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The effects of substitution of Fe in the boron-rich Fe-B—C alloys, containing 10.0-14.0 % B; 0.1-1.2 % C; Fe — the remainder, 5.0 %
Ti, Al, or Si (in wt. %) have been studied with optical microscopy, X-ray diffractometry, scanning electron microscopy, energy
dispersive spectroscopy. Mechanical properties, such as microhardness and fracture toughness, have been measured by Vickers
indenter. The microstructure of the master Fe-B-C alloys cooled at 10 and 103 K/s consists of primary dendrites of Fe(B,C) solid
solution and Fex(B,C) crystals. It has been found that titanium has the lowest solubility in the constituent phases of the Fe-B—C
alloys, with preferential solubility observed in the Fe(B,C) dendrites, where Ti occupies Fe positions. This element has been shown
to be mainly present in secondary phases identified as TiC precipitates at the Fex(B,C) boundaries. Titanium slightly enhances
microhardness and lowers fracture toughness of the boron-rich Fe-B—C alloys due to substitutional strengthening of Fe(B,C)
dendrites and precipitation of the secondary phases. The level of the content of Al or Si in the Fe(B,C) and Fex(B,C) solid solutions
and quantity of the secondary phases observed in the structure suggest that more Al or Si are left in the constituent phases as
compared with Ti. These elements mainly enter the crystal lattice of Fe2(B,C) phase replacing iron atoms and form at their
boundaries AlB12C and SiC compounds respectively. The additions of Al and Si to the boron-rich Fe-B—C alloys help to modify their
fragility: while they slightly decrease microhardness values, addition of these elements improves the fracture toughness of the
constituent phases. Increase in a cooling rate from 10 to 10° K/s does not bring about any noticeable changes in the solubility
behavior of the investigated alloying elements. The rapid cooling gives rise to microhardness and fracture toughness of the phase
constituents which average sizes significantly decrease. The effects of the alloying elements on the structure and mechanical
properties of the investigated boron-rich Fe-B—C alloys have been explained considering differences in the atomic radii and
electronic structure of the solute Ti, Al, or Si atoms.
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Materials scientists have been striving for several centuries to develop new materials that are stronger, stiffer, and
more ductile than existing materials and which can be used at high temperatures [1-3]. It is very important to work out
structural materials that require less processing cost and to improve their properties, such as elevated temperature
strength and stiffness. Improved properties can ensure higher performance characteristics resulting in extended
lifetime [4-6]. The need for these improvements is of particular importance in developing iron alloys [7,8].

The boron-rich Fe—B—C alloys containing more than 10 wt. % B have attracted lots of interest because they can
give a challenging opportunity for the potential industrial usage [9,10]. Many investigations have been focused on the
solidification behavior of the Fe—B—C alloys [11,12]. These alloys exhibit a broad variety of high physical, chemical,
mechanical, and tribological properties [13,14]. Meanwhile, their brittleness retards the development of practical
applications. Therefore, boron-rich Fe-B—C alloys have a potential for applications, such as coatings [15,16] or
reinforcement particles of composite materials [17,18].

For the use of boron-rich Fe-B—C alloys in many other applications, alloying these alloys with other elements is
crucial to achieve the performance specifications that are required. The elements, commonly used for alloying, include
titanium, aluminum, silicon etc. [19-23]. But influence of their additions is mainly studied on the Fe-B—C alloys
containing up to 3 wt. % B [24-32]. That is why, the research of the effects of alloying by titanium, aluminum, silicon
of the boron-rich Fe—B—C alloys produced by the conventional solidification method as well as clarification of their
solubility are particularly important for further development of these new materials. Besides, cooling rate during
producing alloys also greatly contributes to the solubility of alloying elements in phase constituents thus affecting their
properties [33].

Thus, better understanding of the solidification microstructure of the Fe-B—C alloys system with additional
elements is essential to support the utilization of these materials. Further work is necessary to understand the solubility
behavior of alloying elements in the Fe-B—C alloys and a phase change caused by their addition. Therefore, the purpose
of the present work is to investigate the alloying effects of Ti, Al or Si and influence of cooling rate on the structure and
mechanical properties of boron-rich Fe-B—C alloys.

