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A NEW ROUTE TO SYNTHESIZE CONTROLLED-SIZE MMn20s-
TYPE TRANSITION METAL (M = Cd, Zn, Cu) NANOMANGANITES
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Spinel-type transition metal manganites (MMn20s) are widely used materials in various
field of chemistry and technology, for example CdMn:04 is applied as sensors in NOx or CH3SH
detection [1 — 3], ZnMn:0s is known as catalysts in hydrocarbon processing [4 — 7], and

CuMn:20s4 is used as catalyst in oxidation of methane [8] or exhaust gases [9 — 13]. The known

classical routes to obtain MMn20s-type spinels are based on high temperature (> 500 °C) solid

phase reactions of various precursors [14, 15]. These methods produce crystalline products in
micrometer size. In order to obtain amorphous or highly defective nanosized spinel catalysts

with superior activity, we developed a new low-temperature reaction route. Our spinel
preparation is based on the solid phase quasi-intramolecular redox reactions of complexes
consisting of cations with reducing ligands and oxidizing anions. Inorganic complexes
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containing the reducing ammonia ligand and the oxidizing permanganate anion, such as
tetraamminemetal (II) permanganates [M(NHs3)4](MnOs) (M = Zn, Cd, Cu) that possess
hydrogen bonds between the ligand and anion, were proved to be the best candidates for the
quasi-intramolecular redox reaction route [16 — 19].

2. Experimental part

2.0 g Cu(NHs3)sSO4+H20 was dissolved in 10 ml water at room temperature and the
solution was cooled to 5 °C, 5.2 ml, 5 °C and 40 % aq. NaMnO: was added, and the mixture was
cooled to 2 °C in an ice bath, which took 16 min. The product was collected on a glass filter and
dried in the dark for 24 h. The yield was 2.7 g (90.3 %).

2.6 g 3CdSO+8H20 was dissolved in a mixture of 40 ml of 25 % aq. NHs solution and
60 ml water at room temperature, the mixture was cooled in an ice bath to 5 °C, and 5.2 ml,
5 °C and 40 % aq. NaMnOs« was added. The mixture was cooled to +2 °C, which took 10 min.
The product was collected in a glass filter and dried in the dark for 24 h. The yield was 3.7 g
(87.0 %).

2.3 g ZnSO+7H20 was dissolved in a mixture of 40 ml 25 % aq. NHs solution and 60 ml
water at room temperature. The mixture was cooled to 5 °C in an ice bath and 5.2 ml, 5 °C and
40 % aq. NaMnOs was added. The new mixture cooled to 2 °C, which took 13 min. The product
was collected in a glass filter and dried in the dark for 24 h. The yield was 2.9 g (97.7 %).

1.0 g of transition metal ammine complex was mixed at room temperature with the
appropriate solvent (CHCIs in case of Cu-complex, and CCls in case of Zn and Cd complexes).
The mixture was slowly heated until refluxing the solvent, and the heating was continuing for
1 h. The solid was collected on a glass filter, the brown solids were washed thoroughly with
distilled water until the filtrate became colorless (the undecomposed permanganate causes
purple color of filtrate). Prolonged heating (2 — 4 h) resulted in almost quantitativeyield in all
three cases.

The purity and composition of the ammine complexes and the thermal decomposition
products were checked by ICP elemental analysis, XRD and IR spectrometric studies. Solid
state IR spectra were recorded with a Biorad-Digilab FTS45 FT IR spectrometer in the
4000 — 400 cm™ region as nujol mulls at room temperature. X-ray powder diffraction
measurements were performed with a Philips PW1050 Bragg—Brentano parafocusing
goniometer, equipped with a secondary beam graphite monochromator and proportional
counter; scans were recorded in step mode by using CuKu radiation at 40 kV and 35 mA tube
powder. For TEM studies, the samples were crushed under ethanol and deposited onto copper
grids covered by carbon supporting films. TEM data were acquired with a MORGAGNI 268D
TEM (100 kV; W filament, top-entry; point-resolution = 0.5 nm). The transition metal content
of the compounds (Cd, Cu, Zn and Mn) was determined by inductively coupled plasma (ICP)
emission spectrometric measurements with an Atomscan 25 (Thermo Jarrel Ash) spectrometer.

3. Results and discussion

Generally, permanganates and inorganic ammine complexes decomposeeasily with
oxygen and stepwise ammonia evolution, however, transition metal ammine complexes
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containing oxidizing anions (permanganate, perchlorate) decompose typically explosively upon
heating [16] due to exothermic self-accelerating redox reactions.
The key parameters that occur and control the formation of manganites are the
following;:
1) the presence of a reactive hydrogen bond between the reducing ligand and the oxidizing
anion, which ensures a possibility of a redox reaction between the anion and ligand even
below the decomposition temperature of the complex cation or the permanganate anion;

2) low temperature to avoid the decomposition of the complex cation and the oxidizing
anion; and
3) the presence of an effective heat absorbing media to remove the evolved exothermic

reaction heat in order to prevent the sample from local overheating and thus the heat-

induced self-accelerating decomposition.

The first condition can be determined from crystal structure data and the second and
third can be ensured by using an inert liquid heat absorbing media, such as chlorinated
hydrocarbons, and using low decomposition temperature. In order to avoid heat-induced self-
accelerated decomposition and explosion of precursors (the decomposition reactions are
strongly exothermic), the temperature of the reaction mixture has to be kept at a constant value
during the all process. If the decomposition temperature is selected to be the same as the boiling
point of the solvent, the evaporation heat of the solvent can absorb the exothermic reaction
heat and the temperature of the mixture cannot be increased until complete solvent evaporation.
Using excess solvent and adjusting the boiling point of the solvent by using vacuum, the
selected decomposition temperature can easily be adjusted.

The tetraamminemetal (II) permanganates are hardly characterized compounds and the
known preparative methods are either very complicated or provide very low yield [16]. In order
to use these compounds as precursors, first a new effective and convenient synthesis method
had to be developed. It was found that the reaction of tetraamminemetal(II) sulphates and
concentrated sodium permanganate (40 %) solution produced the expected compounds in
85 - 90 % yieldsif a temperature gradient of 5/2 °C was used.

CuO + 2Mn0Q , + 150,

T

[Cu(MnOQ 4)o] +4 NH3

Erroneous reaction route

[CU(NH 5)4]{(MnO.4),

Explosion, 65 °C Slow heating, inert
solvent

Cu+ NOX + H,0 + NHj + Oy + MnOy CUMn 20, + NH,NO 3 + Ha0 + 2NH 5

N,O + 2H,0
Figure 1. General decomposition characteristics
of precursors shown for copper (II) complex.
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The precursor complexes were characterized as easily exploding compounds;upon
heating, ammonia oxidation products (nitrogen oxides and water) and lower valence manganese
oxides formed [16]. Since the thermal behaviour of these complexes are similar, and their
thermal behaviour and decomposition characteristics are key parameters in the preparation of
transition metal spinel nanoparticles, the general decomposition characteristics of these
materials are shown for the copper (II) complex as an example (Figure 1).

Kotai. et al. found the former data [20] about thermal decomposition of
tetraamminecopper (II) permanganate by stepwise loosing ammonia and oxygen evolution was
erroneous [17]. Therefore, we selected (or tried) a new method to prepare CuMn20s4 spinel from
the precursor tetraamminecopper (II) permanganate.

Tetraamminecopper (II) permanganate is described as a purple crystalline compound,
which decomposes with explosion at ~ 65 °C. Diluting it with inert material (alumina) and
applying a very low heating rate (0.2 °C / min), the decomposition takes place at ~ 80 °C and
results in two moles of ammonia and one mole of water loss, but without oxygen evolution
[16, 17]. This reaction route leads to the formation of amorphous CuMn:0s+ and NHsNOs.
However, the products cannot be separated from the alumina diluent, therefore we used carbon
tetrachloride as heat-absorbing media.

4. Characterization of nanosized manganites

The transition metal manganites (M = Zn, Cd, Cu) formed as a result of the quasi-
intramolecular redox reaction of tetraamminemetal (II) permanganates. The reactions were
almost stoichiometric, duringprolonged heating (2 h) had high yields (above 95 %) and the
products were amorphous. The TEM picture of the product formed in the reaction in an
intermediate stage shows the residual crystalline precursor embedded into the amorphous
matrix (Figure 2).

Figure 2. a — d: TEM pictures of the amorphous reaction
product (CuMn204) with embedded precursor crystals.
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The formation of the amorphous phase is the consequence of the mechanism of the
reactions. During decomposition the heavy atoms (transition metals and Mn) of the precursor
tetraamminecopper (II) permanganate loose their ammonia ligands. As a result, the
coordination sphere of metals is destroyed and the material is no longer crystalline. Heating
induces the rearrangement of oxygen around metals and the formation of crystalline spinel. Its
size can be controlled with the heating temperature. For example, the size of the crystallites at
230 C° was found to be 2 nm, whereas heating at 500 °C resulted in 100 nm size crystallites

(Figure 3).
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The reaction route is general, similar result was found in case of bis(pyridine)silver (I)
permanganate, where the redox reaction center had also a hydrogen bond between the a-CH of
one of the pyridines and permanganate oxygen, while the other pyridine ligand liberated
without oxidation in the decomposition reaction of [Agpy2]MnOs4 [21].

5. Conclusion

A generalized reaction route is described to prepare nanosize spinel-type transition
metal manganites with controlled thermal treatment of amminemetal permanganates in a heat-
absorbing liquid media at boiling point of the solvent. The size of manganites is controlled with
a secondary thermal treatment of the primary amorphous product at a given temperature.
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Abstract

The paper deals with the problem of arising of the axial current on the surface of a thin
conducting plate, when normally incident plane electromagnetic wavescatters from the surface
of theconducting plate. For the surface current arising on the plate the two-dimensional
integral equation is received.

1. Introduction

The problem of scattering of a plane electromagnetic wave at an extremely thin highly
conducting plate is not yet considered in the scientific literature, while its cognitive and
practical value is too high. The cognitive value relates to the necessity of application of an
original mathematical approach to the reception of the appropriate equation, while its practical
application could be seen in SHF and antenna techniques. In Figure 1, the orientation of the
plate in rectangular (X, Y, 2) reference frame is presented, but further the spherical reference
frame (R, 6, ¢) may be used as well.

4

Figure 1. Orientation of plate in rectangular reference frame.
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The axial current arising at scattering of a plane EM wave from a thin conducting plate.

Consider ¢ thickness of the plate to be extremely small, and the origin of the reference
frame to be selected in its center.

Assume now the plane, £-polarized EM wave incidents at the plate from right-hand side
(X'> 0), having only vertical £Zzcomponent ofthe electric field, given as follows:

E,= Eoei(kX+wt)’ (1)
Eo being the given amplitude, while k = 2m /A, where 1 is thewavelength in vacuum, and w is
the circular frequency of the field (further e‘“? time multiplier will be excluded) [1].

The electric field strength Ziz in the wave reflected from the plate is presented in the

standard way:
0211, 7

12 = KTz + 972 (2)
Here H1 7 is Hertz’s function given as follows:
=C Lol ®
= 1/4mw£0,
a and b arewidth and height of the plate respectively,
R={JX2+ (Y -Y)2+(Z-2Z)2 (4)

X,Y,Z are the coordinates of A point of observation outside the plate, while Y ‘and Z are the
transverse and vertical coordinates of M/ ' point arbitrary selected at the plate, and R being the
distance between Mand M ' points. J(Y,Z’) is the current density arising at the surface of the
plate, being the source of E;, field scattered by the plate [2].

2. Formulation of the problem

The problem consists in detection of the structure of the scattered E;, field in any M
point of space, as the function of X,Y,Z coordinates, and reception of the equation for the
surface current arising on the plate.Here should be satisfied the zero boundary conditions, listed
below:

E,, + E5,» = 0, at the surface of the plate, when X =§,Y =Y",Z = 7", (5)
Z and Z'being the coordinates of arbitrary M/" point at the surface of the plate.

3. The theory

The boundary conditions (5) may be written down as follows:
021_[( s)

4 KRN = —Eoe™®2, k§/2 « 1. ©6)

Here, due to (3)
Y =c [, [0 J(v,2) == av az, 7)

Ry =+(6/2)2+(Y"-Y)2 + (Z" —Z)2. (8)

The general solution of the differential equation (6) is

) = — % +A(Y") coskZ" + B(Y") sink |Z"|, (9)
where A and Bare integration constants.Equating expressions (7) and (9) we get

a/2 b/2

o~ ik (8/2)2+("-Y )2 +(2"-2)?
f fl(y',z') dy dz’ =
J@E/22+ Y —Y)2+ (2" —2)2

—-a/2 —b/2
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=—%+AcoskZ"+Bsink|Z"|. (10)

This is the fundamental, two-dimensional integral equation of our problem, where the
unknown function /(¥ ,Z’) should be determined, being the surface density of the axial current
arising at the plate [3]. Let us multiply and divide by 4 the left side of this integral equation and
then overwrite it as follows:

a/2 b/2 r__yn n " "
_a/z 2] JY,Z)K(Y'=Y",Z'=Z")dY dZ = F(Y",Z"), (11)

—ik\/(5/2)2+(Y/—Y")2+(Z/_Z")Z

KY"—Y,Z"-Z)=kC PR B R (12)
n n E n n n : n
F(Y,Z)=—k—(2’+A(Y)coskZ + B(Y")sink |Z"|. (13)
The expression (12) represents the kernel of the integral equation; in M point its value is
~iks/2
K00.0 =57

or

|K(6,0)| =2/ké > 1,
and, due to it, it has very high peak. In this case it belongs to the class of &-like functions and
may be presented in an approximate way

K(Y'—Y"Z'=2Z") = Q8(Y'—Y",Z'— Z"), (14)
where @Q being the normalizing multiple.

Inserting (14) into (11) yields

QI(Y",Z") = —M+ A(Y")coskZ" + B(Y") sink |Z"|M < E,/k*. (15)
A(Y") and B(Y") functions have to be determined. For this purpose let us apply two
conditions:the value of the axial current at upper and lower ends of the plate should be zero, i.e.
J(Y",£b/2) = 0, and we arrive to the following equation

A(Y")cosB+ B(Y")sinf = M, (16)

B =kb/2 =mb/A.

Another equation connecting A(Y") and B(Y") coefficients may be received due to the
following consideration: assume in (15) Z" = 0, then yields

QJ(Y",0) =—-M+ A(Yy") or A(Y") =M+ Qj(Y",0). (17)
J(Y",0) representsthe dependence of the axial current on the transversal y-coordinate in the
midline of the plate along Y-axisin -a/2 < Y" < a/2 range. This dependence should be exactly
the same as for diffraction of £-polarized wave at the thin metal stripe. The exact value of this
current should be [4]:

J(r",0) = S22 {rls(a + kY") + 6(a = kY] + 7o )
K(a) _ 2 ka

D ) , a=—, Z,=120m Q.
Hy ' (a)-Jo(a/2)Hy " (a/2) 2
The equation (18) should be inserted into the right-hand-side of (17) and, thus, the value
of A(Y") function will be determined unambiguously. Then, we easily determine B(Y")from
(16)as well.
Finally, for the axial current arising at the surface of the platefrom (15) we get
J(Y",Z") = —M + M coskZ — QcoskZ "] (Y,0)+sin kZ Q cot B J(Y",0) +

+M sink |Z"| - Co;ﬁ

By no means, this expression satisfies / (Y, +b/ 2) = 0 condition.

(18)

(19)
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The axial current arising at scattering of a plane EM wave from a thin conducting plate.
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Aunoranus

[TokasaHa BO3MOXXHOCTbH MCIIOJNb30BaHUA (deHono-¢popmanbaeruntoi cmousl (PPC) s
IpUJAHUA CBHIIYYUM U IIOPOIIKOOOPA3HBIM CYXHM OCTaTKaM OHMOMAaTepHasoB CTPOTOH
TeOMEeTPUYECKOi (OPMBI, MeXaHHYeCKOH IPOYHOCTH U paJUallMOHHON CTOMKOCTH IIpU
obirydennn ¢ioeHcom HeiitponoB 10 m / cm? u temmeparypoit 350 °C. Ilpemnoxennas
TEXHOJIOTHS IIO3BOJIAET YJAIATh IIOBEPXHOCTHBIE 3arpA3HEHUA He 3aTparuBasd OCHOBHOM
DJIEMEHT.

