucchi, J. I. Pankove, M. Ettenberg, and

S. L. Gilbert, J. Appl. Phys., 44: 292 (1973).

B. Hejda, Phys. Status Solidi, 32: 407 (1969).

S. Bloom, JJ. Phys. Chern. Solids, 32: 2027 (1971).

D. Jones and A. H. Lettington, Solid State Commun., 11: 701 (1972).

W. Y. Ching and B. N. Harmon, Phys. Rev. B, 34: 5305 (1986).

A. Kobayashi, O. Sankey, S. M. Yolz, and J. D. Dow, Phys. Rev. B, 28: 935 (1983).
L. M. Goldman, R. Twedt, S. Balasubramanian, and S. Sastri, Proc. SPIE, 8016
(2011).

J. W. McCauley, P. Patel, M. W. Chen, G. Gilde et al, J. Eur. Ceram. Soc., 29: 223
(2009).

H. Li, P. Mina, N. Songa, A. Zhanga et al, Ceram. Int., 45: 8188 (2019).

E. M. Rudenko, V. Ye. Panarin, P. O. Kyrychok, M. Ye. Svavilnyi, I. V. Korotash,
0. O. Palyukh, D. Yu. Polotskyi, and R. L. Trishchuk, Progressin Physics of Met-
als, 20, No. 3: 485 (2019).

V. F.Semenyuk, E. M. Rudenko, I. V. Korotash, L. S. Osipov, D. Yu. Polotskiy,
K. P. Shamray, V. V. Odinokov, G. Ya. Pavlov, and V. A. Sologub, Metallofiz.
Noveishie Tekhnol., 33, No. 2: 223 (2011).

V. F.Semenyuk, V. F. Virko, I. V. Korotash, L. S. Osipov, D. Yu. Polotsky,

E. M. Rudenko, V. M. Slobodyan, and K. P. Shamrai, Probl. At. Sci. Technol., 4:
179 (2013).

C. Yeh,Z. W. Lu, S. Froyen, and A. Zunger, Phys. Rev. B, 46: 10086 (1992).

D. Singh, Planewaves, Pseudopotentials and LAPW Method (Boston: Kluwer Aca-
demic: 1994).

J. P. Perdew, S. Burke and M. Ernzerhof, Phys. Rev. Lett., 77 (1996).

P. Blaha, K. Schwarz, G. K. Madsen et al., An Augmented Plane Wave + Local Or-
bitals Program for Calculating Crystal Properties (Wien: Karlheinz Schwarz
Techn. Universiteit: 2001).

http://www.wien2k.at/reg user/faq/

J. Murrel, S. Kettle, and J. Tedder, Teoriya Valentnosti[Theory of Valence] (Mos-
kva: Mir: 1968).


https://doi.org/10.1016/j.infrared.2020.103323
https://doi.org/10.1063/1.353435
https://doi.org/10.1016/j.jallcom.2009.02.060
https://doi.org/10.1016/0040-6090(92)90430-J
https://doi.org/10.1103/PhysRevB.45.10123
https://doi.org/10.1103/PhysRevB.45.10123
https://doi.org/10.1016/S0022-3697(97)00150-9
https://doi.org/10.1103/PhysRevB.24.5634
https://doi.org/10.1063/1.332989
https://doi.org/10.1103/PhysRev.158.833
https://doi.org/10.1103/PhysRevB.35.9311
https://doi.org/10.1016/0039-6028(86)90296-7
https://doi.org/10.1063/1.1661876
https://doi.org/10.1002/pssb.19690320142
https://doi.org/10.1016/S0022-3697(71)80379-7
https://doi.org/10.1016/0038-1098(72)90490-5
https://doi.org/10.1103/PhysRevB.34.5305
https://doi.org/10.1103/PhysRevB.28.935
https://doi.org/10.1016/j.jeurceramsoc.2008.03.046
https://doi.org/10.1016/j.jeurceramsoc.2008.03.046
https://doi.org/10.15407/ufm.20.03.485
https://doi.org/10.15407/ufm.20.03.485
https://doi.org/10.1103/PhysRevB.46.10086
https://doi.org/10.1007/978-1-4757-2312-0
https://doi.org/10.1007/978-1-4757-2312-0
https://doi.org/10.1103/PhysRevLett.77.3865
http://www.wien2k.at/reg_user/faq/

Metallophysics and Advanced Technologies © 2024 G.V.Kurdyumov Institute for Metal Physics,

Memanogis. HOBIMHI MexXHOL. National Academy of Sciences of Ukraine
Metallofiz. Noveishie Tekhnol. Published by license under
2024, vol. 46, No. 3, pp. 211-221 the G. V. Kurdyumov Institute for Metal Physics—
https://doi.org/10.15407/mfint.46.03.0211 N.A.S. of Ukraine Publishers imprint.
Reprints available directly from the publisher Printed in Ukraine.

PACS numbers: 61.46.Hk, 61.50.Lt, 61.72.jd, 68.35.bd, 71.15.Mb, 71.20.Be

Determinism of Gold-Monolayers’ Local Atomic Ordering
in the Formation of Their Electronic Structure
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V. Kh. Kasyanenko, L. I. Karbivska, and V. V. Stonis
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The total and partial densities of electron states of layered gold structures of
different symmetry with thickness from 1 to 10 monolayers are calculated
within the framework of the density functional theory. As shown, the first
co-ordination sphere is determinant in the formation of the fine structure
and the extent of the valence bands of the monolayer gold structures. The
splitting of the peaks of the TDOS curve, which leads to its finer structure, is
influenced not only by the lengths of interatomic bonds, but by the mutual
arrangement of atoms too. The influence of long-range interactions on the
electronic structure of gold monolayers is established. For example, for the
(110) plane, a change in the atomic ordering in the third co-ordination sphere
as a result of the introduction of a vacancy leads to noticeable changes in the
TDOS curve that indicates either a significant role of the atoms of the third
co-ordination sphere, or a significant redistribution of the interaction of d-
orbitals of different symmetries of close neighbours. A correlation between
the packing density as well as the number of neighbours in the first co-
ordination sphere and the width of the energy bands of gold monolayers is
revealed.

Key words: metal monolayers, electron structure, DFT, crystal defects,
chemical bonds.

¥ pamkax Teopii dyuknionany rycturu (TPI') pospaxoBaHO IOBHY Ta HapIid-
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Tpii ToBITMHOIO Bix 1 o 10 moHo1rapis. ITokasawo, 110 mepia KoopAMHAIlifiHa
cepa € BUBHAUAJIBHOIO ¥ ()OPMYyBaHHI TOHKOI CTPYKTYPH Ta HIUPUHU BaJEHT-
HHUX 30H MOHOIIIAPOBUX CTPYKTYP 30J10Ta. Ha posiienysenHd miKiB KpuBOI IOB-
HOI I'yCTHUHU CTaHIiB, IO IPUBOAUTEL A0 OiJILIII TOHKOI CTPYKTYPHU, BILJINBAIOTh
He TiJIbKM JOBXKMHU Mi’KAaTOMOBUX 3B’SI3KiB, aje ii B3a€MHe DPO3TaIllyBaHHS
aToMmiB. BcTaHOBIIEHO BILIUB JAJEKOCAKHNX B3AEMO/Iil Ha €JIEKTPOHHY CTPYK-
TYypy MoHOIIIapiB 3ojora. Hanpukaaz, naa niaomuau (110) 3Mina aTtoMoBOro
OOPAIKY B TPeTili KOOpAMHAIIiWHi#I cepi B pe3yJsbTaTi BBeIeHHsS BaKaHCii
OPUBOAUTE A0 HIOMITHIMX 3MiH Ha KPUBi#l MOBHOI I'yCTHHY CTaHIB, IO CBiAYUTH
ab0 IIpo 3HAYHY POJIb aTOMiB TPeThol KoOpAuHAIiliHOI chepu, abo mpo icToT-
HUI mepeposmonij B3aemogii d-opbiTayeit pisHMX cuMeTpiii, IITO0 HAJEXKATh
OM3BKUM cycizam. BcTaHOBJIEHO KOpPeJAIi0 MisK IMiJbHICTIO TaKyBaHHA, a
TaKO0K KiJIbKiCTIO CyCiZliB y mepiriii KoOOpAMHAIIHHIN cdepi Ta IMUPUHOIO eHep-
TeTUYHUX 30H MOHOIIIAPiB 30JI0TA.

Karouosi croBa: MeTajieBi MOHOIIIapu, eJIeKTPOHHA CTPYKTypa, T®I', Kpucra-
Jiuni rederTu, XxeMiuHi 3B’ A3KU.

(Received 1 September, 2023; in final version, 10 December, 2023 )

1.INTRODUCTION

In Ref. [1], the change in the electron density of gold slabs in the (111)
plane was studied as a function of the film thickness and defect con-
centration. The (111) plane was chosen due to the fact that monolayer
gold films have the symmetry of the (111) plane [2-4]. The study of
monolayers of other planes can provide extremely important infor-
mation on the patterns of formation of features of the electronic struc-
ture of both thin gold films and bulk metal, and the study of the effect
of defects on this process substantially supplements the systematic da-
ta on the formation of a general picture of the design of the electronic
structure of metals of the gold group.

Despite the fact that the free existence of metal monolayers is
doubtful from the point of view of solid-state physics, some features of
the electronic structure in the presence, for example, of defects, could
still allow the stable existence of such structures under certain condi-
tions. In particular, our earlier experimental data [2—3] show that the
formation of monolayer gold flakes in the presence of vacancies and
stacking faults is still possible. In addition, it is important to take into
account the fact that according to a number of works, in particular,
[6-6], gold has a unique propensity for the stability of relatively large
2D clusters due to 5d—6s hybridization.

In addition, a theoretical study of the features of the electronic
structure of metal monolayers, in particular, gold, is a necessary step
for studying the regularities of the layer-by-layer growth of metallic
nanostructures.

Today, the study of the properties and possibilities of using both
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layer-by-layer grown nanostructures and thin gold films is extremely
important, in particular, in electronics [7, 8], energetics [9], plasmon-
ics and the creation of metamaterials[10-12].

The mechanisms for the formation of nanostructures of gold, as well
as of its small clusters, still require a number of additions, although
today there is already a very impressive array of data.

Inspired by the extremely important modern results, in particular,
in Refs. [5, 13], this work is intended to supplement the data on the
formation of the electronic structure of clusters and defective mono-
layers of gold, and is also caused by the desire of the authors to link the
electronic-energy structure of gold monolayer structures with the ini-
tial physicochemical data of gold atoms and their topology on the
plane.

2. RESEARCH METHOD

The total and partial densities of electronic states were obtained by the
tetrahedron method [14] using Wien2k package [15, 16]. We used the
full-potential (L)APW +1o method [17, 18] and generalized gradient
approximation (GGA) PBE (Perdew, Burke, Ernzerhof), as the most
common GGA functional [19]. The visualization of the atomic struc-
ture was carried out using VESTA [20].

3. RESULTS AND DISCUSSION

The obtained curves of the total density of electronic states (TDOS) of
gold monolayers are shown in Fig. 1 and are arranged according to the
degree of decrease in the packing density of atoms (Table 1). In addi-
tion, in the same row, there is regularity in the decrease in the number
of neighboursin the first co-ordination sphere. At a distance of 2.88 A,
for monolayers of planes (111), (100), and (110), the number of atoms
in the first co-ordination sphereis 6, 4, and 2, respectively.

Considering the nearest environment of atoms in relation to the fea-
tures of the electronic structure, it is important to take into account
not only the bond length, but also the specific position of the neighbour
atom in the plane. For convenience, this position will be described by
the angle ¢ (Fig.2). Figure 2 shows the first three co-ordination
spheres, because, in the case of a defective monolayer (110), changes in
the atomic environment are observed only in the third co-ordination
sphere.

In Ref. [1], changes in the TDOS curves of gold slabs in the (111)
plane were analysed with a change in the number of monolayers and the
presence of vacancies. It was shown that at certain vacancy concentra-
tions in the monolayer of the (111) plane, the main maxima of the
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111 110

6 5 4-83 -2 -1 0 -5 48 2 -1 0 4 3 2 1 0
E, eV E, eV E, eV

Fig. 1. Calculated TDOS of ideal monolayers of planes (111), (110), and (100).
TABLE 1. Energy position of the main maximum on the TDOS curve, intera-

tomic-bond lengths and co-ordination numbers for different planes of gold
monolayers.

Plane/cell area (A2)/number of atoms per (111)/ (100)/ (110)/

. 8.29/ 16.65/ 11.75/
unit cell 1 9 1
Main maximum position (eV) ~1.9 ~1.3 =1.0

2.88/6 2.88/4 2.88/2
Bond lengths (A)/co-ordination number 4.99/6 4.08/4 4.08/2

5.77/6 5.77/4 4.99/4
Atomic density (atom per nm?) 12.06 12.01 8.51

TDOS curve are split, which brings the shape of this curve closer to
that for a bulk sample. Each atom of an ideal monolayer of gold in the
(111) plane has six nearest neighbours in the first co-ordination
sphere, which are characterized by an angle ¢ to the x axis, which af-
fects different contributions from the d-state components.

As can be seen from Fig. 2 planes (110) and (100) have rotational
symmetry different from (111). In view of this, the TDOS curves of
gold monolayers of different planes have significant differences. A
significant narrowing of the valence band is observed from = 6.5 eV for
a monolayer of the (111) plane to = 3.5eV for a monolayer of the (110)
plane. Only three main features can be distinguished on the TDOS
curve of the monolayer of the (110) plane. In contrast to the (110)
plane, the gold (100) plane is characterized by the presence of an atom
in the line segment connecting the central atom and the atom of the
third co-ordination sphere (Fig. 2; r3). However, the interatomic dis-
tances for the first and second co-ordination spheres for the (100) and
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Fig. 2. The first three co-ordination spheres and the angle ¢ for gold monolay-
ers of the (111), (100) and (110) planes.

(110) planes are of the same length. In the case of the (110) plane, the
angles between the bond line and the coordinate axes differ only in the
third co-ordination sphere; however, the distance of ~5.0 A is rather
significant for bond formation and, accordingly, the contribution of
the third co-ordination sphere to the TDOS curve should be extremely
small.

It should be noted that with a different definition of the basis of the
coordinate system, the angles of the corresponding bonds are still pre-
served; in this case, only the indices of the d-components change.

Consequently, significant differences in the TDOS curves for mono-
layers of the (100) and (110) planes are determined not only by the
presence of two additional atoms at the distance of 4.08 A for the (100)
plane, but mainly by the different local symmetry that is characteristic
of these planes.

When analysing the calculated data, an important criterion is their
compliance with the experimental data. To assess the correctness of
the obtained curves of the densities of electronic states, we carried out
their comparative analysis with ultraviolet photoelectron spectroscopy
(UPS) spectra. In particular, Figure 3 shows a comparison of the calcu-
lated curve of the total density of states for a gold slab containing
three monatomic layers of the (110) plane and the spectrum of the va-
lence band of gold in the (110) plane obtained by ultraviolet photoelec-
tron spectroscopy[21].

It is known that the quantum-mechanical method used by us for cal-
culating the electronic-energy structure tends to some energy com-
pression of the obtained curves of electronic states. As can be seen
from Fig. 3, with a slight stretching of the calculated curve, it can be
argued that the main features of the density of electronic states are in
full agreement.

Analysis of Fig. 4 allows us to assert that the main maximum of the
density of electronic states is mainly formed by the d., and d.2 electron-
ic states. The peak to the right of the main peak at =0.5eV owes its
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E, eV
=10 . —|5 . 0

Fig. 3. Calculated TDOS curve for a gold slab containing 38 monatomic layers
of the (110) plane (1) and UPS spectrum of clean gold surface of (110) plane
[21](2).

origin to d,. and d., with an insignificant addition of d,2 2 states, which
also participate in the formation of the main maximum. The feature to
the left of the main maximum at about 2 eV is formed by the d,. u d.,
states. The peak at 3.5 eV is determined by the d.2_,2 states.

The transition to the analysis of the TDOS curve of the monolayer of
the (100) plane shows a very rich fine structure of the valence band.
The atomic density in such a monolayer in comparison with the (110)
plane increases by almost 1.4 times. In the first co-ordination sphere at
the same distance, there are no longer 2, but 4 atoms.

Based on the fact that for all the considered planes the first co-
ordination sphere is at the same distance of 2.88 A, and only the num-
ber of atoms in the co-ordination sphere changes (2, 4 and 6 respective-
ly for the planes (110), (100) and (111)), it is obvious that the first co-
ordination sphere is determinant in the formation of the fine structure
and extent of the valence bands of the structures under study.

As shown earlier [1], in the case of the gold (111) plane, the contri-
bution to the main maximum of the density of states is made mainly by
the states associated with the z axis. For (110), this tendency remains,
but, in addition to z2, the xz component also makes a significant con-
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7 3 =2 =1 0 1
E, eV

Fig. 4. Calculated partial contributions to the TDOS of an ideal gold monolay-
er of the (110) plane.

tribution. More precisely, only the d-states associated with the y axis
have several significant peaks.

Thus, the complex band structure is formed by the bonds of the first
co-ordination sphere. Moreover, the variability of the bond angles to
the x and y axes determines the splitting of the peaks and the for-
mation of a more complex band structure.

Since in the monolayer gold flakes studied by us earlier [2-3], due to
defectiveness, the bond combinations are even more diverse, and, con-
sequently, the TDOS curve has a more developed fine structure, the
study of defective gold monolayers can be more applied than the calcu-
lations of ideal monolayers. Figure 5 shows the contributions of atoms
of non-equivalent positions to the TDOS of the (110) plane defective
monolayer (2x2 supercell).

Significant differences in the contributions to the TDOS between
atoms of different positions are observed. The peak in the density of
electronic states of the Aug) atom forms a band with many features,
similar in shape to the TDOS curve, but much less intense. This fact
indicates an important role of the atoms of the first position in the
formation of the structural features of the TDOS of the defect gold
monolayer.
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Fig. 5. Contributions of atoms from non-equivalent positions to TDOS of the
(110) plane defective monolayer (2x2 supercell).

The intensity of the peaks on the curve of the density of states of the
Aug; atoms is lower than on the analogous curves of the Au and Aug,
atoms. Most likely, this difference is caused by differences in the atom-
ic environment. The atom of the first non-equivalent position does not
contain defects in the first and second co-ordination spheres. Atoms of
the second and third non-equivalent positions are adjacent to a vacancy
and therefore, there is a break in bond with the nearest neighbour in
one of the directions.

For atoms in the first position, it is extremely curious that changes
in the atomic environment in this case are observed only in the third
co-ordination sphere. Thus, although the nearest 2 co-ordination
spheres do not undergo changes, the contribution of the densities of
states of the Aug) atoms to the TDOS undergoes changes. Consequent-
ly, sufficiently distant neighbours affect the density of states.

The curve of d-states of the Au atoms has a very clear energy local-
ization of about 1.2 eV, which corresponds to the position of the main
maximum on the TDOS of the sample. Analysing the partial densities
of d-states for atoms of each non-equivalent position, we can see that
the intense peaks on the densities of states curves for Au)and Aug,) are
determined, first of all, by the d-states associated with the x and y ax-
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es.

In the presence of vacancies, the most significant differences be-
tween the TDOS curves of an ideal and a defective monolayer is, first of
all, the appearance of a low-intensity feature in the region near the
‘Fermi level’. The bond length between Au) and Aug) along the x axis
is quite large and amounts to 4.08 A, while there are no neighbours
along the y axis at a distance of =2.88 A. In view of this, the atom of
the second position, as can be seen in Fig. 6, is most sensitive to chang-
es.
For the Au() atom, the splitting of the main peak of the d.; states is
observed. With a vacancy defectiveness of 2x2, Aug) does not lose its
neighbours from the first (=2.88A) and second (=4.08A) co-
ordination spheres; however, it loses all neighbours from the third co-
ordination sphere at once. Considering that this is the only change in
its environment, it must be assumed that changes in the density of
states curves for Aug) are associated either with the interaction with
atoms of the third co-ordination sphere, or with a change in the hybrid-
ization of various orbitals with neighbours in the first co-ordination
sphere.

In the (110) plane defective monolayer, an insignificant band broad-

Auy, Au, A,

i _d
d B d
Lo Az J\ ducx

/\
dy: /\ PN\ dye

\ d —
af\f\ AN A # AN J\/\\ ,dxy
[ day J\ day M\_/\/\/\_M
L
w&,@ﬁ I\ deyp
M dz = ds
5 5 o0 1 |2 15 -1 05 0 3 2 -1 0 1
E, eV E, eV E, eV

Fig. 6. Calculated partial densities of electronic states of the (110) plane de-
fective monolayer.
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ening is observed, due to the contributions of the d-states associated
mainly with the y axis (in the chosen basis). Since in this case the
shorter Aug—Aug bond lies exactly on the y axis, it can be assumed
that the broadening of the band is caused by a stronger interaction
with the nearest neighbours.

4. CONCLUSIONS

The first co-ordination sphere is determinant in the formation of the
fine structure and the extent of the valence bands of the monolayer
gold structures. The splitting of the peaks of the TDOS curve, which
leads to its finer structure, is influenced not only by the lengths of in-
teratomic bonds, but also by the mutual arrangement of atoms.

The presence of a long-range effect of the atoms of the third co-
ordination sphere on the electronic structure of gold monolayers is
shown. For example, for the (110) plane, a change in the atomic order-
ing in the third co-ordination sphere as a result of the introduction of a
vacancy leads to noticeable changes in the TDOS curve, which indicates
either a significant role of the atoms of the third co-ordination sphere,
or a significant redistribution of the interaction of d-orbitals of differ-
ent symmetries of close neighbours.

A correlation between the packing density, as well as the number of
neighbours in the first co-ordination sphere, and the width of the en-
ergy band of gold monolayers has been established.
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Fabricating an Ordered Array of Silver Nanoparticles
via the Nanosphere Lithography Technique

R. B. Abdulrahman
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The challenge of new technology is to produce inventive optical
nanogratings, optical nanofilters, solar cell nanoabsorbers, antireflective
surface coatings, and nanoelectronics by generating consistent patterns of
various sizes and shapes of nanostructure on the smooth and solid surfaces.
Nanosphere lithography (NSL) is a cost-effective and easy-to-implement
technology that can be used to produce a diverse range of highly ordered na-
noparticle-array structures. In this work, physical vapour deposition is used
to grow large periodic arrays of silver nanoparticles and nanorings on pat-
terned glass and silicon substrates. To achieve this, a single layer of self-
assembled polystyrene nanospheres is firstly applied to the substrate to serve
as a mask, and silver is then deposited through the mask. The spacing be-
tween the nanospheres can be adjusted by changing the diameter of the poly-
styrene nanospheres, which affects how the silver is deposited as nanodots or
nanorings. The optical transmittance spectra of glass arrays can show signif-
icant variation depending on the specific nanostructure that is created. Re-
garding localized surface-plasmon resonance, nanorings display a red shift
and a widening in the plasmon band. Possible uses for the resonance effect of
the nanostructure are discussed.

Key words: nanosphere lithography, self-assembly, doctor blade, nanodots,
nanorings, plasmonics.
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HUX HAHOT PATHUIb, ONITUYHUX HAHOMIIBbTPiB, HAHOTIOTJIMHAYIB AJIS COHAUHUX
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NIJIAXOM T'eHepallii IMOCIiJOBHUX 3pas3KiB HAHOCTPYKTYD Pi3HOTO pPo3Mipy Ta
dopmu Ha raagKux i TBepAUX moBepxHAX. HanocdepHa gitorpadia (HCIJI) —
e eKOHOMiuHO e(D)eKTHBHA Ta IPOCTA B peaJIisallii TeXHOJIOTis, AKa MOoKe Oy T
BUKOPUCTAHA JAJI CTBOPEHHA PiBHOMAHITHUX BHCOKOBIIOPATKOBAHUX MACHUB-
HHUX CTPYKTYpP HAHOYACTHMHOK. ¥ IIiii pobOoTi (ismuHe ocaasKeHHS 3 ra3oBoi
(asu O6y10 BUKOPUCTAHO IJiA BUPOIIYBAaHHA BEJIUKUX IEPIiOAUYHUX MACUBIB
HAHOYACTUHOK Cpibsa i HAHOAPOTUKIB Ha BidepyHUACTUX CKJIAHUX i KPEeMHi-
MoBux migkaagmHKax. {14 11Oro Ha MiAKJIAAUHKY CIIOYATKY HAHOCATH OJAWH
ap caMOCKJIaJaHUX TOJIiCTUPOJbHUX HaHOCHhED, AKNIH CAYTye MacKolo, a Io-
TiM oca»KyIOTh cpibj0o uepes MmacKy. Biggans Misk HaHoc(epaMu MOKHA pery-
JII0OBATH, 3MIiHIOIOYUM [isMeTep MOJiCTHPOJBHUX HaHOC(hEp, IO BILJINBAE HA
cmocib HaHeCeHHA cpibJyia y BUTVIALI HAHOIATOK ab00 HaHOKimenb. CIIeKTpu oII-
TUYHOTO MIPOMYCKAHHA CKJIAHNX MaCUBiB MOXKYTb JeMOHCTPYBATH 3HAUHY Ba-
pidamiroo 3ajie’KHO BiJi KOHKPETHOI HAHOCTPYKTYpPHU, AKa cTBOproeThca. Illomo
JIOKaJIi30BaHOTO ITOBEPXHEBOTO IJIA3BMOHHOTO PE30HAHCY, HAHOKIJIBIIA AEeMOH-
CTPYIOTh UEPBOHUM 3CYB i PO3MIMpPEHHA ILJIa3MOHHOI cmyru. OGroBOpOOThHCA
MOJKJIMBIi 3aCTOCYBaHHSA PE30HAHCHOTO e(heKTY HAHOCTPYKTYPH.

Karouosi croBa: HaHOC(epHA JiTorpadis, caMocKaagaHHA, CKpeOOK-JIomaTKa,
HAHOIATKY, HAHOKIJIBIIA, IIJIa3MOHIKa.