MATERIALS AND METHODS
To investigate the structural and mechanical properties of the phases which are present in the cast Fe—-B—C alloys
cooled at 10 and 10° K/s, these alloys were prepared in the following compositional ranges: B (10.0-14.0 wt. %),
C (0.1-1.2 wt. %), M (5 wt. %, where M — Ti, Al, or Si), Fe (the remainder). The alloys were prepared by melting of
© 0. V. Sukhova, 2021



https://orcid.org/0000-0001-8002-0906
https://doi.org/10.26565/2312-4334-2021-2-08

116

EEJP. 2 (2021) Olena V. Sukhova

chemically pure components (<99.99 wt. %) in alumina crucibles in a Tamman furnace. The molten alloys were cooled
in the air at the rates of 10 and 10> K/s. The chemical analysis was carried out using SPRUT SEF-01-M fluorescent X-
ray spectrometer, and each reported value corresponded to the average of three measurements.

To characterize some of structural properties, different analytical techniques were applied. Phase morphology and
phase composition were characterized by light-optical microscopy (OM) using NEOPHOT-2 device and JEOL-2010 F
scanning electron microscope (SEM) equipped with energy-dispersive spectrometer (EDS). The dendrite parameters of
the Fe(B,C) phase, such as a diameter of secondary dendritic arms (do) and interdendritic distance (), were measured
by quantitative metallography carried out with EPIQUANT image analyzer. The X-ray diffraction (XRD) examination
was performed using HZG-4A diffractometer with the Cu-Kq radiation to identify the existing phases of the powdered
samples and measure their lattice parameters. For phase identification, measurements were taken for a wide range of
diffraction angles ranging from 20° to 120° with a scanning rate of 5 deg/min.

Mechanical properties of the alloys were determined by DURASCAN 20 and PMT-3 Vickers indenters. Vickers
microhardness (H,) measurements were done by using 0.49 N and 0.98 N loads at room temperature. The loading and
unloading times were 10 s each. After the indention, radial cracks appeared from the corner of the indentation along the
direction of the diagonal. The fracture toughness (Kic) was evaluated from the crack length initiated at the corners of the
Vickers microindentation using an empirical equation proposed in [34]. At least ten indentation tests were made, and
the experimental errors were also analyzed.

RESULTS AND DISCUSSION

The major constituents of the master boron-rich Fe—B—C alloys within the investigated concentration range are
Fey(B,C) and Fe(B,C) solid solutions [12]. The primary solid solution Fe(B,C) arises on the base of iron monoboride
and grows in the form of three-dimensional dendrite. Solid solution Fey(B,C) is formed afterwards via peritectic
reaction L+Fe(B,C)—Fex(B,C) or crystallizes directly from the liquid because its stoichiometric composition is close to
the composition of the peritectic point. The carbon solubility in Fe,B iron hemiboride measured by EDS is about
1.9 at%. The Fe(B,C) phase has been found to dissolve up to 1.2 at. % of carbon.

When titanium is added to Fe-B—C alloys, it dissolves in the iron borides in small amounts (Table 1) forming
preferentially solid solutions with iron monoboride (Fig. 1). Only traces of the element are revealed by EDS as small
but noticeable background (Fig. 1b). Consequently, at the Fe,(B,C) boundaries, the numerous light crystals of TiC
secondary phase are seen in the SEM micrographs. The addition of titanium that dissolves in the Fe(B,C) lattice
replacing iron atoms causes some distortions due to the difference in atom size (Table 2). Besides, compared with
Fey(B,C) phase, the increase in microhardness Hy and the decrease in fracture toughness Kic of Fe(B,C) crystals tend to
be more marked (Table 3) while the Fe(B,C) dendrite parameters remain practically unchanged (Table 4).

Table 1. Elemental analysis (in at. %) of the doped Fe—12.1B—0.1C alloys cooled at 10 K/s