ITogroroBka 00pa3uoB OuOMaTepuasoB /AAA HWHCTPYMEHTAJIBHOTO HEHTPOHHO-
axktuBanuonHoro aHanusa (MHAA) Ha snurepManapHax HEHTpOHAX peakTopa HEIOCPeICTBEHHO
CBSI3aHA C TOYHOCTBIO PE3YyJIbTaTOB OKCIEPUMEHTa. OTO IOJIOXKeHue O0OyCIOBIeHO
CYIIeCTBEHHOH 3aBHCHMOCTBIO CEJIEKTMBHOCTU MeToza OT dddekra 3aMensieHUsS HEHTPOHOB B
MaTepuanax oOpaslla M YIAKOBKH B IIpoljecce OOJydYeHUS Ppe30HAHCHBIMH U OBICTPBIMH
HeUTpOHaMU. BBuZy TOro, 4YTO BOZOPOAOCOZEpXKAll¥ie BeIleCTBA ABIAIOTCA HAMIYYIIMMHU
3aMe/IINTeIIMU HeHTPOHOB, a 6uomarepuansl cogepxar 70 — 80 % Biary, BRICymIMBaHHE [0
IIOCTOSIHHOTO Beca CjIeflyeT IIPUHATH 00A3aTeJTbHBIM yCJIOBHEM IIOATOTOBKUA OMOOOPA3LOB [t
sroro Meroga. OpHako, 9Ta mpoueAypa [AODKHA IIPOBOSUTHCA IIPU TeMIlepaType He
mpessimatomeit 50 — 60 °C, Tak kak wMccIefloBaHMA 3aBHCHUMOCTH IIOTepPb MHKpPO- H
MaKpO3JIEMEHTOB OT TeMIIEpPATypPhl HarpeBa 00pa3LoB IoKa3any, uro, HayuHasg co 100 °C u Bere,
mo 1000 °C cocrtasagior or 10 mo 80 % gma saementoB Na um 7Zn m3 006e3BOXKEHHBIX
IIOPONIKOBUIHBIX 61006pa3uos (cM. Pucynok 1).

[nsa onpemerenus noreps mompomok ¢ Macco 50 — 100 Mr saceimanu B KBapLEeBYIO
amnyny @ = 4 u h = 40 MM u HarpeBanu B Kajopumerpe ¢ mHTepBasom or 100 zo 1100 °C.
OKCIIO3UIIUA B yKa3aHHBIX DKCIIEPUMEHTATbHBIX TOYKAX COCTaBJIANa 2 4, IIOTEPU OIpelesiln
IIyTeM U3MepeHUs aKTHUBHOCTU PaJUOHYKIHJOB O M IIOCJIe HarpeBa. DBIIO yCTaHOBIEHO, YTO
IJIsL WUCCIeAyeMOro BHZAA OOpasIOB OCHOBHAs [OJiA HAOMIOJAaeMBIX IIOTeph IIPUXOAUT HA
CIIeKaHWe BelllecTBa 00pa3lia Co CTeHKaMu KBapIeBoi ammyJisl mpu temueparype 500 °C. Harpes
o0pasoB m0 OojJee BBICOKMX 3HAYEHWI TeMIIepaTypsl, IPUBOLUT K O30JIEHHIO U
COIIPOBOJKJAETCS XapaKTePHBIMU /JI 9TOTO Ipolecca morepsamu [1].
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Pucynox 1. Kpusslie 3aBHCHMOCTH IIOTEPb MaKpO- X MHKPO-
KOMIIOHEHTOB GMOMaTepHaIOB OT HarpeBa aHAIU3UPYEMOTO BellecTBa

B mocnemyromux nccirenoBaHUAX TUO(PMIBHO BBICYIIEHHBIe ITPOOBI OrOMaTepHanos [2]
pacTHpasy B TOMOTEHHBIH ITOPOLIOK, KOTOPBIH IIPH [JOCTATOYHM KOJIHYECTBE HCCIEeAyeMOTrO
mperapara JIHOO IIpeccoBajii B TabjeTKH, MO0 3achIaJd B MUHMATIODHBIE KOHTeHepSI
o6vemoMm 0.1 — 0.3 cm3, 1160 moIMMEpH30BaIH C IIOMOIIBIO (PeHOI0-PapMaIbIerugHON CMOJIBI
(®PC) cpasBIBatOlero B 3aBUCHMMOCTH OT YCJIOBHH SKCIIEPUMEHTa U HCIIOIB3yeMBIX [103
obmyuenus. Ilpu >ToM, OCOGEHHO, Ba)XHOH XapaKTePUCTHKOH CJeLyeT CYHUTATh YHCTOTY
YIIAaKOBOYHOTO MaTepHaja, TaK KaK HeIOCPeACTBEHHBI KOHTAKT C HMCCJIeLyeMBIM BellleCTBOM
MOXeT CTaTh WCTOYHUKOM 3arpA3HEHUA aHAIM3UPYyeMbIMHM D3JIeMeHTAMH W IPUINHOH
CyIIeCTBeHHBIX OmMOOK. B Marepmamax — KBaple, aJIOMUHHM U IIOJIUSTUIEHe, OOBIYHO
ynorpe6isgemsix B UHAA, 3arpsasHeHUs ABJIAIOTCA Pe3ysIbTaTOM TEXHOJIOTMYECKUX IIPOIIECCOB
HOTy4YeHUs U OOpabOTKM, M HOCAT XapaKTep MeXaHHYeCKUX IIpuMeceii, pacIipe/ieleHHBIX
HEpaBHOMEPHO, CO 3HAYUTEJIBHBIM II€PelafoM KOHIEHTpaUMi OT yd4YacTKa K Y4YacTKy.
VWccremoBanue 51eMeHTHOTO COCTaBa 3THX MaTepHaloB II0OKa3ajo, YTO HHIyIHpyeMble B
pe3ysibTaTe HEHTPOHHOTO OOJIy4eHHS B KBaple, aJIOMHHUU W IIOJIHMSTUJIEHE PaJMOHYKJIH/IbI
24Na, “K, 3’Cl, #Br, 3P u **Mn co3zaioT BEICOKHI (OH )~U3TydeHHd, HA KOTOPOM He MOTYT OBITh
M3MepeHbl CHUTHAIBI OT 00pasuoB Oe3 IlepeyNnaKoBKU, a TaKXe BBUJIY TOTO, YTO SBIIAIOTCA
WMCTOYHUKAMH 3aTrpA3HeHUsA IIPU TIOIAJaHUM OCKOJIKOB. PesynabTaThl aHamu3a ITPUMECHBIX
9JIEMEHTOB B YIIaKOBOYHBIX MaTepHasaX, JeMUHEePaJIN30BaHHOMN BOJe, caxapose (MCIIOIb3yeMbIX
B OMOXMMHYECKMX IIpolleflypax IIOTydeHHS IIpelapaToB CyOKJIeTOYHBIX KOMIIOHEHTOB,
HYKJIEMHOBBIX KUCJIOT U T.II.) ¥ QUIBTPOBATIBHOM 6e3301bHOI Oymare npuBogaTcs B Tabmme 1.

Ta6muma 1. ComeprxaHue caemOBBIX KOJIUYECTB 3I€MEHTOB
B MaTepHaJaX YIAaKOBKH M PeaKTUBax I /T, T / MIL.

Na K Mo Cu As Br Mo Cd Sb

Ksapr, 1-105|1-10%|1-107}1-107|1-10°¢|1-10°| 1-107 |1-107| 5-1038

AmomMunmii 1-107 1-10¢| 1-10°

TlonusTunen 1-10°|1-10° 5.107 5.107 5.10°

OusTpoBaIBHAA

Oymara 2-105({1-105|2-10¢(5-107|1-108|5-10%|1-10%|1-10°|3-1010
6e330IbHasA

Jemunepanus 1-107|1-10° |1-10°| 1-10°

Caxapo3a 1-10°|1-107| 8-10° | 1-10° | 8-107°
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[Tpumenenne unTerpanbHbIX 103 00ayuenus 107 — 10" u / cm? moBeimraer TpeGOBaHUA K
pPafUallMOHHON ¥ TEPMHUYECKOH YCTOMYHMBOCTM YIIAKOBOYHOro wMarepuana. OTcyTcTBHE
YHUBEpPCAJIbHOTO MaTepuaa, KOTOPhIil OAHOBpeMEHHO 00J1afa 65 BceMH HeOOXOAUMBIMU JJIA
NHAA sapepHO-bU3NMYeCKMMHU CBOMCTBAMHM — HHU3KHM CeYeHHeM pafuallOHHOTO 3axXBaTa,
MeXaHU4YeCKOH, TepPMHUYEeCKON M PpaJuallMOHHOM CTOMKOCTBIO, BBICOKOM CTEIIeHbIO YMCTOTHI,
JIETKOCTBIO B 00pabOTKe M DSKOHOMHUYHOCTBIO, OCJIOXKHAET BbIOOpP. OTiamyaromuecs YHUCTOTOH
MONUSTUIEH U TedIOH He YCTOHYMBEI K HEHTPOHHOMY OOJIy4eHHIO OOJBLIIMMH [J03aMH, a
PafUallMOHHOCTONKIE JIIOMUHUN M KBapl] He 00JafjaloT CTOJb BBICOKOH CTENEHbBIO YHCTOTHI;
IOJMATWIEH, IO CPaBHEHUIO C KBapleM U aIlOMUHUEM ABIAeTca Oosee 5(pPeKTUBHBIM
3aMe/IMTeIeM IIPM OZWHAKOBBIX TOJNIIMHAX 3aMeIJIAIOIIUX CJI0eB, (HaKTOp 3aMejeHUs [t
IIepeYrCIeHHBIX MaTepuanoB, coorBercTBeHHO, paBeH 1, 1 u 30 [3]. Wcxomsa u3 ckaszaHHOTO,
BBIOOP IIPOBOAMJICA B 3aBUCHMOCTH OT MCIIOJIB3yeMbIX [03 OOJydYeHHUs, BUJA U KOJIUIECTBA
SKCIIEPUMEHTAIBHOTO MaTepuaia. Jna mopomkoo6pasusx Manrsix HaBecok 10 — 30 mr o6pasios
Ipu OOJIy4YeHHH C OXJIAKAEHUEM IIPUMEHSIIN IIOJUITUJIEHOBble KOHTEHHEpHI, I
Ta0JIeTUPOBAaHHBIX — ATIOMUHEBbIE (DOJIBI'Y U KBapLeBble aMITyJIbl [4].

Crnemyer oOTMeETHTB, 4YTO PYYHOH CIIOCOO IIPHUTOTOBJIEHHSA OOpa3l0OB He OTBeYaeT
COBpeMeHHBIM TPeOOBaHUAM SKCIIPECCHOCTH ¥ CTAHZAPTU3AIUHY IIpoIecca aHanu3a. Kpome roro,
OH TPYZOEeMOK, KaK y>Ke OTMeYaJIOCh, XapaKTepHU3yeTCs OIIACHOCTBIO 3aTPA3HEHMI WU IOTepHU
aHAIN3UPYyeMOro BellecTBa. VI3pICKaHMe HOBOTO CIIOCOOAa IPUTOTOBJIEHHUSA OOPa3IOB, KOTOPHIi
ITO3BOJIMJI OBl YCTPAHUTh OIIMOKY CyOBEKTHBHOTO XapaKTepa, 00ecredyuI BEICOKYIO TOYHOCTD U
IIPOU3BOAUTEIBHOCTD AHAIU30B, IPECTAaBIIeTCS BeCbMa BXXHON ITPOGIeMOii.

[TpoBemensr wmcciaemoBaHUA, KOTOpBIE CTAaBUJIM IEAbI0 H3y4YeHHE BO3MOXXHOCTH
npuMeHeHus PPC B xayecTBe yIIaKOBOYHOTO MaTepuasna oOpasnos 6romartepuanos axi MHAA
Ha PeaKTOPHBIX HeUTPOHAX.

Crporas reomerpmueckas ¢opMa M BBICOKAas MeXaHMYeCKas IIPOYHOCTh OOpasloB,
COXpaHAOWAACA IIocjae OOJyYeHHsS WHTErPAJbHBIMM IIOTOKAaMKU HEHWTPOHOB HAa YpPOBHE
107 - 10" 1 / cm? ABsIsgeTCA BOXHBIM yCJIOBHEM, BBIIIOTHEHUE KOTOPOTO, B M3BECTHOI Mepe,
oripezesisieT TOYHOCTh Pe3yJbTdTOB, IIOJNYyYd€MBIX IIpH IIOMOIIH dKTHUBAIIMMOHHOTO MeETO/d
aHa/IN3a, B 0COOEHHOCTH, €T0 NHCTPYMEHTA/IBHBIX BAPUAHTOB.

B macrogmem wucciemoBaHMM ObUIa IIOCTaBJIeHAa IIeJb — OOECIeYHUTh CTPOTYIO
reoMeTpuuecKkyo GopMy, MeXaHHYeCKyl0 IIPOYHOCTP M PaJUAIMOHHYIO CTOHKOCTB
HOPO]HKOO6P33HBIM 6I/IOJIOI‘I/I‘-IECKI/IM MaTe€pHuajaM IIyTeM HMX CBA3BIBAHHA IIpM IIOMOIIHN
BBICOKOMOJIEKYJIIPHOTO BEIeCTBa.

IToutu Bce 6I/IOMaTepI/IaJILI, dHAJIN3NpyeMbl€ dKTHBAHMOHHBIMH METOAdMH, HMEIOT
WOHHYIO IIH IIOJAPHYIO IIPUPOLY, IIO3TOMY MJIS WX CBA3BIBAHWA B IIPOYHBIN KOMIAYH[,
IesecooOpa3HO IPUMEHHUTH IOJAPHBIN nonumep. Hamm, maa sToil memn OblIa MCIIOTB30BaHA
OPC. Bsibop OPC O6pr 00ycnOBIeH, KpoMe ee IOIY/IIPHOCTH, B OCHOBHOM, elle WU
CIeLyIOUMMY IIPUYMHAMU: YIIOMSAHYTBIH Pe30JI JIETKO COXPaHSIeTCS B CIIMPTOBBIX PacTBOPAX;
XOPOIIO CMENIMBAETCsA C JMI0OBIMM MaTepHaJaM{ M CMaduBaeT UX; IIOCJIEe YZaJIeHWs CIUpPTa U
orBepaesanua npu 80 — 100 °C mo cocrosHus pesuTa AaeT BBICOKOIIPOYHBIE KOMIAYHABI IIPU
masoM cogepauuu pesona 2 — 30 %; orBepmeBmas POC o6azaer BBICOKOM PaAManiOHHOM
CTOHKOCTBIO B crieKTpe ObICTpBIX (1 — 10 MaB) Heiitporos u nosax 10" m / cm? Kpowme sroro, B
7ab0paTOpHBIX YCIOBUAX HeTpysHO cuHTe3npoBath POC, obragaromyio ropasmo 6Goiee
BBICOKOI aKTHBALIMIOHHOW YHCTOTOH, HEXeIW BCe W3BECTHbIE IIOJIMMEpHble W yIIaKOBOYHBIE

MaTepHuaJjbl.
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B xauecTBe mcCiezyeMoro Marepuaia ObLI BRIOpAH IIperapar rmedyeHu Kpbichl. O6Gpasisl,
ceg3anuble mpu nomoumu PPC B KOMIAayHZBI BBICOKOM NPOYHOCTH, IIPEACTABILIN COOOM
tabseTku BecoMm 150 mr, xoropsie coctosau u3 100 mr mpemapara u 50 mr ®PC, xoHTpOIBHBIE
o6pazupl — 100 Mr Toro ke mpemapara B KBapueBoii ammyie. O6pasisi, Ha ocHoBe PDC nmenn
CTEeKJIOOOpA3HBIN BUJ U COXPAaHIM HCXOLHYIO TeOMeTPHYecKylo (GOopMy M IPOYHOCTH IIPU
00JIy4YeHNM MHTETPaJbHBIMHU IIOTOKAaMH HeHTpoHOB Ha ypoBHe 10 u / cm?. IIpu aTOoM, B 30HE
06JIy4eHUs MHTEHCUBHOCTH IIO TEIUIOBBIM HeiiTpoHaMm cocraBiana (4.6 + 0.8) - 10 u / cm? c,
VHTerpajxbHad (II0 DHEPTUAM) NHTEHCUBHOCTH OBICTPhIX HeHTpoHOB (8.0 + 2.1) - 102 1 / cM? c.
W3zyuennsie 06pasipl ObUIH OONIydeHbl MHTETpaNIbHBIM OTOKOM 3 - 10'® B / cm? B pacueTe Ha
TEIJIOBble HeWTpoHsbI. JlnmHa KOHTelHepa c obOpasmamu cocraBiaana 10 cm. B pesyrnsrare
u3MepeHUsa ObLIa BHeCEHA IIONPaBKa i1 IPHBENEHUA OOpasIoB K OAMHAKOBOMY IIOTOKY (IIO
M3BECTHOMY pacIIpefieIeHUIO IIOTOKa HEHTPOHOB B OOydyaTeIbHOM KaHaje BAOJIb JJIUHBI
o6pasua). Temneparypa B 30He o6ydenus He npessrmana 200 °C. Ilorepu Beca npu pasuonause
COCTABJLAIM — AJI1 KOHTPOJIBHBIX 00pasuoB 15 %, axs obpasuos ¢ PPC 4 %. Ha Pucynxax 2a u
26) moKasaHBI )-CIIEKTPHI OOpasI[OB IIpemapara Ie4YeHU: a) Iy oOpa3uoB 6e3 yIaKOBOYHOTO
Marepuasa 1 u 0) 1y obpasua-rabierku Ha ocHoBe POC.
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Pucynok 2. 'amma-criexTpsl 61006pasioB ¢ ynakoBkoii Ha ocHoBe OPC u 6e3
YIAaKOBKH AJI dHA/IN3d JOJITOXUBYIIUX ¥ KOPOTKOXXMUBYIIUX PATUOHYKINOB.