(Received 14 October, 2023; in final version, 15 November, 2023 )

1.INTRODUCTION

The development of efficient manufacturing techniques, particularly
at the nanoscale, has always been an arduous task. Despite advance-
ments in technology, it remains difficult to discover an affordable and
replicable method for creating nanoscale structures[1, 2]. Scientists
are intrigued by the possibility of manipulating the properties of ma-
terials by selecting and interacting with individual particles. This has
led to a growing interest in arranging nanoparticles into complex peri-
odic nanostructures [3]. The unique optical properties of metal
nanostructures are due to their smaller size and the replacement of
continuous energy levels (density of states) with discrete energy levels,
which are dependent on the size and shape of the nanostructures [4, 5].
These energy levels have an impact on the electronic structure and can
result in novel optical effects [6]. According to the Drude model, met-
als possess free conduction electrons, and the plasmonic response re-
fers to the collective excitation of the free electrons in relation to the
positive ion cores[7, 8]. When electrons at the interface of a metal and
a dielectric (including air) oscillate and couple with an electromagnetic
field, surface plasmon polaritons (SPP) can be generated and move
along the surface [9]. If the SPP is confined to a nanometre level, a lo-
calized surface plasmon resonance is created, which strengthens the
electromagnetic field around metallic nanostructures [10]. The detec-
tion of electromagnetic field enhancement can be achieved using vari-
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ous techniques such as light absorption, Raman signal enhancement,
photoluminescence, and fluorescence[11].

Many nanodevices are constructed through surface nanopatterning,
which can be achieved with great efficiency through template-based
surface nanopatterning techniques. Diverse surface nanopatterns can
be created using these processes [12, 13]. As aresult of the progressin
nanotechnology and nanoscience, scientists across different disci-
plines have gained great proficiency in dealing with nanostructures
[14]. This has enabled them to explore the exceptional properties that
arise from the nanoscale dimension [15]. There has been a surge in in-
terest in the manufacturing of nanostructures due to this develop-
ment. Materials scientists, physicists, biologists, and chemists find
that the costly and inefficient method of maskless lithography is not a
practical solution. The creation and preparation of the mask are the
main reasons why mask-assisted lithography is limited to microelec-
tronics facilities and cannot be expanded successfully [16].

Different nanostructuring methods are available to pattern unique
nanostructures, such as nanorings, nanodots, nanotubes, nanospheres,
and nanopillars on substrate surfaces. Nanopatterning has brought
about numerous benefits, which have had a favourable effect on a sig-
nificant number of nanogap devices, including vacuum sensors, pho-
todetectors, diodes, transistors, OLEDs, sensors, and memristors[17].
The techniques used for this purpose primarily comprise electron-beam
lithography, nanoimprinting, scanning probe microscope writing
techniques, focused ion beam lithography, and replica moulding pro-
cesses [18, 19]. However, the surface modification process for these
techniques can be sophisticated [19]. When compared to other nano-
patterning techniques, the NSL method is a cost-effective approach
that saves time and allows for the production of large, well-organized
arrays of nanostructures without requiring expensive equipment
[20, 21].

The intricacy of the interactions between nanoparticles and the var-
ious physicochemical phenomena that occur during assembly are sig-
nificant factors contributing to the challenges involved in assembling
colloidal nanoparticles into a well-defined nanocrystals lattice struc-
ture [3]. NSL relies on self-assembled monolayers of spherical nano-
particles as a mask. The ability of colloidal particles to become trapped
at gas-liquid or liquid-liquid interfaces significantly affects self-
assembly at the gas-liquid interface. This confinement is due to a com-
bination of electrostatic and capillary forces, as well as the hydropho-
bic properties of the nanospheres’ surfaces [22]. Various techniques
such as doctor blade [23], spin coating [24], Langmuir—Blodgett [25],
drop casting [26], and dip-coating [27] can be used to create self-
assembled monolayers. The spherical nanoparticles are arranged in
hexagonal close-packed (h.c.p.) arrays through a convective self-
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assembly mechanism that is caused by the interaction between the na-
noparticles and the solvent used in the process [28, 29].

The low-cost fabrication technique of Ag nanoflower arrays growing
on the photoresist surface has been demonstrated for surface-enhanced
Raman spectroscopy [30]. Considering that the photoresist material is
not conductive, this method of fabricating a patterned substrate might
not be suitable for certain applications, such as solar cells, where mate-
rials with good electrical conductivity are required for efficiently col-
lecting and transporting the generated electrical charges.

This article explains a method for organizing Ag NPs into precise
patterns, like nanodots and nanorings. The process involves using two-
dimensional scaffolds made of suspended polystyrene nanospheres to
guide the nanoparticles’ arrangement. The convective self-assembly
approach offers a protected and pliable 2D space for the polystyrene
nanospheres to form ordered scaffolds on a surface. These scaffolds
have a hexagonal pattern of polystyrene nanospheres that serve as a
template for the Ag NPs. This technique allows for the creation of or-
dered nanoparticle arrays with unique optical and structural charac-
teristics that can be localized over a few tens of microns. The convec-
tive self-assembly mechanism is a practical way to design and produce
various devices with ordered nanoparticle arrays.

2. EXPERIMENTAL DETAILS

The diagrammatic representation of the doctor-blade apparatus has
been illustrated in Fig.1,a, which employs the convective self-
assembly process of nanospheres as shown in Fig. 1, b. The process in-
volves the assembly of a single layer of polystyrene nanospheres with a
diameter of 7560 nm on a hydrophilic substrate. The substrate is first
fixed onto a motorized stage to regulate its speed, and the current ex-

Gas 1l
ooarftro(ﬁgr

solution
evaporation ]
Py

e 8

Fig. 1. Schematic representation of (a) doctor-blade setup; (b) convective self-
assembly mechanism.
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periments speed is optimized to be 5 millimetres per second, while a
glass slide is utilized to spread the nanospheres. As the stage begins to
move, the nanosphere suspension is pulled along the substrate, and N,
gas is utilized to regulate the suspensions evaporation by blowing it
across the suspensions end. By purging the atmosphere, N, gas con-
trols suspension evaporation and creates a regulated environment with
lower humidity levels. Additionally, it gently disperses agglomerated
or weakly connected polystyrene nanospheres, permitting the for-
mation of a monolayer film that is uniform and stable.

The formation of the nanosphere suspension monolayer can be af-
fected by various factors such as concentration, stage speed, and solu-
tion dilution, and this process can be monitored using an optical micro-
scope to control the evaporation rate of the solution. To adjust the dis-
tance between polystyrene nanospheres and control their diameters,
oxygen plasma etching was employed. An electric field is applied to a
mixture of oxygen and argon gas in a vacuum chamber, which results
in the formation of plasma. Positive oxygen ions and electrons are pro-
duced by the electric field and are accelerated toward the substrate by
the plasma. In the polystyrene nanospheres, the carbon and hydrogen
atoms chemically interact with the oxygen ions to produce the carbon—
oxygen and hydrogen—oxygen bonds. The polystyrene nanospheres can
degrade (etch) as a result of this process. The resulting monolayer was
utilized as a mask to generate structures such as metal nanodots and
nanorings. Once the nanosphere template was formed, a 50-nm thin
film of Ag was deposited onto a patterned substrate. The nanosphere
mask was removed by chemical etching, accomplished by sonicating
the substrate in toluene for 2 minutes by using an ultrasonic bath with
very low power to avoid removing the deposited Ag nanodots and na-
norings from the substrate. The formation of Ag nanodots and na-
norings utilizing the nanosphere lithography technique is schematical-
ly illustrated in Fig. 2.

3. RESULTS AND DISCUSSION

A photograph representing a single layer of polystyrene nanospheres
with a thickness of 750 nanometres was displayed in Fig. 3. These nan-
ospheres have been assembled on both glass and silicon substrates. It is
evident from the picture that the convective self-assembly process [24]
can be employed to fabricate nanospheres on a substrate of significant
size.

Top and side views of a 750-nanometer single-layer nanosphere are
displayed in Fig. 4, a and Fig. 4, b, respectively. These nanospheres
have formed on the substrate through the self-assembly process of the
polystyrene nanospheres, resulting in the creation of a uniform and
crystal-like structure.
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Fig. 2. Schematic representation of nanodots and nanorings periodic array
formation.

In Figure 1, b, the experimental setup is depicted with a magnified
view of the substrate and the spreader, which demonstrate the three
processes controlling the formation of a monolayer array [28]: capil-
lary forces, which draw liquid from the rest of the solution to the dry
regions; convective transfer of nanospheres from the remainder of the

i

Fig. 3. Polystyrene nanospheres deposited on (a) glass and (b) silicon sub-
strates.
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SEI 150k X16,000 WD 106mm 1um

a b

Fig. 4. SEM image of a 750-nm single-layer polystyrene nanosphere with a
uniform crystal-like structure (a) top view (the inset shows a magnified image
of the top view) (b) side view.

solution to the thin wetting film; and water evaporation. A pressure
difference is formed when the solution drop is positioned along the an-
gle of the spreader. This difference induces a capillary effect, which
transfers a portion of the solution from the main drop to the dry zone,
resulting in the formation of a thin wetting layer [22], as illustrated in
Fig. 1, b. The nanospheres can seek out the configuration with the low-
est energy by freely flowing all over the substrate [22].

Once the evaporation process takes place, the nanospheres form a
monolayer that is packed closely in a hexagonal pattern, which can be
seen in the inset image in Fig. 4, a. The process is sustained by moving
the stage at a steady speed in the opposite direction of the monolayer
formation. The formation of a monolayer is dependent on a withdrawal
rate of the solution that is proportionate to the rate of water evapora-
tion in the dry region. If the withdrawal rate is slower than the evapo-
ration rate, nanospheres will accumulate and create multilayer arrays
dominating the substrate. Conversely, faster withdrawal rates lead to
an amorphous deposition with unfilled zones.

The emergence of point, line, and area defects on the substrate is de-
picted in Fig. 5. The nanospheres have to balance two forces, i.e., adhe-
sion between polystyrene nanospheres and adhesion between polysty-
rene nanospheres and substrate, as they experience polymer interdif-
fusion, which is the primary cause of defect formation [31].

An SEM image of modified nanospheres’ diameters after undergo-
ing oxygen plasma etching for 2 seconds is shown in Fig. 6. As a result,
the nanospheres’ diameters reduce from 750 nm to 745 nm, creating
gaps between them for thin-film deposition. In the thermal evapora-
tion system, a 200 nm thin film of silver was deposited by utilizing the
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Tum

Fig. 5. SEM image of a 750-nm polystyrene nanosphere with a uniform crys-
tal-like structure and some point, line, and area defect formation on the sub-
strate.

SEI 15.0kV  X20,000 WD mm Tum

Fig. 6. SEM image of a single-layer polystyrene nanosphere after oxygen
plasma etching for 2 seconds.

spacing between polystyrene spheres, resulting in hexagonal arrays of
nanoscale silver nanodots (Fig. 7, a) and nanorings (Fig. 7, b) on both
substrates before and after etching. The polystyrene nanospheres were
removed from the substrate by immersing them in a Toluene ultrasonic
bath after silver deposition. The results depicted in Fig. 7 demonstrate
that this cost-effective and straightforward method can be used to cre-
ate highly aligned nanoparticles suitable for optoelectronic [1, 12, 17]
and medical applications[7, 32]. The aligned array of silver nanostruc-
tures efficiently traps light by scattering it into specific optical modes,
leading to a notable increase in optical absorption [33].
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Fig. 7. SEM image of (a) silver nanodots and () silver nanorings.

The transmittance spectra of silver nanostructure ensembles on a
glass substrate have been revealed in Fig. 8. The arrays of silver nano-
dots and nanorings are denoted by the dashed and solid curves, respec-
tively, and they exhibit localized surface plasmon resonance (SPR) at
wavelengths of 502 nm and 520 nm. As the nanoparticle size increases,
the plasmon band widens and its intensity decreases, causing the spec-
tral line to shift towards the red due to the retardation effect
[4, 34, 35]. Varying the size of nanoparticles allows for the creation of
adjustable optical sensors as it causes a shift in the plasmon resonance.
This suggests that the spectral response is influenced by the size and
shape of the nanostructure. The use of Ag NPs can function as a light-
trapping layer on the transparent electrode or within the absorber lay-
er [36] of a solar cell, enhancing the multiple scattering of incoming
light [37].

4. CONCLUSION

This paper introduces a timesaving lithographic technique called nan-
osphere lithography. The process involves using a lithographic mask
composed of 2D colloidal polystyrene nanospheres, onto which materi-
al for evaporation is applied resulting in a range of shaped particles on
the substrate. By adjusting the diameter of the nanospheres, nanopar-
ticlesin a hexagonal framework can be created. Oxygen plasma etching
can be used to modify the size of interstices between the nanospheres in
a controllable manner. This approach significantly reduces the cost of
fabricating nanostructured samples compared to other lithographic
techniques. The present study shows that large-area monolayers of
polystyrene nanospheres can be organized with considerable 2D colloi-
dal monocrystals, although these colloidal monolayers have structural
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Fig. 8. Optical characterization of Ag nanodots and nanorings arrays.

deficiencies like conventional crystals. To create periodic arrays of na-
noparticles like nanodots and nanorings, prepared colloidal masks are
used, and a thin layer of silver is applied to the nanospheres mask via
thin film deposition, while the crystal arrangement is maintained since
this technique has no impact on the inner structure of polystyrene
nanospheres. Oxygen plasma etching is used to create masks with not
connected packed arrays of polystyrene nanospheres. When silver
evaporates through the etched spheres, a layer with spherical mesh
holes is formed. These nanoparticle arrays on a large substrate allow a
simple optical characterization and can be used to illustrate the practi-
cal uses of these arrays. Overall, nanopatterning is an important tech-
nique in solar cell production that can enhance their efficiency and
performance by allowing researchers to create precise, nanoscale
structures that enhance the optical and electronic properties of solar
cells.

The Author expresses gratitude towards the College of Sciences De-
partment of Physics and Department of Chemistry at the University of
Kirkuk.
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3acTocyBaHHS iIHIYKI[IHHOTO TOIJIEHHSI Ta IMIOCTiHHOTO MATHETHOT'O
IOJIS 1)1 BILIMBY HA IIePePO3MOIiJl KOMIIOHEHTIiB

3 pi3HHMM MarHeTHUMH BJIACTUBOCTSMMU B 3€pPHAX CTOITY HA OCHOBi
Al-Cu—-P3M

0. B. Cepenenko, B. O. Cepenenko

Disuko-mexHonoziuHUll incmumym memadaie ma cnragie HAH Ykpainu,
o6yave. Axademixa Bepradcvrozo, 34/1,
03142 RKuis, Ykpaina

PospobienHs HOBITHIX KOMITO3UILill i TeXHOJOTiH BUPOOHUIITBA CTOIIB Ha OC-
HOBi asfoMiHit0 3 pigkicHO3eMembHUMU MeTasamMu (P3M) cTBOpIOE KOHKYpPEH-
Iifo MaTepifJaM Ha OCHOBi OiJIbINI BAKKUX i TAMKKOTONKUX (3aJ1i30), a TaKOK
moporux meraiaiB (Migb, TuTau). Ilig yac BUTOIJIeHHA B yMOBaX 3BUUYAHUX
neperpiBiB 1o 100 K i oxosomkeHHS 3 HEBUCOKMMU INBUIAKOCTAMEU U= 1-10
K/c ycknagueno ¢popmyBanHa ApioHoro 3epHa (= 10 MmKM). 3acTocyBaHHS iH-
IYKIiHOTO CTOILIEHHS B MAarHeTOAMHAMIUHi# yeTraHoBIIi ocHOBU cTomy Al-Cu
3 IO AJIBIIINM IIePETOIJIEHHAM Y IIeUi eJIeKTPooIIopy Ta Jogasauuam P3M gajo
3MOT'Yy BUKODPHMCTOBYBATH HEBHCOKi meperpiBu. 3a v=4, 10 i 30 K/c y cromi
yTBOpPUJINCA 3epHA 3 poaMmipom 36,0, 17,11 11,6 mxm Bizmosiguo. Haxkaanan-
HS IOCTiHOTO MArHeTHOro MOJIA Ha PO3TOII IIiji Yac OXOJIOAKEHHS Ta TBePIiH-
HS YMOKJIUBUJIO ofepikaTu 3epHOo 3 poamipom y 11,0 MM 3a v=10K/c. Ha
HBOMY AOCJIiIKeHO BIJIMB MOJISI HA KiJIbKiCTh KOMIIOHEHTIB y 3epHAaX, midma-
30H BMiCTy eJIeMeHTiB y MiKpoo6’eMax, PisKHUII0 KOHIIEHTPAIlii MiK IIeHTpoOM
i mepudepieio 3epHa. BcranoBaeHo, 10 BILIUB IIOJIA Ha IIePepPO3MOIiJa y mapa-
marHeTHi#t ocuosi (Al) giamarueraux Cu, Zn, Pb, napamarueraux Sn, Mn, Zr,
Ce, La, Nd, Pr ta ¢pepomaraernoro Fe mos’as3auuii 3 ixuimMm BmicToMm y cTori,
MAarHeTHOIO CIIPUNHATINUBICTIO, aTOMOBUMH pajitocoMm i macoro. Ilig BoiuBom
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moJid B 06’eMi 3epeH BimOysoca moHmkeHHsa Bmicty Pb, — KoMmoHeHTa 3 Haii-
MEHIIT0I0 MATHETHOIO CIIPUHHATINBICTIO cepel KOMIIOHEHTIB CTOIY, — Ta Hif-
BUINIEHHS BMicTy Fe — KoMmoHeHTa 3 HaliOiIbIIIO MArHETHOIO CHPUHHITIN-
BicTi0o. BimB mosid Ha iHIII KOMIOHEHTH CTOIIY MaB CKJIAOHUU xapakTep. B
pesyabraTi mii moasa s6impmuBesa Bmict Cu i Fe B sepHax, a B ixHiX MiKpo-
00’emax 3pocia Kinbkicts Ce, La i Nd. ByJso yeyuyTo aikBaitito Sn i Pb ma me-
pudepii sepen.

Karouosi crosa: cron AI-Cu—P3M, sepHo, iHaAyKIlifiHe TOIJIEHHA, TBePAiHHSI,
MAarHEeTUKHM, MAarHETHE IOoJIe.

Development of the advanced compositions and technologies for the produc-
tion of alloys based on aluminium with rare-earth metals (REM) creates com-
petition for materials based on heavier and more refractory (iron) as well as
expensive metals (copper, titanium). When alloy melting under conditions of
ordinary overheating up to 100 K and its cooling at low rates v=1-10 K/s,
the formation of fine grain (= 10 um) is complicated. Use of induction melt-
ing in the magnetodynamic aggregate of the Al-Cu-alloy base, followed by
remelting in an electric-resistance furnace with the addition of rare-earth
metals, made it possible to use low overheating. At v=4, 10, and 30K/s,
grains with a size of 36.0, 17.1 and 11.6 ym, respectively, were formed in the
alloy. The imposition of a constant magnetic field on the melt during its cool-
ing and solidification made it possible to obtain a grain with a size of 11.0 ym
at v=10 K/s. These are investigated: the effect of the field on the concentra-
tion of components in the grains, the range of the content of elements in the
microvolumes of the grain, the difference in concentration between the cen-
tre and the periphery of the grain. As found, the effect of the field on the re-
distribution in the paramagnetic base (Al) of diamagnetic Cu, Zn, Pb, para-
magnetic Sn, Mn, Zr, Ce, La, Nd, Pr and ferromagnetic Fe is associated with
their content in the alloy, magnetic susceptibility, atom radius and mass.
Under the influence of the field in the volume of grains, there are both the
decrease in the content of Pb, which has the lowest magnetic susceptibility
among the alloy components, and the increase in the content of Fe, which is a
component with the highest magnetic susceptibility. The effect of the field
on the rest of the alloy components is complex. Because of the action of the
field, the content of Cu and Fe in the grains is increased, and the amount of
Ce, La and Nd in their microvolumes is increased. The segregation of Sn and
Pb at the grain periphery is eliminated.

Key words: Al-Cu—-REM alloy, induction-melting, grain, solidification,
magnetic, magnetic field.

(Ompumano 31 runnsa 2021 p.; ocmamoun. apianm — 7 mpagua 2023 p.)

1. BCTYII

O06cAaru BUKOPUCTAHHS CTOIIIB HA OCHOBI aJIOMiHiI0 ¥ cyuacHinl Texmii
pisHOMaHiTHOIO IPM3HAYEHHS MOCTiNiHO 3pOCTAaIOTh, & IXHA HOMEHKJIa-
Typa PO3MINPIOETHCA. PO3poOKa HOBITHIX KOMITO3UILi# i TeXHOJIOTiH BU-
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POOHMUIITBA CTOIIIB HA OCHOBIi a/foMiHiio 3 JogaBaHHAM PifKicHO3eMeb-
Hux MeraniB (P3M) cTBOpioe KOHKYPEHIIiI0 MaTepifjlaM Ha OCHOBi
0iJIBIII BAXKKUX , TAKKOTONMKUX (3aJ1i30) i Joporux MerasiB (MiJb, TUTAH)
1, 2].

BiactuBocTi cToniB Bu3HaUaOThCSa po3sMipamMu Ta mopdoJoriero gas,
po3mOijoM i PO3UYMHHICTIO JIETYBAJbHUX €JEeMEHTIB Yy CTPYKTYPHUX
ckJamoBux. IligBuIleHHA MeXaHiUYHMX i CHeIisiJIbHUX BJIACTHUBOCTEH
CTOIIiB 3a0e3IeuyeThCcsA, IepeayciM, APiOHO3epPHUCTOI CTPYKTYPOIO.
3rigmo 3 Kaacupikaiieio sepen 3a cepeguim posmipom y cromax (I'OCT
5639-82): nmy:ke npioHi — 4-8 MKM, api6bmi — 11 MKM, cepemHi —
15 MmKM, KpymHi — 22—-125 MKM.

3acTocyBaHHA HOBUX TEXHOJOTIUHUX HPUHOMIB iCTOTHO IOHMMKYE
BUTPATU BUPOOHUIITBA CTOIIIB 3 HiABUIIIeHUMHU BJacTuBocTamu [1]. ¥V
cronax aiominiro B95, AMrb, 116, AIl35, oxonomxenux iz 2-8 K/c,
dopmyerbes 3epro y 120-200 mxm, a 3a 1000 K/c —y 10-40 mxwMm [3].
IpibHe 3epHO Y BUJIUBKY, OJEP:KAHOMY 3a OXO0JioM:KeHHs i3 3—15 K/c,
IOCSATAETLCS CIEIiAIbHUMU pekuMaMu aedopmallii Ta TepMiuyHOTo 00-
pobaenns[4].

PosTonu — mMikpoHeogHOpigHI, i BIIJIMB HAa IIe TeMIIEPATYPHOTO Ta Ya-
COBOT'O YMHHUKIB O0OMEKEeHUI IIOTY;KHICTIO TOIMJILHOTO O0JagHAHHI,
HeIOCTaTHBOIO CTilKicTIO (hyTEPOBKU, EKOHOMIYHMMMN YMOBaMH Ta iH.
[56]. 3a momi6HUX 00MesKeHDb IePCHeKTUBHUM € 3aCTOCYBAHHA Ail 30BHi-
OIHiX BIJIMBIB Ha poaron. EdgeKkTuBHI TepmiuHa Ta rigpoamHaMmiuHa il
peasidyoThcA y MarHeTOAMHAMIYHNX YCTAaHOBKAxX — iHAYKIIIMHUX Ka-
HaJBHUX IIeuax 3 eJeKTpoMaruerom [6].

Cy4yacHUM METOAOM BILJIMBY HA JIUTY CTPYKTYPY CTOIIiB € IIOCTiiiHe
MarHeTHe mojie. SHAUeHHA eHeprii, 10 HaJaeThCsA OJHOMY aToOMYy 3a Oil
MargeTHOro 1oJd 3 inayknieo y 1 Ti, ckaagae = 107 eB, cuaosoro moJisa
3a medopmariii Ha 1% — =1073eB, a TemI0BOro BILIMBY IIif Yyac Harpi-
BauHA Ha 100 K — =10 2eB [7]. ITocTifiHi MarLeTHi mMoJs JiFOTh HA CTPY-
KTYpY Ta BJIaCTUBOCTI MaTepifAIiB pi3HOl MarHeTHOI mpuponu (Iisa-, mapa-
i dpepomaruerukm). BuBueHHS TaKol Iil € aKTyaJbHUM, OCKiJIBKM BOHA
e(peKTHUBHA Ta HUSbKOBUTPATHA, aje CKJIAAHA, 3 He IIOBHICTIO BCTAHOB.JIe-
HUMU MeXaHi3MaMu.

IlocTifiHe MarueTHe 10JIe COPUAE iICHYBaHHIO Tiel ¢asm, Yynusa MarHer-
Ha COPUAHATIAUBiCTE Oinbirie [8]. 3a BigmoBigHMX iHAYKITii OIS 3epHA
moApi6HIOITHECA a00 301IBITYIOTHCSA B IOPiBHAHHI 31 CTPYKTYPOIO CTOITY,
He migganoMy BIJIUBY MarHeTHOTo mojd [9]. [logidHo mose momisamo mHa
posumHHicTE KoMmoHeHTa (Pb) B ocHOBi cTomy (Sn), 1110 € missMarHeTu-
KoM [10]. 36inbirenas posunHHocTH gissmarHeTrnoro Cu B Al (mapamar-
HETHUKY) Y MarHeTHOMY IIOJIi IIOB’s3YeThCA 3i 3MiHOIO KoedimiernTa qu-
dysii Kynpymy[11].

ITig uac TBepminHa cromis Al y mocTifiHOMy MarHeTHOMY IIOJIi BUSB-
JIEHO 3B’ 130K MiK KinmbKicTio mob6aBku (Cu) B CTOIIi Ta BILJIMBOM ITOJIA Ha
#oro cTpyKTypy [12]. 36iabIIeHHES MIBUAKOCTY OXOJIOAKEHHA 3MEHIITY€E
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BB moJid [10]. BusBiaerno mpoTuieskHicTs peakiiii gig- Ta mapamar-
HEeTHUX KOMIIOHEHTIB CTOIIY Ha BILJIUB IIOJIS HiJl Yac 3apOIKeHHA, POCTY
KpucTaJiB i ix ¢oopmyBanHud. [igamaraeTuk chopmMyBaB IIOOBKeH] 3ep-
Ha, a mapaMarfeTuk — piBHoBicHi [13]; mix xiero mosa Bmict Cu B 3ep-
Hax Al 36iabiuBes, a mnapamaraeTuka Mg — smenmmuses [14].