Phase | Fe | B | ¢ Ti Al | si [=MnSiALFe
Fe—12.1B-0.1C-5Ti alloy
Fe(B,C) 48.0 49.2 0.5 1.1 - - 1.2
Fey(B,C) 65.1 31.9 0.8 0.5 - - 1.7
TiC - 1.20 49.2 493 - - 0.3
Fe—-12.1B-0.1C-5Al alloy
Fe(B,C) 48.8 48.7 1.1 - 0.5 - 0.9
Fey(B,C) 61.4 30.8 1.8 - 4.7 - 1.3
AlBx,C - 85.5 7.1 - 7.2 - 0.2
Fe-12.1B-0.1C-5Si alloy
Fe(B,C) 48.6 48.9 0.4 - - 0.8 1.3
Fe,(B,C) 60.1 31.9 0.9 - - 5.9 1.2
SiC - 1.6 49.1 - - 48.9 0.4
Table 2. The lattice parameters of Fe(B,C) and Fex(B,C) crystals in the doped Fe—12.1B-0.1C alloys cooled at 10 K/s
Alloying Fe(B,C) (thombic lattice) Fe,(B,C) (tetragonal lattice)
element a, A b, A c, A a, A c, A cla
w/0 5.5051+£0.0061 | 4.0628+0.0097 | 2.9480+0.0007 | 5.1130+0.0008 | 4.2399+0.0035 | 0.8292
Ti 5.5060+0.0020 | 4.0642+0.0003 | 2.9485+0.0011 | 5.1131+0.0012 | 4.2400+0.0007 | 0.8292
Al 5.5057+0.0031 | 4.0637£0.0019 | 2.9484+0.0009 | 5.1171+0.0031 | 4.2442+0.0015 | 0.8294
Si 5.5053+0.0012 | 4.0633£0.0030 | 2.9481+0.0025 | 5.1164+0.0007 | 4.2438+0.0023 | 0.8295
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Figure 1. SEM of polished cross-sections of Fe—12.1B—0.1C alloy doped by 5 % of Ti: a — second electron image; b — elemental
EDS X-ray mapping in TiKq radiation; ¢ — elemental profile along scanning line

Table 3. Influence of alloying elements on microhardness (H,, GPa) and fracture toughness (Kic, MPa-\m) of Fe2(B,C) and Fe(B,C)
solid solutions

Alloying Veoo=10 K/s Veoo=10° K/s
dovine Fe(B,C) Fex(B,C) Fe(B,C) Fex(B.C)
Hy Kic H, Kic H, Kic H, Kic
w/o 17.840.3 2.1£0.2 15.840.2 2.240.3 20.1+0.3 5.0+0.2 17.0£0.1 4.0+0.1
Ti 18.240.2 1.840.3 16.0+£0.3 2.0+0.1 20.5+£0.3 4.7+0.1 17.14£0.2 3.2+0.2
Al 17.7+0.1 2.0£0.1 15.2+0.1 3.3+0.2 19.940.1 5.3+0.3 15.940.3 -
Si 17.7£0.2 | 2.240.2 15.4+0.3 3.0+0.1 20.0£0.2 5.1+£0.1 16.2+0.3 -

Fe(B,C) dendrites

Table 4. Influence of alloying elements on the interdendritic distance (lo, pm) and diameter of secondary dendritic arms (do, pm) of

: Veoo=10 K/s Veoo=10° K/s
Alloying element d, b 4 I
w/o 29.9+0.9 33.1+0.3 4.9+0.2 5.240.2
Ti 29.6+0.7 32.9+0.4 4.7+0.1 5.0+0.2
Al 28.7£0.3 32.4+0.2 4.5+0.3 4.840.3
Si 29.1+0.5 31.1+0.3 4.610.2 4.940.1

Unlike titanium, aluminum slightly dissolves in Fe(B,C) dendrites but preferentially — in Fex(B,C) crystals (Fig. 2,
Table 1) which is in good agreement with XRD measurements of lattice parameters of Fe(B,C) and Fex(B,C) phases
(Table 2). Besides, with boron and carbon aluminum forms AlB>C secondary phase that precipitates at the boundaries
of Fey(B,C) crystals (Fig. 2ab). This implies that solid solubility limit is exceeded for 5 % Al. That is why this element
is continually pushed out in the melt ahead of the moving solid-liquid interface into the interdendritic regions of
growing Fe(B,C) dendrites slowing their growth and causing minor refinement (Table 4). The Fe-B—C alloys with 5 %
Al are softer but more ductile (Table 3). So, aluminum, as such, works in the opposite way as that described for
titanium.