Kak BHMAHO, )-CHEKTpPBl IPaKTUYECKU IIOJHOCTBIO COBIIAJAIOT, T.e. KOJIUYECTBO
IOJITOXUBYIINX HYKINUIOB, obpasytomuxcs u3 POC, comeprkauieiicss B TaGreTke, MPaKTHIECKH
He BIWsAeT Ha pe3yJbTaT aHAIM3a HCCIeLyeMoro obpasua. Jlyis ycTaHOBIEHUSA BO3MOXXHOCTHU
aHaIN3a TeX JXe 0Opa3LoB II0 IPOAYKTaM aKTHUBAIIUY C MEHBUIMM / OHHU OBLIN M3MepPEeHHI yepes
150 u mocme obnyuenus (Pucynku 2a u 26). Ha sTux )-cmekTpax NIpOHyMepOBaHBI BCe
doromnuku, BeIcoTa KOTOPHIX IpeBbrraer 60 — 80 ummybcos 3a 10 mun. B pabore He craBuIach
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I[eJTh OJHO3HAYHO UIeHTUPHUIIMPOBATh (POTOIUKHY IO UX IIPUHAJIEKHOCTH K HYK/INAAM, OLHAKO,
ObLIO CZeNaHO IpeJIoJOXKeHMe, 4TO (OTONMMKK OLUHAKOBBIX DHEPTUil Ha CIIEKTpax 006OUX
00pasioB MMEIOT OZWHAKOBYIO NPUPOZY. i IPOHYMEpOBaHHBIX ITMKOB OBIJIO BBIYHCIIEHO
orHomeHue As /Aa e Aas — aKTUBHOCTD IIperiapara B IuKe Ge3 CBA3yIolero, As — akTHBHOCTb
npemnapara B popme Tabirerku ¢ PPC. PesyrbraTs! 5TUX BRIYKCIEHUH cMoTpuTe B Tabnute 2.

Ta6muua 2. CooTHomeHue GOTOINKOB OLUHAKOBOM SHEPTUH B 00pasiax
Ipernapara IedeHu (a) u TOro xe mpenapara B Buze tabnerku ¢ POC (6).

Ne AxtuBHOCTH | AKTHMBHOCTH
BHI:;IIQ;M’ Hyxnup | doromuxka (a), | doronuka (6), | As/Aa | %
OTH. efI,. OTH. efi.
1 0.511 - 44 44 1.00 -
2 0.554 82Br 150 196 131 |31
3 0.610 82Br 75 97 1.29 |29
4 0.700 82Br 37 50 135 |35
5 0.780 82Br 104 137 1.32 |32
6 0.835 5Mn 38 38 1.00 -
7 1.044 82Br 18 23 1.28 |28
8 1.078 8%Rb 38 40 1.05 5
9 1.099 9Fe 16 17 1.06 6
10 1.115 5Zn 65 63 0.97 3
11 1.320 80Co 25 31 124 |24
12 1.370 24Na 750 756 1.01 1
13 1.520 2K 26 27 1.04 4

Kak BuzHO, U3 3THX (POTONMHMKOB, KpOMe TeX, KOTOpPBIe COOTBETCTBYIOT %’Br oTHOIIeHHe
Ac/Aa =1+ 6, mpudeM JIEXUT B IIpefeaX IOTPEUHOCTH OIpeZeeHNs aKTUBHOCTH PaBHOMY
mpumepHO 5 %.

W3 panmsix Tabmuusr 2 crexpyer, uro nubo comepxanuve Br 8 ®DC cpaBHuMO C ero
comep)xaHueM B npemapare nedenu, 1160 POC mpenaTcTByeT yreTyIHBaHUIO 3TOTO dJIEMEHTA B
ycmoBusx obiayduenus. Jlanee mokaszaso, uto @PC mpensiTerByer yreryduBanuio Br u3 o6pasia.

B o6pa3siax opraHUYeCcKOro IPOUCXOXAeHNS BO3MOXKHBI HEKOHTPOJIMPyeMble 1oTepu Br,
YTO HEOSHOKPATKO IOZYepPKUBAIOCh MHOTUMU aBTOpaMu [5]. HekoTopble MX HUX CYMUTAIOT, YTO
IIPOIeCC MOXXET IIPUBOAUTH K IIOTHOMY MCKQXEHHMIO KapTHHBI II0 COAEp)KaHUIO rajurouza. B
CBSI3M C 9TUM OBUIO HOZPOOHO HM3yueHO moBejeHue Br B obpasuax, cogepxamux OPC B
KayeCTBe CBA3YIOLEro [6].

Bruro mokasano, 4to copepxkanue Br B cunTesnposantoit PPC pasro 8 - 107 r / T cmobI,
T.e. B Tabnerke-obpasue, comepkamem 50 mr ODC, BBegseno ¢ monmmepom 4 - 107° r Br. C
npyroit cropossl, B 100 Mr mpemapara ne4eHu, CBA3aHHOTO B 5TOM o0Opasue, cogepxkurcsa 7.10* r
Br. Takum o6pazom, mpumecHsii Br cocraBiser menee, uem 10 % or ompepnensemoro
Kou4uecTBa, ciaenoBarenbHo, Hannuue POC B obpasue He SABISEeTCS IPUYMHON 3aBBIIIEHUS
pesynsratoB (cm. Tabmumy 2). OueBuzpna «yzepxwusaoomas» pors PPC mo orHomeHuio
yJIeTy4HBAHHUIO OPOMa IPU OKUCIUTETHHO-BOCCTAHOBUTENBHBIX IIPOLECCaX, NHUIMIPOBAHHBIX
pazuaiueil ¥ HarpeBoM 00pasIioB.

Ornomenne As/A. = 0.75 gna 6poma B IpemapaTe IeYeHU CBHUIETEIBCTBYET, YTO B
OTNIMCaHHBIX YCJIOBUAX 00 IydeHH ToTepu 6poma He HInke 25 %.
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s onpenenenus monHOTH yAepskaHus 6poma npu nomoiru POC 6pIM M3rOTOBIEHEI
00Opasifpl, KaXAbIH u3 KOTOphIXx cogepxkanm 50 mr monumepa u 10° r Br, cBssanHOro B
opraHuYecKoM BemiecTBe (6pomTuMosnoBoM cuHeM). O6pasisr Ha ocHoBe PPC mporpepantucs
npu temmneparypax or 100 mo 300 °C uepe3 xaxzpie 25° B TedeHme 5 4. [lna Kaxpoi
TeMIIepaTypsl OBLIO B3ATO IIO TPH IIapalIenbHbIX 00pasua. KonTpoibHble 06pasiibl, Kak 00BIYHO,
IIpe/CTaBIsIM COOOHM OCaZKM B KBApLEBBIX aMITyyiax. Bce oOpasmsl OOIy4Yasuch B OJHOM
KoHTeliHepe. Pe3yibTaTs!, IOTyYeHHBIE IPX 9TOM, IpuBeieHs! B Tabnuue 3.

Ta6muua 3. Onpenenenue Br B mporpeTsix pu pasHbIX
TeMIlepaTypax o6pasiiax, CofepKaIuX OPOMTHUMOJIOBBIN CHHUH.

Haiigennoe MakcumansHOe
Ne Tun Temneparypa KomrgecTBo Orxionenue
obpasma | Harpema, °C | (mo 3 oGpasuam), | Pesynsrara
105 oT cpezHero, %
1 | Bammyne 100 2.35 30
2 150 2.0 60
3 200 0.7 100
4 OPC 100 3.0 5
5 125 2.95 3
6 150 3.05 3
7 175 3.02 3
8 200 3.0 5
9 250 2.6 30
10 300 1.4 80
11 350 0.5 150

ITonyueHnHBIe JaHHBIE ITO3BOJIAIOT CEJIATh BBIBOJ, UTO B MHTepBase TemmeTaryp g0 200°C
IIpu 00 Ty4YeHuU OpraHudeckux o6pasuos B Buze Tabnetok ¢ POC HexoTpoaupyeMsle motepu Br

HEe HKHMET MecCTa. TaKoe SBJI€HHE€ MOXHO OOBICHUTh XHMHYECKUM

B3auMmogeiicrBueMm apomarumdeckux azep POC c osnementapueiM Br, obpasyromumcsa Ipu
paguonuse. Ilocie ceassiBanusa Br ¢ @PC ero oTimernieHne CTaHOBUTCA MeHee BEPOSTHBIM

[To-BumumMomy,

BCJI€ICTBHE BBICOKOM PpaJUOLMOHHOM CTOMKOCTHM apOMaTUYE€CKOM CTPYKTYpPBI, a TaKxke
61arosapss TOMy OOCTOATEIBCTBY, YTO IIOJIHMEp CTeKIOBuAeH — nuddysus Br ckBosp Tomy
IoJIMMepa IPOTeKaeT Me/IJIeHHO ¥ BePOATHOCTE eT0 3aXBaTa JI0 BBIXOJla Ha IIOBEPHOCTEH 00OpasIia
BeJIMKa.

B ornmmuune or ncnonsdyemsx o6sraHo A1 MHAA ceimyunx o6pasios, Tabiaerku ¢ POC
JIETKO MOTYT OBITH OYMINEHBI OT IIOBEPXHOCTHBIX 3arpsA3HEHHUI, BHECEHHBIX B IIpoliecce
IOJATOTOBKK oOOpasua K oOiaydueHuio. VICTOYHMKOM 3arpsA3HeHHMI MOTYT OBITH MaTepHaJIb
YIAaKOBKU U 4acTo ucnonb3yemsie Al u Si (u3 kBapua).

Bo3MOXXHOCTP yZajieHHs ITOBEpPXHOCTHBIX 3arpA3HeHUIl OblIa M3yYeHa Ha IIpUMepe IBYX
o6pazuos: 1) Tabreroxk POC, comepkamux B o6veme Co, ¢ Cd moBepXHOCTHBIM 3arps3HeHeM; 2)
tabnerku OPC, copepxkameit B o6vemMe Au, «3aIavyKaHHOM» C IIOBEPXHOCTH aJTIOMUHEBOM
dboprowi.

Ha Pucynke 3 xpuBag 1 mokasbiBaeT yMeHBIIeHHe IIOBEPXHOCTHOTO 3arpa3HeHUSd
Tabyerku ¢ paguoHykmugoM ’Cd npu xunguyenuu B pactBope 1 r / j Tpuiona B; xpusas 1 —
IIOCTOSHCTBO aKTUBHOCTH BHeJpeHHOro paguonykiauza “Co mpu srom. Kpusrie 2 u 2'
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BBIPXKAIOT Ty >Ke 3aKOHOMEPHOCTS /I IIOBEPXHOCTHOTO 3arpsA3HeHus **Na u BHegpeHHOro Au
apomatuyeckux szpep POC c anemenTtapusim Br, o6pasyrouiemes mpu paguonuse.

0 1 2 3 4 6
mlo

Pucynoxk 3. KuneTuka yzaeHnsa I0BepXHOCTHOTO

3arpsa3HeHNsd 06p33u03, IIPUTOTOBJIEHHBIX Ha OCHOBE OOC.

Ilocne o6nydeHHMs B HEHTPOHHOM TIIOJNe, OOpasibl HU3MEpATUCh B CleAyIouei
IocIeZIoBaTeIbHOCTH: 1) Ge3 KaKoi-1ub0 OYMCTKY; 2) IOCae IPOTUPAHUSI BaTHBIM TaMIIOHOM,
CMOYEHHBIM CIUPTOM; 3) IIOCJe KUIAYeHUA B TedeHHe | — 2 MMH B Pa3IUYHBIX PacTBOpaX,
coziep>Kalux JUOO0 KHUCJIOTY, JTHOO KOMIIIEKCOOOpa3oBaTeshb, JTUOO0 HEAKTHBHBIN HYKIUITHBIN
HOocuTenb. Pe3ysbTaTsl IIOKaspIBAIOT, YTO IIOCJIe IIPOTHPAHUS CIIMPTOM, OOJbIIAas YacTh
3arpsi3HEHUs CHUMAEeTCSI, @ OCTATOK JIETKO YJA/ISeTCs KUTITIeHUEeM.

YcTaHOBIEHO, YTO ONTHMAJIbHBIMH  MOIOUIMMH  pPacTBOpaMU  [JId  yZIaJeHUd
IIOBEPXHOCTHBIX 3arpA3HeHui aBiaAtorcs: 1) nna cHatus HykiauzoB Cd — 1 r / i Tpuinona b; 2)
s cuartua **Na, obpasoBaBuierocs mo spaepHoit peakuuu Al (n,a)*Na — 1 r / 1 TpmiaoHa
b +5r/mnNaCl.

B omTumanpHOM pacTBOpe 6BI]Ia n3yd€Ha KHWHETHKA YAdJIeHWsS IIpHMECH, a TdKXe
yCTAQHOBJIEHO MUHMMAaJTbHOE BpeMs, o00ecreduBaroljee [JOCTATOYHYIO CTEIleHb OYHCTKU.
[TapajrenbHO OIpesessANIOCh KOJIUIECTBO DIEMEHTa, pacIpesieIeHHOTO B 00beMe TabJIeTKU U3
OPC. YcraHOBIEHO, YTO IPU IPAKTUYECKU IIOJHOM YZAJIE€HUU ITOBEPXHOCTHOTO 3arpA3HEHUS
OCHOBHOI1 27ieMeHT He 3aTparuBaercs (PucyHok 3).

ITpoBenenusle mcciemoBanus mokassiBaioT, uro OPC, nmonayyenHas B 1a6OpaTOpPUM IIO
CHeHHaHBHOﬁ TEXHOJIOTHUH, MOXXET 6IJITB HCIIOJIb30BaHA [OJIA IIpUAAHIA 06pasuaM CBIIIy9IHX
MaTepHasIoB BEICOKON MeXaHUIEeCKOW IIPOYHOCTH U CTPOTOil reOMeTpHUIeCcKOi (GOpPMBL.

B ornnuve oT 0GBIYHBIX 0OPA3IOB OPraHMYeCKUX Br—cozepikamux BeliecTs, B 00pasiax
Ha ocHOoBe POC He MMEIOT MeCTO HEKOHTPOJIUpYeMble IoTepu Br mpu o6Gi1y4eHHH B CIIEKTpe
HEHUTPOHOB C dHepruei 4acTur, oT TerwoBsIx 0 10 MaB no temmepatypst 350 °C.

O6pasusr ¢ PPC moryT GBITH OUUIIEHBI OT IOBEPXHOCTHBIX 3arpsA3HEHUI, BHECEHHBIX B
[poIecce IOATOTOBKM K OOJydYeHHUIO, HAampUMep, W3 UIMPOKO WCIIONB3YEMBIX B KadyecTBe
MmarepuasoB ynakoBku Al u Cd. IlokasaHo, 4TO OCHOBHBIE (OIIpefieieMble) 3JI€MEHTHI IIPU 3TOM
He 3aTparuBaloTCs.

Ins ymensmenus d¢dekra 3amemmenus obpasuamu ¢ POC mpu pesoHaHCHOM
OOJIy4YeHHH >KeJaTeJIbHO MCIIONB30BAaHME IIPelebHO J[JOCTATOYHOTO KOJIMYECTBA CMOJIBL,
nopsazaka 50 Mr, COM3MepUMOTo C MacCOi 3TaJIOHOB CPaBHEHMS Ha TAKOM K€ OCHOBE.
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Aunoranus

PaspaGoTaHbl MHOTO3JIeMEHTHBIE JTAJOHBl CpPaBHEHUA HA OCHOBe (PeHOJO-
dopmansaeruzuoii cmonsl PPC gng snUTEpPManTBPHOrO HHCTPYMEHTAIBHOTO HEHTPOHHO-
aktuBanuoHHoro aHammsa (DVHAA) OuomarepuaysoB C BHeZpeHHEM DJIEMEHTOB C
PE30HAHCHBIMM XapaKTEPUCTUKAMHU OHOJIOTHYECKOTO CTaHAapTHoro martepuana myis MHAA nHa
snuTepManbHbX HeWrTpoHax (BCM-DH), um wm3ydeHB MX aKTHBAI[MOHHBIE AHAJIUTUYECKHE
xapakTepucTUKH. OCOOEHHOCTHIO TIpeIaraeMbIX 9TaJIOHOB SIBJIAETCS KOMIIO3UIUA BHEIPEHHbIX
anemerToB (Na, Cl, P, K, Cu, Mn, As, Br, Mo, Cd, Sb, I, Gs, W, Au, u Mg), xoropas
IIpeZCTaBysgeT Hauboee MPUOIIDKEHHYIO K AeHCTBUTEIPHOCTH MMUTALIMIO HYKJIUZHOTO COCTaBa
O6uoMaTepHaIoB, OOJIyYeHHBIX B TIOTOKAX SIIUTEPMaJbHbIX HeUTpoHOB 1018 — 10" H / cM?.