TaxuM UYMHOM, JOCATHEHHS OiJbIIIOI OAHOPiAHOCTH B MaKpo- I MiK-
poob’eMax PO3TOIy Ta MiABUIIEHOI IIBUIKOCTH HOTI'0 IPUTOTYBAaHHS €
aKTyaJIbHUM i1 Moske OyTHu 3a0e3meueHo 3a JOIIOMOTOI0 MATHETOAMHAMI-
YHUX YCTAaHOBOK. [loapiOHEeHHIO 3epHA CIIPUSE IIOCTiliHE MarHeTHe I0JIe,
HaKJIaZieHe Ha PO3TOIl, IO TBepaHe. AJje Horo Aid Mae CKJIagHUI XapaK-
Tep, II0 3aJIeKUTh BiJ 0araThboxX YMHHNKiIB, OCHOBHUM 3 AKUX, Biporia-
HO, € MarHeTHAa CIPUNHATINBICTD KOMIIOHEeHTiB. 1]i YMHHUKY He B IIOB-
Hill Mipi BUABJIEHO Ha JaHUH yac; IXHi B3aeM03B’ A3KH 3 Ai€i0 MarHETHO-
T'0 TI0JISI BCTAHOBJIEHO He MMOBHICTIO.

Mera mpezacTaBiieHOl poOOTH HoJiAraja y BHUBUEHHi Aii mocTifiHoro
MarHeTHOTO IoJIsI Ha po3Mip 3epeH crony Al 3 3,7% mac. Cui 13,7% mac.
P3M, ocuoBy sikoro — Al-Cu 6y0 ofeps;KaHo IIijJ BILIMBOM 3MiHHMX
eJIEKTPOMATrHEeTHUX MHOJIiB 3a iHAYKI[INHOTO TOIIJIEHHA 3 KePOBAHUM IIe-
peMilyBaHHAM i IOJAJBIINM €JeKTPOIEePeTOIIEHHAM 3 JOJaBaHHAM
P3M, oxomomxenuam i TBepainaam 3i mBugkoctamuy 4, 10130 K/c, a
TaKOXK Yy BUSABJIEHHI BIIMBY MOCTiAHOTO MArHeTHOT'O IIOJIA HA IIePEpPos-
HOMiJI KOMIIOHEHTIB 3 Pi3HOI MATHETHOIO CIIPUNHATJINBICTIO B 3epHAaX
cromy, ogeps:xkanoroisz 10 K/c.

2. EKCIIEPUMEHTAJIBHA METOOUKA

Cron arfoMiHiIO IJI IPOBEIEeHHS JOCJiAKeHb MiCTHUB JeT'yBaJlbHI KOM-
HOHeHTH Y Kijgbkocri: 3,7% mac. Cu (1,86% ar.), 13,7% mac. P3M (Ce,
La, Nd i Pr; 3,08% ar.). MogugixaTopu B cTOIIi OyJix IPUCYTHI y IIOHH-
JKeHil KimbKocTi mo BigHomIeHHIO 10 iHTepBaJy, BcranoBiaenomy J[CTY
1583-93 nis nmuBapuux crouis cucremu Al-Cu (B 1,1-3,0 pasu): 0,33%
mac. Mn (0,16% at.), 0,14% mac. Ti (0,04% ar.). B cknani crony 6y.Ja
maJia KismskicTs 10 0,005% mac. Zn (mo 0,001% art.)i o 0,005% mac. Zr
(0,002% art.). Tako: y cTomi MicTHINCS HOMIIIIKY Yy CyMapHi# KiTbKoC-
i 0,52% wmac. exemenriB Fe, Si, Pb, Sn (0,31% ar.). PekomenmoBama
TeMIepaTypa OJep:KaHHsS JEerOBAaHUX CTOIIIB aJIIOMiHiI0 CTAHOBUTL
1273 K [15], a TemmepaTrypa ixuboi romorenisarmii carae 1753 K [16].
s mMOHMMKEeHHsS eHeProBUTpaT oAepikaHHaA cromy cuctemu Al-Cu-—
P3M 0yio mpoBenerno y 2 eranu. Ha 1-my erami B MarmeToguHaMiuHii
yeranoBii (MIH-6) sButomnaeno 6asosuii crorn Al-Cu 3a tremmeparypu y
1023 K, axkuit BUKOPHCTAHO B IKOCTi IITUXTHU AJIS ONEPKAHHSA CTOIY CH-
cremu Al-Cu—P3M. Ha 2-my erami ocHOBY CcTOIIy OYJO PO3TOILIEHO Yy
meui eIeKTpoonopy; mo Hei qogano P3M; micyisg posunHeHH iX 3AilicHe-
HO mepeMiIryBaHHA po3Tomry Ta HarpiBauua 1o 1093 K. Posron 6y.io me-
pemimiano Ta BurpuMano 10 XB. 3a maHOI TeMIlepaTypu. 3 OIepP:KAHOr0



BACTOCYBAHHSA IHOAVKIIIMHOTO TOILJIEHHS TA MATHETHOTO ITOJIST 239

CTONY BUT'OTOBJIEHO BUIUBKHU 0e3 (KOHTPOJBHUU CTOI) Ta HiJ Ai€o moc-
TiAHOTO MarHeTHOrO I10Jisd. BeJlmumHAa BILIMBY MAarHETHOI'O IOJIS Ha PO3-
TOII IIiJf YaC OXOJOIKEHHS Ta TBEPAiHHA XapaKTepuayBaJsacsd UUCIIOM
T'aprmana (Ha), 1110 BU3HAYa€ CIiBBiIHOIIIEHHA MArHeTHOI Aii Ha MeTas
i #ioro ryctunu Tta B’askoctu [17]. Ias korTposabHOTO cTonny Ha =0, a
nig sruBoM Mot Ha =13,6. MeTaJs 0X0JIOAKYBABCA 3i IIBUAKOCT IMU
(v)y4,10i30K/c.

Cepenniii posamip sepen 0yino BusuHaueno 3rigao 3 I'OCT 5639-82.
AHajisy BIIIMBY MarHeTHOTO IIOJIA Ha IIePepo3IIoaiJ KOMIOHEHTIB v 3e-
PHaX OCHOBM BUKOHAHO Ha cTomi, ogep:kaHomy i3 v=10K/c. [lna anai-
34 TIepepis 3epeH, IO BiAIIOBilaB cepegHHOMY 3HAUEHHIO PO3Mipy, BU-
INMOMY Ha MOBepxHi 1muaida, 0ysIo po3aiserno Ha 2 30HU — IEHTPAIbHY
Ta nepudepitiny. Ilepudepiiina 3oHa oxonaBaIa IeHTPAJIbHY Ta MaJja
TOBIIUHY ¥ 3 MKM BiZl MeiKi 3epHa.

KommonenTu cTrony 6yiu po3aijieHi Ha Ipymnu gisd-, mapa- Ta epoma-
THETUKiB B 3aJIe2KHOCTI BiJl BeIMUMHY IXHBOI MArHETHOI CIPUHAHATIUBO-
CTH JIJISI TBEPAOTO CTAHy 3 METOI0 BUABJIECHHSA 0COOJIMBOCTEH BILJIMBY Ma-
THETHOT'O II0JIA Ha IIePepO3IoIil eJIeMeHTiB y 30HaxX 3epHa. Poaronu Al 3
P3M 30epiraroTs mapamMarseTHi BJIACTHBOCTI 3aBAAKH MiKpOYI'pyIIo-
BanuAM. ToOTO peuoBUHA, AKa MaJia IIapaMarHeTHi BJIaCTUBOCTI 3a KiM-
HATHOI TeMIlepaTypu, 36eperia mapaMarieTusM y MiKpOyrpyIoBaHHAX
B posTomni HaBiTh 3a meperpisis 10 1900 K [16]. lani mo marueTHUX BJIa-
CTHUBOCTSAX €JIeMEeHTIiB y PiAKoMy cTaHi BeabMu obme:keHi. Tomy miasa
OIIiHKM BILJIMBY MarHETHOIO II0JISI HA IePepOo3II0aijJ KOMIIOHEHTIB Y PO3-
TOIIi, IO OXOJIOJYKYETHCA 1 TBepAHEe, OyJI1 BUKOPUCTAHI 3HAUEHHSI MAar-
HETHOI CIPUUHATINBOCTH () KOMIIOHEHTIB IJIA KiMHATHOI TeMmIepary-
pu3[18] (Si—[19]). Iasa Fe, 110 € pepoMarieTuKoM 3a KiMHATHOI TeM-
mepaTypu Ta ImapaMarHeTHKOM 3a TeMmepaTryp Bulle Touku Kiopi, y 3a
KimHaTHOI Temneparypu B3aTo 3 [20], a 3a 1273 K — 3 [21]. Bamizo y
mapaMarHeTHOMY CTaHi Ma€ CIIPUNHATINBICTD, AKa 3HAUHO IIePEBUIITYE
III0 XapaKTePUCTUKY iHIITNX KOMIIOHEHTiB CTOIIY, i TOMY BOHO BiAIijIeHO
B OKpeMy I'pyIly BijJ nmapamarseTukiB. MarueTHi BJIaCTUBOCTI KOMIIOHE-
HTiB OIliHIOBAJINCA UYepe3 MOJbHY MATHETHY CIIPUNHATINBICTDL, 3SHAUYCH-
HS AKOI B3ATO OesmocepeqHbo 3 AKepesa abo 3BelIeHO A0 Hel 3TigHO 3
dopmynaamu [18]. Kpim posmozmisy 3a MarHeTuaMoM, KOMIOHEHTHU OyJu
BiIOKpeMJIeH] 3a XapaKTepoM BMIiCTy iX y 30HaX 3epHa: Iepima rpyma — Ti,
1110 YTBOPIOBaJIM po3urH B Al B ychomy 00’ eMi 30HU 3epHAa, a Apyra— Taki,
10 BUABJIAJINCS TiJTBKU B JIOKAJIBHUX 00’€Max (IPOTAKHICTIO y =1 MKM)
o.-TBeporo posumuy Al.

Maruetse nosie, Ax 3a3HaueHo B [11], BimBae Ha KoeditienT qudy-
3il KOMIOHEHTAa B CTOIIi, IIIO OXOJOMMKYETHCA Ta TBepaue. Toii, 3rigHO 3
Bimomoro popmysoio Crokca—AniHmTaiina, 3ajJeXUTh BiJ pagiroca aTo-
Ma KOMIIOHEHTa, a PaJiloc aToMa IIOB’A3aHUi 3 aTOMOBOIO Macomo [22].
Tomy BiporigHuo, aisg MarLEeTHOIO IOJIS MOXKe OyTH 3B’ A3aHa 3 PaJilocoM
aToMa Ta fioro Macoo. SIKk BigsHaueHo B [12], epeKTUBHICTH BILJIUBY IIO-
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JIS 3aJIEKUTH BiJ KiJIbKOCTH HOOABKH B CTOHi. 3B’SA30K MiK BILJIMBOM
MarHeTHOT'O MO0JIsI Ha KOMIOHEHTH CTONY i iIXHIMM MarHeTHUMM CIIPUM-
HATJUBOCTSAMU, ATOMOBUMH MacaMu 1 pajitocamMu Ta KiJibKicTio B cTormi
OyJio IIpoaHAJi30BAaHO 3a JOIIOMOI'OI0 OI[iHKM MOHMMKEeHHs abo miaBu-
IIeHHA BMiCTY KOMIIOHEHTa CTOIY B ychoMy 00’emi 3epHa. I[1o ominky
3aCHOBAHO Ha KiJIbKiCHUX JaHUX MiKPOPEHTI'€HOCIEKTPaJbHOI aHaJ i3’
BMiCTy KOMIIOHEHTiB y 30HaX 3epHa. JlaHi mo 3HaueHHAX pajilociB aTo-
MiB i ixHiX Mac B3aTO 3 [23]. XapaxkTep po3moAily KOMIOHEHTIB, IO
yTBOpPIOBAJIU po3unH B Al, B 06’eMi 30HU 3epHA MiK IIeHTPOM 3epHA Ta
oro mepudepiiiHoid 30HOI OyJIO OI[iHEHO 3a BEJIUYHHOIO I'DAieHTY
koHmentpanii: AC/l [% at./mMEM], e AC — PiKHUILSA MiK cepegHiMu
3HAUYEeHHSAMHU BMiCTy KOMIIOHEHTA B IIeHTPi 3epHa Ta Ha iioro nmepudepii
[% art.], | — Bigmanab, Ha AKil Bigbyiaca sMiHa KOHIIEHTPAIil KOMIOHEe-
HTa (mpubsusHo 1/2 cepelHLOr0 po3Mipy 3epHa) [MKM].

3. PE3YJIbTATHU TA IX OBTOBOPEHH S

B cTpyKTypi JuTHMX cTOHmiB, Ofep:KAHUX 3a BCiX IIBUIKOCTEN 0XO0JIO-
MKeHHA 0es3 i mig miero mocTifiHOro MarHeTHOTO MOJISA, CIOCTepiraamncs
3epHa o-TBepaoro posunny Al, mepBuHHI iHTepMeTaJ iy I eBTEeKTHUYHA
CKJIamoBa. 3i 3pOCTAHHAM IIIBUAKOCTH OXOJOMKEHHS 3Pa3KiB KOHTPO-
JIBHOT'O CTONY CepenHiil posmip 3epHa 3ameHmuBcA (puc. 1, Tada. 1). 3
rabauiii 1 BugHO, o iz v=4 K/c B cTPYKTYypi CTOIIY YTBOPUINCA KPYITHI
3epHa, i3 30iMBbIITeHHAM IIIBUIKOCTH OXO0JomKxeHHa v 2,5 pasu (10 K/c)
cepenHil poamip 3epHa sameHmmuBcay 2,1 pasu i Bigmosigas piBHIO cepe-
IHiX 3a posmipom 3epewn sriguo 3 'OCT 5639-82. ITomanbiiie 3pocTaHHS
vy 3 pasu (30 K/c) 3abesmeunio popMyBaHHSA APiOHUX 3€epeH 3i 3MeH-
IIeHHAM IXHBOTO po3Mipy B 1,5 pasu.

3acTocyBaHHA B AaHiit poboTi MmogudikaTOpiB y 3MEHINIEeHiN KiJbKoc-
Ti CyMiCHO 3 BILJIMBOM CIIEIIisIIbHO OPTaHi30BAHOIO B MarHeTOAMHAaMIiU-
Hilf yCTaHOBIII 3MiHHOTO €JIEKTPOMAarHeTHOT'O0 BILJINBY YMOKJINBUJIO
omep:xaTu sepHa mopaaky 10—40 mxm (quB. Tada. 1).

TABJIAILSA 1. Brius MIBUAKOCTH OXOJIOMMKEHHA Ta IIOCTiHOTO0 MATHETHOTO OJIA
Ha po3Mip 3epeH o-TBepAoro posunuy Al ax ocHosu cromy cructemu Al-Cu—-P3M.

TABLE 1. The effect of a cooling rate and a constant magnetic on the sizes of
a.-Al solid-solution grains, which are a base of AlI-Cu—-REM-system alloy.

Poswmip 3epeH, MKM

v, K/c
Ha=0 Ha=13,6
4 36,0+ 2,9 22,8+ 2,1
10 17,1+1,6 11,5+1,0

30 11,6 +1,3 11,0+£1,8
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Haxmamanua mocTiAHOTO MAarHETHOrO ITOJIS Ha PO3TOIl Hijx uac foro
OXOJIOMKEHHA Ta TBEPIiHHA YMOMKJIUBUJIO 3MEHIIIUTHY CepeaHiil po3mip
sepuaizv=4i10K/c B mopiBHAHHI 3 KOHTPOJLHUM CTOIIOM 34 aHAJIOTi-
yuux ymoB B 1,6 i 1,5 pasu BignmosigHo. 3i 36iJbIIeHHAM IIBUIKOCTH
oxomomxeHHsa g0 30 K/c epekT mogpiOHeHHA 3epeH Y MArHETHOMY IIOJIi
60yB sHauHo MeumuM — 1,1 pasu (gus. puc. 1 i Ta6xa. 1). Tak, 3a 3acro-
CYBaHHA il MarHeTHOTO IOJIA 3a0e31MeuyeThbCcsa MOAPiOHEHHA KPYIHUX
3epeH 1 HAOMMKEeHHA IXHiX po3MipiB M0 piBHA cepenHiX Ta oJep KaHHs
JIpiOHUX 3epeH B CTOII 3a MIBUAKOCTU OXOJIOJKEHHSA, B 3 pa3u MEHIII ! y
MOPiBHAHHI 3 KOHTPOJbHUM cTOIOM. 3 Tabuili 1 BumiInBsae, 1o Jid mo-
CTifTHOrO MarHeTHOTO IIOJIA Ha KPYITHi 3epHa 61u3bKa 10 eeKTy Bif 36i-
JIBINIEHHS ITBUAKOCTH oxoJomkenua 1o 10 K/c.

Amnajiza meHTpaJbHOI 30HU 3epeH MoKasaja iJeHTUUYHICTh XeMiuHOT0
cKJIamy ITux 06’eMiB KOHTPOJIBHOrO i1 06pobaeHoro MetamuiB (TabJr. 2).

Puc. 1. Crpyxrypa crony Ha ocHoBi Al-Cu-P3M, ozep»kaHOro B yMOBax:
v=4K/c— Ha=0(a), Ha =13,6 (6); v=10K/c— Ha=0 (8), Ha=13,6 (2);
1—3epHa a-TBepaoro po3unny Al, 2—eBTeKTUKa, 3— iHTepMeTaIis.

Fig.1. Structure of the Al-Cu-REM-based alloy obtained in conditions:
v=4K/s—Ha = 0 (a), Ha = 13.6 (6); v=10K/s—Ha=0 (8), Ha=13.6 (2);
I—a-Al solid-solution grains, 2—an eutectic, 3—an intermetallic compound.
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TABJIAILA 2. OcobmuBocTi po3moaiay KoMIOHEHTIB cTomy cuctemu Al-Cu-P3M
B 3epHaX 0T0 OCHOBU — (i-TBepAOro po3unny Al, onepsxanoro 6es ta mij aiero ma-
rHeTHOTO MostA i v=10K/c.

TABLE 2. The distribution features of the AI-Cu—-REM-system alloy compo-
nents in the a-Al solid-solution grains, which are the base of the alloy, ob-
tained with and without magnetic-field action at v =10 K/s.

Hianason KoHmneHTparii, % ar.

KomnouneuTn

XapakTep po3moniay

Ha=0

Ha=13,6

IlenTpanbHa 30HA 3epPHA O.-TBEPAOTO po3unHy Al

YTBOPIOIOTH po3umH B Al Cu 0,38-0,66 0,35-3,59
06’emy 30HT 3epHA Mn 0,17-0,23 0,05-0,21

Fe 0,005-0,060 0,019-0,140
MicTaTbea y TOKAJIbHUX Pb 0,022-0,023 0,009-0,094
MiKpo0o6’eMax a-TBEPAOTO 7n _ 0,009-0,07
posuuny Al 30HU 3epHA

Sn 0,017-0,045 0,016-0,021

Zr 0,01-0,014 -

La - -

Pr 0,001-0,007 -

Nd - 0,001-0,063

Ce 0,001-0,024 0,001-0,160

Ilepudepiiina 30Ha 3epHa o.-TBEPAOTro po3unHy Al

VYTBOpPIOIOTH po3unH B Al Cu 0,50-0,67 0,50-1,17
06’emy 30HM 3epHA Mn 0,14-0,18 0,17-0,21

Fe 0,001-0,066 0,02-0,102

Pb 0,011-0,035 -

Sn 0,018-0,040 -
MicTaTbCa Y TOKAJIBHUX Pb - 0,001-0,061
MiKpo06’emax a-TBEpAOTO Zn 0,001-0,023  0,001-0,012
posuuny Al 30HU 3epHaA

Sn - 0,015-0,020

La - 0,001-0,046

Pr - -

Nd 0,001-0,009 0,004-0,022

Ce 0,001-0,047 0,001-0,125

Poszocepemxeni mo ycbomy 00’emy komnoneuTu (Al, Cu, Mn i Fe) Bin-
Hocuaucs g0 I rpynu. JlaHa 30HA KOHTPOJIBHOIO CTOIY MiCTHJIA TAKOMK Y
JIOKAJbHUX MiKP000’eMax, KpiM BKasanux ejemenTtis, Pb, Sn, Zr, Pri
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Ce (II rpyna). B o6pob6aeHomMy MarHeTHHM IIOJeM METAJi IIi JIOKaJbHi
00’emu qomaTkoBO MicTuau Zn i Nd 3a BigeyrHocTu Zr i Pr. Ilepudepiii-
Ha 30Ha KOHTPOJIBHOTO CTOIIy CKJIagaJjacs 3 I rpynu exemenTis i e Pb
Ta Sn. 115 30HA TeK MaJia JJOKaJIbHI MiKp0o00’eMu, 110 MiCTHIN Y CKJIami
mopaTroBo Zn, Nd i Ce. B cromi, nigmamomy mii mossa, Pb i Sn nepeiinnin
no II rpynu egemMeHTiB — y JIOKaIbHI 00’eMu o-TBepgoro posuuny Al,
AKi nogaTkoBo MicTuau La (guB. Tabi. 2).

AxK cBiguaTh mami Tada. 2, MarHeTHe I0J€ CKJIASHUM UYMHOM IIOJ1AJIO
Ha KOMIIOHEHTHU CTOIIY: IJIsI OOMHUX AifAMa30H KOHIIEHTpAaIlil po3IIupuB-
cs, mJisa iHnmux — 3BysuBcs. IIpucyrHocTu Si Ta Ti B 3epHax Bcix 3pas-
KiB cTony He BuABJeHO. 1li eJleMeHTH 3HaXOAUJINCA B iHTepMeTaIilax.

3 ypaxyBaHHAM JaHUX Ta0J. 2, g KOKHOIO 3 €JIeMEeHTiB, II[0 MiCTH-
JuCcs y 3epHax gocJaigHoro cromy (ocHoBa sepHa Al — mapamarLeTuk,
x=16,7-10"° m3®/KM01B), 6yJI0 HAHO OLIHKY 3MiHM IXHBOI KiJIbBKOCTU B
00’eMi 3epHa B IiJJOMy 3a PO3TaIIyBaHHA e€JIEMEHTIiB Yy IOPSAAKY 3pOcC-
rauHda y. Ha mei pag 0yjio HaKJIaZeHO XapaKTePUCTUKY iXHiX aTOMiB —
M, ir, a TaKoXK KOHIIEHTpAIlil0 KOMOOHeHTa B cTormi (Tabdi. 3). Bigomo,

TABJINIIA 3. Oninka BIJIMBY IIOCTiTHOTO MArHETHOTO IIOJISA Ha 3MiHY BMicTy
KOMIIOHEHTIB y 3epHaxX o-TBepAoro po3unHy Al — oCHOBM CTOIy cuCTeMU
Al-Cu—P3M B zajesxHO0CTi Big hisnuHNX XapaKTePUCTUK KOMIIOHEHTiB 3a oje-
psxanua cTomry B ymoBax v=10 K/c.

TABLE 3. Assessment of a constant magnetic-field effect on the change in the
content of components in the grains of the a-solid solution of Al, which are
the base of the AlI-Cu—REM-system alloy, depending on the components’
physical characteristics, under alloy preparationat v=10K/s.

Maruetuku KoMmoneHT BCI;"I(I)(;I'I;,Y 3X'109’ M, - |ra107, ?11:1,1 :ﬁvﬁ[lgr?;{o:a;
% ar. M3/KMOJIb | 8.0.M. M B sepHi
oisa- Pb 0,016 -24,9 207 175 IIOHU3UJIaCHa
7Zn 0,002 -10,3 65 139 HigBUIUIACS
Cu 1,860 -5,4 64 128 HigBUIUIACS
Sn 0,001 -3,7 119 158 MMOHU3UJIACS
mapa- La 0,770 112 139 187 OigBUINUIACS
Zr 0,001 121 91 160 MOHU3UJIACT
Mn 0,189 549 55 130 HOHU3UJIACA
Ce 1,782 2427 140 183 OigBUIMUIACST
Pr 0,172 5323 141 182 HOHUB3UJIACT
Nd 0,360 5640 144 185 nigBuiuaacs
depo- Fe 0,166 3582 56 126 i ABUIITUIIACS

3a 1273 K 12860
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10 JiAMAarHeTUKN BUIITOBXYIOTHCA 3 MAarHeTHOTO IIOJIsS, a ImapaMarHe-
TUKHU BTATYIOTHCS Y HBOT'O. 3epHA OCHOBHU CTOITY MalOTh HEBUCOKI Imapa-
MarHeTHi BJaCTUBOCTI, IO CIPUAIO AeTKOMY HiJCUIeHHIO 30BHIIITHLOTO
MAarHeTHOTO II0JIA IIiJ] Yac OXOJIOM:KEeHHS Ta TBePAiHHA posTony. K Bu-
JHO 3 JaHUX TabJi. 3, MardeTHe IMoJie BUKJINKAJIO IOHMKeHHa BmicTy Pb,
10 XapaKTePU3YEThCA HANOLIBIINM AiIMATHETH3MOM cepel, YCiX KOM-
noHeHTiB cromy. Bmict Fe sk HaiOiJbII CHIBLHOIO MArHETHUKA IIiABU-
MIUBCA B 3€pHAX OCHOBU IIiJi BIIMBOM MarHeTHOro mojid. Hiad iHmmx
KOMIIOHEHTIB CTOITy, IO 3a CBOEI0 MAarHETHOIO CIPUUHATINBICTIO PO3-
TaIllOBaHI MidK IITMMU eJIeMEeHTAaMU, Jis MarHeTHOI'O II0JId Ha IXHIi BMicT
B 3epHAaxX cToImy € cKkiaagHoio. [iamaraeruku Cu i Zn MaioTh BeJIbMU O0J11-
3bKi 3HAUueHHA M, i r,, AKi Bigmosiguo B 3 i 1,3 pasu MeHIIIi 3a IOKa3HU-
Ku Pb. B marserHomy moJi a3miza iIXHROI0o BMIiCTY B 3€pHAaX CTOIIY € IIPO-
THUJIEKHOI0. BILine MaruerHoro mojs Ha Sn 0ye anasoriuaum Pb. Mar-
HeTHAa COPUHHATINBiICTL Sn mepeBuinye ieii moxasuuk Pb B 6,7 pasu,
aToMoBa Maca MeHIre B 1,7 pasu, a aTOMOBUH pamitoc 6IU3bK U — CHiB-
BigHomenusa sHauews r, Pb 1o Sn ckixagmae 1,1. Cepen mapaMarHeTHUX
KOMIIOHEHTIiB CTOIIY BUALJIMJINCSA 'PYHN €JIEMEHTIiB, YV AKUX BMIiCT y 3ep-
HaX CTOIlY 3MeHIIINBCA; e — Zr, Mn i Pr; y pemitu enremenTis — La, Ce i
Nd — migBumnmuscs. EnemenTu, unii BMIiCT y 3epHAX 3MEHIIIUBCH, OyJIX
mpucyTHi B cromi y KimbkocTi mo 0,2 % ar., a Tux, 110 30iJbITUBCS, Ki-
JbKicTh y cTomi 6yaa go 2,0 % ar.