The additions of silicon to the boron-rich Fe—-B—C alloys dissolve in negligible quantities in the dendrites of
Fe(B,C) solid solution and enter mainly Fe,(B,C) phase substituting for the iron atoms (Fig. 3, Table 1, 2). In the SEM
micrographs, Fe(B,C) crystals look dark (Fig. 3b). The EDS studies also indicate the formation of light crystals of SiC
secondary phase at the Fe>(B,C) boundaries. This means that a portion of Si becomes incorporated into the solidified
phases, but solubility limit forces the remaining solute into the residual liquid after the primary phases have formed.
Therefore, alloying with this element slightly decreases dendrite parameters of Fe(B,C) crystals (Table 4). The addition
of silicon to the Fe—B—C alloys does not have a substantial effect on the mechanical properties of Fe(B,C) dendrites but
decreases microhardness Hy and increases fracture toughness Kic of Fex(B,C) crystals (Table 3).
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Figure 2. SEM of polished cross-sections of Fe—12.1B—0.1C alloy doped by 5 % of Al: a — second electron image; b — elemental
EDS X-ray mapping in AlKq radiation; ¢ — elemental profile along scanning line
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Figure 3. SEM of polished cross-sections of Fe—12.1B—0.1C alloy doped by 5 % of Si: a — second electron image; b — elemental
EDS X-ray mapping in SiKq radiation; ¢ — elemental profile along scanning line

The increase in a cooling rate from 10 to 10 K/s does not bring about significant changes in the structural and
phase composition of the boron-rich Fe—B—C alloys, saving Fe(B,C) and Fey(B,C) crystals become smaller (Table 4).
The solubility behavior of Ti, Al, Si in the phase constituents remains unchangeable as the results of the lattice
parameters measurements evidence (Table 5). The influence of alloying elements on the mechanical characteristics of
the rapidly cooled alloys proves to be similar to that for the alloys cooled at the rate of 10 K/s, with higher cooling rate

giving rise to higher Hy and Kjc values (Table 3).
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As the obtained results show, the solubility of the investigated alloying elements in the constituent phases of the
boron-rich Fe-B—C alloys increases in the following sequence: Ti—>Al—Si. Considering the atomic radii of the
alloying elements allows to explain their solubility, as in this order the atomic radii decrease [35]. Therefore, the largest
distortions are caused by alloying with Ti, and the smallest being caused by alloying with Si, followed by Al. It is also
evident why titanium preferentially enters into the less close-packed rhombic lattice of Fe(B,C) dendrites than into the
tetragonal lattice of Fe,(B,C) crystals. Besides, titanium gives the microhardness of Fe(B,C) crystals slight increase
caused by substitutional strengthening related to the local distortions caused by the solute atom. This is because the
significantly larger atom size of substituting Ti, as compared with that of Fe, interrupts the orderly arrangement of
atoms in the iron monoboride lattice.

Table 5. The lattice parameters of Fe(B,C) and Fex(B,C) crystals in the doped Fe~12.1B-0.1C alloys cooled at 10° K/s

Alloying Fe(B,C) (thombic lattice) Fey(B,C) (tetragonal lattice)
element a, A b, A c, A a, A c, A c/a
w/o 5.5041+0.0052 | 4.0596+0.0106 | 2.950140.0037 | 5.1120+0.0001 | 4.2418+0.0011 0.8298
Ti 5.5083+0.0014 | 4.0640£0.0029 | 2.9562+0.0025 | 5.1125+0.0020 | 4.2416+0.0008 0.8297
Al 5.5055+0.0033 | 4.0611+0.0016 | 2.954240.0041 | 5.1172+0.0021 | 4.2478+0.0040 0.8301
Si 5.5049+0.0010 | 4.0602+0.0008 | 2.9607£0.0011 | 5.1157+0.0004 | 4.2461+0.0003 0.8300

In assessing the alloying effects, it is also necessary to consider the electronic structure of the constituent phases,
including the electron distribution [36]. To the properties of Fe,(B,C) and Fe(B,C) phases contribute strength and
directedness of the bonds connecting atoms in their crystal lattices. The properties of Fe;B compound are determined by
the combination of the covalent Fe—B bonds and metallic Fe—Fe bonds, and those of FeB compound — by the
combination of the covalent B-B bonds and metallic Fe—Fe bonds [37]. The strength of these bonds depends on the
way in which the bonding electrons are localized. So, when Fe atoms are replaced by atoms of the alloying elements,
the relative change in the amount of the collectivized valence electrons forming the atomic bonds is responsible for the
observed changes in mechanical properties. In electronic exchange between the atoms of iron and alloying elements,
energy gain may be achieved when some valence electrons of iron transfer to the outer shells of the solutes. This means
that solutes should preferentially act as electron acceptors.