B oTHOCHTENBHOM MeTOZe HeHTpOHHOro akTuBanuoHHOTo aHanusa (HAA) B xagectse
STaJIOHOB CPaBHEHMHA UIMPOKO IPUMEHAIOT CYIIECTBYIOIIME aTTeCTOBAHHBIE MeXIyHapOJHEIe
CTaHJAPThI HA OCHOBe IIPUPOJHBIX MAaTe€pPHAJIOB WIM IIOJOCKM (IIBTPOBATIBHOM OyMarw,
CMOYeHHble TOYHBIM OOBEMOM CTAaHJAPTHOTO PacTBOpa olpenesnseMoro sineMmenta. OmHaxo,
yKazaHHble OMOJIOTMYeCKUe CTaHJAPTHBIE MaTepHUaIbl, BO-IIEPBBIX, He BCET/a AOCTYIIHBI, a BO-
BTOPBIX, XapaKTepU3YyIOTCA  PAAOM  CYIIeCTBeHHBIX a1 1npuMmeHeHus B VHAA
(MHCTpYMEHTaIbHBIM HEHTPOHHO-aKTUBALMOHHBIM aHATN3) HEJOCTATKOB — IIOPOUIKOOOPAsHEI,
TUTPOCKONIMYHBI, OOJafaloT HU3KOH TEepMUYeCKOH ¥  pafiMallIOHHOH CTOHKOCTBIO,
HEBOCIIPOM3BOJVMBL. DTAJIOHBl WHAMBUAYATBHOTO W3TOTOBJIEHHWSA HA OCHOBE pPacTBOPOB
aQHWIN3UPYEMBIX DJIEMEHTOB, HaHeCEHHble Ha (UIBTPOBAJIBHYIO OyMary, XapaKTepH3YIOTCS
O].L[I/I6I(aMI/I Cy6'L€KTI/IBHOI'O XapaKTepa — H€ YIHUTHIBAIOT KOHIOEHTPANIO IIPUMECHBIX J2JIEMEHTOB
¢bunpTpoBaNbHON OyMaru, IOCHefHAS He o00JajfaeT paAMALUOHHOM M TepMUYECKOil
yCTOMYHMBOCTBIO, HEOOXOAMMOI1 B coBpeMeHHbIX MeTomax HAA 6uomarepuaos.

OTU TPYZHOCTH BOIIpOCa 3TaJIOHWpOBaHMA MarepuanoB nini WHAA B 3HaunrenbHOMN
CTeIleHU CHUMAIOTCHA C KMCIIOJIb30BaHMEM CHHTETHYeCKuX 5TasoHOB Ha ocHOBe ODC (dewmoio-
dapmanpmerngHas cMoia). MaTpuiia TakKUX 5TaJIOHOB COCTOUT M3 yTIepojia, a30Ta M KHUCIOPOAa,
o6ramaer GIM3KUMH K OHOJIOTMYeCKHM OOBEKTaM AAepHO-(GU3MYECKUMU XapaKTepHUCTUKAMU.
Bo3MOXXHOCTh BHEAPEHUS Pa3IUYHBIX DJIEMEHTOB B YKa3aHHYIO MaTPHUILy TAKUM 00Pa3oM, YTOObI
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KOHeYHas KOMIIO3MLIMA IIpeficTaBisiia coboit ux TBepasiii pactBop B PPC, obGecmeunsaer
UJieanbHyl0 TOMOT€HHOCTh pacIpeZie/leHUs MHUKPO3JIeMeHTOB CHHTEeTHYEeCKOrO CTaHJAapTa
IIPOU3BOIBHON KoMmo3uuu [1].

OcHoBHBIE  3Tambl CHHTE3a IIOJIMMEPHBIX JTAJOHOB  Cilefyiomue:  (eHOJIo-
bapMaTbAeTUAHYIO CMOJY ITOJIY4aloT ITyTeM KOHAEeHCAIMH YUCTOro deHosa 1 GpopMaabIeruia
B IIPUCYTCTBUHU YMCTOTO aMMHMaKa KaK KaTaju3aTopa. Bce peakTHBEI, UCIIOTBb3yeMble B KauecTBe
HCXOJHBIX I TIOJyYeHHUS CMOJIBI JOTIOJIHUTETBHO OYMIIAIOT, CHHTE3MPOBAaHHASA pe30JIbHALd
CMOJIa OYHUIIAETCA OT He IPOpearupoBaBIIMX MOHOMEPOB U Karanu3aTopa. IIpurorosireHHylo mo
3TOH TexHOMOTMH cMony coxpaHsioT B 50 % pacTtBope sTtmioBoro cnupra. B manpHeimem
pe30JIbHAA CMOJIA MCIIO/Ib3YeTCs KaK MHepTHAsS MaTPHUIiA [JI U3TOTOBJIEHMA STAJIOHOB [2].

[Ipy m3roTOBIEHMU OTAJIOHOB TOH WJIM HMHON KOMIIO3WIIMKM B PE30JIBHYIO CMOIY
INOOAaBJIAIOT HYXHBIE KOJIHYECTBA BHEIPAEMBIX MHKPO3JIEMEHTOB M3 CTAaHAAPTHOTO PacTBOpA.
ITocne pacTBOpeHUsS «HEHTPOHHOYYBCTBUTEIBHBIX» DJIEMEHTOB B CIIMPTOBOM PacTBOpe pe3oja B
CMeCh BBOZAT [00aBKy cBexemneperHaHHoro aHTpamena (CuisHw), KoTopsiii mnosbmraer
PaJUaAllIOHHYI0 CTOMKOCTh MAaTpUIbI Oe3 M3MeHeHUsA pabOdYMX XapaKTePHCTHK OCHOBHI M
yJIydiraeT KadecTBO IIPECCOBAHUA TaOIeTOK. DTO AOCTUTAETCA CIeAyIOIUM 0O0pa3soM: B PaCTBOP
3JIeMeHTa-JeTeKTOpa B CMOJIY BBOJAT HeAaKTUBHUPYIOUIUI yTIePOAHBIM HAIIOTHUTEIb, B KA4eCTBe
KOTOpPOTO HCIIOJIB3YIOT MaTepHas, IIOJYyYeHHBIH IIyTeM IIMPOJIN3a BBICOKOYHUCTOH (heHOI0-
dapmanbaerugHoi cmossl. [Inponus pesura npousBoaaT mpu KoHewyHoi Temmneparype 2000 °C B
tegyeHne 30 u B Bakyyme 1072 Ila. IlomyueHHBI!I yriepoiHBIH MaTepuas pa3MeIb4aloT o
pasmepa vactur, 1 — 10 MKM ¥ HCIIONB3yIOT B KayecTBe HANOJIHUTeNA. HarmosHWTe s BBOJAT B
kxonmdectBe 30 — 50 Bec 4. Ha 100 Bec.4. cMOJIBI, cozepKaleli dIeMeHT-IeTeKTOpP B HYXXHOH
koHneHTpanuu. CIUPT OTTOHAIOT Ha BogAHOM OaHe npu masienuu 50 Ila u Temmeparype 60 °C.
ITocse OTTOHKM pacTBOpHUTENA CMeCh YacTHYHO oTBepxzaoT B Bakyyme 100 Ila u remmeparype
80 °C B Treuenuu 1 4.

OO6pasoBaBmniics HaNOTHEHHBIH PE3UTOJI Pa3MasbIBAlOT, MEXAaHHYECKHU YCPeIHSAIOT IIO
06BeMY U IIPecCyIoT B BHfe TabaeToK TommuHON 1 cM. TabGreTky OKOHYATETBHO OTBEPXKZAIOT,
BeIgepxkuBag ux npu temmeparype 100 — 120 °C B teuenun 24 4. OnmucsiBaeMble TabGJIeTKH
COXPAaHAIOT BBICOKYIO MeXaHHYeCKyI0 IIPOYHOCTh M TeMIIepaTypHyIO YCTOMYMBOCTH IIOCTIe
o0yueHUsA B IIOTOKAaX HeHTpoHOB, paBHEIX 10 H / cm? u Temmeparype 300 °C. Bmecte c Tem,
vMetorT psazx BaxHbIX Ana MHAA xapakrepucTuk — CTpOTyl0 TreoMeTpudecKyko ¢opmy,
CTEKJIOBHIHYIO IIOBEPXHOCTH, OTUIIAEMYIO OT IIOBEPXHOCTHBIX BaI‘pHSHeHI/Iﬁ C HCIIOJIB30BAHHNEM
XUMHUYECKUX PeareHTOB, XapaKTePHU3YIOTCA TOMOTeHHOCTBIO pacIipe/ie/IeHHs B HUX BHeJPEeHHbIX
5JIEMEHTOB M CIIOCOOHOCTBIO y/ep)KaHUA JIeTy4MX KOMIIOHEHTOB mpu HarpeBe. OIbIT
HCIIOJIB30BAHMA CHHTETHYECKUX TAJIOHOB II0Ka3bIBaeT, YTO OHU yAo0HsI B MHAA, mpoBogumom
B MAaCCOBBIX MacITabax, TaK KaK JIETKO BOCIIPOM3BOJZUMBI B IIPOM3BOJIBHBIX KOMIIO3HIUAX U
KonuuecTBax u craHpgaprusyems: [3]. Ilepeumcrnennsie cBoiictBa PPC BmecTe ¢ BBICOKOM
CTEIIEHBIO YHCTOTBI JIETJIM B OCHOBY CHHTE€3ad CII€IHAJIPHBIX MOHO- ¥ MHOTI'O3JIEMEHTHBIX
OTAJIOHOB CpAaBHEHUS OJI NHAA 6I/IO.T[OI'I/I‘I€CKI/IX MaTe€pHaJIOB Ha TEIJIOBBIX M JIITUTEPMAJIbHBIX
HelTpoHax peakropa. OCOOEHHOCTBIO ONIMCHIBAEMBIX HAMU MHOTODJIEMEHTHBIX OSTAaJOHOB
ABJIAETCA OllpesieJieHHas KOMIIO3UIIMA COCTaBa, KOTOpPAas COOTBETCTBYET 3dJIeMeHTaM, Hamboiee
YAAYHO UAEeHTHGUIHUPYyeMBIM IPH 00Jy4eHMU OMOOOpasIoB SIMUTEPMATbHBIMU HEHTPOHAMM.
Beuzy toro, uro @OC paHee He MCIIONB30BAIU AJIA AHATOTUYHON KOMIO3UIIUU U LIEJTH, HAMU
ObUI IIpOBeJleH PAJ HCCIefOBAHMM, KaCAOMXCA XapaKTePUCTUK YKA3aHHBIX 3TAJOHOB IIPU
O6JIy‘-IeHI/II/I B ITIOTOKAX SIINTEPMAJIbHBIX HEfITpOHOB.
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IIpn omeHke 1e1ecOO0OPa3HOCTH MCIIONIB30BAHUA CHUHTETUYECKUX JTAJIOHOB CPaBHEHIT
IpU DIUTEPMAJbPHOM HHCTPYMEHTAJIbHOM HeHTPOHHO-aKTWBAlmoHHOM aHanmuse (DMHAA)
6uoMaTepraioB [OMOJTHUTENTBHO K TeM, KOTOpble OBLIM H3JI0KEHbI paHee B pabore [4] u
Kacalaunch ygaepxuBamooueii u apyrux crmocobHocteit PPC, 6p11i u3ydeHsl Hanbosiee BaKHbBIE
XapaKTePUCTUKK AJIA OTHOCHTENBHOro KosndectBeHHOro MHAA — 370 omubxu, BHOCHMBIE
WCIIOIF30BaHMEM YKa3aHHbIX OTaJIOHOB B Pe3yJIbTaThl aHAIM3a 32 CYeT COOCTBEHHBIX IIpUMecei
OPC, roMoreHHOCTs pacIpefielleHUs BHEAPSEMBIX 3JIEMEHTOB B OJTaJOHAX, OTHOCHUTETbHAsS
omnOKa BOCIPOM3BeJEHUs B HHUX BHEAPSEMBIX DJJIEMEHTOB U OTHOCHUTEIbHAs OIIMOKa
pe3yJIbTAaTOB aHAJIK3a PeabHBIX 00Pa3IOB.

OpHO#I M3 OCHOBHBIX IIPOGJIEM H3TOTOBIEHUS CHHTETHYECKMX DTAJOHOB CpPaBHEHUI
ABJISIETCS YAOBIETBOPUTEIbHAS YUCTOTA €€ OCHOBBI, IIPU KOTOPOH Cofep)KaHue COOCTBEHHBIX
IIpuMecell CMOJBI He OKa3bIBAeTCsA HCTOYHUKOM CYIIECTBEHHBIX CHUCTEMATHYECKUX OIIMOOK.
VccnenoBanue xomndecTBeHHOTO cogepxanusa npumeceit @OC craBuiu 1eIpi0 YCTaHOBIEHNE
HaINYWs IpUMecel aHAJOTUYHBIX BHEJPSIEMbIM, a TAK)Ke APYTUX 3JIeMEHTOB, IIPeCTaBIIIONINX
IIOMEeXY B aHa/IW3€ U OLieHKe BHOCHMBIX MMHU OmHUOOK. Jlisa aroit menu obpasusr OPC Gpuin
M3TOTOBJIEHBI B BHJeE CIIEIMANbHBIX TA0JIeTOK AuaMeTpoM 12 MM, TONMIIMHON 4 MM K BeCoM
500 Mr, ¥ aHaJIM3UPOBATIUCH B PA3IUYHBIX, IJII OTAENBHBIX HAEHTUDUIUPYEMBIX IIPHMeCeH,
OIITUMAaJIbHBIX PEXUMaX.

Ta6muma 1. ComeprkaHue cOGCTBEHHBIX
npumeceit B OPC, ncros30BaHHOM B KaueCcTBe
OCHOBBI CHUHTE3UPOBAHHBIX 9TAJIOHOB CPABHEHUA.

Conepxannue % mpumecu oT
DJIEMEeHT | INPHUMECH,
v/ 1 ®OC BHEZPEHHOTO

Na 2.35-107 0.1
Cl 3.55-10"° 1.6
P 5.11-10° 2.4
K 4.36-10° 1.8
Sc 1.75-10° 0.1
Cu 2.77 - 107 1.3
Mn 2.50 - 107 1.2
Fe 3.85-10° 1.3
Co 1.81- 10710 0.1
Zn 2.65-107° 0.02
As 1.14- 108 0.5
Rb 6.50 - 108 0.2
Br 5.87 - 107 0.3
Mo 3.53-10% 0.7
Sb 2.15-101° 1.0
I 0.90 - 108 0.4
Cs 2.26-107° 0.2
w 1.95.10¢ 0.1
Au 2.20- 101 1.0
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Ta6muua 2. OtHOCKTEeIbHAS OIINOKA BOCIIPON3BEIeHUS
KOHIIeHTPAIlNil BHEJPEHHBIX JIEMEHTOB B CHHTETUYECKHIX
3TaJIOHAX OMOJIOTMYeCKUi CTaHAapTHOTO Mareprana aus MHAA
Ha SIIUTEPMaIbHBIX HEHTPOHAX); YMCIO U3MepeHuit n=6 r/T.

OrtHocuTtensHas
DIeMeHT X+x omubxKa,
%

Na (2.09 +0.06) - 10 3.0
Cl (0.22 +0.01) - 102 5.0

K (0.23 +0.007) - 102 3.0
As (2.09 +0.06) - 10-¢ 3.0
Br (2.07 +0.02) - 10-¢ 1.0
Mo (2.03 +0.10) - 10-° 5.0
Cd (1.05 +0.06) - 105 6.0

I (2.09 +0.13) - 10-° 6.5
Cs (1.05 +0.10) - 106 10.0
\\% (2.09 +0.04) - 10-¢ 2.0
Au (2.09 +0.20) - 10 10.0

s onpenenenus Na, K, Cl, W u Mo ®OC o6ryvanu B TedeHne 2 4; i OLpeeIeHUs
npumecH Br u As o6i1yueHue mpoBoamiocs B Tedenre 10 4, a BRICBeUMBaHUE — B TE€YEHUE CYTOK.
Haub6onee nonroxusymue paguonykaunsl — Fe, Co, Zn, Rb, Sc u Cs 65111 npeHTHOUIIMPOBaHEI
mpu 100 ¥ o6sryvernu u 50 4 BBICBeYMBAaHWH, BpeMsa M3MepeHHUA BO BCEX CIyYasX COCTABIIAIO
10 — 60 mun. B Tabnume 1 mpuBOAATCSA pe3ysIbTaThl OIpefeeHUs IPUMECHBIX JJIEMEHTOB B
OPC, paccumTaHHBIe B T / T' CMOJIBI, KOTOphle IIOKa3bIBAIOT, YTO COJep:KaHUe IpUMecei
cocrasnser 0.1 — 5 % or BHezpenusix. O6Hapy>XHUBaeMble B CMOJIE CJIe[bl PafUOHYKIuZoB Na,
Cl, P, Br u Mn BBHAy HH3KOTO YpOBHS COJEpXAaHHSI He IIPeJCTaBIAIOT ONACHOCTH B
Ka4eCTBEHHOM I/I,I[eHTI/I(bI/IKa]_H/II/I AHAJIUTUYIECKHUX PAANOHYKINAO0B.