KomnoneunTu Zr i Mn MamoTh MEHIIII MAarHeTHiI CIPUNHATJINBOCTI,
aTOMOBY MacCy Ta pagiloc y Ipymi mapamaraeTukis mopiBasauo 3 Ce i Nd,
YUl BMIiCT y 3epHax 30iJbIIuBCsa. B rpymax KOMIIOHEHTIB 3 PisHUMU
3MiHaMM BMicTy B 3epHaxX CTOIy OyJau mpuCyTHi KommoHeHTHu La i Pr,
AKi 3a IXHIMU XapaKTepUCTUKAMU MaJl 3HAXOAUTUCH Y IPOTUJIEIKHAX
00’exmanHax. [[yis La € He306ir 1mo y, a 1yid Pr— aK mo y, Tak i mo M, i 7.
Biporiguo, y Bunaaky La nigBuIlieHHS H0Or0 KiJIbKOCTH 3yMOBJIEHE THM,
10 #oro aToMoBi Maca Ta pagitoc y 1,2-2,5pasu i 1,2-1,4 pasu Bigmo-
BiHO mepeBUINYIOTEH aHaJoTiuHi mokasHuKy Zr i Mn i € Ha piBui Ce i Nd.

KommonenT Pr xapakTepusyeThbCcsi MaJIIM BMiCTOM y CTOIIi Ta 3a BH-
COKHMX 3HAYEHb ), M, Ta r, I0r0 BMIiCT y 3epHaX CTOITy 3MeHIITuBcA. Kpim
TOro, AK MOKAas3alii Pe3yJbTaTH MiKpPOPEHTI€HOCIEeKTPAJIbHOI aHaIi3u
NEepPBUHHUX iHTepMeTaJiAiB, III0 YTBOPUJINCS IIiJl YaC OXOJIOAKEeHHSA Ta
TBEPIiHHS B CTOIIi, HiJ Ai€0 MAarHeTHOT'O IOJISA KijbKicTh La B HUX 3Me-
HIINWJACh, a Pr — migBuIimuiaacsk, i, BiITOBiIHO, B 3epHAaX CTOIIY IS TEH-
IeHIlia 0yJIa IPOTUJIEKHOIO.

CrocoBuo KommoueHTiB Ti Ta Si, aKuxX He 0yJI0O BUSBJICHO B 3epHAX
CTOIly, MOKHA 3pOOUTH IPUNYINEHHS, 1110, AKIIO B PAAY IIapaMarHer-
Hux KommoHeHTiB Ti posrtamyBaBcs mik Zr i Mn mo y (161-10°°
M3 /KMOJIB) 1 7, (146-10712 M), a mo M, (48 a.0.M.) — IpUIErJuii 10 HUX,
TO, BiporigHo, miss MarHeTHOr'o IIOJIsI HA HLOro OyJjia aHajorivyHa UM
KoMmOoHeHTaM. ¥ pasi BimcyTHOCTH  Ti B 3¢epHAX KOHTPOJBHOT'O CTOITY ITiJ
JIi€ef0o MarHeTHOT'O IIOJIA TaM HMOro BMiCT 3a He3HAUYHOI KOHITeHTpAaIllii B
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cromi (0,094% art.) migBumuTHCA He 3Mir. 3a BILIMBOM MarHeTHOTO II0-
JIs Ha Si cuTyallia HeoqHO3HAUHAa. 3a CBOEI0 MArHETHOIO CIIPUHAHATINBI -
crio (-3,9-10°° m3/Kmoas), r, (13410712 M) i BmicTom y cromi (0,125%
ar.) 1meil KOMIIOHEHT po3TaIloBaHuil Misk Sn i Cu, uua KiJgbKicTh y 3ep-
HaX CTONY 3MiHIOETHCA IMIPOTUJIEIKHO ITIiJ] BIJIMBOM MATHETHOT'O IIOJIs, a
mo M, (28 a.o.m.)— mpuierauii 1o Cu. B 3epHax KOHTPOJIBLHOTO CTOITY Si
He 0yJ0, i 3a Aii MarHeTHOrO II0JIs BiH He OyB BUABJEHUN y 3epHi. [ia
BUABJEHHS 0COOJUBOCTEN IMepepos3Iofiay Si moTpibHe BpaxyBaHHSA Ta
momasbllle JOCTiIKeHHs iHIITUX 0COOJIMBOCTEH ITHOT0 eJIeMeHTa, HallPH-
KJIaJ 3MiHM HOT0 eJJeKTPUUYHUX BJIACTHUBOCTEN: HAIIiBIIPOBiIZHUK Y TBEp-
JIOMY CTaHi Ta IIPOBITHUK y PiIKOMY.

BuszmaueHHsa r'pafieHTYy KOHIIEHTpAIlili KOMIIOHEHTIiB, III0 YTBOPIOIOTh
po3uuH B 00’emi 30H 3epeH, —Cu, Mn i Fe, — sIK KOHTPOJILHOT'O METAaJY,
TakK i 00pobIeHOro mMoJIeM, 1 MalOTh OMM3bK1 3Hauenus M, i r, Ta gyxe
pisHATHCA WO y (AuB. TabJ. 2) MOKasaJo, 10 Y KOHTPOJILHOMY MeTaJri
rpagieHTu posmnominy aiamarmeruka Cu i ¢gepomarreruxa Fe maioTh
OPOTHUIECKHUM 3HAK BifHOCHO mapaMarueTuka Mn (TabJ. 4).

3a 00po0JIeHHA PO3TONY MATHETHHUM II0JEeM IIiJ Yac OXOJOMKEeHHA Ta
TBepAiHHA BimOyiacsa sMiHa HanpsaMKiB I'paJieHTiB KOHIleHTpaIiii mi-
AMarHeTHKa Ta mapaMarLeTnka Ha npormiaeskHi. Ilicaa mbporo rpagieH-
TH KOHIIEHTpAIlii mapa- Ta pepoMarieTHOT0 KOMIIOHEHTiB Y MAaTHETHOMY
HOJIi cTaiy OJHAKOBMMU 34 HANIPAMKOM i BEJIMUMHOO. Pi:KHUIIA MiK
BeJIMUNHAMU I'PAJi€HTiB KOHIIEHTPAIlil KOHTPOJILHOTO CTOMY i1 00po0b.Jie-

TABJINIA 4. BniuB mocTifiHOr0 MArHETHOTO ITOJISI HAa MePEepPO3IOIiJ KOMIIO-
HEHTiB, III0 MicTATHCA B 00’€Mi 30H 3epeH a-TBepaoro posunny Al cromy cucre-
mu Al-Cu—P3M, oxoaomxenoroizv=10K/c.

TABLE 4. The effect of a constant magnetic field on the redistribution of the
components, containing in a zones’ volume of a-Al solid-solution grains of
Al-Cu—-REM-system alloy solidified at v=10K/s.

KomnouenTn Cu Mn Fe

Marumetuxu misa- mapa- depo-

Cepenus KOHIIEHTPAIlid KOMIIOHEHTA B IIeHTPi 3epHAa, % ar.

0 0,53 0,19 0,03
Ha
13,6 0,95 0,16 0,04
CepenHdA KOHIIEHTPAI[isT KOMIIOHEeHTa Ha mepudepii s3epHa, % art.
0 0,57 0,16 0,04
Ha
13,6 0,85 0,19 0,07
I'panienT KOHIEHTpAIII] KOMIIOHEHTA B 3epHax x1073, % ar. /MKM
0 4,7 -3,5 1,2
Ha

13,6 16,0 4,8 4,8
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TABJINIIA 5. BuiuB mocTifiHOr0O MarHEeTHOTO IOJA Ha AiANa3oH KOHI[eHTpa-
il KOMIIOHEHTiB, IO MiCTHJINWCA B JIOKAJLHUX MiKpoo0’eMax 30H 3epeH O-
TBepmoro posumHy Al cromy cucremu Al-Cu-P3M, oxosomxenoro is
v=10K/c.

TABLE 5. The effect of a constant magnetic field on a rate of the components,
containing in a local microvolume of the of a-Al solid-solution grains’ zones
of AlI-Cu—REM-system alloy solidified at v=10 K/s.

KomnouenTu Pb ‘ 7Zn ‘ Sn Zr Ce

MarueTuknu Iisi- napa-

Pi:kHMIISA BMicTy KOMIIOHEHTa MiK MOT0 MAKCUMAJBHUM i MiHiMaIbHUM
3HAUYEeHHAMU (3a faHUMU TabJ. 2) B IIeHTPaJIbHil 30Hi 3epHa, % ar.

0 0,01 0 0,028 0,013 0,023
13,6 0,09 0,061 0,005 0 0,159

Pixxanig BMicTy KOMIIOHEHTa MisK 10TO MaKCUMaJIbHUM i MiHIiMaJIbHIM
3HaUeHHAMU (3a fanmMu Tabj. 2) B mepudepiiiuiii 30Hi 3epHa, % at.

0 0 0,022 0 0 0,046
13,6 0,06 0,011 0,05 0 0,124

Ha

Ha

HOI'0O IoJieM 30iJbInuiacsa AJA BCiX THUIIIB MarHeTHKiB B 3,4 pasu I
nisg-, B 1,4 pasu anaa mapa- i 8 4,0 pasu gia pepomMarHeTukra BiAmoBigHO
(muB. Tabm. 4).

IlopiBHAHHAM PiMKHUII MijK MaKCHUMAaJLHOIO i MiHiMaJIbHOIO KOHIIEH-
TpamisaMy KOMIIOHEHTIB, III0 MiCTHUJINCH ¥ JOKAJbHUX 30HAX O-TBEPIOTO
posumnay Al y meHTpaabHiM i mepudepiiiniii 3oHax 3epHa (HuB. Tabda. 2)
BUSABJIEHO, II[O IIiJ BILIMBOM II0OJIsI HaiOiJBIN 3HAUEHHS PiKHUIL KOH-
nenTtpaniii 6yau y Pb i Ce. Cepen Bcix KoMmoHeHTiB Apyroi rpynu Pb
Mae HaWiMeHIIy y Ta Haioiabii M, i r.. llepiit xapakTepusyBaBcs BUCO-
KUMU BMicTOoM y cTomi, ¥, M,ir,(Tabu. 5igus. Tabmu. 2).

A BugHO 3 TabJ. 5, mig BOIIMBOM MAarHeTHOTO IIOJSA AisSIa30HU KOH-
IMeHTpaIiil y IeHTPaJbHil 30H1 3epHa PO3MINPUJINCH ¥ IIOPiBHAHHI 3 KO-
HTPOJILHUM CTOIIOM, KPiM ZT', OCKiJIbK U I0JIe CIPUAJIO 3MEHIIIeHHIO oT0
BMicTy B 3epHi (guB. Tabxa. 2). ¥ mepudepiiiHiii 30HI 3epHa TeHIEHITid
POSIIUpPEeHHA AiAna30Hy KoHIileHTparliii Pb, Sn i Ce 36eperyace, a Zn —
3BY3UJIaCh, OCKIJILKY HOTr0 OCHOBHA KiJMbKicTh OyJia 3ocepe:keHa y MiK-
poob’eMax IeHTPAILHOI 30HY 3epHA.

4. BUICHOBRH

IToxazaHno, 1110 i3 3acTOCYBAHHAM 3BUYANHUX IIIBUIAKOCTEH OXOJIOMMKEH-
Hay 1-10 K/c ogep:xamua api6HOro 3epHa OCHOBU CTOIY Ta BILJIUB Ha
PO3mOIiTI KOMIIOHEHTIB € YCKJIaZHEHMMHU. 3aCTOCYBAHHS CIEIisaJbHO



BACTOCYBAHHSA IHOAVKIIIMHOTO TOILJIEHHS TA MATHETHOTO ITOJIST 247

OpPraHi30BaHOT'0 3MiHHOT'O €JIeKTPOMAarHeTHOIO IIOJIA HiJ uac iHgyKITin-
HOT'O TOILJIEHH A I 00p00JIeHHA PO3TOIY Y MAarHeTOAMHAMIUHii ycTaHOBITI
€ e()eKTUBHUM 3acOoO0M [Aii Ha PO3TOI 3a TeMIIepaTyp, 3HAUHO HIKUYUX
3a peKoMeHaoBaHi Temmeparypu. IlocriliHe MarHeTHe moJe COPUSIE ic-
TOTHOMY HOAPiOHEHHIO 3ePeH i BIJIMBA€ HA BMIiCT KOMIIOHEHTIB y HHUX.
i mond € cKJIaJHOIO i HeO0CTaTHHO BUBUEHOIO.

Bceranosieno, 1o ogepsxanusa crony cucremu Al-Cu—P3M y aBa era-
nu: 1)— Buronka ocuoBu crony (cuctemu Al-Cu) y marmeroguaamMiaHii
YCTAHOBIIi IIiJ €0 CIEeniAJIbHO OpraHidoBaHNX 3MiHHUX eJIEKTpoMar-
HeTHUX HOoJIiB i 2) — nomaBaHHa P3M 1o ocHOBU CTOITY 3a ITePeTOIJIeHH S
y medi eJIeKTPOOIIopy, AaJI0 3MOT'Y BECTH TOILIEHHsS Ha 1-My erami 3a
3BUYAMHUX IIeperpiBiB posTomy, a Ha 2-My — HOHU3UTU TEMIOEPaTypy
00pobaenHs podTony Ha = 180 K y mopiBHAHHI 3 peKOMEHJOBAHOIO IJIs
JIETOBAaHUX CTOITiB aJIOMiHif0. 3acTOCYyBaHHS MarHeTOTiApOAMHAMIUYHO-
0 00pPOOJIEHH I PO3TONY CIPUIIO OJePyKAHHIO 38 HU3bKUX IIIBUIKOCTEH
oxonomxkenua y 4, 10 i 30 K/c samenmenunit posmip sepua (36,0, 17,1 i
11,6 MKM BiAmmOBimHO) i3 MOHMMKEHUM BMicToM MomudikaTopiB. Hakia-
JaHHS MOCTiHOTO MAarHeTHOT'O II0JISI Ha PO3TOI, III0 OXOJOAMKYBaBCs Ta
TBEPAHYB, YMOKJIHUBUJIO OJEPKATU CTPYKTYPY CTOIY, AKa XapaKTepu-
3yBaJiacsa po3mipom 3epeH y 11,0 MKM 3a HMIBUAKOCTH OXOJOMKEHHS Y
10K /c.

3’scoBaHo, 10 IOCTilfiHe MarHeTHe MOoJie CKJIATHUM YMHOM BILJINBAE
Ha BMiCT KOMIIOHEHTiB B 00’€Mi 3epeH CTOIy, XapaKTep IXHLOTO PO3IMO-
IiJIy MisK IeHTpoM i mepudepieio 3epHa, AiAna3oH KOHIIEHTPAILil Y JIO-
KaJlbHUX MiKpo00’eMax 3epeH, AOCJiAKeHMX Ha CTOIIi 3a IMBUIKOCTHU
toro oxonomkxeHHA y 10 K/c. BmicT ogHMX KOMIIOHEHTiB moJIe TOHMK Y-
BaJIO, iIHIIINX — HiABUIITYBAJO.

3HalIeHo, 110 IIiJ BIIMBOM MarHeTHOro nojad sMmict Pb, — giamarue-
THOTO €JIEMEHTY 3 HAWMEHIIIOI0 MarHeTHOIO0 CIPUUHATIUBICTIO cepen
KOMIIOHEHTIiB CTOIly, — HOHMKYBaBCA B 00’€Mi 3epeH o-TBEpPIOro PO3-
yuny Al, axi MaroTh cirabki mapamarteTHi BiaactuBocTi. Bmict Fe, 110
Mae HafbGiJbIy MAarHeTHY COPUAHATINBICTD, IIiABUITyBaBcA. [1JId perr-
TH KOMIIOHEHTIiB, IKi 3a CBOIMU MarHeTHUMU CIPUAHATINBOCTAMU PO3-
ramrosaui misk Pb i Fe, xapaxkTep 3MiHM BMicTy B 3epHax CTOIy OyB
CKJIQAHUM i IIOB’SI3aHUM 3 iXHBOIO KiJIbKiCTIO y CKJIa[i CTOIIy, MarHeT-
HUMU CIIPUAHATJINBOCTAMI, aTOMOBHMMHI MacaMm i papgirocamu. B pe-
3yJBbTATi B CTOIIi, IITO0 OXOJIOAKYBAaBCA Ta TBEPAHYB Y IOCTiAHOMY Mar-
HETHOMY IIOJi 30iJbIIuancs JeroBaHicTs Kympymom 3epeH cTomy Ta
BmicT La, Nd i Ce B ixHiX JIoKaIbHUX MiKp0o0o6’eMax, Oyja BifCyTHS JIi-
KBaIia mo nepudepii seper jJerkoronkux Pb i Sn.

Bcranosiieno, mio mig BIJIMBOM IOCTIMHOTO IIOJIA 3POCTaB I'PDALiE€HT
KOHIIeHTpAaIlil B 3epHax CTONY MAJs KOMIOHEHTiB, IO YTBOPIOIOTEL TBEP-
Iui po3umH B 06’eMi 3epeH ocHOBU. 11i KOMIOHEHTU € Ay:Ke OJIU3bKUMU
3a BeJIMYMHAMHU iXHiX aTroMmoBuXx pagitocis i mac (Cu, Mn i Fe) i mpexcra-
BJIAIOTH pisHi Tunu marHeTukiB. Hampamok rpagienrty ana mia- (Cu) i
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depomaruerura (Fe) B cromi, axuii He 06pobyeHO MoaeM, OyB OZHAKO-
BuM i mporuiaesxkuuM napamaraetury (Mn). Ilig miero mossa HaAmpsIMOK
I'pafieHTyY KOHIIEHTpAIlill nJdA Aid- i mapaMarHeTuka 3MiHUBCA Ha IIPO-
Tuie:kHU. B pesyabrari epo- Ta mapamMarHeTuk HaOyJIM OJHAKOBUM
HaOPSIMOK I'Pali€HTY, 1110 OYB IIPOTUJICKHUM JiIMATHETHUKY.

Posmiupennsa nisgmasony KOHIEHTPAaIlil MeTaJiB, 10 MiCTHUINCS B JIO-
KaJbHUX MiKpoo6’eMax 3epeH OCHOBU CTOIIY HANOIJLIIMM YHMHOM Bin-
oyJsocsa miia Pb — gisamar"eTuka, 1o MaB HaiiMEHINy MarHeTHY CIPWIi-
HATJUBiCTH i HaMOiJBIIL aToMOBi Macy ¥ pafitoc cepel KOMIIOHEHTiB
CTOIly, a TaKoK HJA mapamMarseruka Ce — KOMIIOHEHTA 3 HAWBUIIIUM
BMiCTOM y CTOIIi Ta BUCOKMMH BeJIMYMHAMY MAarHETHOIL CIIPUHAHATINBOC-
TH, aTOMOBUX MAac i pamirocis.
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Oco6auBocTi mpouecy gerasariii B a-o0aacti cucremu Pd—H
B eKCIIepMMEeHTAJbHIl YyCTAHOBIII AJig cTonmy najagin—Iigporen

O. M. JIro6uMeHKO

Honeyvrkuil HAYIOHANLLPHUL MeXHIYHUL YHi6epcumem,
eya. ITomebni, 56,
43018 JTyuvk, Yrpaina

B po6ori onucano Ta mpoaHasizoBaHo 3MiHK (OPMU KaHTHUJIEBEPY 3i cTomy o.-
PdH. za Ttemneparypu y 240°C 3a q0omoMOroio Bifeosamucy eKCIepUMEHTY.
ExcnepuMeHT BUKOHyBaau Ads KaHTuiaeBepy 3i cromiB o-PdHo,ei0s, «-
PdHo,0198, o.-PdHo,026, o.-PdHo,0326, o.-PdHo,0464, o.-PdHo,0644. KauTumesep 3 of-
HOTO OOKY TTOKPUTHUN MiJHOIO ILTiBKOIO TOBIUHOW y 0,75 MKM, AKa He IPOMIy-
ckae ['igporeH i He BILImBae Ha BeauuuHy (popmoaminu. Hacuuenna nmanagiiio-
BOTO KaHTUJeBepy a0 cromy o-PdH, mpoBoguam B Kamepi 3a mocTiiinoi Temire-
parypu y 240°C. Hani omepskaHUIl CTOI BUTPUMYBAJIU B i30T€pPMiUHUX yMO-
BaXx, IIicJIs YOro ITPOBOAUJIN OSHOCTOPOHHIO Jerasalliio KautuiaeBepy. EKcie-
puMeHTaJbHO 3adiKcoBaHO, IO i3 3miHOIO THMCKY Ha APm, = 0,03, 0,1, 0,15,
0,2, 0,3, 0,43 MIla BesnunHAa MaKCUMaJbHUX BUTHHIB AJIA KaHTUJIEeBEPY 30i-
JabpIryeTbed Big —1,6 o —7,05 mm. BeranoBieHno, 1o i3 gerasaiiieio Iizporemy
Uil KaHTuaeBepy 3i cronis a-PdH, BUruH po3BUBa€THCS 1O ABOX PiZHUX YaCO-
BUX eTamax. Ilepmiuii eTan TpuBae gysKe KOpoTKU uac (9—15 ceKyHn), Xapak-
TEePU3YETHCA MIBUAKUM AOCATHEHHAM MAaKCHMAaJbHOTO BUTUHY KaHTUJIEBEPY.
Hpyruit etan TpuBae 3HauHO AoBire (moHax 100 cexyunm) i BizsHauaeThCa yTBO-
PeHHAM ILJIaTO Ta 3BOPOTHIM pO3IpAMJIeHHAM KaHTuIeBepy. Ilix uac npyroro
eTamy KaHTHUJeBep IIOBEePTAEThCA ¥ BUXiIHUI cTaH a00 JOCATa€ CTAI[iOHAPHOTO
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CTaHY 3 MiHiMaJIbHUM BiIXHJIOM BiJ IOUYaTKOBOTO HOJIOKEHHA. TaKoK 3adik-
COBAaHO, ITI0 CTYIIiHb 000POTHOCTY BUTMHY KAaHTHUJIEBEPY I yac merasairii 306i-
JIBLIIYETHCS 31 3POCTAaHHAM THCKY BOIHIO. BdHaueHo, IIT0 BHYTPIiMIHI rigpore-
HOBi KOHIIeHTPAI[illHi HAIPYKEeHHA, AKi BUHUKAIOTh 3a Aerasarii I'izporeny ai
cromiB o-PdHo,0105, o-PdHo0198, o-PdHo26, o-PdHo,0326, o-PdHo,0464, 0-
PdHo,0644, TepeBUINYIOTh IMPYKHI XapaKTEePUCTHUKU I'PALi€HTHOTO CTOIY O.-
PdH. (200 MIla) i suaxomaTbcsa B iHTepBaii Big 88 no 539 MIla. Ilporiec ¢op-
MYBaHHS MaKCHMAaJIbHOTO BUTMHY KaHTHUJIEBEPY B IIPOIleCi merasarlrii mjis cTo-
miB o-PdH, symoBienuii nudysiiinum Tpancooprom igporeny, mepeposmomi-
JIOM BHYTPIIITHiX HaNpPy:KeHb Yy MJIACTUHI 3a 11 BUruny (pos3npsaMJIeHHs) Ta Bij-
TOBiTHOIO TTepe0yI0BOI0 KOHIleHTpaIlifiHoro moJisa ['igzporeny, 1o 3MiHIOE BHY-
TpimHi ymMmoBu Audysiinoro Tpancnopry igporeny B mapu cromny o-PdHn.

Karouosi cmosa: mamaniii, cron a-PdH., merasariisi, KOHIleHTpaIlisa, rigpore-
HOBi HAIIPy’KeHHA, HAAJIACTUYHICTD.

The article describes and analyses the changes in the shape of the cantilever
made of a-PdH, alloy at a temperature of 240°C with the use of a video re-
cording of the experiment. The experiment is performed for a cantilever
made of following alloys: a-PdHo.0105, o.-PdHo.0198, o.-PdHo.026, o.-PdHo.o0326, .-
PdHo.o0464, a.-PdHo.0644. The cantilever is covered on one side with a copper film
with a thickness of 0.75 pym, which does not allow hydrogen to pass through
and does not affect the magnitude of the shape change. Saturation of the pal-
ladium cantilever to the a-PdH. alloys is carried out in a chamber at a con-
stant temperature of 240°C. Next, the resulting alloys are kept in isothermal
conditions, after which the cantilever is degassed on one side. It is experi-
mentally recorded that, when the pressure changes by APs, =0.03, 0.1, 0.15,
0.2, 0.3, 0.43 MPa, the value of the maximum bends for the cantilever in-
creases from —1.6 to —7.05 mm. As established, during the degassing of hy-
drogen for the cantilever made of a-PdH,. alloys, the bend develops in two
different time stages. The first stage lasts a very short time (9—-15 seconds)
and is characterized by the rapid achievement of the maximum bending of the
cantilever. The second stage lasts much longer (more than 100 seconds) and is
marked by the formation of a plateau and reverse straightening of the canti-
lever. During the second stage, the cantilever returns to its initial state or
reaches a stationary state with minimal deviation from the initial position.
As also recorded, the degree of reversibility of cantilever bending during
degassing increases with increasing hydrogen pressure. As determined, the
internal hydrogen-concentration stresses that arise during degassing of hy-
drogen from alloys o-PdHo.o105, o-PdHo.o198, o-PdHo.o26, o-PdHo.0326, o~
PdHo.0464, a-PdHo.0644 exceed the elastic characteristics of gradient alloy a-
PdH. (200 MPa) and are in the range from 88 to 539 MPa. The process of
formation of the maximum bending of the cantilever in the degassing process
for a.-PdH, alloys is due to the diffusion transfer of hydrogen, the redistribu-
tion of internal stresses in the plate during its bending (straightening) and
the corresponding restructuring of the hydrogen-concentration field, which
changes the internal conditions of the diffusion transfer of hydrogen into the
layers of the a.-PdH, alloy.