Considering electronic structure of titanium with incomplete d-shell [36], it may be concluded that any re-
distribution of bonding electrons caused by replacing iron with titanium in the crystal lattices of Fe(B,C) and Fe(B,C)
phases leads to the destruction of stable configurations. That is why, titanium negligibly enters the crystal lattices of
iron borides. As a result, titanium slightly contributes to the mechanical properties of Fe(B,C) and Fe»(B,C) phases and
may affect the microhardness and fracture toughness of the alloys mainly via the precipitation of TiC secondary phase.

The ions of aluminum and silicon form with boron the similar atomic bonds as the atoms of iron. With their
valence electrons, aluminum and silicon can form the bonds either accepting or donating shell electrons. When
dissolving, these elements are most likely able to form the metal-metal bonds. This contributes to the limited solubility
of these elements in the lattices of iron borides and formation of secondary phases. When Al and Si substitute Fe, the
fewer electrons may take part in the electronic exchange [36], which leads to weakening atomic bonds of the Fe(B,C)
and Fe(B,C) solid solutions. Accordingly, microhardness and brittleness of these structural constituents are found to
slightly decrease. Taking into account the limited dissolution of Al and Si as well as their small contribution to the
bonds’ energy balance, their influence on mechanical properties stands to reason.

CONCLUSIONS

The master boron-rich Fe-B—C alloys were found to consist of two major constituents, namely: Fe(B,C) and
Fex(B,C) solid solutions. When adding 5 % of Ti to Fe—B—C alloys cooled at 10 K/s, this element has low solubility in
the structural constituents, preferentially dissolving in Fe(B,C) phase and forming substitutional solution. The negligible
dissolution of titanium in the Fe—B—C alloys is responsible for the appearance of TiC secondary crystals at the Fex(B,C)
boundaries. The solubility behavior of titanium may be explained by its electronic structure that imposes restrictions on
the exchange of valence electrons. Titanium introduces the largest lattice distortions which relates to the relatively large
difference in the atomic sizes between the iron and the substituting atom. As a result, the microhardness of Fe(B,C)
crystals slightly increases but the fracture toughness decreases.

Aluminum and silicon have a limited solubility in the Fe—B—C alloys dissolving preferentially in Fe,(B,C) crystals
and replacing iron atoms. At that, the minor refinement of structure is observed when Al or Si are added. Al or Si are
also found in the form of correspondingly AlB;,C and SiC compounds precipitated at the Fe,(B,C) boundaries. The
higher solubility of Al and Si in the boron-rich Fe—B—C alloys, as compared with Ti, may be attributed to the stronger
acceptor abilities of these elements. The effects of Al and Si on the mechanical properties of the Fe—B—C alloys may be
explained by a local change of the electronic structure of constituent phases which leads to weaker bonded atoms in the
crystals. As a result, microhardness and brittleness of Fe(B,C) and Fe,(B,C) solid solutions slightly decrease.

With cooling rate increasing from 10 to 10° K/s, solubility behavior of Ti, Al, Si does not have any noticeable
changes. Titanium has negligible dissolution in Fe(B,C) phase forming secondary TiC precipitates but aluminum and
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silicon, on the contrary, mainly dissolve in Fe;(B,C) crystals forming AlB;>C and SiC compounds, correspondingly, at
the Fe,(B,C) boundaries due to limited solubility. Cooling rate favors the significant decrease in the dimensions of the
constituent phases giving rise to their microhardness and fracture toughness.

The work was performed within the framework of research project No. 0118U003304 “Investigation of the
processes of super-rapid quenching from melts and vapor of metal alloys and dielectric compounds® (2018-2020).
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BILJIUB Ti, Al, Si HA CTPYKTYPY TA MEXAHIYHI BJIACTUBOCTI BUCOKOBOPUCTHUX CIIVIABIB Fe-B-C
Ousena B. CyxoBa
Hninpoecokutl nayionanonuil ynigepcumem imeni Onecs I onuapa
49010, Yrpaina, m. /[ninpo, npocn. I'aeapina, 72