B Tabmuue 2 mnoxasaHa OTHOCHUTEJIbHAS OIIMOKAa BOCIIPOM3BENEHUs KOHI[EHTPALMil
BHEJIPEHHBIX 3JIEMEHTOB B CHHTETHYECKUX DTAJOHAX OMOJIOTMYECKHI CTAaHAAPTHBIM MaTepHal
s UHAA na snutepmanpubix Helitponax (BCM-DH).

B Tabmuma 3 mpexcraBiensl pesynbratel OMWHAA-ompeneneHus comepikaHUS
BHe/IpEHHBIX DJIEMEHTOB B CHHTeTHYecKux sTaoHax bCM-DOH.

HccnenoBaHue raMMa-CIeKTPOB IIMPOKOTO Kjacca OHOJIOTMYeCKMX MAaTepHasoB,
00JIy4eHHBIX B IIOTOKAX SIIUTEPMaJIbHBIX HeHTPOHOB peakropa 10 — 10 H / cM? mokasanu, 4TO
Hamboslee  TIpHUOMIDKeHHAas K  JeMCTBUTEIBPHOCTH  HMMHUTAIMA  HYKIMZHOTO  COCTaBa
O6uomaTepranoB MOXeT OBITh ITOJyYeHa C ITOMOUIBI0O KOMIIO3HIIMH, COCTaBJIeHHOH MaKpo- H
mukpoanementamu Na, Cl, P, K, Cu, Mn, As, Br, Mo, Cd, Sb, I, Cs, W u Au B KOHLIeHTpanuix,
OJIM3KMX K X €CTECTBEHHOMY COZEeP>KaHUIO B Pa3IMYHBIX OMOCUCTEMAX.

O,Z[HHKO, IIpHUMAsA BO BHUMAHIE CJIOXXHOCTH I'aMMa-CIIEKTPOB HO,Z[O6HLIX KOMHOSHHHﬁ,
KOHIIEHTPAllu! HEKOTOPHIX 3JIEMEHTOB OBLIM ITOJOOPaHBI TaKUM OOPa3oM, YTOOBI yCTPAHHTH
MHTepdepeHIIIOHHbIe IIOMEeXH.
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Ta6muua 3. Pesynprater DMHAA omnpeneneHus comepKaHus
BHEZPEHHBIX 2JIeMEeHTOB B CHHTETHYeCKuX sTajoHax bCM—
OH mo Boven’s Kale (1), Bovine Liver (NBS SRM-1577) (2),

Animal Muscle (IAEA H—4) (3) u SNR-1 (4) mxr / r.

BCM-5H, Xtx | x/X Al - 100 %
Omement | v, . -6 |100%| A | B | )lf(m.) <Ms
152:18 | 12 | 53 |0.62 26 7.4< M<23.0
230+256 | 11 | 2.3 |0.20 11 11.8 < M<35.0
Br  1207=1501 160,147 | 8 | 25 |046 11 11.85 < M< 2455
220+50 | 227 | 13 |0.17 6 183 < M< 257
275:029 | 1.1 | 07 |027 30 1.95 < M< 4.45
1144007 | 9 | 09 |070 14 0.9 < M<2.0
Mo 12030101 20 00 | 11 | 033 | 044 16 0.84 < M<256
1850+40 | 21 | 2.4 |033 11 15.55 < M < 21.48
112+041 | 36 | 07 |073 6 69< M<155
cd |105:060| 7.0+095 | 11 | 35 | 09 33 26<M<11.3
92+036 | 40 | 13 | 0.9 12 7.6< M<10.8
0.02+0001 | 84 |0.003]| 0.8 15 0.020 < M< 0.060
s | 0024001 | 00240002 9 |0.004] 05 20 0.016 < M< 0.032
0.013+0.002| 55 |0.007| 0.8 35 0.024 < M< 0.041
0.230+0.006 | 27 |0.002| 0.0 9 0.018 < M< 0.028
192:012 | 62 | 017 | 0.4 9 1.87 < M<1.97
1 209004 | 601016 | 10 | 050 | 08 23 0.90 < M<2.30
e 120+0.04 | 38 | 015 ] 09 12 1.03 < M< 137
105+0.10| 0.75+0.12 | 17 | 030 | 0.7 28 0.25 < M<1.25
150+012 | 8 | 045 | 1.1 42 1.00 < M<2.20
15+032 | 23 | 06 | 09 28 0.40 < M<1.14
15+027 | 18 | 03 | 09 15 1.90 < M< 4.10
Au 120950200 50 609 | 35 | 07 | 24 33 2.64 < M<837
16+035 | 22 | 04 | 07 20 1.58 < M<1.62
231:008 | 35 | 022 | 0.7 10 2.64< M<1.96
Na [209+006| 1.60+060 | 4 | 050 | 02 24 1.35 < M<1.65
220002 | 1 | 01115 5 211 < M<229
As | 209:015| 1.9:04 21 | 019 | 01 9 26<M<22

HO,I[6OPOM OIITUMAJIBHBIX KOH]_];eHTPaH;I/Iﬁ BHEJPEHHBIX JJIEMEHTOB B CHMHTE3MPOBAHHBIX
5TAJIOHAX OBLIO JOCTUTHYTO yAOBJIETBOPUTEIBHOE paspelleHue raMMa-IUHUN ¢ SHepruamu 554,
559 u 564 KsB or pasuoHyK/IHZOB OOBIYHO He paspellaeMbIX B CIIEKTpax OMOMAaTepHaysoB C
IIpMeHeHNeM raMMa-CIIeKTPOCKOIIMY BBICOKOTO pa3pelleHUs.
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Aunoranus

B pabore paccmoTpeH BOIIpoc 00 OIlpefiesIeHUH COAEpKaHUA XUMHYECKUX 3JIeMeHTOB B
HCCIIeyeMOM MaTepuase, C IIOMOIIBI0 OTHOCUTEIBHOTO METOAAa HEHTPOHHOTO aKTUBAI[MOHHOTO
aamm3a (HAA). B xauecTBe CTaHAApTOB CpaBHEHUA OBLIM MCIOJIB30BAaHBI TabJIETKH,
W3rOTOBJIEHHbIe Ha OCHOBe eHondpopmansaeruguoii cmonsr (PPC) u Gpuro u3ydeHO
M3MeHEeHHe UX MaCChl B 3aBUCUMOCTH OT TEMIIEPATYPHI.

Merop, HeiiTpoHHOTO akTHMBauMOHHTO aHanu3a (HAA) mosBuica mocie OTKpHITHUA
HCKYCCTBEHHOU PafIHOAKTUBHOCTH M OCHOBAaH Ha 00pa30BaHUU PaSHOHYKINUIOB OIpeesieMOro
3JleMeHTa TIIpu OOJy4eHMHM HCCIefyeMOro Marepuaisa Heiirponamu. [lomyduenHsIe
PafUOHYKIUIBl XUMHUYECKHX DOJEMEHTOB W3JIy4aloT XapaKTepHOe TraMMa-H3jlIydeHue, IO
OHEPIruru KOTOPOTO IIPOMCXOAUT I/I,Z[eHTI/I(i)I/IKaHI/IH, Kda4eCTBEHHAd MW KOJINYECTBEHHAA OII€HKa
XUMHUYeCKUX DJIeMeHTOB B HCCIelyeMOM MaTepuase. 4acTo HCIOIB3yeTcs OJUH M3 €ro
BapMAHTOB, HasbiBaeMblii MHCTpyMeHTanIbHbIM (MHAA), T.e. 6e3 XMMHUYECKOTO pa3OXeHHI
mpo6sr. Bosmoxuoctn HAA ompemensaiorcs ypoBHeM pasBUTHSA W3MEPUTETBHONM TeXHUKH,
HCIIOJIB30BAHMEM IIOJTYIPOBOLHUKOBBIX [JETEKTOPOB X MHOTOKAHAJIBHBIX aHAJIM3aTOPOB.
,ZLOCTOI/IHCTBOM AdaHHOT'O MeETOdad ABJIAETCA €ro BBICOKAaA TOYHOCTb U 9YBCTBUTEJIBHOCTD,
BOMOXXHOCTh OJJHOBPEMEHHOTO OIlpefieJieHusA OOJBIIOr0 YMCId XUMHUYECKHX 3JIeMEHTOB W3
OJHOM HaBeCKM M Majioe KOJHWYECTBO HeOOXOZMMOTo MJiA aHajxu3a Martepuana. Ilpu
cpaBHuTeTbHOM MeToge HAA Hapamy ¢ ucciaemyeMsIM MaTepHalIOM, OOJIyYeHHUIO IIOJBePraeTcs

T.H. CTaH,II;aPT CpaBHeHI/IH, CO,ZLEP)KB.II.I;I/Iﬁ MN3BECTHOE KOJINYeCTBO I/ICCJIE,ZI;YEMOI‘O DJIEMEHTa:
AxMCT
T AcxMy
Toe Inx U Iller — KOJIMYECTBO I/ICCJIe,Il;yeMOI‘O DJIEMEHTA B I/ICCJIe,ILyeMOM o6pasu;e u CTaH,II;apTe

m, =m

cpaBHeHHA; Ax U Ae — KOMWYECTBO pacmajamomuxcs agep pacmapy / ¢; Mx m Me — Macce
HccIesyeMoro o6pasia u cTaHZapTa CpaBHeHus, T [1].

PesysnbTaTsl aHAJTH30B HCCIELyeMBIX XUMUYECKUX DJIEMEHTOB B OMOJOTUYECKUX WU
reoJIOTHYeCKUX MaTepuasaX CUJIBHO 3aBUCAT OT CBOMCTB MCIIO/Ib3yeMbIX CTAH/IaPTOB CPaBHEHUA.
Onu MoryT OBITH Pa3HBIMM B 3aBHCHMOCTH OT IIPUMEHSIEMOTO CTaHJapTa CpaBHEHHUA: OT
TOMOT€HHOCTH, OT TeOMeTpHMH HX OOJIydeHHS IIOTOKOM HEeHTPOHOB, OT YCJIOBMN TaMMa-
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CIIEKTPOMETPHUYECKOTO H3MepeHus, a Takke OT apyrux ¢akropos. Bo mHOrux
WCC/IeZIOBATeIbCKUX I[eHTpaXx Mupa pas mpoBefeHus HAA Ouonoruyeckux MaTepHasioB
WCIOJIB3YIOTCA MeXAYHapOAHble CTaHZAPTHBIE MaTe€pPHaIbl €CTECTBEHHOTO IPOUCXOXKIEHU:
Bovine Liver SRM-1577, Bowens Kale, Animal Muscle “H-4” u gp., B Buze mopoika. Tak Kak
OHM He HMeIOT OIpeZeleHHON (OPMBI, OHM OKa3aJIHCh PAZUALHOHHO U TEePMHUYECKH
HEYCTOWYMBBIMU. B KauecTBe CTAaHAAPTOB CPaBHEHHUS YACTO KCIIOIB30BAINCH CHHTETHUYECKHE
CTapJapTHBIE PaCTBOPHI, COZepKallie OAMH WUIN HeCKOIBKO XMMUYECKUX 3y1eMeHToB [2, 3]. [o
pa3pabOTKX  METOLWUKH  CHUHTETHYeCKHX  CTAaHZApTOB  CpaBHEHHS  Ha  OCHOBe
denondopmansaeruguoit (PPC) pesonpHOI cMOIbI [4], B HaIMX SKCIIEPUMEHTAX TaKXKe OBLIN
WCIIOJIB30BaHBl PACTBOPBl CTAHZAPTOB CPAaBHEHUA, B KOTOPBIX KOHIEHTPALMU XUMHYECKHUX
5JIEMEHTOB B PacTBOpe U B oOpasie Obutn cousMepuMbIMu. OfHAKO, IIPX MCIIOJIb30BAaHUU TaKUX
CTaHJAPTOB CpaBHEHUI paboTa OUYeHb TpyZoeMKas, Tpebyromas 6osbuoi TounocTu. Kak 65110
ormeueHo Bbime, B Mucruryre ¢usuku (r. T6mmmcu, I'pysus) mcmonp3oBamuch TabieTKu
craHzapTtoB cpaBHeHus Ha ocHoBe OPC, ¢ maccoit 40 — 50 mr, guamerpom 5 — 6 Mm. B paGote
[4] meTanpHO W3IOXKEHA METOLMKA M3TOTOBJIEHUS YKa3aHHBIX CTAHAPTOB CPAaBHEHU, 37eCh MbI
OTMETHM TOJIBKO TO, YTO KOHIIEHTPAI[UN XUMUYECKUX DJIEMEHTOB B CTaHJAPTaX CpPaBHEHUA Ha
ocHoBe OPC cxOHBI ¢ UX KOHIEHTPALIUAMHU B OMOJIOTUYECKUX U TeOJOTMYeCKUX MaTepHasax.
Crenmyer OTMeTHTH, YTO OBUIO IIPOBEJEHO JeTaJlbHOE WCCIeJOBAHHE HA TOMOTEHHOCTbH
pacupenenenus BHezpeHHbIXx B Marpuny OPC xuMudyecKux 3/€MEHTOB B BHZE TBEPAOIO
pacTBOpa, YTO 00ECIIeIIIIO XOPOLIYI0 TOMOT€HHOCTS BO BCEX TUIIAaX CTaHZAPTOB cpaBHeHus. [Ipu
O0Jly4eHUM TaKWX CTaHJAPTOB CpaBHeHWs B KaHaje fIP nHTerpajspbHBIM IIOTOKOM HEHTPOHOB
10¥ 1 - cm?, kak npu Hu3kux (Hwke 0 °C), tak u Bicokux (Bbime 100 °C) Temmeparypax, oHH
COXPaHAIOT CBOIO (POPMY — OCTAIOTCA PAAUAMOHHOCTOHKUMHU. TeXHOJIOTHUA H3TOTOBIEHUS
Pa3sHOMMEHHBIX CTaHAapTOB cpaBHeHuA Ha ocHoBe OOC: “0”, CCb-1, CCB-2 u ap. oguHaKoBa,
pa3HUIIA TOJIBKO BO BBEZEHHBIX B HUX KOJTHUYECTBAX U COCTaBe XUMUYIECKUX JJIEMEHTOB.

Ta6muna 1. ismenenue maccsl (%) cranpapra cpaBHeHus CCb-1 u
CCb-2 B 3aBUCHMOCTHU OT TeMIIepaTyphl ¥ BpeMeHHU OTXKHUTa B TepMOCTaTe.

Temneparypa, Bpems oTxura, g

omxura, °C 1 10 20 32 45 59 70
50 0 0 0 0 0 0 0
100 1(0.2)1(0.2)1(0.2)1(0.2)]| 1(0.2) | 2(0.2) | 2(.2)
150 3(0.5)|4(0.5)|4(0.5)|4(0.5)| 4(05) | 4(0.5) | 4(0.5)
200 5(0.5) | 5(0.5) | 5(0.5) | 5(0.5) | 5(0.5) | 5(0.5) |5(0.5)
250 5(0.5) | 5(0.5) | 6(0.5) | 7(0.5) | 10(0.5) | 11 (0.5) | 15 (1)
300 6(05) | 18(1) | 25(2) | 30@3) | 37(2) | 39(2) | 40(2)
350 13(1) | 43(2) | 62(2) | 75@3) | 86 (3) | 92(3) | 93(3)
400 47 (2) | >95
450 88((2) | >95
500 95(3)

[TpuBeneno cpengHee 3HaueHUe U3 6 TaOJIETOK CTAHAAPTOB
CpaBHEHHA U IIOTPENTHOCTD OIIpeseI€eHNA CpeAHETO.