Key words: palladium, o-PdH. alloy, degassing, concentration, hydrogen
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stresses, superplasticity.

Ompumano 14 cepnusa 2023 p.; ocmamouH. apisnm —15 cepnusa 2023 p.

1. BCTYII

Marepianu gnsa s6epiranua I'igporeny, 30KpeMa CTOIHM HA OCHOBI maJia-
niro (Pd), BUKOPHCTOBYIOTH AIK €KOJIOTiUHO YMCTi AyKepesa eneprii. I'ig-
poT'eHOBA Aerasallis 3 majajiio € BasKJUBOIO TEMOIO TOCTimKens [1-3],
OB’ sI3aHUX 3 raJyy33io 30epiramHsa Ta mepeHeceHHs [igporeny [4-7],
ajKe maJafiil Mae 3JATHICTh IMOTJIMHATH M yTPUMYBATU 3HAUHY KiJb-
KicTh [izporeny y cBoiit cTpykTypi [8]. 114 BracTuBicTh poOUTH maamii
OJHHUM 3 HMOTEHIIIMHUX MaTepisaaiB mjaa 30epiranua I'igporeny. Bigomo,
1o xeMmiu"a amcopbirisg, abcopbiia i o6’emua Audysisd € BaKINBUMU
nporiecamu B 30epiranui I'izporeny, i 6ys0o BcTaHOBJIEHO, II[0 B3AEMOIis
nanazgito Ta igporeny sajgeXuThb Bil Temaepatypu Ta Tucky [9—10].

Aromu Timporeny mepeposmomilgioThbCs IO 00’eMy Iajgamiio, a aTo-
MapHa KoHIeHTpamnia ['izporeny crae piBHOIO piBHOBaKHi¥M KOHIIEHTPA-
mii, AKa 3aJeKUTh Bi TeMIepaTypu, TUCKY MOJEKYJISIPHOTO BOIHIO Ta
3MiHIOETHCA 3a 3aKkoHOM CuBepTca (Sieverts’ law) [8, 11-12]. Kon1ieHr-
pania I'izporeny B cromi o /P, , Ae Py, — NapniaIbHUR TUCK BOSHIO B
HaBKOJUITHLOMY cepenoBuilii. Tomy, Konu Py, =0, I'igporen y manamii
Mae Oytu BigcyTuiMm. Hacmpaszi 1e He 3aBXKIU CIIOCTEPiraeTbCcs, OCKi-
JIbKU He BPaxXOBYIOThCA KiHETUUHI ¥ 1HITII YMHHWKHA, 110 BILIMBAIOTh Ha
eBakyariio I'inporeny 3 mamagmito [11-13]. Tako:kx HegocTaTHLO IPOBE-
JEeHO JOCJiKeHb JeTaJbHOI JMHaAMiKM Ta MexXaHi3MiB B3aemoxii maJa-
Iifo 3 BogHEeM, AKi Oyiu 6 HeoOXiMHUMMU AJIS MOJIIIIIeHHS MPAKTUIHUX
BJIACTUBOCTEM MaTepisais aisa s6epiranua igporeny.

B pobGori [14] morkasaHo, 110 B mOPOIIKy Ta (oJiii 3 majgagiro mBua-
KicTh mecopOiii I'imporeny obMe:;KeHO IIOBEepPXHEI0, i1 00’€MHiI IPOTOHU
3HAXOAATLCS B PiBHOBA3i, TOAL AK JJd IPOTY 00’ eMHA AU(PY3isd oOMeKye
MIBUAKiCTH qecopOIrii.

Meta mocaimxkeHHs: eKCIIepUMeHTANbHE JOCTiAKeHHA 3MiHU opMu
KauTuiaeBepy 3i crony a-PdH, 3a fioro merasariii B kamepi 3 BogHEM 3a
Temmepatrypuy 240°C.

2. EKCITEPUMEHTAJIBHA YCTAHOBKA IMETOAUKA JOCJIIOKEHD

Hnda mnpoBefeHHA eKCHepMMEHTIB BUKOPUCTOBYBaJIU MOJAEPHiI30BaHY
rizporenmHo-Bakyymuy yctaHoBKy (I'BY) [15], aka mae 3Mory BUKOHYBa-
T JocaimxerHud 1o temaepatypu y 400°C Ta B inTepBaJi THCKiIB BOIHIO
Bix 0,01 MIIa mo 2,5 MIla[15]. Hacuuenua I'inporexom IpoBOAWIN I
3paskiB y popmi minactunu (kauTuiaesepy) (68 x 5,5x 0,27 MM) 3 uncToro
nasuazniro 99,98% .
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TigporenHo-BaKyyMHA YCTAHOBKA BKJIOUAE HACTYIIHI OJIOKHM.
1. Po6oua ramepa (puc.l) mja IpAMOro CIOCTEpPE:KeHHSI (opMo-
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Puc. 1. Poboua xamepa rigporeaHo-sakyymMHoi ycranoBku (I'BY) Ta ii 38’30k
ig inmummu 6imoxkamu: 1 — 3pasok, 2 — Tpumau, 3 — BiIbHUH KiHellb 3paska, 4
— BiKHO, 5§ — KaTeTOMeETEpP, 6 — BimeoKkamepa, 7 — eJeKTPOIid, & — XpoMeJib-
aJIloMesieBa Tepmomnapa, 9 — maTpyook, 10 — xogomauiabHuKu, 11 — Kamepa
najgazgiiosoro ¢ineTpa, 12 — audysiiauii eremenT, 13 — Kopmyc KaMepu Iia-
JaniiioBoro (¢inbTpa, 14 — naTpyOOK AJd 30MpaHHA BigmpaiboBaHOTO rasy, 15
— eJIeKTpomiu, 16 — XpoMeib-aJIloMeJieBa TepMoIiapa.

Fig. 1. The working chamber of the hydrogen—vacuum installation (HVI) and
its connection with other units: I—sample; 2—holder; 3—free end of the
sample; 4—window; 5—cathetometer; 6—video camera; 7—electric stove;
8—chromel-alumel thermocouple; 9—nozzle; 10—refrigerators; 11—
palladium-filter chamber; 12—diffusion element; 13—palladium-filter
chamber body; I14—nozzle for collecting waste gas; 15—electric stove; 16—
chromel—alumel thermocouple.
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3MiH KaHTUJIeBepy.

2. Baxkyymma uacTuHa, 3abe3lmeueHa BAKYYMHHUM IIJIACTHHYACTO-
potopuum Hacocom HBM 1-2. Bakyym y pobouiit Kamepi BifcTe:KyeThCa
TepMmonapHuUM BakyymMmeTpom BT-2A-TI.

3. DBuok HarpiBy 3paska Ii aBTOMATHYHOTO Per'yJi0BaHHS TeMIIepa-
Typu. BJOK MicTUTH eJIeKTPOIliu, XpoMeJjb-aJioMeJeBy TepMomapy,
OpuaajJ BUCOKOTOUYHOT'O peryiaioBaHHa Temiepatypu «TPI[-02 YVuiBep-
caixmaiocy, JIATP, Tupuctopuunii migcuioBad.

4. DBJiok ansa cumocTepekeHHs «in situ» Ta OJd MipAHHA BeJIUYUHUI
OpormHy 3paska. BiH BKJIouae cremisibHe BiKHO pobdodoi Kamepu, Ka-
teromerep (KM-8) i Bimeokamepy.

5. DBuok sb6epirammsa, gudysiiiHoi oumcTKu Ta mojaui Iimporemy.
Ileit 6710k BRIOUaE audysilinuii managiiioBuil pigbTep OUUIITEHHS BOI-
HIO, 0aJI0HU A4 30epiranusA TeXHiuHOro Ta Audys3iiiHO OUUIIIEHOT'O BO-
HIO, CHCTEMY PeIYKTOPiB i BEHTUJIiB, BOIbTMETEP i JabopaTOpHUIl aBTO-
Tpauchopmarop (JIATP).

B pobouiit kamepi I'BY (puc. 1), AKYy BUTOTOBJIEHO 3 0€3II0BHOI TPYyOU
3 Heip:kaBiiHol Kpuni X18H10T, nposoguau gerasaiiito. 3pasok (puc.
1, mosutiisa 1), BUroToBJeHUN 3 Bigmamenoro maianiio (99,98%) y Bu-
rasani Toukoi maactTuHu (68 x5,5%x 0,27 MM) 3 omHOTO GOKY €JIEeKTPOJIi-
TUYHO IIOKPUTOI MiAgi0, OMTHUM TOPIIEM 3aKpilIoBaau B TpuMadi (puc.
1, mosuiisa 2) TakuM YMHOM, 11100 3BepXy OyJjia CTOPOHA 3pasKa 3 MiJHUM
OOKPUTTAM. ¥ TPUMAaUi € OTBip AJId BUBEIEHHSA XPOMeEJb-aJI0MEJJIeBO1
TepMoOIlapu, AKUHA repMeTHU30BaHO eMOKCHUIHOI0 cMO0J0I0. [[oB:KUHAa po-
00uOl YacTUHU 3pas3Ka IIicJjs 3akpimineHHda ckiaagae 60 mmv. IHImi Ki-
Hellb 3paska — BinbHU (3). KBapmose BikHO (4) CAYEKUTD 1A Bidyab-
HOT'O CIIOCTePeIKeHH «in Situ» 3a BiTbHUM KiHIleM 3pasKa miJ uac BO-
HeBOro BILInBY. OQHOYACHO IIPOBOAUIN MipAHHA BEJUYUHU CTPiJI BU-
T'MHY KaHTujiIeBepy KarteroMeTpoM (5). Uepes KBapIiioBe BiKHO 3miHCHIO-
BaJIV 3aIliC BUTHMHY KaHTUJIeBePy Bimeorameporo (6). HarpiBamusa spas-
Ka Ta IiATpUMaHHA IIOCTiAHOI TeMIepaTypu 3iAICHIOBAJIN €JIeKTPOITiv-
yio (7). TemmepaTypa BUMipioBajacsa XpoMeJlb-aIlOMEJIeBOI0 TepMoIma-
poio (8). IpoTu TepmoImapu MigKJIIOUYEHO OO0 IPUJIAAY BUCOKOTOUHOTO
peryaoBanHsa Temueparypu «TPI[-02 VwuiBepcan mitoc». Kepyrouwuii
BUXiJ peryjiAaTopa TeMIepaTypHu IIiAKJIOYEHO A0 BXOAY TUPUCTOPHOTO
mizcuiaoBava, Ha BUXOAU AKOTO IOJAEThCA HANpyra JKUBJIEHHS IJIA
HarpiBawuda neui. [{udysiiitHO ouneHni BoJAeHb II0IaBaJM Ta BigjKauy-
BaJIu 3 pobouoi Kamepu uepes marpy6ok (9). BikHo Ta Buxig repmomnapu
3axXWUIIeHOo BiJ meperpiBy 3a gomomoroo xoaonuiabHuKiB (10). Tuck Bo-
IHI0O BuMipioBaiu mMamomerpoM «IKMB-1¥V» i3 raacom Tounocti 1,5.
Hudysiiino ouunIteHnii BoAeHb OAePIKYBaJIN 3a AOIIOMOI0OIO0 ITajafiiioBo-
ro ¢inbTpa, cxemy AKOro HaBeaeHO Ha puc. 1. TexHiunmit BogeHs moma-
BaJiz B TpyOuacty kamepy (I1) 3 Heip:kaBiiiHOI Kpulli, Ae po3TaIioBaHO
Harpituit 1o pobouoi Temmuepatrypu (400-450°C) nudys3iiiHu eJeMeHT
(12) y Buraazni xamingpa giaMeTpoMm y 2,5 MM i TOBIIMHOIO CTiHKHU Y



256 0. M. JIIOBUMEHEKO

0,1 MM 3 masagitioBoro crony B-2 (Pd83,3Ag15In1,5Y0,2, ne mudppu
micas eleMeHTiB IMOKa3yITh iXHIO KimbKicTh y Bar.%). dudysiiinwii
eJIEMEHT 3aBapeHMWH 3 OJHOT0 KiHIlA, iHIMUM KiHIleM BIaAHUHN y MigHy
TpyoOKRy (MaricTpajipb unmcToro BoAHi0). BomeHsn, 1o npoaudyHayBaB dye-
pes nudys3iliunii eJleMeHT, 301pacThCcA B 30ipHUKY, a4 HOTiM HAAXOAUTD Y
6amonu. Tuck rasy Ha Bxomi y ¢iasrep — 0,1-0,9 MIla, na Buxomi — 0—
0,5 MIla. IIpogyxkTuBHicTh dinbrpa cranosutsh 0,1 MIIa/rox. o Kop-
nycy (I13) KamMepu IpUBaApeHO HNATPYOOK AJIA CKUTAHHS 3aJUIITKOBOTO
rasdy (14). 'BY nmae 3mory B IIMPOKOMY iHTEpBaJIi mapaMeTpiB IPOBOIU-
TH CIIOCTEPEKeHHs «in situ» Ta MipAHHA BUTHHIB KAHTUJIEBEPY.
OCHOBHIi XapaKTepUCTUKU I'iIPOr'eHHO-BaAKYYMHOI YCTAHOBKH:

-  BaJIMIITKOBUM THCK radiB y pobouiit kamepi = 10-100 Ila;

- imTepBai TuckiB Hy y pobouiit kamepi — 0,01-2,5MIIa;

- iHTepBaJ pobounx Temmepatryp — 110—-360°C;

- TOYHiCTB migTpUMaHHA TeMiepatypu +1°C;

-  TOYHICTh MipSHHS CTPijM MPOTHHY 3paska: kareromerpom (KM-

8) — 10,02 mm abo Bimeoxkamepoio £0,03 mm.

3aKpillIeHuil 3pas3oK AJId 3HATTA 3aJUIIKOBUX HANIPYKeHb HigmaBsa-
JI1 HU3bKOTEMIIePATYPHOMY BaKYyMHOMY Binmaiy 0e3mocepeaHbo B Po-
6ouiit kKamMepi: ¥Oro MOBiJIbHO HarpiBaIu J0 TeMOepaTypu eKCIIepuMeH-
Ty 3i mBuaKicTio y 3°C/XB. i IOTiM 0X0JOMKYyBaIN 3 MiUUi0. 3a3BUUA
micjia TPhOX IHUKJIB TAKOTO Bigmayly 3pa3oK IIepecTaBaB pearyBaTH
(37erka 3aruHATICSA) HAa ITOAAJIBIIT HATPiBaAaHHA 1 OXOJIOAKEHHA Ta TAKIM
YUMHOM BUABJABCA ITi ATOTOBJIEHUM J0 €KCIIEPUMEHTY.

Haui spasok moBiabHO (3°C/xB.) HarpiBaBcA 40 TeMIlepaTypu eKcIie-
PUMEHTY Ta BUTpPUMYyBaBcA 3a 1iel Temueparypu 20 xB. Ilicasa mporo B
pobouy KaMepy momaBanau AUPY3iliHO OUHUINIeHUI BOAEeHDb Uepes3 maTpy-
60k 9 (puc. 1) i pixcyBanu popmMoaMiny KauTuiaesepy 3i crony a-PdH, 3
IEeBHOIO0 KOHIleHTpaIlieo n. Takum umHOM omep:kyBasu cron o-PdH,.
Ieit cTon BUTpuMyBaIu B CEPENOBUIII BOAHIO, a IIOTiM IPOBOAWIU Jera-
3aIrifo 3 IIeBHOIO MIBUAKICTIO.

Binx mouaTky mporecy merasarii kamepu (¢ = 0 ¢) mpoBoaMIACST PEECT-
pania 3MiH BeJIMUMHU CTPiJIM BUTUHY 3pa3Ka uepe3 KBapIloBe BiKHO
(puc. 1, mosuitis 4) 3a OIOMOI0OI0 KareToMeTpa Ta/abo 3hilficHIOBaJIN
Bigeosarmuc Bigeoxamepoio.

IIpoBoamn aHaMi3y Ta PeECTPYBAJM YACOBY 3aJICKHICTH CTPiJIM BU-
TUHY 3pasKa 3 ToKaapoBoio TouHicTio y 0,04 c¢. TouHicTh MipsauHa Benu-
YWHU CTPiJiu BUTHHY IIifg yac Bigeosamnucy cranoBuia 0,03 mm. Bukopu-
CTaHHA Bijleo3anuncy YMOMKJIMBUIO (iKCyBaTU YacoOBY MOBEAiHKY CTPian
Buruny. Ile 0coOJIMBO BasKJMBO AJA IMEPIIUX CEKYHJ eKCIePUMEHTY,
KOJIV 3aTMHAHHS 3pasKa PO3BUBAETHCS OCOOJIUBO IITBUAKO.

ExcnepuMmeHTH 3aB:K AU 301HCHIOBAJIICSA 3a i3oTepMiuHnx yMoB. TeM-
meparypa mifTpuMyBajacs Ta Mipsaiacs 3a gonomororo nmpuiany « TPIT-
02 matoc» 3 TounicTio +1°C. Iamri ocobamBoCTi TigporeHHO-BaKyyMHOI
YCTaHOBKU He BUMAraioTh I0ACHEHb.
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3.PE3YJIBTATH TA IX OBTOBOPEHHSHA

BoiuB sminu TucKy BogHIO B Kamepi I'BY 0yJsio BuBUeHo Ha maJamgiiio-
BUX KaHTUJIEeBepaxX 3a mocTiiHoi Temmepartypu y +240°C rta pisHux
MIBUAKOCTEH BimKauyBaHHsa BOAHIO Big Py, = 0,03 MIla mo 0,43 MIla 3
KaMepu ycTaHOBKH (TabJ. 1). XapaKTepHy YacoBY 3aJI€KHICTh BeJINUN-
HU CTPiju BUTHHY KaHTUJIeBepy 3i ctony a-PdHy, 0105 y Iporieci merasa-
mii 3a 240°C Ta Tucky Boguio y 0,03 MIla B Kamepi HaBegeHO Ha puc. 2,
KpuBa 1. BesmocepeaHbo B IIpoIleci 3SMeHIIIeHHA TUCKY BOAHIO B KaMepi
nmo 1,33 Ila, axkuii TpuBaB At, = 1,66 ¢, eKcriepuMeHTaJIBHO 3a()iKCOBAHO
BUT'MH KaHTUJIEBEPY.

ITicas Toro sk Ha MamoMeTpi OyJI0 ofxep:xano nmoxasuuk 1,33 Ila, ge-
rasailig KamMepHu i KaHTHUJIeBepy TpUBaJja, i CTpija BUTHMHY 3a3HaJa JI0-
ITaTKOBOTO 30iJbIIIeHHA Ta JOCATJIA CBOTO MaKCHUMAJLHOTO 3HAUEHHS
(Yimax=1,6 MM) 38a9ac ATpax = 9,3 ¢ (Touka A Ha puc. 2). [Jaii kaHTHUIEBED
posnpsaMmiasaBcA. K 6aunmMo, IPoIleC POSIPAMICHHSA YIIOBiIbHIOBABCA 3
yacoMm (mimaaka AB ma puc. 2). 3a gac At..=120c KaHTHJIEBEP AOCAT
IesIKOT0 CTaIliOHAPHOTO CTaHy, PiBHOTO iioro Buxigaomy cTaHy (Y, =0
MM, Touka B Ha puc. 2). B mogaabiiiomMy mig uac 7ogaTKoBOI BUTPUMKHA
tion=120 c (ginauka BC) Y., 3aauIiaBca NOCTiHHUM.

IMixaBo, AKIIO migBUITUTH TUCK Yy KaMmepi B 10 pasis go 0,3 MIIa Ta
ctBopuTH cToIil o.-PdHo 464 3 KOHIIeHTpAITi€0 igporeny B nanxazii B 4,6
pasu 6iJbBIIIOI0 HidK Yy IIOIIepefHbOMY €KCIIePHMMEHTi, TO B IIPoIleci 3MeH-
IMIeHHA THUCKY BOAHIO B Kamepi mo 1,33 Ila, axuii TpuBae At,=5,59c,
eKCIIepUMeHTAJILHO (PiKCcyBaBCs 3aKOHOMIPDHME i JOCTATHBO BEJIUKUI
BUTWH KaHTUJIeBepy (Ha puc. 2, kpusa 2). Ilicaa Toro ax Ha MaHOMeTpi

TABJIAIA 1. YMmoBu Ta pesysbraTu Aerasaiii kautuiaesepy 3i crony a-PdH.
3a remneparypu y +240°C.

TABLE 1. Conditions and results of hydrogen degassing from cantilever made
of the a-PdH. alloys at a temperature of +240°C.

N ﬁlﬁ; n, (H/Pd)|Ats, ¢|ATmax, ¢|Ymax, MM |Ycr, MM| ATer, C | troz, € % -100, %
1 2 3 4 5 6 7 8 9
17 0,03 0,0105 1,66 9,3 -1,6 0 120 120 0
2 0,10 0,0198 9 18 -2,43 -0,01 300 1200 0,41
3 0,15 0,0260 6,8 10 -3,18 -0,03 1740 540 0,94
4 0,20 10,0326 8,19 14 -4,16 -0,04 687 600 0,96
5 0,30 0,0464 5,59 7,86 -6,9 -0,04 600 540 0,58
6 0,30 0,0464 49,8 15 -5,27 -0,19 498 1860 3,61
7 0,43 0,0644 37,8 17 -7,06 -0,19 2400 600 2,7
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Puc. 2. Yacosi samesxkHocTi 3MiHuM (opMuM KaHTHJIEBEpPY 3a TeMIepaTypu y
240°C B mporeci merasairii: 3a Tucky Boguao y 0,03 MIla gas cromy o-PdHo,o105
(1); 3a Tucky Boguio y 0,3 MIla gusa crony o-PdHo,0464: (2) — uac merasarii y
5,59 c; (3) — uac merasarnii y 49,77 c.

Fig. 2. Time dependences of the change in the shape of the cantilever at a tem-
perature of 240°C during the degassing process: at hydrogen pressure of 0.03
MPa for the alloy a-PdHo.0105 (1); at hydrogen pressure of 0.3 MPa for the alloy
a-PdHo.o464: (2)—degassing time of 5.59 s; (3)—degassing time of 49.77 s.

O0ys10 3adikcoBano nmokasauusa 1,33 Ila, gerasamis kamepu Ta KaHTHJIE-
Bepy TpuBaja, i cTpijla BUTMHY 3as3Hajia JOZATKOBOTO 30iJbIITeHHA Ta
JIOCATJIA CBOTO MaKCHUMAaJbHOTO 3HAUEHHA (Ymax=-6,9MM) 3a uyac
ATyax = 7,86 ¢ (Touka e, KpuBa 2 Ha puc. 2). Jlayi KauTuieBep cTas Po3II-
PAMIATHUCA Ta MPOIlEC PO3MPAMICHHA YIOBIILHIOBABCS 3 YacoM (IiIsaH-
Ka e—f, KpuBa 2). 3a uac At., = 600 ¢ KaHTHUIEeBEep JOCAT AEIKOT0 CTAIli-
OHAPHOI'O CTAHy, AyKe 0JIU3bKOro 10 ioro Buxiguoro crauy (Y.. =—0,04
MM, TOUKa f Ha puc. 2). B mogaasiioMy BIPOIOBIK JOTATKOBOI BUTPUM-
KU tyon = 540 ¢ (minaaka f—g) Y., 3aInIIaBCA MOCTIHHUM.

IlixaBo, 1110 AKIIO HOBTOPUTH Iieil eKCIIePUMEHT i 3MEHIITUTY IITBU]-
KicThb BifKauyBaHHSA BOIHIO YV 8 pasiB, To Oe3mocepeHbO B IPOIieci 3Me-
HIITeHHS TUCKY BOAHIO B Kamepi go 1,33 Ila, axuii Tpusas At, = 49,77 ¢
(aHa puc. 2, KpuBa 3, 3a3HaUYE€HO CTPiJIKOI0), eKCIIePUMEeHTAJIbHO (hiKCy-
BaBCA MEHIINA MaKCcUMaJbHUII BUruH (—5,27 MM) KaHTUJIEBEPY uepes
15 ¢ (Touka h, kpuBa 3 Ha puc. 2) IIicJasa moyaTKy mpoiecy merasarrii I'i-
poreHy 3 KamMepu 3 YTBOPEHHSM IJIaTO TpuBaicTio y 3 ¢. Ilicaa Toro akx
Ha MaHoMeTpi OyJsio 3adikcoBano nokasuuk 1,33 Ila, nerasarmia xamepu
Ta KaHTUJIEeBepy TPUBAJA, i CTpijla BUTMHY KaHTUJIEeBEpy 3MeHIITyBaJa-
cs, a 3pas3oK IIOCTYIIOBO PO3IPAMIABCA. 3a uac At., = 500 ¢ KauTuIeBEp
IOCSAT IIeBHOTO cTaiioHapHoro ctaHy (Y., = —-0,19 mMm; Touka i, KpuBa 3,
puc. 2). B mogaabiioMmy 3a JOLATKOBOI BUTPUMKH (Hilauka i—k) Y., 3a-
JUIaBcd mocTiiiaum nporarom 1860 c.
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OTxe, omaHi Ha puc. 2 eKCIEePUMEHTH Yy BiAIOBiAHOCTI 3 pe3yibTa-
TaM¥ iHIIUX eKCIIepuMeHTiB (Tabs. 1) HAOUHO AEMOHCTPYIOTH OCHOBHI
eKCIIepUMEHTANbHI 3aKOHOMIipHOCTI. ¥Y3araabHUMO I1i 3aKOHOMipHOCTI:
peakIlis nmajamgiioBOro KaHTUJIEBEPY Ha TiApOTreHHi BIJIMBY PeaTi3yeTh-
cs IPUHITUIIOBO II0-PiBHOMY IPOTATOM JBOX IHOCJiJOBHUX YaCOBUX €Ta-
niB. IIpomec (hopmosMiHM masIamgiiioBOro KaHTUJIEBEPY IIiJ uac merasaiii
€ aHAJIOTIYHHUM A0 IIPOoIlecy HAaCMUYEeHHs, BUBUEHOro HaMu pamirire [16].
Horo Taxkox MokHa posKJacTh Ha 2 eranu. Ha mepriomy erari gerasa-
il xaaTUIEeBepyY 3i cromy maaaznito (o-PdH,) 3 meBHOIO KOHIIEHTpAIli€io
Tigporeny (n) sa meBemukuit uac (9—15c) BigdOyBaeThcsa (popMyBaHHSA
MaKCHMAaJbHOTO BUTHHY (aAuB. Tabia. 1, croBmes 5; puc. 2, Kpusi 1—3),
OPUUOMY Ymax (KpuBa I, puc. 3), IpeacTaBJeHU IO MOAYJIO, CUJILHO
3pocrae aaa crony a-PdH, i3 36iabmenaam KoumenTpaiiii (n) I'igporeny
(kpuBa 5, puc. 3) B CTOIIi, AKA BiIOBiae OibITil BeITUUMHI THCKY BOI-
HIO B KameDpi.