Hocnimkeno BB 3aminieHHs Fe y Bucokobopuctux cmiaBax Fe-B—C, mo mictsarts 10,0-14,0 % B; 0,1-1,2 % C; Fe — 3anumok,
5,0 % Ti, Al au Si (y Bar. %) i3 3aCTOCYyBaHHSIM METOAIB ONTHYHOI MIKPOCKOII, peHTTeHOCTPYKTYPHOTO aHali3y, CKaHyBaJbHOL
€JIEKTPOHHOI MIKPOCKOMI{ Ta PEeHTT€HOCIIEKTPAIbHOTO MiKpoaHallizy. MexaHi4Hi BIaCTHBOCTI, a caMe MIKpOTBEpiCTh Ta KoedirieHT
TPIIMHOCTIMKOCTI, BUMipIOBaiay Ha npuiaii Bikkepca. Mikpoctpykrypa 6a3oBux ciaBiB Fe—-B—C, oxonomkenux 3i mBuaxictio 10
ta 10° K/c, cknagaerhes 3 NEpBUHHKX AeHAPUTIB TBepaoro po3unny Fe(B,C) ta kpucranis Fex(B,C). Beranosieno, mo Tutan mMae
HaWHWKYY PO3YMHHICTh y CTPYKTYpHHX ckinanoBux cmuiaBiB Fe-B-C, mpuuomy Ti mepeBakHO PO3UMHSEThCS B pewniTui (asu
Fe(B,C), zaiimaroun B Hiit mo3uuii Fe. [Toka3aHo, mo ueil enemMeHT, B OCHOBHOMY, Oepe y4yacTb B YTBOPEHHI BTOPHMHHHX (a3,
inenTudikoBanux sk TiC, sKi cIOCTepiraloTbcs B CTPYKTYpl y BUIIIALI BUALICHH 1o TpaHuisiM ¢asu Fex(B,C). Turan He3HauHO
MiABHIIYE MIKPOTBEPIICTh 1 3HIDKY€E KOe(DIIliEHT TPIIIUHOCTIHKOCTI BUCOKOOOpHcTHX ciaBiB Fe—B—C 3aBasku TBEpI0-pO3UNHHOMY
3MinuenHio aeHaputiB Fe(B,C) ta BuminenHio BropuHHuX ¢a3. Pozumunicts Al Ta Si B ¢aszax Fe(B,C) ta Fea(B,C), a Takox
KIJIBKICTh BTOPHHHHX (a3, [0 YTBOPIOIOTECS B CTPYKTYPI, CBIAYATh Mpo OLTbITy po3dnHHICTE Al Ta Siy CTPYyKTYypHHX CKIIaJOBHX
nopiBHsHO 3 Ti. Lli eneMeHTH nepeBaxHO PO3UNHSAIOTHCS B KpUCTaniuHii pewitui ¢asu Fex(B,C), 3aminryroun aToMu 3aii3a, a TakoxK
yTBOprofoTh 10 1 rpanuisx crnoixyku AlB12C Tta SiC Bimmosinno. [lonaBanus Al ta Si mo Bucoxo6opuctux cruiasiB Fe—B—C
HE3HA4YHO 3MEHILY€e MIKPOTBEPIicTh i 30Ublye KOeIlieHT TPIIMHOCTIHKOCTI CTPYKTYPHUX CKIaqoBHX. [TiABUIICHHS MIBUAKOCTI
oxonomkenns 3 10 go 103 K/c He BuKIMKAc CyTTEBOi 3MiHM XapakTepy PO3YMHHOCTI MOCIIIKEHHX JIETYIOYUX €JIEMEHTIB Y
Brcokobopuctux cmiaBax Fe—B—C. OxoiomkeHHs 3 OUIBIION MBUIKICTIO 3a0e3Medye 3pOCTaHHS MiKpOTBEPIOCTI Ta KoedimieHTa
TPIIMHOCTIHKOCTI CTPYKTYPHUX CKJIAJOBUX, CEPEOHI PO3MIPH SKUX CTAIOTh 3HAYHO MEHIIMMH. BIUIMB JIETyIOUMX CIIEMEHTIB Ha
CTPYKTYpPYy Ta MEXaHiYHI BJIACTHBOCTI JAOCIIKCHUX BHCOKOOOpUCTUX ciuiaBiB Fe—B—C mosiCHEHO pIi3HUIICI0 aTOMHHX pajiyciB Ta
€JIEKTPOHHOI CTPYKTypH po3unHeHnX atoMiB Ti, Al, Si.

KJIOUYOBI CJIOBA: crpykrypa, Oopuam 3aii3a, JeTyl0d4i €JIEMEHTH, PO3YMHHICTb, MIKPOTBEPIICTh, KoedilieHT
TPIIIMHOCTIIKOCTI.