B okcmepuMeHTax IO BBIACHEHMIO M3MEHEHHSA MAacChl CTaHJApTOB CpaBHEHUA B
3aBUCHMOCTH OT TeMIIepaTyphl U BpeMeHU OTXKWra B TepMoCTare, T.e. 0e3 OOIydYeHUS
HEHUTPOHAMHU, KpOMe yKasaHHBIX CTaHJATOB cpaBHeHMs Ha ocHoBe POC, 6puIM HCIIOTB30BaHBI
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crauzaptsl cpaBHeHuss SNR-1 [5] u “H—4” [6]. Temneparyps! u BpeMs OT)KUTa B Ta0OPaTOPHBIX
yCJIOBUAX BBIOpaHBI TaK, YTO OHM OJM3KM K TeMIEeparypaM, CO3JaHHBIM IIPU OOJIydYeHUH
uccienyeMoro Matepuasna B kaHanax SIP. ITosydyeHnHsle pe3yabTaTsl IpuBefieHsl B TabGmure 1.

Kax mnoxasano B Tabmume 1, omxur GBI IpOBeZeH C IOMOLIBIO TEPMOCTaTa IIPU
temueparypax: 50, 100, 150, 200, 250, 300, 350 °C. Takue TeMmepaTypHbIe YCIOBHUA CO3JAIOTCSA
mpu o0aydeHHM OOpasIoB B HEOXJIAKZAeMbIX KaHAjJaX HA Pa3HBIX MOIIHOCTAX SI€PHOTO
peakTopa (SIP). Omxur TabreTok MccIemyeMBIX CTAHAAPTOB CPaBHEHUS IIPOBOAUIU B TeYeHUE
70 gacos (BpeMs Oi1m3Koe BpeMeHH 00yueHus B KaHase fIP), c B3BemuBanuem uepes 1, 10, 20,
32, 45, 59 u 70 4 omxwura. Kax moxassiBaer Tabmuia 1, sHauuTespbHOE M3MEHEHHE MaCChI
TabyeTok cpaBHeHns HaumHaeTcs ¢ 250 °C u mocturaer makcumanbHOro 3Havenus mpu 350 °C
Bo Bpemsa 70 u omxwmra. [Ipm 400 °C  pgaxe 9acoBO¥l OTXKUT yMeHBIIaeT MacCy TabyeToK
CTaHJIJaPTOB CPaBHEHM Ha ITOJIOBUHY.

B Tabmume 2 temmeparypsl M 4ackl OTXKHra Te e, uro B Tabmmme 1. Kax BuzHO 13
Ta6mumpr 2, 3HaunTeTpPHOE M3MEHEHMe MacChl crTaHjapra cpaBHeHus SNR-1 HawymHaeTcs c
300 °C. IIpu 350 °C Bo Bpemsa 70 wacoBoro orxura oHo cocrasiufet 73 %, a mpu 500 °C gacosoit
OTXKHUT JIOCTaTOYeH JJIs M3MEeHEeHUs MacChl CTaH apTa cpaBHeHus noyru Ha 60 %.

Ta6muua 2. Msmenenne maccs! (%) cranzapra cpaBHeHus SNR-1
B 3aBUCHUMOCTH OT TeMIIEPATyPHI ¥ BpeMeHU OT)KUTa B TEPMOCTATe.

Temmneparypa Bpems omxwura, 1

omxura, °C 1 10 20 32 45 59 70
50 0 0 0 0 0 0 0
100 0 0 0 0 1 1 1
150 1 2 2 2 2 2 2
200 2 2 2 2 2 2 2
250 2(0,5)|2(0.5)| 3(0.5) |3(0.4)(3(0.4)|3(0.4)|3(0.3)
300 6(0,5)|7(0.7)10(0.8) | 13(2) | 16(2) | 18 (2) | 20(2)
350 70,7)]20(2) | 40(2) | 54(2) | 60(2) | 69(2) | 73(2)
400 17(3) | 65(4) | 90 (4) | 97 (4)
450 48 (4) | >95
500 59(4) | >95

ITpuBeseHo cpefHee 3HaYeHME U3 6 Ta6IETOK CTAaHAAPTA
CpaBHEHUA U IIOTPEIIHOCTh OIlpefieIeHus CpeHeTo.

N3-3a Toro, uro mo 300 °C maccel Tabmerok cpaBHeHmsa SNR-1 mpaktuuecku He
MeHAIOTCA, B Tabnune 2 ournOKu aHaIM3a OlleHeHb! TOIbKO a1t crydaeB 250 °C u Bbimre.

Hapamy ¢ ppyruMu craHzapTraMu CpaBHeHWd, OBIIO H3y4eHO W3MeHEeHHe MacChI
MeX/IyHapOAHOTO GMOJIOTUYeCKOT0 CTaHAapTa CPaBHEHU IO, Ha3BaHUeM H—4", KOTOphIi ObLT
IIOJTYy9€H M3 MBI, JKHUBOTHOTO.

Ta6neTku yKasaHHOTO CTaHAApPTa CPaBHEHUA OBLIN M3TOTOBJIEHBI U3 MBIIII] B TeueHUe 48
9acoB JHO(MIBHO BBICYIIEHHON IIOPOMIKOBOM Maccsl [6]. IlomydueHHBIe pe3yabTaThl IIO
M3MEeHEeHHUIO MacChl CTaHZapTa cpaBHeHUs ‘H—4" B 3aBUCHMOCTH OT yBeJIMYEHUsS TeMIIEPaTYpHI,
npuseznens! B Tabmune 3. V3 tabaunsl sicHo BuAHO, uTo Aaxe 10 gacosoit omxur npu 300 °C
IIPUBOJUT K YMEHBIIEHWIO MacChl CTaHAApTa CpaBHEHH IIOYTH HamosnoBuHy. B TaGaume 4
npuBefieHsl usMeHenue Macc (%) crangaproB cpaBHeHus Ha ocHoBe @OC mpu 70 wacoBom
OT)KHTe B TepMOCTaTe U 00ydeHnu B IleHTpaIpHOM 9KCIlepuMeHTanbHOM KaHate — LIDK.
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Ta6muua 3. Vamenenne maccsl (%) MeXAyHApPOJAHOTO GHOJIOTMYECKOTO CTaHAapTa
cpaBHenus “H—4” B 3aBUCHMOCTH OT TeMIepaTypbl ¥ BpeMeHHU OT)KUTa B TEPMOCTATe.

Temmeparypa Bpems omxura, ¥
omxkwura, °C 1 10 20 32 45 59 70

50 5(0.5) | 5(0.5) | 5(0.5) | 5(0.5) | 5(0.5) | 5(0.5) | 5(0.5)
100 6(05) | 6(0.5)|7(0.5)|7(0.5)|8(0.5)|8(0.5) | 9(0.5)
150 7(0.5)8(0.5)| 9(1) | 10(1) | 11(1) | 12(1) | 14 (1)
200 13(2) | 18(2) | 20(3) | 22(2) | 26(2) | 28 (2) | 30(2)
250 24(2) | 36(2) | 41(2) | 47(2) | 50(2) | 52(2) | 53 (1)
300 39(2) | 45(2) | 46(2) | 50(2) | 52(2) | 54(2) | 57 (2)
350 50(1) | 60(2) | 66(2) | 71(2) | 76 (2) | 80(1) | 81(2)
400 64(2) | 70(1) | 72(2) | 80(2) | 85(2) | 90(2) | 96 (2)
450 70 (2) | 80 (3)

500 83(2) | >95

IIpuBeneno cpesHee 3HaYeHME U3 6 Ta6IETOK MEXTYyHAPOJHOTO
craHzapTa cpaBHeHHUs “H—4” 1 MOrpemHOCTS ONpee/ieHIs CPeIHETO.

Ta6muua 4. Msmenenne maccs! (%) craHzapToB cpaBHeHusA npu 70 yacoBoM 06ryueHUN
B llenTpansuom sxcrepumenTtansHoM KaHase (LIOK) AP u omxura B Tepmocrarta.

H3meHenue maccel
CTaHJapTa CPaBHEHUSA

Nsmenenue maccer
CTaHJAapTa CPaBHEHUS

Temmneparypa
OTXKMTa CTaHZApTa

Temneparypa
CTaHZApTa CPaBHEHMS

IpH 06Ty deHNH

IIpH 06Ty deHNH

PpaBHEHNS B

IIpH OTXKUTE B

BII2K, °C B 12K, % Tepmocrare, °C tepmocrare, %
190 3 150 4
260 14 250 15
300 37 300 40

Kax Buzsno u3 TaGmuusr 4, n3sMeHeHMe MacC IPH OOIydYeHHH CTAHJAPTOB CPAaBHEHUA Ha
ocuose POC B IIDK P u npu oxxure B TepMOCTaTe B SKCIIEpUMeHTaX 6e3 00 IydeHus, OIU3KU
APYT BpyTy.

[TpoBeseHHbIEe OSKCIIEPUMEHTHL IO M3MEHEHMIO MAacChl CTaHAAPTOB CpaBHEHUA, IIO
HalleMy MHEHHWIO, MOTYT IIPUHECTH OIIpefieJIeHHYIO IIOJb3y HCCIeLOBaTeNAM, pabOTaomUM B
obmactu HAA OuonorumuecKkux MarepuajoB M He HMEIOIUM BO3MOXKHOCTH OXJIXKAEHUI
HCCIIe/lyeMBIX MaTepHaJIOB B IPOLecce X 00Iy4yeHus HefiTpoHamu B KaHase SP.
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Abstract.

The ground-state phase diagram of the one-dimensional half-filled tight-binding model
of spin 1/2 free fermions, with spin-dependent hopping (t; # t;) at the presence of a staggered
ionic potential A has been investigated. We found that the excitation spectrum of the system is
fully gapped with equal charge and spin gaps. The ground state of the system is characterized by
coexistence of the long range ordered charge density wave (CDW) and spin density wave
(SDW) patterns. We found as well that at t; # t; the broken translational symmetry of the
lattice, leads to the full pinning effect — not only CDW but also SDW are pinned by the lattice.
In particular, less mobile fermions are mostly located on sites with lower ionic energy. This
effect is most profound in the case of noninteracting Falicov—Kimball chain (t; = 0; t; # 0) with
staggered ionic distortion (A), where all immobile “up” spin particles are blocked on the sites
with lower ionic potential, while the mobile “down” spin particles remain delocalized.

1. Introduction

Study of ultracold atoms in optical lattices has brought a major advance in physics in the
last decade [1 — 3]. In many cases, storing of ultracold quantum gases in artificially engineered
optical lattices and ease of manipulating the system parameters allows creating structures far
beyond those currently achievable in typical condensed-matter physics and, thus, serves as an
excellent playground for simulation of condensed matter systems with unconventional
properties [4]. Clean and precisely controlled environment of ultracold atoms in optical lattices
allows one to prepare simplified but instructive models, which can help to better understand

41



Ground state phase diagram of the half-filled ionic chain with spin-asymmetric hopping.

the underlying physical mechanisms. On the other hand, the possibility to manipulate with the
strength of interaction between trapped atoms using the Feshbach resonance [5], allows to
simulate strong correlation effects, even in dilute ultracold atomic gases despite the low
densities of the particles in the trapping potentials. Both bosonic [6, 7] and fermionic [8, 9]
Hubbard models have been realized and investigated experimentally in such systems.

The great freedom, available for generating optical lattices, allows one to play with the
lattice geometry and to study the dependence of various physical properties of the correlated
system, such as magnetic correlations, on the lattice geometry [10]. Among other possibilities
the particular interest was focused to create bipartite lattices with non-equivalent sites, which
turned out to be a key ingredient for achieving higher-band condensates [11, 12], coherence
control [13], density-wave dynamics [14], and even graphene-like physics [15,16].

Recent progress in experimental studies of low-dimensional mixtures of optically
trapped ultracold atoms of two different types, such as trapped atoms of different masses
[17, 18] or ultracold atoms loaded into spin-dependent optical lattices [19, 20], has opened wide
possibilities in experimental realization of low-dimensional correlated fermion models with
spin-dependent hopping. Theoretical predictions of various unconventional superfluid or
superconducting [21 — 29], insulating [31 — 33], and magnetic [34] phases in bosonic and
fermionic Hubbard models with spin-dependent hopping had further stimulated the interest in
studies of correlated fermion models with the spin-asymmetric hopping. It is worthwhile to
explore whether there are interesting new correlation effects and unconventional ordered
phases in the ground state of the systems with spin-asymmetric hopping and explicitly broken
translational symmetry.

Perhaps the simplest model, in which one carries out this exploration, is an extension of
a Hubbard model, known as the Ionic Hubbard Model (IHM), where the staggered on-site
potential A is supplemented with spin-dependent hopping. The one-dimensional model, we
consider, has tight-binding fermions on a bipartite lattice (sub-lattices A and B) described by
the following Hamiltonian

E + + A § n §
H= ta(cn,a Cn+t,a T Cn+ia Cn,oc) + E (_1) Pna T U Pn,1Pn,! - (1)
n,a n

n,a
Here we have used standard notation, namely ¢, ,(c, o) for fermion creation (annihilation)

operators and ppq = Cp oCno for the particle density at site n with spin projection a. t, is the
spin-dependent nearest-neighbor hopping amplitude, A> 0 is the amplitude of the staggered
ionic potential and U is the Hubbard interaction strength. We consider below the half-filled
band case, where the average occupancy per site {p1) + {p;) = 1.

At A= 0 the Hamiltonian (1) reduces to the Hamiltonian of the spin-asymmetric
Hubbard model (AHM), which was introduced in the early 1990s [35] to interpolate between
the standard Hubbard model (t;=t;) and the Falicov-Kimball model (t; =t, t; = 0) [36, 37],
and has been intensively studied during the last decades [38 — 48]. Away from half-filling, the
spin-up and spin-down particles are segregated in the ground state of the spin-asymmetric
Hubbard model for large enough repulsion [41, 42], while at half-filling the system is an
insulator with long-range antiferromagnetic order [39].

At ty = t; and A# 0 the model (1) reduces to the usual IHM, which has been the subject
of intensive studies during the last decades [49 — 62]. Initially, the IHM was proposed to study
organic mixed-stack charge-transfer crystals [49, 50] and later it was employed to describe the
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ferroelectric transition in perovskite materials [51, 52]. Early studies showed a single quantum
phase transition from a band-insulator (U « A) into the Mott insulator (U > A) as U is raised
[53, 54]. Interest in the one-dimensional versions of the half-filled IHM increased substantially
after the continuum-limit bosonization treatment of this model, which shows a presence of two
quantum critical points [55]. For U < U, the system is a band insulator (with finite and almost
equal spin and charge gaps). At the first transition point U.,, the system shows metallic
behavior, in the intermediate regime, U,y < U < U.;, a spontaneously dimerized insulator
phase (in which the spin and charge gaps are finite) is realized, and for U = U,, the transition
into a correlated insulator phase, with gapped charge and gapless spin excitations, takes place
[53]. Forthcoming detailed numerical studies [57, 59, 60] clarify details of these phases and
confirm the two quantum-phase-transition scenario [60]. Various extended versions of the half-
filled IHM also show very rich ground state phase diagrams, displaying different realization of
the band-insulator to Mott-insulator quantum phase transition, with increasing on-site
Hubbard coupling, via the sequence of unconventional insulating and/or metallic phases
[58, 61, 62].

We investigate below the effect effect of spin-dependent hopping on the ground state
phase diagram of the half-filled ionic chain. In this paper we focus on the case of non-
interacting fermions (U = 0) and explore an exact solution, available in this limit, in order to
study the ground state phase diagram of the model as a function of the hopping asymmetry
parameter t; — t; and of the staggered ionic potential A.

2. The spin-asymmetric ionic chain

We consider below the free fermion limit of the model (1), U = 0. It is convenient to
introduce notations, which explicitly respect doubling of the unit cell
Cona = Am,a» Cont+ta = bm+la ) (2)
>

and rewrite the Hamiltonian in the following form:

Z Z{ [ama( m-La + bm%a) + H. c.] + %(pf‘n,a - pzl%a )} (3)

a A+ b _ + 4
Pm,a = qm,a Am,a » pm+%,a bm+ « bm+ a (4)

Here

The Hamiltonian (4) can be easily diagonahzed in the momentum space. Taking the Fourier
transform

1 : 1 ik(m+ Hb
Ama = ﬁz Ao g tikmbo, bm%,a — \/_EZ bic o e Tik(m+2)bo ) (5)
k k

where by = 2a, is the length of the doubled unit cell, we rewrite the Hamiltonian in the
following form

H= Z[Zt COS( )(akabka+ bkaaka)+ (akaaka bkabka)] (6)
k,a
Employing the Bogoliubov rotation
Adga = COS((pk,oc)Aa(k) + Sin((pk,oc)Boc(k) ’ (7)
bk,oc = _Sin((pk,a)Aoc(k) + COS((pk,ot)Ba(k); (8)
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and choosing

4t ka

tan(2¢y ) = %(0) _
We finally rewrite the Hamiltonian in the following diagonal form

H= ) Eq() (AL09AG(K) — BE(9BL(9), ©

ka
where
A 2
Eo (k) = |[4t% cos?(kay) + (E) (10)

and —z/2a, <k <xz/2a,.