Ha gpyromy, 6igbIll TpuBaJIOMY eTalri mpoitecy gerasaiii (At..=120—
2460 c) xauTuJIeBep MOBOAUTHCA MPUHIIUIIOBO iHIITMM YHMHOM: BiH mOC-
TYIIOBO PO3HPAMISIETHCA, i 3 UaCOM Iei mpoIiec AeAai 6iabIlle CIOBiab-
HIOETBCA. B pesynbTaTi 3a uac eKcnepuMeHTY KaHTUJIeBep abo IpaKTu-
YHO IIOBHICTIO IIOBEPTAETHCA Y BUXiAHMI cTaH, abo JocArae SKOoroch mo-
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Puc. 3. BiutnB THCKY BOAHIO Ha MaKcUMAaIbHUI BUTHH (1) 1 3aIMIITKOBUIA cTAITio-
HapHUI BUTHH (2) KauTuiaesepy 3i cromy a-PdH,; Ha BHyTpimHi Hanpy:KxeHH (3)
pu 3MiHi KoHIeHTpatii (5) mpu 240°C; mesxa mpyskHOCTH (4).

Fig. 3. The effect of hydrogen pressure on the maximum bending (1) and re-
sidual stationary bending (2) of the a-PdH. alloy cantilever; on internal
stresses (3) when the concentration changes (5) at 240°C; elasticity limit (£).
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PiBHAHO HEBEJIUKOI'0 3aJIMIITKOBOTO CTAIliOHAPHOTO cTany (AuB. Tabu. 1,
cTOBHeIb 6, puc. 3, KpuBa 2), a BUTHH i PO3UPAMJICHHA KAHTUJIEBEDPY
BimOyBaIOTHCS 3 BUCOKUM CTyIIeHeM 000POTHOCTH.

Cryniab 000pOTHOCTH BUTHMHY BUABJSIETLCSI TUM Buine (tabi. 1, cro-
BIIelb 9), unM OiJbIlle MAKCUMANIBHUN BUTUH (Ymax), AKUI 3a3HAE KaH-
TUJIeBep Ha IMepIIoMYy eTali merasarrii cromny. I{1o sakoHOMipHIicTE 0c00-
JINBO HAOYHO BUAHO 3 puc. 3, Kpusi 1 i 2. Cupasfi, 3i 30iabIIeHHAM Y yax
(puc. 3, kpuBa 1), AKe BUKJUKAaHe IIigBuUiNeHuM BMicTy [imporemy B
KaHTHWJIEBEPi Ta, BiATIOBiAHO, HATIPYKEHHAMHU, AKi BUHUKAOTh Yy CTOML
a-PdH, (puc. 3, kpuBa 3), uacTka 3ayguIirkosoro (puc. 3, kpusa 2) cra-
IiOHAPHOTO BUTUHY Y ¢r/ Y max 3AKOHOMIPHO 3MEHITYETHCA.

IlikaBo mpoaHaidyBaTH BEJIWUYWHY HAINPYKEHb, 10 BUHUKAIOTH Y
KaHTmiaeBepi 3i crony a-PdH, mix yac merasarii. Pospaxyemo rigpore-
HOBi Hampy:KeHH A IJIs BUNAAKY, KoJau KoHIeHTpaiia [igporeny same-
JKUTH BiJl KoopauHaTH (Xx) IoIepek MJIAacTuHY ¢ = c(Xx), aje € OTHOPiTHOO
mo myiactuHi (2) i mo monepeunint koopauHari (y). et Bunagoxr 300pa-
JKeHO Ha puc. 4.

¥ pobori [17] mokasaHo, 110 KOHIeHTpAIia c(x) i mpy:RHa gedopma-
mia e(x) mpomopiiiiiHi He omHa OnHil, a ixHiIM rpagientam dc(x)/dx i
de(x)/dx BimmoBiguo. TomMy mpomopIlifiHicTh MidK KOHIIEHTpAaIli€lo Ta
Opy:RHiMu gedopmaliaMu crpaBeaanBa JUIIe 3 TOYHICTIO 10 aJUTUBHOI
KOHCTAHTU:

e(x) = —afe(x) —c,], 1)
1 h
¢, =—|c(x)dx. (2)
ho
TingporenoBo-nIpy:KHi HaIpyKeHHA IIPOIIOPITiHI mpyKHIM nedopmalriam:

o(x) = —aE[c(x) —c,], (3

A AR

Ux)

Puc. 4. Cxema BUTHMHY HaJIafili0OBOr0 KaHTUJIEBEePY: d — IIUPUHA ILJIACTUHU, Y
— BigXuJ KaHTUJIEeBEPY, | — DOBMKMHA ILJIACTUHU, ¢(X) — KOHIleHTpaIid, A —
TOBIIIMHA IIJIACTUHMU.

Fig.4. Scheme of palladium -cantilever bending: d—plate width; Y—
deflection cantilever; [—the length of the plate; c¢(x)—the concentration, A—
the thickness of the plate.
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ne E — mopyns I0ura namaziro (E =1,23-10° MIIa) [17]. 3 popmyau (3)
BUILINBAE, 110 IPYKHI HAIPYKeHHA B TaJail MoKHa 3HANUTHU TaK:

o(x) = —akEc,, (4)

Ie o — Koedimienr, mo gopisuioe 0,068; c. = n — piBHOBasKHA KOHIIEH-
Tpalid IJis KOKHOI'0 CTOIY 34 3aJaH0l TeMIIepaTypu Ta TUCKY.

IligcTaBumo 3HaueHHA ¢, = n = 10,5102 H/Pd B dpopmyy (4) 3a TeM-
nepatypu y +240°C ta Tucky BogHio B Kamepi y 0,03 MIla it ogep:xuMO
sHaueHHsa o(x)= 88 MIla (kpuBa 3 ma puc. 3). AHAJIOTiYHO MPOBEAEMO
PO3PAXYHOK BeJIWUMHU HATIPYKEHb IJIA BCiX eKCIIepUMeHTAaJIbHO ofep-
JKaHUX CTOIIB ((l-PdHo,0105, (X-PdH(),(ngs, OL-PdHo,oze, OL-PdH(),()szﬁ, o-
PdHy 0464, 0-PdHo,0644) B KaMepi (puc. 3, KpuBa 3). Ak 6auumo, 3i 36iJ1b-
menaHsam Bmicty igporemy B cromi a-PdH, BigzbyBaeTrbcs 36ijibiienHs
BeJIMUNHYU HaNpy:Keuud (puc. 3, KpusBa 3). Mexxa obacTu IpyKHiX Ha-
npy:xeHb gopiBHioe 200 MIIa [19] (puc. 3, kpuBa 4), i 1A BeiuMunHA Bij-
noBigae KoumenTparnii Iigporeny B cromi a-PdHg . Bumge 200 MIla
HaIpyKeHHs, AKi BUHIKAIOTh y IaJIalii, IepeBUINyIOTh MEXKY IIPYKHO-
cTHu I ctomy maJjazito 3 I'imporemowm [18]; mporte medopmaliisa momos-
JKeHHS 3aBIKAU BUpasKaeThbesa opmyaoio (1), a rigporenosi nmpy:kHi me-
dopmalrii BUsHAUAIOTHLCSI YMOBAMU Ha MeXKaxX IJIACTUHU. 3 PUCYHKY 4
BUIHO, SKIIO ONHY 3i cTOpiH (CKamKiMo, BepxXHIO) 3a0JIOKOBAHO IIOAO
Tigporeny, To0TO IMOKPUTO MiJII0, TO HOAOB:KEeHHA Ec(3Bepxy) mepeBu-
mrye momoB:KkeHHA Ec(3HU3y), AKe iHAyKYye MPY:KHI HaIpy:KeHHS BHa-
CIiOK HeoOXiMTHOCTH MOTPUMYBATHCS YMOB CHiJIbHOCTH AedopMarrii
[19]. KaunTuneBep BUTMHAETHCA, HOTO BiTbHUH KiHeIlb OIyCKAaeThCs (IIi-
nuimaerbea). IIpy:xui nedopmariii (€), AKX HaMu BCTAHOBJIEHO, ITPOIIOP-
niitHi He c(x,t), a piskaUILI [c(x,t) — cwm(t)][17]. IHIIUMU cTOBaMU, Tigpo-
T'eHOBl1 HANPY:KEeHH{, AKI BUHMKAIOTh Y KAaHTHUJIeBePi B HAIIIUX eKCIIe-
pUMeHTaxX, 3HaXOAATLCA BUIIle 06J1aCTH MPYKHOCTU, TUM CAMUM ITiAT-
BePIKYIOUN HASABHICTE AJIA cTOIy majafgiio 3 I'imzporeHom siBuIia Hamd-
MJIACTUYHOCTH.

HesBuuaiiHicTh ofep:KaHUX €KCIIEPUMEHTAJNbHUX PE3YyJIbTATiB oue-
BugHa. Ha ocHOBi HaIlImX cmocTepe:keHb MU MOKEeMO 3a3HAUUTH, M0 3i
30iIBIIIEHHAM MAKCHMAJbHOTO BUTHHY MOMKYTBL BigOyTucsa medopmarrii
B IPUNOOBEPXHEBUX IIapaxX NajiafifioBOro KaHTUJIEBEpPY, IO TepeBU-
m1aTh MeXKY IPYKHOCTU MeTany. IIpoTe BUrMH KaHTUJIEBEPY Y BCiX eKce-
meprMeHTaxX MaiiKe IIOBHiICTIO 3BOPOTHIiNM. OMHAK, KOJIU THUCK Yy KaMepi
Bumie 0,3 Mna, yacTKa He3BOPOTHBOI CKJIaAOBOI BUTHMHY 3pocTrae. Tak,
3a Tucky y 0,43 MIla mampy:keHHA 3pocTaioTh 10 538 MIla, a Burun
maacTuHu gocarae —7,05 MM i € IpaKTUYHO MOBHICTIO 000POTHIM, a Be-
JUYNHA HEe3BOPOTHBLOI CcKJIagoBoi cramoBuTh —0,19 MM, TOoOTO 2,7%.
Mo:xkHa TpUNyCTUTH, IO HA TaKy IMIOBEAiHKY HaJafilioBOTO KaHTUJIeBe-
Py BIIMBAIOTHL TiAPOTeHOBO-MIPY:KHI HANpYy:KeHHA BHACIiIOK mepebiry
ABUINA HaAIJacTUYHOCTHU. Ile ¢cBiguuTh IIpo Te, 110, KOJU PO3TIALAEMO
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crorr Mmetaa—limporeH, AKWM MiCTUTh ABi aTOMOBI mmigcucrTemu (MeTase-
BY IificucTeMy Ta TiAporeHOBY HificuCTeMY BTijieHHs), Audy3iiiui pyx-
JIUBOCTi AKUX CUJILHO PisHATHCA (OuB. geTayi B [1]), To MU MOpPiBHIOEMO
HaOPY:KeHHS IJd MeKi IpY:KHOCTHU IJA cTomy mananmi—IigporeH, aki
XapaKTepHi AJaa MeTaJeBol migcucremMu. A SKIO BpaXOBYBAaTH, IIIO Ha-
OPYsKeHHd, AKi BUHNKAIOTh Y KAHTUJIEBEPI, ITiJ Uac MpoBeJAeHHA eKCIie-
PUMEHTiB IIEePEeBUIYIOTh MEKY HIPOIOPIIiHHOCTH. 3 MeXaHiuHOI TOUKHU
30PY BasKJIMBO BiIBHAUUTH, 1[0 Y cTomaxX MeTaad—Iigporex 30iabIIyeTh-
cs PYXJUBICTH AUCTOKAITiN, a CUJIM MisKaToMOBOI B3aemogii atomis Ila-
Jafnito mocisabuiooTbes B cuctemi Pd—H [21]. e Biz6yBaeTbcsa uepes
POBIINpPEeHHs KPUCTANIYHOI I'paTHHUI, 3MiHM eJIeKTPOHHOI OymoBU Ta
douonHoro cuexTpy [1, 21].

Y pesyibTaTi eKCIepuMEHTIB 3 BifKauyBaHHS BOJIHIO 3 KaMepH Ta
Jerasarllii KaHTHUJIeBepy CIIOCTEPiraeThesA IMepexis BUXigJHOTO MeTaly, a
came, cromy o.-PdH,, y HoBuit MaTepian — uuctuii maaazniii. [leit mpoiec
€ IPOTSKHUM y IIPOCTOPOBOMY MacInTabi Ta TpuBasuM y daci. IIpoiec
peaiisyeThcs 3a JOIIOMOT'0I0 PO3BUTKY Ta POOOTH HOBOT'O MATePiAJIbLHOIO
00’eKTa — THMUYAcoOBOro rpagiearuoro crony o-PdH,, ne n € saminHOIO
BeJIMUMHOIO B3JOBK rIudunu i merasarii I'inporeny. Moayab rpagieuTy
koutmenTrparii I'izporeny dc/dh crae HaWBaKJIUBIIIIOI XapaKTEPUCTHU-
kom0 crony o-PdH,, axuii GopMyeThCA Ta IOCTiliHO 3MiHIOETLCS B IPO-
meci merazarii. OueBumHO, IO IIEH I'PAJi€HT KOHTPOIIOETHCT AU(y3iii-
HUM mocTavauuaam [igporeny 3 06’eMy MeTaJy KO HOoro MOBEPXHi Ta 3a-
JIEXKUTH BiJl IPOCTOPOBUX i YacOBMX MapaMeTPiB IIPOIleCY T'iipor'eHOBOI
merasarlii merany (TemIeparypa, TUCK TrasoloAi6HOTO BOAHIO TOIIO).
Came r'paJieHT KOHIIeHTpAIlil BU3HAUAE XapaKTEePUCTUKY Ta BJIACTUBOC-
Ti THMYacoOBOIO I'PaJlieHTHOrO MaTepiany meTan—TigporeH, Taki AK rpa-
OieHTH guiaTaiii KpUCcTaTiyHuX I'DAaTHUIDL, I'PAJI€HTH CHUJI MiKaToOMO-
BOI BBaeMO/il, MexaHiuHi BJIaCTUBOCTI, I'PAAi€HTH I'iJPOI'€eHOBUX KOHIIe-
HTPaIiiHUX HAIPYKEeHb TOIIO0.

Taxum unHOM, ABUINE BUTMHY KaHTHJIeBepy 3i crony o-PdH, 3a gera-
samii I'izporeny € mposaBoM ABUINA HAAILJIACTUYHOCTH i MOT0 HEe MOKHA
BBaKaTU BUKJIIOYHO MEXaHiUYHUM IIPOIleCOM, 3yMOBJIEHUM JIHIIIE BHYT-
pimmHiMY rigporeHOBUMU HAIPYKEHHAMU, AKi HepPEeBUIIYIOTh IPYKHI
xapakrepuctuku crony o-PdH, i uncroro nmamazgiro. @opmosmina Kam-
Tuiaesepy 3i crony a-PdH, B taHOMY eKCIIepUMEHTI 3aJI€KUTh BiJ IIIBU-
JKOCTH IpoIecy Aerasarlii Ta gugyaii I'izporeny 3 meraiy.

Caix BigsHaumTH, 1110 BJIACHE 3TMHAHHS KaHTUJIeBEPY MHiJ uac gerasa-
ii crony a-PdH, € MmakpocKomiuHuM pejaKcaliliHuM IIPOIECOM 3 BU-
COKUM CTyIIeHEeM O0OPOTHOCTH, HA AKUH BILJINBAIOTD:

— MOKJINBiCTB mepediry MikpomaacTuuHol medopmaiiii B mporeci gera-
3aIlii cToNy Ta BUTMHY KaHTUJIEBEPY;

— HaABHICTH Y KaHTUJIEeBepPi HeBeJUKNX 3aJUIIKOBUX I'PALI€HTIB KOH-
neuTparii I'izporeny micis 3aBepIieHHsI eKCIIEePUMEHTIB; Ileil eKCIIepu-
MEeHTaJbLHUN (aKT OJHO3HAYHO CBiTUUTEL PO Te, 110 B HPUAHATUX YMO-
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BaXx eKcIiepuMeHTy cToi o.-PdH,, 1110 mpaifioe Ha BUTHH, € KOT€PEHTHIM.

Takunii miagxixg mo pos3ymimHsa crenudiku rijporeHOBOro BIJIMBY Ha
MaTepisin, 110 BUKJINKAE POZBUTOK TiAPOreHOBO-NIPY:KHIX [1, 21-22],
cTpyKTypHUX [22] Ta iHmux ederris [1], paniiie He OyB omucaHuUil B
Jiteparypi i, Ha HAITy IYMKY, 3aCJyroBy€ Ha CUCTeMAaTHUUYHY yBary JIoc-
JiTHUKIB.

4. BUICHOBRH

1. Buepiite Ha OCHOBi aHaJIi31 3aKOHOMipHOCTEH BUTHHY 3a TeMIepary-
pu y +240°C mig uac oZHOCTOPOHHBLOI Aerasallii KaHTUJIeBEPY 3i CTOIiB
o-PdHo,0105, a-PdHg 0198, 0.-PdHo, 026, 0.-PdHo 0326, a-PdHg 0464, 0t-PdHo 0644
BCTaHOBJIEHO, ITIO i3 3mMiHOI0 THMCKY Ha APy,= 0,03, 0,1, 0,15, 0,2, 0,3,
0,43 MIla: BesnunHAa MaKCUMAJbHUX BUTHUHIB AJA KaHTHJIeBepy 306i-
JbIyeTheda Big —1,6 go —7,05 MM, a BUTHHY € Maiixe IIOBHiCTIO 060POT-
HiMM; CTYIiHB 060POTHOCTH BUTHHY ILaacTuHU 3i cTomis a-PdHo,e105, o-
PdHy,0198, a-PdHo,026, 0t-PdHo,0326, 0t-PdHo,0464, 0.-PdHo, 0644 iz uac mera-
saiii s36iaplIyeThea 3i 3pocTaHHAM THUCKY [igporeHy, i 3a 3HaueHHs
Py,=0,3 MIla i Buruny njacTuHu y =7 MM BUTUH BUSABJSIETHCS IpPaK-
TUYHO HOBHicTIO o6opoTrHiM (0,04 MMm).
2. BeraHoByeHo, 110 3a Tremneparypu y 240°C mig uac gerasarii KaHTu-
JeBepy 3i cromis o-PdH, BUrnH po3BUBAETHCA HA JBOX Pi3HMX YaCOBUX
eTamax: MNepIIu# eTam, AKWN TPHBaE OysKe KOpoTKui# uac (9-15 ce-
KYHJI), XapaKTepus3yeTbCA INMBUIKUM MTOCATHEHHAM MaKCHUMAJILHOTO
BUTUHY KaHTuIeBepy. [Ipyruii eran TpuBae 3Hauno moire (morazn 100
CeKyHN) i BimsHauaeThCs YTBOPEHHAM IIJIATO TA POSMPAMICHHIM KaH-
Tunesepy. IIix wac gpyroro eramy KauTHJIEBep IOBEPTAETLCSI Y BUXi-
HUuM cTad abo JocsArae CTallioOHAPHOTO CTAHY 3 MiHiMAJIbHUM BigXMJIOM
BiJ II0YaTKOBOT'O CTaHY.
3. BayTpimHi rizporeHosi KoOHIleHTpaIliliHi HAIPYKeHHA, AK1 BUHMKA-
IOTh ITij] yac gerasaiii kaaTmiaesepy 3i cromis o-PdHg 0105, 0-PdHjg 0108, OL-
PdHy 026, o.-PdHo 0326, 0.-PdHp 0464, 0.-PdHg 0644, IIePEeBUIYIOTHh HPYIKHI
XapaKkTepUCTUKHU I'pagieHTHoro cromy o-PdH, (200 MIla) i sHaxomaTscA
B inTepBaJi Big 88 mo 539 MIla Tta miaTBepAKyIOTh ITepebir aBuIla HaL-
miactuuHocTu. @opmosmina KaHTHIEeBePY 3i cromiB o-PdH, mos’a3ana
i3 3aKOHOMipHOCTAMU IIpoIlecy Aerasairii Ta nu@ysii I'igporemy 3 mera-
JIy B YMOBAax IIPOBEIEHH eKCIIEPUMEHTY.

ABToOpKa BBayKae CBOIM IPUEMHUM OOOB’A3KOM BUCJIOBUTHU TJINOOKY
BAsAYHicTE moir. M. B. 'obIioBi#i 3a 3mificCHEHHS Bijleo3amucy Ta TBOPUY
CIIiBAPY:KHICTE.
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Influence of Thermomechanical and Heat Treatments on the
Structure and Mechanical Properties of Biocompatible
Ti—(18—20)Nb—(3—4)Zr—(1—-1.2)Si Alloys

O. M. Shevchenko, M. M. Kuzmenko, O. Yu. Koval, A. V. Kotko,
and S. O. Firstov

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

The deformed biomedical Ti—(18—-20)Nb—(3-4)Zr—(1-1.2)Si (% wt.) alloys
are studied. Their rolling is carried out at 950°C by means of the air- and wa-
ter-cooling; the quenching in water and oil with heating up to 1050°C is also
used. As established with the x-ray phase analysis, the hot deformation of
Ti—(18-20)Nb—(3—-4)Zr—(1-1.2)Si alloys contributes to the B-solid-solution
heterogeneity into B1 phase based on Ti—Nb and B2 phase based on Zr-Ti, as a
result of which a final dispersed nonequilibrium (a”” + a’) structure is formed
after cooling, that reflects the (B1 + B2) microstructure formed due to the pre-
vious decomposition. After deformation with air cooling, the experimental
alloys contain the largest amount of o’ phase and have high strength and low
plasticity. As shown, a rising of the cooling rate and temperature during
quenching leads to the predominance of the orthorhombic o'’ phase, while the
strength of the alloys decreases with a significant increase in plasticity. In
the process of deformation and heat treatment, densely and uniformly dis-
tributed disperse silicides are also released in the structure, which contribute
to the strengthening. For Ti—(18-20)Nb—(3—-4)Zr—(1-1.2)Si alloys, the tem-
perature range T =1040 + 20°C is established, the quenching from which al-
lows to obtain high mechanical properties: c:=1100-1150 MPa, co.02=800—
850 MPa, 6 =11-11.5% . By deformation and quenching of the experimental
alloys, a composite material with alloyed soft matrix strengthened by the
uniformly distributed dispersed hard particles of silicides is fabricated.
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mation, quenching, structure, silicides, mechanical properties.

Hocmimxeno pedopmoBani 6Giomenuuni cromu Ti—(18—20)Nb—(3—4)Zr—(1-
1,2)Si (% Bar.). IIpokaryBaHHa nIpoBoamiIoca 3a Temueparypu y 950°C 3 oxo-
JIOIKEeHHAM Ha IOBIiTPi Ta BOZOI0; 3aCTOCOBYBAJIOCA TAKOYK rapTYBaHHA Y BOLY
Ta macao 3 HarpiBom g0 1050°C. PenTrenodas3oBoio aHaJIi3010 BCTAHOBJIEHO,
o rapaue pedgopmyBanHsa croniB Ti—(18—-20)Nb—(3—-4)Zr—(1-1,2)Si cupuse
posiiapyBaHHIO J-TBepAOTO po3unHy Ha Pi1-hasy Ha ocHOBi Ti—Nb i B2-dasy Ha
ocHoOBi Zr—Ti, BHacIiZOK YOTO Hic/JA OXOJIOKeHHA YTBOPIOETHCA KiHIlEBA AU-
cmepcHa HepiBHOBakHA (o' + o')-CTPYKTypa, AKa Bimobpakae MiKpOCTPYKTYPY
(B1+B2), chopmoBany uepes nmomepenHiii posunax. Ilicna gedopmanii 3 oxosro-
IKEeHHSM Ha MOBiTpi mocaigHi cTonu MicTaTh HafiOiAbITYy KiTbKicTs o' -hasu Ta
MalOTh BUCOKY MiIlHicTh i HUBBKY IIacTuyHicTh. ITokazaHo, 110 36isbIIeHHA
IIBUAKOCTY OXOJIOMKEHHSA Ta IIiBUINEHHS TeMIepaTypu Iifi Yac rapTyBaHH:A
MPUBOAUTH A0 THepeBasKaHHA Yy HUX opTopoMOiuHOi o''-hasu; BOZHOUAC MIiIl-
HiCTBH CTOIIiB MOHMMKYETHCA 31 SHAYHUM ITiIBUMIEHHAM IIJIACTUYHOCTH. B 1mIpo-
meci medopmarii Ta TepMooOpPOOJEeHHS B CTPYKTYPL TaKOK BUIIISIOTHCS
OIiJIbHO ¥ PiBHOMipPHO pOSIOAiJieHi AuMcHepCHI cUIinuAM, SIKi BHOCATH CBiit
BHeCOK y sminueHHdA. [{na cronis Ti—(18—20)Nb—(3—-4)Zr—(1-1,2)Si BcranoB-
aeuo inTepBas remnepatyp T = 1040 + 20°C, rapTyBaHHA Bil AKOTO YMOKJIUB-
JII0E OJepiKaTh BUCOKI mMexaHiuHi BaacTuBocTi: o:=1100-1150 MPa, co,02=
=800-850 MPa, 6=11-11,5% . Illnaxom medopMyBaHHSA Ta rapTyBaHHS IO-
CJiIHUX CTOIIiB CTBOPEHO KOMIIOBUIiMHUI MaTepisd 3 JeroBaHOIO ILJIACTUYHOO
MaTpullelo, 3MilTHEHOI0 PiBHOMiIPpHO PO3NOJiJIEeHUMY NUCIIEPCHUMU TBEPAUMU
YaCTHHKAMU CUJIIITUIiB.