At half-filling, in the ground state all states in the negative energy (“B”) bands are filled
while all the states in the positive energy (“A”) bands are empty

ng(k) = (0B (K)B,()|0) = 1, (1)

ng(k) = (0]AL(10A,()|0) = 0. (12)
Thus, the average occupancy per site for "up” and "down” spin projection

(pr =< N1 pm) = (pr = =N poi) =5
and z-projection of the total spin in the ground S%, = ¥\_; SZ = 0.

2.1. Excitation spectrum

One important way to characterize the ground state and low-energy properties of the
system is to study its excitation spectrum. Although, in the general case of interacting particles,
many different excitations gaps have to be considered in order to get the complete description
of the excitation spectrum [60], in the case of free particles we can restrict our consideration to
the charge and spin gaps, employing following standard definitions. The charge excitation is
defined as the half of difference in chemical potentials for adding and subtracting two particles
to the ground state [63]

1
Achalrge = E [EO(N + 2' Stzot = 0) + EO(N - 2' StZot = O) - ZEO(N' Stzot = 0)] (13)

It is straightforward to check that adding two particles with opposite spins and quasi-momenta
k= i%to the upper band or removing two particles with opposite spins and same quasi-
0

momenta k = i% from the lower bands will increase the total energy of the system on A.
0

Thus, the charge excitation gap Agparge= A.

The spin gap is defined as the energy difference between the ground state and the lowest
lying energy eigenstate in the total spin S,,, = 1 sector and the ground state [63]

Aspin = Eo(N, S = 1) — Eo(N, S, = 0). (14)
Again, it is straightforward to show that removing a particle with “down” spin and quasi-
momentum k = % (ork = —:To) from the lower band and adding a particle with spin “up”

and quasi-momentum k = % (ork = — %) to the upper band increases the total energy of the
0 0
system by A. Thus, the spin excitation gap Ag, = A.

We considered that the excitation spectrum of the spin-asymmetric ionic chain is similar
to that of the standard band insulator, described by the symmetric ionic chain. To clarify the
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difference between these models one has to calculate the charge- and spin-density distribution

in the ground state.
2.2. Density distribution in the ground state
To characterize the spin and charge distribution in the ground state, we calculate the

average density of fermions for each spin configuration on even and odd sites.
The average density of fermions with spin o on even and odd sites is

pA Z 0]af . axa|0) = Zsmz((p )nA(K) = A Ko (15)
= k k 5 T —
«T N ko Thoo 8 e /162 + A2
1 AK(xy)
0B = z (0[bi, bic|0) Zcos2 O INB) = = 4 —— ) (16)
Pa N | ka otl a ( a) 2 16ta T AZ
Here K(k,) is the elliptic integral of the first kind and k.= 16t2+2A2 is its modulus. From Egs.

(15)-(16) we obtain the following expressions for the averaged charge density on even and odd

sites
AK(xq)
ph=1- Z (17)
Z * n/16t2 + A2’
STy L
pp= ) po =
B « /162 + A2

and for the averaged spin dens1ty on even and odd sites

1 Al K K
si=5(of —pf) = — o o) Ko) \ (19)

\/16t% + A2 \/16tf + AZ/

A K(xz) K(x,)

1
s(f-0P)= — —
2 2T ) 5
1682 + A2 |16t} + A2

Using Eqs. (17 — 20) we find that, the ground state of the system is characterized by

coexistence of long-range ordered charge and spin modulated patterns
p(n) =1+ (-=1)""'8p

(20)

2
WN
Il

and
SZ(n) — (—1)H+ISZ,
where the amplitudes of the corresponding density modulations are

[
A K(x1) K(x)
Ocpw = 6p = p + (21)
\/16t% + A2 \/16tf + A2
and
A K(x K(x
Oy = §% = = () (xy) _ 22)
L 2 2 2 2
\/16tT + A \/16tl + A

Note that the LRO magnetic order is absent at (t; = t;) and the amplitudes of both patterns go
to zero with A — 0.
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In Figures 1 and 2 we show the CDW and SDW order parameters as a function of the
iconicity parameter A for £, = 1 and various values of ¢;.

1

0.95
0.9
085 _K_t¢ = 0.0001
_>@t¢ =0.01
0.8 _>ht¢ =03
2
8 0.75 —e—t¢ =04
o} -
0.7 —%’(¢ =05
0.65
0.6
0.55

Figure 1. The CDW order parameters Ocpw as a function of the iconicity
parameter A, for t; = 1 and various values of the parameter t;. The
limiting case with ¢; = 0.0001 approximates the Falikov—Kimball chain.

0.25 T T T T

—t, = 0.0001
02{\ ety =001 | 4
%
e t,=03
x\ A

\\\& +tT =04
0.15} +tT =05

Figure 2. The SDW order parameters Ospy as a function of the iconicity
parameter A, for t; = 1 and various values of the parameter t;. The
limiting case with t; = 0.0001 approximates the Falikov-Kimball chain.

For further details it is instructive to consider some limiting cases.
1. The case of strong ionic potential (A >> t).

In the case of strong ionic potential, the parameter k, < 1. Using the expansion of the
elliptic function at k, < 1

K(ky) = g[l + %Ké + O(Ka)4] , (23)
we obtain the following asymptotic expressions for the CDW and SDW order parameters:
2(68 + tf) ty*
Ocpw = 1_T+O<Z> , (24)
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4

2 2 42
% +o(g) - (25)

In the case of spin-symmetric hopping (t; = t; = t) the antiferromagnetic order is absent,

Ospw =

while the charge modulation is given by the following density distribution
2 2

4t 4t
p(n) =1—- (=D" (1 - —) =1-(C=D"+ (=D

A? az’
. A% - 2t 2
which corresponds to p, = (K) and pg = 2 — (K) .
2. The case of weak ionic potential (A < tg).
At A Kty the modulus k, < 1, while the complementary modulus Ky =+/1— k% =

tA « 1. Employing the asymptotic expansion for the elliptic function at small kg

K(<') = In (%) <1 +0 (f—j)) , (26)

we obtain following approximate expressions for CDW and SDW order parameters in the limit
of weak ionic potential

oeon = [ () + £ m (5] (1+0(3)) @)
41t Lty A ty A t2 )]’

o = el m(150) - £ (5] (1+0(55)). 29)
8 Lts A ty A t?

In the limit of spin-symmetric hopping (t; = t; = t) spin modulation is absent and the

charge pattern is given by the following long-range ordered distribution of the fermion density

16t

on) = 1— (—1)n% ln(T) .

2.3. The ionic Falicov-Kimball chain

In the limiting case of the ionic Falicov-Kimball chain, t; = 0 and t; # 0, the parameter
Ky = 0, while the parameter k; remains finite. Employing Egs. (15, 16), we obtain

L1001
pT:E_EK(O)’ (29)
11

pT=§+EK(0)- (30)

Thus, all immobile “up-spin” fermions are localized on odd sites, where the ionic energy is
minimal.

The mobile "down-spin" particles are delocalized over the whole lattice. Due to the
presence of ionic term, however, they show the preference towards the location on odd sites

1 AK(Kl)
o = 35— ——=—, (31)
2 2
162 + A
1 AK(x
+ (<) (32)

pl=5+ ——
2 2
/16tl+A
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Using Egs. (29 — 31), we obtain that the ground state of the ionic Falikov-Kimball chain is
characterized by the coexistence of long range CDW and SDW order. The amplitude of the
charge density modulation

1= 20w
O = A? A
oW A (16tl) A

amt, "\ a ) M

and the amplitude of the spin density modulation
( 2t} t\*
—+0 (—) , LKA

O = { A? A
o A, (16“) WA
k‘l“l’[ti n A ’ !

3. Conclusion

We studied the ground-state phase diagram of the half-filled one-dimensional spin-
asymmetric ionic chain. We found that in marked contrast with the fermion system with spin-
independent hopping, where the staggered ionic distortion leads to the complete suppression of
SDW, in the case of spin-asymmetric hopping the ground state of the system is characterized by
coexistence of the long range ordered CDW and SDW patterns. The amplitude of the
alternating magnetic order is proportional to the product of the ionic term A and spin-
asymmetry parameterdt = [ty — t;|. We also show that staggered ionic potential leads to
coherent pinning of the CDW and the SDW patterns. This effect is most profound in the case of
noninteracting Falikov-Kimball chain (t; = 0, t; # 0) with ionic distortion, where all immobile
"up" spin particles become blocked on the sites with lower ionic potential, while the mobile
"down" spin particles remain delocalized.

We believe that the SDW pinning effect is the universal feature of the half-filled
fermion systems on bipartite lattice in case of ionic distortion and spin-asymmetric hopping.
This effect clearly survives at the presence of strong on-site repulsion [63]. In particular, in the
case of half-filled ionic Falikov-Kimball model, the effective spin model, which governs the
spin degrees of freedom in the limit of strong repulsion U > t; is given by the following Ising
Hamiltonian [64], which manifestly indicates on the pinning effect:

Har =] ) (SiShes + (~D"hSD), (33)
n
2t? A N . :
where | = Uarodn and h = —J5 1+ O(G) . We postpone detailed studies of effects
U

caused by the repulsive Hubbard interaction to the forthcoming publication.
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d0803dm0 IRIIEHIOL Zn-0Ld RS Cd-0L IANR@)IRO
3901030 J3IRdS B0S6Md5IBIGOO Spirulina platensis 30MBSLOL0)S6

9- ©95035930¢00, b. ds50535dY, 9. 0bGHMGO,
B. 3193939, 3. MBgmEodz0ao, . Gmemmdo

9. 96MM™b035d30c0ol Bobo 3ol 0bLEGOGHGHO

0. X5395b0330¢ 0l Lsb. Mdoolol Lobgwdfoxm Mbogg®lodgdo
0000, BoJoMMZgEM

Nanuli.bagdavadze@yahoo.com

3009dm0s 2016 {jeools 24 dsolsls

3bm@o309

6596030 Jgufiogroos (3006MdsdGHM050L S. platensis d0mdslol BBy Jodomeo
99996¢9d0L Zn s Cd {iyzowol 9HmEOmwws© 8mddggdol bszombo domo [obslifom
53960 H5MIbMdIMS dobgz0m.

3bmdoEo0s, OMI 3mEbso  MmOHR60DBTJIOL  SOLYIMIOL GOHD-9OHD ) (30eGdJL
3065l FoMdmoyqbl dol d9dsqbgen bsfoggddo sMLgdmwo Jodomemo gugdgb@gdol
35360m @5 303Mm  MH3MEIbmds, MMIGms  MIGGHILMOOL  BODOMEMYPOMGO  HMEO
©@O9oLOM30L  Mbmdos.  5BoTbMWOl  OYIBOLIMZOL Y30 GdJ  F0OMASL
Do60mogbl 535 vy 03 9gwgdgbBHol  MomEgbmdol, Lbgs Jodome gwgdgb@gdmsb
MOM09JOHJIggd0ol s 396906003 256M9MGdIMS (330 9dg00L OML dsmo  Ji3930L
0530890990 gdsms  oP9bs. B39b Tgdmnbggzsdo mEbow  MmMsbobds  2obgzoboogom
305bMdsJBHgOo0L S, platensis (Spirulina platensis) 990mbg93oL. ©0)39569 306H-Md9dT0
50b03bmeo {godEgbstols m30l90930L ymgzgedbmog dglifogersl sHocmdmgdl Lbgoalibgs
939460l 09360 L53g3609MM-39db03MMO WsdMMIEMM0S, MMIJms Joge OEYIbos©
0m3¢q0s JoLo 39360 FgBHe© LoFoMm mM30Lgds [1 — 4].

9. 96MHMb035d3000l  BoBozol  oblGHOGHMEGHT0  (Md0woLo,  LodsMmzgwrm)
506036 igoerd39bs6m9Bg 490m330g3900 Bodots IPPAS B-265 Godol S. platensis
d0mdsLob Bodwmsgdom, GMIgoi JoEgde odbs  Gmligomol 393609MdsMs S3509gdool
3- 3080605930l Lob.  339bsGgms  goBommmyool  0blEoEMGH0b.  sbodbymo
0950396560l 3MEEGH030609ds Fo0dmgdl Zarrouk [1] 9339003 3o09gdmdo (pH > 8) dmdogo
3obomgdolsl 30 — 32 °C 3H9839Mo@mOol 306Md9dT0, 53539 OML HoMdmgdl MFyzg@o
05MdGH0Mgds s PpH-ob dMdogo JmbGHOM®o. s0bodbmro 093399530 QoMM
099500939600 Md580 9900b 99990 3530Mm- s Joghmgwgdgb@gdo: Na, CL, N, Fe, K, S, Mg, C,
P, Mn, Zn, Cu, Mo, Cr, Ni, W, Ti, Co, Ca, V, O s H. {{jgoerdggbotrg S. platensis-ol
IR MJO0 BDOEOL 3OHMEgLdo 93390530 2969dM©Ob 0mM30L9dL olm30L LsFoM® Jodo®
9w99963L 2963399900 HoMmEIbMdOm, SdoGHMmd oo 360d369wMds 5J3L Fyowdigbstgdo
960 56 ©H59m©9gbodg JodomEmo ggdgb@ol MHom@gbmdol Jglfogarsls, 2sblszmmcmgdom
35306, v 94u39M03xBEGHOL 30MHMBYOOM FoMZoEOLHObYOME0s T339053 296MgdmTo Fsmo
53539000 89y396s.
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d6OMdgddo  [5,6] ygmeoegds  0dbs  edsbgzomgdmeo 9339053  oM9dmdo
09o0396560L  Mx Mo BOHEOL 3OmEgldo Jodommo gargdgb@gdol: L3owrgbdol,
o)mool,  bo3zgeol,  39MEbeol,  35domdolb s 39MEbaoljyol 3930
0530190v1609093Bg om0 (350339039 BOEHZ0OM30L OML, MmEs Hobslfo® TgmBgme oym
000MJ)0 9Jargdgb@ol goM339w0 MHom©gbmds. yz9ws 15331930 JodoEmo 9egdgb@ol
99d00bg3935d0 30MdsLOL (330 gdol gLHogerslbmsb ghmow bgdms 83390530 4969dmUL
pH-ob (3300 gdol sygbs.

d6M3s8o [7] bbgs Lo30mbgdmsb ghmo, godm3zegren 0dbs sdMmMo@GMMoEo
305bMBsJBgM0sl S, platensis doge JodomEo gargdgb@GHadol Zn s Cd gOHoEO™MEs©
05bmdds  39933900L  BodOMDOWILEHJOOL LI29 mx69gdol  FsgoomnDy. MxM9II00
5318539099 0465 wommbms 3mbggb@®Megoom 0.5 — 2.0 3y / 0, 35000 SELMEODdEOOL
MBsmOl 5 39MRYbOL 3mFHYb305Eol Tglogsligds. @OsEAOLbIL, GMI s©0bodbwmwo
MX690900056  Cd-0l 459mbsg5e0 MaO™ Jomsero ogm (84.0 — 88.7 %), 300069 Zn-ol
d9dombggzsdo (54.5 - 68.0 %).

$0b59g0s6g 2450Mm3300930L B0BIBL F9o09bL S. platensis-ob domIsloll BEHIBY
JodonMo  9gwgdgh@gdol Zn s Cd {iyz0wol gHmOmyms© Fobslfs® owagbou
omobmdsms  dmgdggdol  Tgbfagams,  Golbmzobss  FgdBgme  odbs  Lo3zergzo
99996390l boghomgdo ZnSOs s Cd-ol  garoEobs@o.  s0bodbymo  bsgMogdol
bodMogdom s  ggdgb@gdol  [obslfse  sgbowo 3600369 Mdgd0OL  I(330m
3mdb50g0w 0465 Zn-obs s Cd-ol blbstrgdo.
304
28+ y
264 “
24
22
2.0-:
18
16+
1.4

ddGogmo domdsls, a/em

1.2
1.04
0.8+
06+

04

© 6 o, @)
bm®s00 1. S. Platensis-ols 3dGoo d0cmdsbol (33c00wqds 9339093
3o6M9dmdo Zarrouk Jodow®o 9eqdgb@gdol Zn-bs s Cd-ob

09300l 9O OMMs© Hobslifo® oygboo msbsdstro
50 9bMd0m BoE30m30L5L Lfyobo 7 ol 4ob3ogwrmdsdo.