Karouosi crosa: 6iocymicHi cronu Ti—(18—20)Nb—(3—4)Zr—(1-1,2)Si, gedop-
Mallifd, rapTyBaHHs, CTPYKTypa, CUJIIIUIN, MeXaHidHi BJIaCTUBOCTI.

(Received 31 October 2023; in revised form, 10 December 2023)

1.INTRODUCTION

The development of new titanium alloys for implantology continues in
the direction of excluding from their composition some elements
harmful to the human body, as well as strengthening their osteointe-
gration and mechanical properties [1, 2]. Recently, titanium alloys al-
loyed with biocompatible  stabilizing elements, in particular niobium
[3], have been developed, which have a lower modulus of elasticity,
closer to the modulus of elasticity of bone.

Biomedical alloys based on the Ti—Nb system, additionally doped
with silicon for better osteointegration, were also proposed [4—8]. It
was established that alloys with 18—-20% wt. niobium and a hypereu-
tectoid silicon content of 1-1.2% wt. exhibit higher mechanical prop-
erties and biocompatibility in the Ti—Nb—Si system. The deformation
modes of Ti—(18—-20)Nb—(1-1.2)Si alloys were developed and the opti-
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mal temperature at which quenching of the deformed alloys allows ob-
taining high mechanical characteristics was determined [9].

The properties of alloys of the Ti—Nb and Ti—Nb—Si systems can be
further improved by alloying with biocompatible zirconium [10-13].
In Ti—Nb—Zr [10] and Ti—Nb—-Zr-Si [12, 13] alloys, zirconium has an
additional B stabilizing effect, which grows with an increase in the
content of other  stabilizers (Nb and Si). Zirconium reduces the solu-
bility of silicon and increases the release of silicides in alloys of the Ti—
Nb—Zr—Si system, due to which the alloys are strengthened [12, 13].
The aim of this work is to optimize the technology of deformation and
heat treatment of Ti—(18—-20)Nb—(3—4)Zr—(1-1.2)Si (% wt.) alloys.

2. RESEARCH MATERIALS AND METHODS

Experimental Ti—(18—-20)Nb—(3—4)Zr—(1-1.2)Si alloys were obtained
by electron beam melting [14]. The following charge materials were
used: BT1-0 titanium, HGIII-1 niobium, kr1-110 zirconium, KP-00 sil-
icon. The used smelting method ensured the formation of ingots of the
Ti—Nb—Zr—Si system alloys with a diameter of 60 mm and a length of
640-650 mm, which are quite homogeneous in structure and chemical
composition.

Hot deformation of ingots was carried out at a temperature of 950°C
by screwing rolling up to & 12 mm with air or water cooling. The ob-
tained rods were cut into samples, which were quenched in oil and water
with a holding time of 30 min at 1050°C. After deformation and heat
treatment, tensile tests of the mechanical properties were performed.

The structure was studied by optical (Jenaphot-2000), electron
scanning (Proton-21, Superprobe-733) and transmission (JEOL JEM
100X) microscopy. The x-ray phase diffraction analysis was carried
out on a DRON-3M diffractometer in monochromatic CuK,-radiation,
at an accelerating voltage of 40 kV and a current of 25 mA, in the an-
gular range 20=30-90° with a step of 0.05° and with a stop of
5 s/step. The results were processed in PowderCell software.

3. RESULTS AND DISCUSSION

The properties of alloys after deformation and heat treatment are in-
fluenced by the phase composition, the ratio and size of the structural
components. When the cast alloys of the Ti—Nb—Zr—Si system are
heated, the non-equilibrium phases disintegrate with the redistribu-
tion of silicon and the release of silicides. The largest amount of sili-
cides was observed on the quenching of these alloys from low tempera-
tures of 900-1000°C, close to the eutectoid transformation (865°C in
the Ti—Si system) [6, 7, 13]. Figure 1 shows the structure of the cast
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Fig. 1. Electron microscopy of the cast Ti—18Nb—4Zr—18Si alloy quenched from
900°C with a holding time of 5 min: scanning (a, b), transmission (c, d).

alloy Ti—18Nb—4Zr-1Si quenched from 900°C with holding for 5
minutes, where densely distributed silicide precipitates are clearly vis-
ible. At the same time, almost all silicon binds with zirconium and ti-
tanium to form silicides (Ti,Zr)sSi, <0.2% Si remains in the solid solu-
tion of the cast Ti—-8Nb—4Zr—1Si alloy [11], that leads to a significant
decrease in hardness. When the alloy is heated to higher temperatures
>1100°C, thesilicides begin to dissolve.

Rolling of the cast Ti—(18-20)Nb—(3-4)Zr—(1-1.2)Si alloys oc-
curred in  area at a temperature of =950°C with different cooling
speeds: in air and water. After the deformation with air cooling,
quenching was also applied.

In order to determine the optimal mode of heat treatment of the de-
formed Ti—(18—20)Nb—(3—4)Zr—(1-1.2)Si alloys, the quenching in wa-
ter was carried out at the temperature range of 1000-1100°C in an in-
terval of 20°. The dependences of 65, Go.02, 0 on the quenching tempera-
ture are shown in Fig. 2. Dashed lines show mechanical properties of
the experimental alloys for tension in the deformed state as initial val-
ues. The arrows show changes in the level of 6;, 6¢.02, 8 after quenching,
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Fig. 2. The tensile mechanical properties of deformed Ti—(18-20)Nb—(3—
4)Zr—(1-1.2)Si alloys after quenching in water: c: (m),c0.2 (0), & ().

and the range of quenching temperatures that provide the optimal set
of mechanical properties is also highlighted.

For the deformed Ti—(18—20)Nb—(3—-4)Zr—(1-1.2)Si alloys, a tem-
perature range of T'=1040 + 20°C has been established, the quenching
from which allows obtaining almost identical high mechanical charac-
teristics: 6,=1100-1150 MPa, ©o.02=800-850MPa, 6=11-11.5%.
Decreasing of the yield strength o2 after quenching from tempera-
tures < 1060°C can be explained by more decomposition of the solid so-
lution with forming the great amount of silicides, and as a result the
presence of poor with [ stabilizers, unstable B phase which undergoes
deformation martensitic transformation in tension. Quenching at
1040-1060°C probably fixes the maximum quantity of metastable 3
phase, while the difference between the temporary fracture resistance
o; and the yield strength ooz is > 300 MPa. At higher quenching tem-
peratures, almost the entire p phase undergoes transformation and the
amount of martensite increases, at the same time silicides are dis-
persed due to partial dissolution [13], the consequence of which is an
increase in 65, Go02 Wwith a simultaneous decrease in plasticity o (Fig. 2).

According to x-ray phase analysis the deformed and quenched Ti—
(18-20)Nb—(3—4)Zr—(1-1.2)Si alloys contain o’ and o'’ phases with
their different ratio, residual p phase, and silicides (Fig. 3, Table 1). It
should be noted that a sharp peak located at angles 20 2 50-51° (Fig. 3)
is observed on the XRD-patterns, which cannot be attributed to the ex-
isting B, o', o’ phases. Considering its rather significant intensity, the
appearance of such a peak cannot be explained either by the presence of
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Fig. 3. XRD-patterns of Ti—(18—-20)Nb—(3—-4)Zr—(1-1.2)Si alloy: after the
screwing rolling at 950°C with cooling in air (a) and water (b), after the
quenching in oil (¢) and water (d) at 1050°C, 30 minutes: o’ phase (+), o'’ phase
(1), p phase (), TisSi (o), TisSis (x).

silicides or by the presence of the o phase. In cast Ti—18Nb—xZr—1Si
alloys [12], the same Bragg reflection in the diffraction pattern to the
left of the main (200)p reflex appeared only when the zirconium content
reached 8% wt., which indicates the formation of another 3 phase with a
lattice parameter a = 3.615—-3.595 A based on a Zr—Ti solid solution.

The appearance of another phase with a higher parameter of b.c.c.
lattice, but lower intensity compared to the reflection of the main 8
phase, was previously observed in cast Ti—Nb 3 alloys [15] with a high
niobium content of 37.5 and 45% wt. One of the possible mechanisms
for the formation of a double b.c.c. phase is considered the segregation
of elements because of dendritic liquation during crystallization due to
the difference in the melting temperatures of the components since the
content of alloying elements in the axes of dendrites and interdendritic
areas can differ significantly. But, in the as-cast state of the experi-
mental Ti—(18-20)Nb—(3—4)Zr—(1-1.2)Si (a + B) alloys of the martensit-
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TABLE 1. Phase composition of Ti—(18-20)Nb—(1-1.2)Si alloys: after the
screwing rolling at 950°C with cooling in air (1) and water (2); after the
quenching in oil (3) and water (4) at 1050°C, 30 min.

o) a’ B (Ti,Zr)sSi/
a ‘ ¢ % a ‘ b ‘ c % A o |(Ti,Zr)sSis,
A mass A mass | & mass | % mass

1 2.97854.6537 43 3.08045.09304.6895 49.4 3.2674 2.8 2.8/1.9
2 2.96204.6577 32.2 3.02584.97204.6613 60.1 3.2866 2.6 5.0/0
3 2.96254.6578 16.4 3.01074.97134.6594 75.8 3.2686 2.3 5.5/0
4 2.96394.6579 16.1 3.02294.96544.6657 74.4 3.2757 3.3 5.8/0.3

ic class, dendritic liquation was quite weak [13], the structure after
crystallization consisted mainly of the o' phase, the f phase had no signs
of delamination and its content reached 2 12%.

The second mechanism of the appearance of a double  phase is the
spinodal decomposition of a solid solution. Phase separation is facili-
tated by the difference in atomic radii, especially the presence in alloys
of elements with small atomic sizes: hydrogen [15], oxygen [16], or sil-
icon in alloys of the Ti—Nb—Zr—Si system, which creates conditions for
the formation of clusters. Thus, during heat treatment of Ti—Nb—-O
alloys [16] in the [ phase, nanodomains of Nb-poor and Ti, O enriched
B1, as well as Nb-enriched, but Ti and O depleted B are formed, which
leads to the nanoscale (1 + B2) spinodal microstructure. In the cast Ti—
Zr—Ta p alloys [17], a nanostructure corresponding to the spinodal de-
composition of the original p phase was also formed: semi-coherent
particles of the B: phase with an increased Ta content interspersed in
the Zr-enriched B; matrix with strain accommodation due to edge dis-
locations at the phase boundary and modulation along the elastic-soft
directions <100> in b.c.c. lattice. Such a structure affects strengthen-
ing, which is associated with a barrier to the movement of dislocations
in the form of inclusion boundaries. Unlike traditional decay, spinodal
decomposition does not require the nucleation of particles and allows
obtaining uniform nanostructures without long-term ageing.

On rolling in the P area of Ti—(18-20)Nb—(3—-4)Zr—(1-1.2)Si alloys,
the deformation can stimulate the spinodal decomposition of the f solid
solution. In metals with cubic lattices, {100} <110> deformation texture
is formed, so the 3; phase in the experimental alloys has the correspond-
ing predominant orientation, which is observed in the form of an in-
creased intensity of its (200) line in the diffraction pattern (Fig. 3). It is
likely that upon further cooling the ; phase transforms into a” phase, 3,
into o', with remnants of the corresponding § phases between the mar-
tensitic plates, and the final dispersed structure (o’ +a') reflects the mi-



272 0. M. SHEVCHENKO, M. M. KUZMENKO, O. Yu. KOVAL et al.

crostructure (B; + B2) formed through spinodal decomposition.

During deformation processing with air-cooling of Ti—(18-20)Nb—
(3—4)Zr—(1-1.2)Si alloys, the cooling rate is higher at high tempera-
tures, where the martensitic transformation f — o' occurs. As a result,
a thin needle-like o' phase is formed (Fig. 4, a, b), which has a signifi-
cant distortion of the crystal lattice ¢/a=1.562 (for a Ti ¢/a=1.587).
Upon further cooling, a dispersed o'’ phase as separate areas between
the primary needles appears, the orthorhombicity of which is close to
unity b(3)2/a=0.955 that indicates its lower doping with B stabi-
lizers. At the same time, the diffraction pattern does not show the
splitting of the lines, but only their broadening (Fig. 3, a). In the struc-
ture of deformed Ti—(18-20)Nb—(3—4)Zr—(1-1.2)Si alloys cooled in air,
there is also a small amount of primary (Ti,Zr);Si; silicides (Table 1),
which were formed in the cast state after crystallization, and secondary

100KV X3,000

Fig. 4. Scanning electron microscopy of Ti—(18—20)Nb—(3—4)Zr—(1-1.2)Si alloys:
deformation at 950°C with air cooling (a), deformation at 950°C with cooling by
water (b), quenching of the deformed alloy into oil at T'=1050°C, 30 minutes (c),
quenching of the deformed alloy in water at T'=1050°C, 30 minutes (d).
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TABLE 2. Mechanical properties of Ti—(18-20)Nb—(3—4)Zr—(1-1.2)Si alloys
after different hot deformation and heat treatment modes.

Mechanical tensile properties
Treatment
co2, MPa | ou, MPa |38, %
1 Rolling at 950°C, air cooling 1145 1250 1,7
2 Rolling at 950°C, water cooling 885 1055 8
3 1-+quenching at 1050°C, 30 minutes in oil 760 1025 12
4 1+ quenching at 1050°C, 30 minutes in 810 1135 11,5
water

(Ti,Zr)sSi silicides, which were released during cooling due to the
peritectoid transformation at 1170°C: B+ (Ti,Zr)sSis — (Ti,Zr)sSi [13].
The formation of such a non-equilibrium deformed structure causes
high strength .= 1250 MPa and low plasticity 6 < 2% (Table 2).

An increase in the cooling rate and an increase in temperature dur-
ing quenching of deformed Ti—(18—20)Nb—(3—-4)Zr—(1-1.2)Si alloys
leads to the formation of a larger amount of orthorhombic o'’ phase
(Table 1), which has a dispersed lenticular thin-lamella structure (Fig.
4, b, d). This also results in a decrease in the values of orthorhombicity
of o martensite b(3)2/a=0.953—-0.948 and the splitting of its lines
on the XRD patterns (Fig. 3, b—d), due to a greater saturation with al-
loying elements. Accordingly, the amount of the o’ phase decreases,
and its ¢/a=1.572 (Table 1) increases, which means a decrease in dop-
ing of this phase. The strength of deformed Ti—(18-20)Nb—(3—4)Zr—
(1-1.2)Si alloys after quenching decreases compared to air-cooling
with asignificant increase in plasticity due to the predominant amount
of the o’ phase (Table 2).

In the quenching process, an additional separation of tertiary sili-
cides (Ti,Zr)sSi occurs because of the eutectoid transformation:
B—a"” +(Ti,Zr)sSi. Thus, Ti—(18-20)Nb—(3—-4)Zr—(1-1.2)Si alloys af-
ter deformation and heat treatment contain densely and uniformly dis-
tributed silicide particles (Fig. 4) with a total amount of = 5-6% mass
(Table 1). The most intense lines of silicides on the diffractograms
practically coincide with the lines of the main phases, so their presence
is evidenced by an increase in the background near the main lines and
the higher total intensity (Fig. 3). Electron-microscopy study showed a
large number of both coarse and dispersed silicides in the quenched al-
loys between small, differently oriented, acicular and lenticular mar-
tensitic plates (Fig. 5).

Eutectoid silicides are released during the quenching process both in
the form of highly dispersed particles between the plates of the o'
phase, and on the already existing secondary (Ti,Zr)sSi silicides, which
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Fig.5. Transmission electron microscopy of Ti—(18—20)Nb—(3—4)Zr—(1—-
1.2)Si alloy: after the screw rolling at 950°C with water cooling (a, b), after
the deformation with the additional quenching in water at 1050°C (¢, d).

results in their growth. The formation of dispersed silicides on the sur-
faces of martensitic plates and in B layers occurs due to deformation
and heat treatment of the experimental alloys. This leads to their grid-
like distribution, which is a resistance to the movement of dislocations
and provides additional strengthening.

Tensile failure of the alloy, deformed with air cooling, is brittle-
viscous, and pitted, with the presence of spalled facets in areas of the
lamellar o’ phase (Fig. 6, a). Low-energy dimples dominate the fracture
surface after quenching at a lower temperature of 950°C (Fig. 6, b).
The fracture of the alloy quenched at 1050°C is viscous, high-energy,
with small pits (Fig. 6, ¢). In a softer matrix, the deformation pits are
formed, at the bottom of which silicides remain (Fig. 6, d).

Both the level of the phases alloying (solid-solution hardening) and
the amount and size of silicides (dispersion hardening) affect the me-
chanical properties. In the solid solution of Ti—(18—-20)Nb—(3—4)Zr—
(1-1.2)Si alloys, <0.2% Si remains according to calculations [13], and
the o’ phase contains more dissolved silicon, and, accordingly, less sili-
cides than the o’ phase. The fracture mechanism of Ti—(18—-20)Nb—(3—
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Fig. 6. The fracture surface of the Ti—(18-20)Nb—(3—-4)Zr—(1-1.2)Si alloy:
deformed at 950°C, cooled in air (a), deformed at 950°C with cooling by water
(b), quenched at 1050°C, 30 minutes in water (c, d).

4)Zr—(1-1.2)Si alloys shows that deformation and quenching create a
composite material with an alloyed plastic matrix, which is strength-
ened by uniformly distributed, dispersed solid particles of silicides.

4. CONCLUSIONS

After the hot deformation at 950°C with air-cooling of Ti—(18—20)Nb—
(3—4)Zr—(1-1.2)Si alloys, approximately the same amount of o’ and o'’
phases was formed. Such a non-equilibrium structure has high
strength 0,2 1250 MPa and low plasticity 6 <2% . Quenching of Ti—
(18-20)Nb—(3—4)Zr—(1-1.2)Si alloys leads to the predominance of the
orthorhombic o' phase in their structure, correspondingly, the
strength decreases with a significant increase in plasticity. The tem-
perature range T =1040 + 20°C was established, from which quenching
of deformed alloys Ti—(18—20)Nb—(3—-4)Zr—(1-1.2)Si allows obtaining
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an optimal complex of high mechanical properties: c.=1100-1150
MPa, 00.02 = 800—-850 MPa, 6=11-11.5%.

The structure of Ti—(18—-20)Nb—(3—-4)Zr—(1-1.2)Si alloys after de-
formation and heat treatment also contains dispersed silicides densely
and uniformly distributed between small martensite plates. The for-
mation of a large amount of silicides (= 5—6% mass) decreases the sili-
con content in the solid solution and reduces its strength. However, at
the same time, the mesh-like distribution of silicides formed due to de-
formation and heat treatment is a resistance to the movement of dislo-
cations and provides dispersion hardening. In this way, a composite
material with an alloyed soft matrix and uniformly distributed hard
silicide particles was created.

In the deformed and quenched Ti—(18-20)Nb—(3—4)Zr—(1-1.2)Si
alloys, x-ray structural analysis showed that, in addition to o', ", re-
sidual  phase and silicides, a peak was also observed indicating the
presence of another f phase based on a Zr—Ti solid solution with a lat-
tice parameter a=3.615-3.595 A. The appearance of this phase can be
explained by the spinodal decomposition of the B solid solution, which
is stimulated by the stresses during deformation. This is facilitated by
the difference in the atomic sizes of the components, in particular the
presence in alloys of silicon and zirconium and the possible formation
of clusters. The delamination of the f phase during deformation prob-
ably affects the formation of the final dispersed (o'’ + a')-structure,
and provides high mechanical properties.
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CrpykTypa Ta BJIACTHMBOCTI MeTaJy, HATOILJIEHOTO IJIa3MOBUM
MEeTO0M IIOPOIIKOM IIBHAKOPi3aabHOoi Kpumi 10P6MS5,
monudikopanum Amominiem a6o Bopom

€. ®. IlepenabvoTunkos, I. O. Pabues, 1. II. Jleutioros, I. I. Padiies

Inecmumym enexmposeapiosarns inm. €. O. Iamona HAH Ykpainu,
eyn. Kasumupa Manesuua, 11,
03150 Kuis, Yrkpaina

B po6oTi ekcriepuMeHTaIbHO MOCIiIKEHO BILINB MOAU(DIKYBAILHUX T00aBOK
Aurominiro yu To Bopy y mopomok mBuakopisanbaoi kpuii 10P6MS Ha cTpy-
KTYpy Ta BJIACTUBOCTi MeTaJly, HATOILJIEHOTO IJIa3MOBO-IIOPOIIIKOBUM CIIOCO-
6oMm. BeraHnoBieno, mo moaudikyBaHHA HaTomiaeHoro Mmetanay 10P6M5 Aurio-
miniem y Kimbkocti 0,01-0,05% cupusae yTBOPEHHIO OJATKOBUX IEHTPIB KPH-
craJisarmii Ta IPUTHiUYEeHHIO 3POCTAHHSA CTOBIIYACTUX KPUCTAIITiB. B pesyib-
TaTi MiABUIYEThCA YePBOHOCTiKiCTh HATOILJIEHOI IMIBUAKOPi3aJIbHOI KPHUIIi, a
MiIlHiCTH 3a 3TMHAHHA ¥ yJapHa B’sA3KicTh 30epiraioThcs Ha PiBHI KoBaHOI
MIBUAKOpi3anbHOI Kpuili. MogudikyBarnua Bopom y kinbkocti 0,015—-0,060%
Oie Ha CcTpyKTypy HaTomiaeHoro meraay 10P6M5 mpubamsmHo aHAJIOTiUuHO
Aumrominito. OgHak yTBopeHHs BogHOouac 6opuny Fe:B, Ake cympoBOKyeThCS
30iIbIIIeHHAM ITUTOMOr0 00’emMy Ha = 15—17%, IPpUBOAUTD A0 MOSABU 3HAUHUX
BHYTPiNIIHiX HATIPY?KeHb 1 3MEHIIy€e MillHiCTh 3a 3TUHAHHA # yAapHY B’ A3KiCTH
HaTomiaenoro meraay 10P6M5, mogudikoBanoro Bopom. 36iabIieHEA CTiHiKO-
CTH pisaJbHUX iHCTPYMEHTiB, BUTOTOBJIEHNX 3 BUKOPUCTAHHAM ILJIACTUHOK i3
HaTorieHoro metrany 10P6Mb5, mogudikoBamoro Aniominiem a6o Bopowm, 3y-
MOBJIEHO TIO€JHAHHAM APiOGHO3EPHUCTOI CTPYKTYpH HATOILJIEHOTO MeTaay 3
BiTHOCHO TOHKOIO Kap0i/THOIO CiTKOIO Ta BUCOKOIO YePBOHOCTIiMKiCTIO.
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nudikyBaHHA, 3HOCOCTiMKiCTh, UEPBOHOCTiMKiCcTh, MeXaHiuHi BJIACTHMBOCTI,
pisanbHi BJlacTUBOCTI.

In this work, the effect of modifying additives of aluminium or boron in the
powder of high-speed steel 10R6M5 on the structure and properties of depos-
ited metal by the plasma-powder surfacing is studied experimentally. As es-
tablished, the inoculation of the deposited metal 10R6M5 with aluminium in
the amount of 0.01-0.05% promotes the formation of additional crystalliza-
tion centres and suppresses the growth of columnar crystallites. As a result,
the red hardness of the deposited high-speed steel is increased, and the bend-
ing strength and toughness are maintained at the level of forged high-speed
steel. The inoculation with boron in the amount of 0.015-0.060% acts on the
structure of the deposited metal 10R6M5 similarly to aluminium. However,
the formation of Fe:B boride, accompanied by an increase in the specific vol-
ume by = 15—-17%, leads to the appearance of significant internal stresses and
reduces the bending strength and impact toughness of the deposited metal
10R6M5 modified with boron. An increase in the tool life of a cutting tool
made by using plates of deposited metal 10R6M5 modified with aluminium or
boron is due to the combination of a fine-grained structure of the deposited
metal with a fine carbide mesh and high red hardness.

Key words: plasma-powder surfacing, deposited metal, inoculation, wear
resistance, red hardness, mechanical properties, cutting properties.

(Ompumano 28 6epesns 2023 p.; ocmamoun. eapiaum — 13 keimusa 2023 p.)

1.BCTYII

Y iHcTpyMeHTaJIbHOMY BUPOOHUIITBI JOCTATHBO IITHMPOKO 3aCTOCOBYIOTE-
cs pecypcosbepiraabHi TeXHOJIOTiI, OJHi€I0 3 AKUX € TeXHOJOTisd BUTO-
TOBJIEHHSA OiMeTaseBOro pi3ajJbHOT0 iHCTPYMEHTY 3 BUKOPHUCTAHHAM
HaTomaeHHs [1—-4]. TexHosoriuHa cxeMa BUTOTOBJIEHHSA TaKOT'0 iHCTPY-
MEHTY CKJIAJAEThCA 3 HACTYIIHUX OMepalliii: HaTOIlJIeHHA IIIBUIKOpPi3a-
JbHUMU a00 iHIIMMM iHCTPYMEHTAJbHUMHU KPUISAMU 3aroTOBOK i3
KOHCTPYKI[IHHUX KPHIb, BiANaJ HATOIJIEHMX 3aroTOBOK, MeXaHiuHe
00po0JeHHA iX, 3arapTyBaHHA Ta Bigmyck. BogHouac HaTONJIEHHS BU-
KOHYETHCA MEPEBAKHO BPYUYHY IITYUHUMHU eJeKTpoAaMu abo eJIeKTPOo-
010, III0 He TOMUTBCA, B 3aXMCHUX rasdaxX 3 MPUCAAKOI0 APOTY YU TO
MPYTKiB 3 MIBUAKOPisadbHUX (IHCTpyMeHTaJAbHUX) Kpuilh [3]. Bizomo
TaKOK MexaHizoBaHe HATOILIEHHSA pPisaJbHUX iHCTPYMEHTIiB KOHTAKT-
HUM c1iocobom [4].

Heponikamu 3ragjaHux cImoco0iB HATOIIJIEHHS €:
— IiABUINleHA BUTpaTa MPUCAAKOBUX (EJEKTPOIHUX) MaTepisaaiB is

MIBUAKOPi3aIbHUX KPUITh;
— mnpobisema 3a0e3meueHHA CTa0iIbHOI SKOCTU HATOILJIEHOT'0 METAJY;
— BeJIMKUI meperpiB OCHOBHOTO MeTaJy.

IIlmasmMoBe HATOIIIEHHS 3 IIPHUCAAKOIO IIOPOIIKY mo30aBieHe 6iabIoc-
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THU BUIE3TAJAHNX HEJOJiKiB. 3a MJIa3MOBO-IIOPOIIKOBOT'0 HATOILIEHHS
3aBIAKU HEBEJUKOMY ITPOTOIJIEHHIO Ta HE3HAUYHOMY BUTOPAHHIO JIETY-
BaJbHUX €JIEMEHTIiB XeMiuHUY CKJIaJ HATOILJIEHOTO METAaJy BiKe B IIep-
oMy Itapi BimmoBimae ckiany mpucamHoro mopomky. OgHopigHicTb
XeMiUHOT0 CKJIAAY PO3TOILIEHUX IIOPOIIIKIB i cTabiIbHICTD peuMy I1Jja-
3MOBO-IIOPOIITKOBOTO HATOIJIEHHA 3a0€3I1eUyl0Th BUCOKY AKiCTH Ta 0f-
HOPiZHiCTH XeMiUHOTO0 CKJIAAy HATOIJIEHOTO MeTaJly, Y TOMY YHMCJi TUIY
MIBUAKOPi3aIbHUX Kpulb [ 2, 5].

Per'ymiooun mMBUAKiICTE IOgaui MMOPOINIKY, MOMKHA Per'yJII0BaTH IIIBU-
IKiCTh KpHcTasizallii 3BapoBabHOI BAHHU Ta BIJUBATHU Y CIIPUATIIN-
BUM 0iK Ha CTPYKTYPY HATOILJIEHOTO MeTaJy [2], 1110 MOKHA ITOCUINTH,
BBOJIAYM Y IIOPOIIOK IPUCATKY MOAU(MIiKYyBaJIbHUX €JIeMEHTIiB.

MeTa poboTu — mocuaiguTu BILINB MoAu(piKyBamua AJroMiHieM abo
Bopom nprcagaEoro mopomKy msuAKopisaabHoi Kpuili 10P6M5 Ha Tex-
HOJIOTiUHIi ¥ eKcIIyaTaIlifHi BJIaCTUBOCTI, a TAKOMK HA CTPYKTYPY MeTa-
JIy, HATOILJIEHOTO IIJIa3MOBUM CIIOCOO0M.

2. MATEPISAJIM TA METOAUKMU JOCJHIIsKEHD

s nocaimskenb oopano mopoirok ITP-10P6M5 3 posMipoM YaCcTUHOK Y
80—-200 MmxM, oJep:KaHWH POSIOPOIIEHHAM a30TOM pPiAKOro merany,
AKUHA MicTuTh (Mac. uacTka, %): 1,0, 5,83 W, 5,40 Mo, 3,86 Cr, 1,96 V,
0,4 Si, 0,35 Ni, Si P < 0,03. flxk mogudikaTopm BUKOPUCTOBYBAJIHI
Anrominiii i Bop y kiaekocti 0,01-0,05% i 0,015-0,060% Bigmosigso,
AKi BBOAMJIM Y PO3TOI HMIBUAKOpPizasbHOI Kpuii 10P6M5 mepen posmo-
POIIIeHHAM.

IInazmMoBO-TIOPOIITKOBE HATOIJIEHHA 3pasKiB i3 kpuni Cr3 posmipamu
20x50x300 MM BuUKOHYBaJM Ha yHiBepcanabHi#t yctanoBmi OB 2184
rkoHcTpykIrii IE3 iMm. €. O. ITarona HAH Vkpainu. Bucora ogHoiapo-
BUX BaJUKiB cTaHOBMJIa 5—6 MM, mupumHa — 9—11 MM, ABOLIAPOBUX
BannKiB — 8-9 MM i 12—-14 mm BigmoBigmo. Crpym nyru cranoBuB 160—
200 A zajye)xHO Bij I'padyJIOMEeTPUUYHOTO CKJIALy IIOPOIIKY, KiJIbKOCTU
IapiB i HIBUAKOCTY HATOMJIEHHS; OCTaHHSA 3MiHIOBaJIacAd B Mekax 6—12
M/Tof; MIBUAKiCTE mogadi mopoimky — 3,0—3,8 Kr/rog.

Haronnenns BuKOHyBajocsa 0e3 IIOIEepeIHLOT0 MHigirpiBy, 0Xo0JIo-
IKEHHA IIicJd HAaTOIJIEHHA — Ha MmoBiTpi. Haa meTtanorpagiuamux moc-
JiJ’KeHb 3 HATOIJEeHUX BAJUKIB BUPisaau 3pas3ku HOBKMHOI ¥ 10—20
MM. Meranorpagiuni mociaigyKeHHS HpoBoAMIM Ha Mikpockomi «He-
odor». TBepAicTs HATOILJIEHOTO MeTaNy BUMiproBajau Ha npuiajxax Po-
KkBeJi1i BikKkepc.

IIIBuaKopisanbHi KpUIi BUKOPUCTOBYIOTHCA IJIA BUT'OTOBJIEHHA iH-
CTPYMEHTIB, AKi eKCILIyaTyIOThCS 3a BUCOKUX IIBUAKOCTel pidannd. I1i
KpUIli moe JHYIOTh BUCOKY TBepAicTh (HRC 63—70), uepBOHOCTIHKiCTh 3a
Temiepatyp go 700°C Ta migBuinennii omip miacTuuHii gedopmairii.

3 ypaxyBaHHAM BUINEBUKJIALEHOT0, AK KPUTEPil I/ OIiHKY BJIACTH-
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BocTeli MOAM(piKOBAHMX HATOILIEHUWX MIBUAKOPi3albHUX KPUIL Oyau
o0paHi TBepaicTh, YePBOHOCTIHKiCTh, MiIlHiCTh 3a 3TMHAHHA I yaapHa
B’sA3KicTh. Kpim 11b0T0, MPOBOAMINCS MOPiBHAILHI BUIPOOYBAHHA pi-
3aJIbHOTO Ta (hpe3epyBaIbHOI0 IHCTPYMEHTIB 3 INIACTUHKAMU, AKi 6yJiu
BUpPidaHi 3 HATONJIEHUX BAJUKiB MIBUAKOPi3aJIbHUX KPUILh, ITiJl YacC TO-
4yiHHA Ta hpesepyBaHH4.

BunpobyBaHHsS Ha MiIlHiCTh 3a 3STMHAHHS OPOoBOAMIN Ha npeci IM-4 3
3aCTOCYBAHHAM OPUT'iHAJHLHOTO HPUCTOCYBAHHS 3 POJMKOBHMM OIOpa-
mu. 3pa3ku mepepizoMm 3x6 MM i moBKMHOIO Y 40 MM BUTOTOBJIAIHU 3
IBoOIIapoBUX BaaukiB. HaBanTakeHHs 3pas3KiB IPOBOAUIN 30CEPEIKE-
HUM HaBaHTAKEHHSIM, IPUKJIAJeHM IIocepennHi Mixk omopamu. IIBu-
IKicTh HaBaHTakeHHA cTaHoBUIa 100—-150 H/c. S3HauenHa MigHOCTH 3a
3TMHaHHA BU3HaUajocd 3a popmyJioro (MIIa)

c=M/W,

ne M — sruHaJIbHUIT MOMEHT, 10 mopiBHioe M = Pl/4 [H-m]; P — pyi-
HiBHe HaBaHTaskeHHd [H]; | — Bigmans misk onopamu [M]; W — MoOMeHT
omnopy nepepisy, pisauii W = bh?/6 [m?®], b — mupuna spaska [m]; b —
BHUCOTa 3pa3ka[m].

Buaciinok poskuay 3HaueHb MIiI[THOCTH ITiJ] YaC KPUXKOT0 PyHHYBaH-
HA 3pasKiB i3 MIBUAKOPis3aIbHUX KPUIlh Y KOMKHil cepii BumpoOoByBa-
aucsa mo 8—10 3paskiB, BUpizaHUX i3 HATOILIEHWX BaJUKiB. 3 Iiel K
OPpUYUHU OJIsS BUNPOOyBaHb Ha yAapHY B’ SI3KiCTh BUKOPHCTOBYBAJU
TaKy K KiJIbKicTh 3paskKiB posmipom 5x 5x 10 MM 6e3 HaApisy Ta MasaT-
HuKoBuii Komep KM-0,5-T 3 MaJjI0i0 BeJIMUMHOIO POOOTH YAAPY.

YepBOHOCTIHIKiCTL KPHUILi, UM TO 3JaTHICTh KPHUI[i 30epiraTu BUCOKY
TBEPIiCTh IiJ Yac TpUBaJIUX OaraTopasoBUX HArPiBaHb 40 TEMIIEPATYP ¥
550-650°C, mae Ba)kJIMBe 3HAUEHHSA Ta 3HAUHOIO MipOI0 BU3HAYAE CJIY-
*KOOBi BJIaCTHBOCTI IIBUAKOpPi3adbHOI Kpuii. Ilig uac gocaimxeHb uep-
BOHOCTifKOCTM 3pas3Ku 3 HATOILIEHOr0 MeTaJly, 3arapToBaHOTO Bin
1200°C, Bignyckanu 3a 560°C, micia uoro migmaBaau 6araTopasoBoOMY
HarpiBamuio 10 tremmnepatyp y 580, 600, 620, 640 i 660°C 3 BUTPUMKOIO
1 rox. 3a KOXKHOI TeMIepaTypH Ta IMOJAJNBIIIOMY OXOJOMKEHHIO I Mi-
PSHHIO TBEPAOCTH IiCJIg OXOJOIKEeHHS.

3. PE3YJIBTATH TOCJIIIKEHD TA IX OBTOBOPEHHSA

B ommomrapoBux BaJaMKax, HATOILIEHUX IIJIA3MOBUM CIIOCOOOM IIOPOIII-
KOM InBuAKOpisambHOi Kpuii 10P6M5, TBepmicTh posmomiadeTbCs
IPaKTUYHO PiBHOMIDHO, a ii 3HaUeHHA 3HAXOAATHCA V BYSBKUX MerKaxX
— HV 770-790 (puc. 1, xpuBa I). PiBeub TBepAoCTH — OOCTATHHLO BU-
COKMM HaBiTh 0inaA JiHil cTOMIEHHS, IIT0 CBiTUUTE ITPO HEBEJIWKe mepe-
MiInryBaHHSA OCHOBHOT'O 11 HATOILJIEHOTO METAJIIiB Ta YTBOPEHHS 3arapTo-
BaHOI CTPYKTYPU 3 BEJUKOIO KiJbKiCTIO MapTeHCUTY. ¥ IBOIIAPOBUX
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Puc. 1. Posmoxin TBepgocTu mo mnepepisy oxuorraposoro (1) i geomraposoro (2)
BaJWKiB, HATOILUIEHWX ILJIa3MOBHM CIIOCOO0M TOPOIIKOM IITBUAKOPi3albHOL
Kpuiii 10P6M5 micaa Bigmycky 3a 560°C, 1 rog.

Fig. 1. Distribution of hardness over the section of single-layer (1) and two-
layer (2) beads plasma-surfaced with powder of high-speed steel 10P6M5 after
tempering at 560°C, 1 hour.

BaJIMKaX XapaKTep PO3IOAiJy TBEPAOCTH AaHAJOTIUHHWI OJHOIIAPOBUM,
aJjle caMa TBEPAiCThb JeIllo BUINA. 3 BigmaaeHHAM JiHil CTOIJIeHHS TBEP-
micthb 3poctae 1o HV 820-840 (puc. 1, Kpuna 2).

MikpocTpykTypa HemoaudikoBaHoi HaTomiaernoi Kpumi 10P6M5 mae
30BHIIIHIO CXOMKICTh 3 IUTUMU CTPYKTypaMu Iiiel Kpuii, ajge Bigpisus-
€ThCA Ne30Pi€eHTOBAHUMU IeHAPUTAMU. 3a Me:KaMU JeHAPUTiB pos3Ta-
IIOBaHi HAAJUIIKOBI KapOigy Ta KapbigHa eBTeKTuKa (Jemedypur). Ka-
pbinma ciTka mopiBHAHO TOBCTA, 0€3 CKynueHb Kapbimis (puc. 2, a).

MomudirkyBanbHa gis ATOMiHiI0 B HATOILIEHOMY METAJi TUITY KPHUITi
10P6M5 npoABIAeThCA V IOAPiOHEHH] ITIePBUHHOI CTPYKTYPH Ta Je30Pi-

Puc. 2. MikpocTpykTypa HemoaudixoBaroro (a) Ta mogudikoBaHoro AJomi-
uniem 0,01% (6) Ta 0,05% (8) abo Bopom 0,015% (2) Ta 0,06% (0) HaTomIEHOTO
metany Tuny Kpuini 10P6Mb micaa Binmycky 3a 560°C, 1 rox. (x 200).

Fig. 2. Microstructure of unmodified (a) and modified with aluminium 0.01%
(b) and 0.05% (c) or boron 0.015% (d) and 0.06% (e) deposited metal of steel
type 10R6MS5 after tempering at 560°C, 1 hour ( x 200).
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TABJINIIA 1. BnactuBocTi HaTomieHoro Metany tuny Kpuiti 10P6M5 3 mo-
nudikyBaJdbHUMH HobaBKaMu AJioMiHiio a6o Bopy micasa moBHOTO TepMOoOOpoO-
OeHHA.

TABLE 1. Properties of deposited metal such as steel 10R6M5 with modifying
additions of aluminium or boron after complete heat treatment.

Buaacrusocti
Haronnerna Kpuns Tgepgicrs, Minnicts 3a YﬂaPHa YepBOHOCTiNKiCTE
HRC 3TMHAHHA Gn, | B’A3KiCTH Kp, °C
MIIa d, I:x/cm?
10P6MJ5 (eTason) 62,0 2620 9,0+0,5 590
10P6M5 (0,01% Al) 62,5 2620 9,0+0,5 600
10P6M5 (0,05% Al) 62,8 2630 9,5+0,3 610
10P6M5 (0,015% B) 63,5 1960 3,6+0,5 610
10P6MS5 (0,06% B) 64,0 1310 3,0+0,5 620

€HTOBAHOMY 3POCTAHHI KPHUCTAJITIB mig uac saTBepAinHga (puc. 2, 6, 8),
III0 HO3UTWBHO BILIMBAE HA MEeXaHiUHi BJIACTUBOCTI HATOILJIEHOT'O METAJy
(Taba. 1). AToMiHi# TaK0K IPOTHUIi€ YTBOPEHHIO TPIiIllUH, BUKJIUKAHUX
cruinpHoio miero Kap6ouy ta Cyabdypy. CipxoycyHeHHsa AsioMiHieMm
3YMOBJIEHO JIETIOUiCTIO CyabGhiny AoMiHit0 B yMOBaxX HaTOIJIEeHH [2].

Kpim Toro, AnfomiHiii Mae BuCOKY cropigHeHicTs 10 Okcureny. Ilo-
0aBKa AJIIOMiHiI0O B PO3IIOPOIITIYBAHUHM PO3TOH KPHUIL Bimirpae ZBOSKY
poinb. Ilo-miepire, AsroMiHil, IITO0 € eHEPriAHMM PO3KUCHIOBAUEM, IIO-
HIKye saranbuuii Bmict OKcureny y Kpumi. Ilo-gpyre, Anominii,
YTBOPIOIOUM il UaC PO3MOPOIIEeHH Ha IIOBEePXHi Kpamejab TOHKY ILJIiBKY
Al;O3;, 3am06irae yrBOPeHHIO TOBCTUX ILIiBOK 3 OKCcuAiB Xpomy, Bouabp-
pamy, Momi6aeny, cuiaikaris i mmizeseit.

Hocaimxennamu BuBy MoaudikyBanua Bopom mokasasio, 1o Bop
Iie HA CTPYKTYPY HaTomaeHoro mertaay 10P6 M5 nmpubamnsHo aHaaoriuHo
Amominito (puc. 2, 2, d). BogHopas, ockinbKu po3uuHHiCTE Bopy y de-
puTi Maja, TO Ay:Ke IIBUAKO HOCATAETHCA MeKa Hacury o-¢asu Bopom,
i, BigmoBimuo mo miarpamu crany Fe—B, B Merasi yTBoproeThcsS OOpPI,
Fe;B [6]. YTBOpeHHA 60puIy CYIPOBOAKYETHCA 301IBIIIEHHAM ITUTOMO-
ro 06’emy Ha = 15—17%, 1110 BUKJINKAE 3HAUHI BHYTPIiIIHI HATTPY KEeHHA.
Braciaigok 11poro, a TakoX yepe3 BHUCOKY TBepAicTh i KpuxKicTh FeyB
MiIlHiCTh 3a 3rMHAHHSA ¥ yaapHa B’ A3KiCTh HATOILJIEHOTO METAJy 3MeH-
myioTbed (Tada. 1).

PesyabraTtu mocuaim:keHHS YepBOHOCTIMKOCTH KpPHUIlh, MOAu(iKoBa-
Hux Amiominiem abo Bopom, mpeacraBieHo Ha puc. 3. Momudikamis
HATOIJIEHOTO MeTaJy IIUMHU eJIeMeHTaMU IPpUBeJja IO IIiABUIIEHHS Yep-
BoHOCcTitiKocTu Kpuili 10P6M5 mo 690°C.

BunpobyBaHHsS pisaJbHUX BJIACTUBOCTEH HATOIJIEHOT'O METAaJy IIPO-
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Puc. 3. Yepsonocrifikicts HemogudikoBanoro (1) tra mogudikosanoro 0,05%
Aurrominizo (2) a6o 0,06% Bopy (3) HaTomiernoro metany tTuiry Kpuii 10P6M5.

Fig. 3. Red-hardness of unmodified (1) and modified with 0.05% aluminium
(2) or 0.06% boron (3) deposited metal of steel type 10R6MS5.

BOJIMJINCS Ha Pislax i ¢pesax. 3 HATOIJIEHUX BAJUKIiB IMTBUAKOPi3aIb-
HOI KpHUIli BUpisaiu MJIacTUHKY po3dMipamMu 6 x 15 x 15 MM ajs pismisi b
x13x 13 MM misa gpes 3 mpuUNycKaMy Ha IojaJjbliie 00pobmenusa. Ilix
Yyac TOUiHHA B SKOCTi OOGpPOOJIIOBAHOTO MATEPiAIy BUKOPHUCTOBYBAJIU
s3arotoBKu 3 Kpuiib 12X18H10T i 30XT'CA, a mmix uac ¢ppesepyBanHsa —
3 Kpuiii 45. BunpoOoByBanucs aBa TUOMN ILJIACTUHOK 3 HATOIIJIEHUX
Kpuns tuny 10P6M5, moaudikoBanux 0,05% Amrominiro abo 0,06%
Bopy. [n1a mopiBHAHHA BUIPOOOBYBAJIM HJIACTUHKU 3 KOBAHOI KPHUITi
P6M5 i matomernoro metasty Tuny kpuiii 10P6M5.

3 rpadikiB BugHO (puc. 4), 1110 B AiAMNAa30HI MIBUAKOCTEN pisanua 15—
20 m/xB cTilikicTh pisiiB 3 KoBaHOI KpuIri P6M5) i miacTunkamu 3 Ha-
TomyieHoi HemoaudpikoBanoi Kpuii 10P6Mb mo cyri ogHakoBa. 3 mif-
BUIIEHHAM IIBUAKOCTH pisanHa moHan 20 M/XB cTiliKicThb pisiiB 3 mia-
CTHHKAMH i3 HaTomjieHoro metraaxy 10P6M5, mogudikosamoro Bopom y
kimskocti 0,06%, mepeBuIllye cTifikicTh pisiis i3 KoBamoi kpuiti P6M5 i
HaToIieHol Hemogudikosanoi kpuii 10P6Mb5 B 1,3—1,4 pasu. ¥ pasi
BUKOPHCTAaHHA AK Mopudikaropa AJIOMiHiI0O CTifiKicTh HATOILJIEHOTO
MeTaJy IIiJ 4ac TOUiHHA 30iabinyeThed B 1,2 pasn.

Bynu pocaimskeHi pisayibHI BJIACTHMBOCTI MJIACTHMHOK 3 HATOMIJIEHOIL
MIBUAKOPi3albHOI KPUIlL Hix uac TopieBoro hpesepyBaHHA 6e3 0X0JIo-
JUKYBAJbHOI PiMHU 3aTrOTOBOK i3 Kpwurli4b5 3 BuXigHMMHU posMipaMu
o0poobaroBamoi mosepxHi y 120 x 120 mMm. 3a eTayion 6yJI0o B3ATO IJIACTH-
HKU 3 HeMoaudikoBanoi kpuili 10P6M5. HocaimkeHHAMU BCTaHOBJIE-
HO, 110 MoaudpikyBanusa AmoMiHieM ado BopoMm HATOIIJIEHOTO MeTay
10P6M5 36imbmniao cTifiKicTh iHCTPYMeHTIB Imig uac ¢pesepyBaHHsA HA
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Puc. 4. Crifiricts pisnis T 3 mracTuHKaMu 3 KoBaHoi Kpurti P6M5 (1), 3 Hemo-
nudikosamoro (2) ra mogudpikosamoro Amrominiem 0,05 % (3) i Bopom 0,06%
(4) HaTomneHoro metasy tuny kpumi 10P6M5 B 3aiekHOCTi Bij IIBUAKOCTH
Touinua V mig uac o6pobsenns kpuii 12X18H10T.

Fig. 4. Tool life of turning tools, T, with plates made of forged steel R6M5 (1),
from unmodified (2) and modified with aluminium 0.05% (3) or boron 0.06%
(4) deposited metal type steel 10R6M5 depending on the speed turning V dur-
ing the processing of steel 12X18H10T.

5-10% i 15—-20% Bigmosiguo (Tabi. 2).

36iybIleHHs cTiliKocT Mogudikosanoro Amrominiem abo Bopom ma-
TOILJIEHOro MeTany Tumy Kpuii 10P6Mb5 mix uac pisanus Ta ¢pesepy-
BaHHSA 3YMOBJIEHO IIOEIHAHHAM JPiOHO3EPHUCTOL CTPYKTYPH 3 BiIHOCHO

TABJIAIA 2. BigaocHa 3HOCOCTiMKiCTh MJIACTUHOK 3 HATOILJIEHUX IIIBUAKODI-
3aJIbHUX KPUIb i yac (ppesepyBaHHs.

TABLE 2. Relative wear resistance of plates from deposited high-speed steels
during milling.

BigaocHa 3HOCOCTiHIKiCcTh Kpuiri

IIBuaKicTh Tpusaiicts
pisaHHS, M/XB | piBaHHT, XB. 10P6M5 Ge3s 10P6M5 3 10P6M5 3

mozudikaropis | 0,05% Al 0,06% B
80 18 100 91 80
60 22 100 95 85
40 48 100 90 79
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TOHKOIO Kap0i/JHOIO CiTKOIO Ta BUCOKOIO UePBOHOCTiMKiCTIO.

4. BUICHOBRKH

1. MogudikyBanua HaTougeHoro merany 10P6M5 AmtomiHieM y Kinb-
kocti 0,01-0,05% cnpusie yTBOPEHHIO JOAATKOBUX I[€HTPiB KPHCTAJII-
3a1lii Ta IPpUrHidYeHHIO 3pDOCTaHHA CTOBIIYACTUX KPHUCTAJITIiB. B pe3yib-
TaTi HiABHIYETHCA UYEPBOHOCTIMKICTh HATOIJIEHOI IIBHAKOPi3abHOI
Kpuili, a MilfHicTh 3a 3TMHAHHA ¥ yZapHa B a3KicThb 36epiramoTbcs Ha
PiBHI KOBaHOI IMIBUAKOPi3aaIbHOI KPHUIILi.

2. Hocaim:xeHHAMY BCTAHOBJIEHO, 1110 MoAuGdiKkyBaHHa BopoM y KiJlbKO-
cti 0,015-0,060% pgie ma cTPpYKTypy HaromjaeHoro merany 10P6M5
OpuOIN3HO aHajgoriuao AmomMiziro. OgHAK YTBOPEHHS BOZHOUAC Oopuay
Fe:B, axe cynpoBogKyeThbcA 30iIbIIIEHHAM IIUTOMOro 00’emy Ha = 15—
17%, TPpUBOAUTH 0 MOSIBY 3HAUHUX BHYTPIIIHIiX HANIPY:KEHDb i 3MEHIITy€E
MiInHicTh 3a STrMHAHHA I yZapHY B fA3KiCTh HATOILJIEHOTO METAaJy
10P6M5, mogudikosanoro Bopom.

3. 306iabIIeHHs CTiAKOCTH PisaJbHUX iHCTPYMEHTiB, BUTOTOBJIEHUX 3
BUKOPUCTAHHAM ILJIACTUHOK 3 HaTomaeHoro meranxy 10P6Mb, momudi-
KoBaHoro Asrrominiem abo Bopom, 3yMOBJIEHO IOETHAHHAM APiOHO3ep-
HHUCTOI CTPYKTYPU HATOILJIEHOTO METAJIY 3 BiIHOCHO TOHKOIO KapOigHOIO
CiTKOIO Ta BUCOKOIO UePBOHOCTIHKiCTIO.
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