99b396M0396EHOLIMZ0L  IMIBIEIdM 0465 Fgdgao  Lobol  bmldgbbos: 1
Zarrouk-ol 9339953 goM9gdmdo bs@gommwer odbs 950 gy S. platensis-ols domdsbol b3gero
fmbs. 50bodbmeo bLML3gbBool pH = 8.28. LyldgbBos gobsfoms mmb d96%B©sdo,
oomnmgedo 200 9 GomEgbmdom. d96BMGmgd0 s0bodbmer odbs sbg: 1, 5, 10, 3
(Lo3MbGHOMEM bLML39EB0s). LY F9g6BMSTo GONPOHMMEsE 065 BoG30MMIEMO Zn-ols
s Cd-ob {g300 99900930 Mom©gbmdom: 1-0996%MHsdo ho@z0Mm0wem 046s 40 93¢ Zn ©s
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40 93w Cd; 5-096%@msdo BsGzommme odbs mommgmmo  s0bodbmwmo  JodowGo
9099963 0L 5-%96 49BMEOWOo MM bmds — 200 d3ew; 10-996%Gs80 30 Bos@GzoMmwem
0465 Bgdmo 50bodbmwo 9mgdgb@gool 10-xg6 AsBM©OEo MomEgbmds — 400 d3w.
99000350 Ho03m9ds LML3gbBool do®mdoEGH0Mmgds s pH-0b 3603369 MdsmS obLoBZGM
99b3960896¢30L Lsfiyolo 7 EOL A56353cMdsT0. BoPgdwo dggagdo HosMdmwygbowos
LYHs0OoL 1 LT gdOm.

bGsnBg 1 65P3969000 Lo33eg30 §godEgbotrols M0 doMmIsLoL (33EP0Egds
dolo MXMHIOMEo BOHOLLL Lofyobo 1 — 7 EOL 2s6353wmdsdo 9339053 296M90mdo
JodoMo 9wgdgbBgdol Zn s Cd §yzomol gMmmOH™mmws Fobslfs® wowyqbowo
(5m©YbMd0m BoBHZ300™M30LsL. MOl Bmdgml Fgglsdsdgds Zn s Cd §yz0eol 99dgyo
056505M0 M5MmEIbMds: MM YdHY 50bodbmwo 306390 bmdgmo sGol Mol bmdgemo,
bowem dgmeg — 60dxMdol. s3Mogo, 1-00ml  dggbodsdgds mommgeo  Bs33wg30
9909630l 40 93 GOMmgbmds, 2-00o  9639600L  Lo3MbGHOME™  LldgbBool
M35 gMosl. 3-96ML F9gLsdsdgds MmoMMIMo 1533¢930 9wgdab@Gol 200 93w
509bMds, bmerm 4-96M)0 50b0dbsgl gegdgb@oms 400 d3.

MOmamO3  BOsmosb  BbL,  9Judgmodgb@GHol  doMmzgw ML Lidgbbosdo
Bo®30mmmo gwgdgb@gdol s0d60d3bgero 1-, 3- s 4-009gdols dglsdsdol ddGo
00mdsLomd 3603369 Md9d0 sbErmlbiss 9emTobgmmsb. Fomob 9339005 oblbgs3wYds
Lo3MbGHOMEm  60dmdo (2-060©0). Tgmeg L  Lo3MEEGHOME™  bodMdol  dIGSEo
00mdsLol 3609369 mds M@0 89930609005 30039 LMD FgsMgdom, bergm
©6sMRI6  doMTsLoms  360d3bgermdgdo  M599bodg  gobOEOos.  dqLsdg  E@IL
bL396BooL TGOS0 doMTsLS Y39oBg F9BHO® FOBOWOWOS 3039 Fgdmbzgzsdo.
Oz Bobl, Zn-obs s Cd-ob ffygowol gOHNOOMWWI© ommgeol 40 93
509bMd00 5353958 bgero FgMfym 80mBsliols BEOEL. bsMBYL L3 dEYMTsMgMd5d0
9353900 4-06mol  d0MmAsLyms 3603369 Mdd0  (©HTGHJOIMW0S  DOMMYYO
999963 0L 400 930 M5mgbmdy). dgmmby Mgl FdMowo domdsliols yzges 360dzbgemds
29BOOWO0s, FBMEME LO3MBBHOMEM B0MIsLS 3MEIM0S IMTsBJdo. Igbmmg ©EEIL
y39ws  00mdsbol  360d3bgemds  ImTsBgderos  fobs  Mggdol  3603369wMd9d™Mb
99056M900m. 39943L9 ML 8339MOS FMToEJOwo LszmbEMmMEwm Bodmdol domdsbiols
3600369wmds. Mo dggbgds  9Judgm0odgb@ol dmm - 9993009 ©®IL, TJR300E0s
5036006m 89990 Y39wsbHg g@o 9mdsGHgdeos bldgbBools ddMswo domdslol
50 9bMds, MHMgLyE doldo BsG30MHMME0s Zn-obs s Cd-ob yz0wol yz9wsbg oo
50 9bMds — 400 330 (4-06090). Lo3MBEHOMEM 6odTols Fglobgd Mbs 500boTbML, B3
dobo 3609369 mds 509d5@gds b M 30639ws© BoG30000v)w 40 33w omgbmdsl.

OmamO3  BoGomgdnwo  94udgmodgb@Hol  89w9gagdo 3358300900690, JodowEo
9999639d0L Zn-obs s Cd-ob fyzowol bgdmom s0bodbmer FgMBgmer Momgbmdsms
IONOMMo  Bs@gzo®mgs S, Platensis-ol  Lmdgbbosdo 96 0f)393L  s0bodbmwo
£9500396560L BOHOL IOYMBZSL.

Um39bBosms Moo d0MTsligdol Bomgdmwo Fgwgagdol dglfogwrol o9y
LoFoMmm 30358605 2obgobowmm mommgme bodwxddo pH-ob 3603369¢mds bsfgyobo 1 -7
oL 39600MJo.

OymO3 brOsmosb 2 Bsbl, 30639 gl pH-ob 36093690 mdgdo gHmdsbgomls
90mbgz93s 3- o 10-, s 1- @y 5-6081893d0. obLbgsg9dss 9Ju3gM0abEHOL Tgmeg ML,
Gmngs pH-ob  yzgwsbg dgodg 9600369wmds 543l Logmb@emmerm  60dxdl. 5- o
10-6009898d0 pH-ol 8609369emdgdo gMmTsbgml gdmbggzs s 306390 YLD
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390509000 3MGHIM0 dMdoEH0vIos, bagrm 1-6084938o pH-ob 3603369cmds 3gsMgdom
do@o0s.  dgbsdg  ©@Eol  dglobgd  8godegds 3mdzem 09990 LOZMBGHMMEM o
5-60039080 500 5943 pH-0b 36033690 Mdsms Msbbgg®sls; 1-bodxddo s0bodbyero
3603369 mds Ggsmgdom 330095, 10-6084300 30 mEGOM0 dMIs@gdeos 1-608m8msb
d95M900m. Igmmbg Mgl pH-ob yzges 8608369mds §OH3969mmm9b sbermliss. dgbrmyg
©9l pH-ol 39609369™dgd0  gOHmMIsbgoml gdmbggzs 1- ©@o 5-600m09d3do, 3- o
10-6083900L 3609369 ™0d9gd0 115305ME WISbEMYdME0s. M3 Fggbgds 399Jd3Ly L,
pH-ob 860036903900 96 0356900L5396 2oblb3539890s s Bsamo T9dE0Mm9doL Gogo sbig
3900905 35agmm: 3- > 10- > 1- > 5-600999900. gl goblbgs390s 3MGHIMO 3 dOMEOMBAL
0903009 ©EqL. 50bodbm @l pH-ol g439esBg dgBo 860d3z6gEMds  2osBbos
L53MbEGHMMEm bodmaL. 9sdm33wg b0dmdgddo pH-ol 860d3bgermdsms 89930609000
00 89-7 OOLLM30L slgMos: 3- > 5- > 10- > 1-608m89d0.

10.8 4
10.6 4

10.4 N A

10.2 4

pH
3

10.0 4

)
<
[N S N 5N

9.8 4

9.4 4 1

e

9.6 4

o 1 2 3 4 5 6 71 8 9
© 6 o, e
bm©s000 2. S. Platensis-ols bv)3gbbools pH-ob 33¢r0gds dslido
Zn-obs s Cd-ob {yz0eobl Lodo bbgsolibgs 360dzbgenmdols
IONEOMMOE BoEHZ306030L5L Lofyolio 7 @Ol obdsgwrmdsdo.
306390 HoEbzo 50bodbsgl IHmol bmdgMl, dgmeg — boddolsl.

Bgomm»  seofigMowo  9du39M0dgbGom  doegdmwo  8mbsizgdgdol  Loxgwmdzgu by
3923000005 3035099 M™, GMI Jodow®o 9wgdgb@gdol Zn-ols s Cd-ob {yzowol
9960Bgmo 3603369c0mdgdol gMmOM™mmo BsGzommgs S. Platensis-ob LmldgbHosdo s6
ofi393L pH-ol 36083690 mdsms gLsdhbgg 33000 qdsL.

gb®owo 1. S. Platensis-ols 50cmdsbol 309M Zn-obo
5 Cd-ob 539999906900l 5 SELMOBd300L T9YA900.

dp/q Zndzp /| Cdazy/g
30b@®mmmo 79.33 41.7
Zn +Cd 1 350.67 342.3
5 355.00 911.0
10 1503,67 1324.0
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50b0dbMo 94u3gM0dgbEo Lsdwmoegdsl 0dEg3s O35A0bM™ 8339053 PoM9dmdo
Zn-obs s Cd-ob 9HPOOHMMWI TGP0l 13g308039O0 bobosmo s S. Platensis-ob
d0mdsLob B0ge 93999890MGOOL s SELEMBEF0OL 3MHMEILYdIOL MOMPIbMDdM0Z30 TgToBYdS.
B90m50b0dbwol sl gbs  Bo@oM®s 9890  3OM(3gEMS: 903009 ML
Jo8o6 3mdqddo QodmOmew 0dbs S. Platensis-ols 50mAsLol doMOSEGH0MIdS s 24 Lo-U
39605303580 dmbs dobo odboToEMO g3, 899I LOMTBOIMIE ASTMIMS O
09009y ©99Bss 60dMIgdo Zn-obs s Cd-ob sGHMIMNGmO s>ELMMdE00L Jgompom
39b6LsBOZMOLOMZ0L. 565E0DOL Fggaqd0 HoMmBmygbowos gbMogdo 1.

OMaMO3 3M00sh BsbL, Zn-ob 20-x9g6H s Cd-ob 30-x 96 dgEHo MomEgbmds dsmo
9OHOOOMMO 539999 0MGO0L S SELMEODE00L 306MHMdYdTo S. Platensis-ol X MJIOIOOL
BOEIL 56O MR MBo3L @ o0 2o9BBosm M3 gdOL  MbsMO. Bowgdo FggRoL
o905 LoymMoegdms S, Platensis-ob sLMOMd6GI®©  250mygbgdol  EHgdbmermaool
53853900 1O30bgOdMb ©353006M9d00).

B5063YMHYLM©  Bogmzomgo  Abpogbo  9dudgmodgbGol  Bo@o®gds S.  Platensis-ols
bb39gbbosdo Zn-obs s Cd-ol y30e0ol MBFOHM  Fooew MHMPOIbMOIMS  45dMmYygbgdols
Lo3Mogdom, 390, (obslfs® JgMBgmen 0dbs 9gugdgbdms fyzowol 800, 1200
1600 93¢  ®5m@gbmdgdo. dgmeg 9Ju3gemH0dgb@ol  LgwrgEmds (o®odsmms  306M39w0
99b3960dgbGHOL  AbogLo@: SPJOME 0dbs OLEHOWSEGHO® Fotgsbowo S, Platensis-ob
824.4 3y Lggwo fHmbs, MHMIgog gobbboew odbs 1 @ goMgdmdo. Lshyobo pH = 8.61.
bmb3gbbos  gobsfors 4 dgbBMEmsdo, mommgmedo 200 I MomEYbmdom. 9gH»
396%Emsdo Imm3Lbs Zn-olbs s Cd-ob {iyz0eoll mommgmeol 800 93¢ JmEmEomds
(60b0d3bs: 20), dgmeg 996BMHsdo dmmoglbos 1200 93¢ FmEwErmds (sbodgbs: 30),
dgLsd98do BmmsgLis 1600 93¢ (50b0dgbs: 40) o LogmbEMmMMm bldgbbos (sbodgbo: 3).
99b3960896¢0  308ObsIYMdEs  LM3dgbBools Mfiyzg@BHo  BsMBIGHOMmYdOLS s pH-ob
86093690 ™d50ms 33030 3MBEGHMMEOL 306md9dd0. B0 do J9wgAJd0 Jodmbobmeos
Lo bg 3.
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bm@somo 3. S. Platensis-ol 3365¢00 d0mdsbiol (33¢00¢gds Zarrouk
9339053 3oM9dmdo JodorMo 9egdgb@gool Zn-obs s Cd-ob

09300l 9HmOMMws© Hobslifo® oygbowo msbsdstro
509bMd0m BoB30m30L5L Lsfyobo 7 @Ol gob3sgwrmdsdo.
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OBy 3 fomdmoagboros S. Phtensis-ols 3dMoo 30mdsbol (33¢00egds 9339953
39690mdo Jodowmemo 9wgdgb@gdol Zn-olbs s Cd-ob fygzowol gHmd™mms Fobslfom
0539600 35650560 BroMmEYbMdO” BoB30m30L5L Lsfyolio 7 oL gobdsgEmdsdo.

LmOMsbg 3 30039ws Jomomgdwro bmdgmo dMwol bmdghmos, bemerm dgmdgo
30000900 — B08xMdol. MMz BMs0oEsb 3 Rsbl, 1-d0rmol T9gledsdgds bodmdols
Bbmdgmo 30 (9w9gdgbdms 9300l MsbsdsM0  Momgbmdss 1200 83¢), 2-96H¥YL
999L5050905 603dols bmdgmo 40 (1600 93¢»), 3-9MEL Jgqlodsdgds bodmdol bmdgmo 20
(800 83¢) o 4-30rmo (otmBmoagbl Lo3MmbEHOmMEm BodmaL. asbgzobowmo Ls3zerg3
99dgbGos  figgowol  Jggze  ©ggdol  dobgegom.  9dudgHodgbdol  doMzgr gL
96»Asbgl momgdol BMlEs© gdmbggzs LozmbEHmmemm bodmdobs s 40-60ddols
3600369wmd900, bmnwm  9OH®Mbgmmsb  Lozdom@  sbwmbss 20- @y  30-608w9d900L
86003bgemdgdo (520 s 560 3 / 0, FgLodsdolo). 9gmMg MIL Y3gwsby OO
3600369wmd0olss  20-60dxdo, bmm  g3z9webg dgocg 960d3bgemds sz 30- o
40-608m890L (0. 027 s 0.036  / ¢». Gglsdsdobo). BozmbGOMMwm 60ddol 360369 mds
3-, 4-, 5- 5 6-©MY90T0 509F5Egds Y39 bodmdol 3603369 MdL. IgLsdg L Y39wsHY
93069y 96083690mds 996605 30-6039Al, beaerm dgmmbg gl 356 sMLYdMdS T9fy303)s.
d9bMmg ©OgL  9Me®  5MLYdIMOEs 30- s 40-608M3gd03. SLgm03g dEYMIMYMST0
50dmBbs 39943L9 @l 20-608m8ogs.

900900 39093900L gobbogs 2358304M9d069dL, GMD S. Platensis-ols d0mdsliols
6635 30- s 40-600M39d0l Fgdmbggzsdo ofjygds 9339 99gmeOg VOELL, bmgom
20-603990L LogmEbErol bobamdwogmds aMdgegds Lsfyolbo bymo Mol Bosmzwoo.

9969 9439M0d96EH 0L ML JgLHogwrowo pH-ol 86083369w™d9d0 Lsxzdz3w0s65©
3oblb3530gds 306390  9Ju3gm0dgbEOl  0go3g LoWOWYgdolL  FB0T3Z69EMBGOOBOYD.

dom9gdo 99093900 Fomdmyqbowos Lrymsmndy 4.
bYGsnDg 4 2odmbobmos S, Platensis-ob Lmlidgbbool pH-ol 365093690 mdsms

33X0gds 3sLdo JodoMo gwgdgbBgdol Zn-ols s Cd-ol §yz0wol gOHMOOMMES©
§0bsLHoM 9600 Msbs3MO MoMEPIBMBOM BoEZ0MZ30LSL Lofiyols wggddo.

OamOE  B®momosb 4 BsbL, 9Judg@modgb@ol 3039w ML  9MHMBsbgN6
SHEMbys, goomo dbGm03g, 30- s 40-603w999d0L, bowwm, gmeg IbM0g, 20 s LH3MBGHOME®
608m89d0l pH-ol 8600369wmdgd0. Fgmeg ML Yz9wsdg dsmsero 360d3bgemdom
3900m0Mbg35 L3MbGHOMEm 60dmdol pH, bmwm g439msBg dgocgs 40-6odMdolsmgol.
50L6065305 20- s 30-603998900L pH 36083690mdsms LOWMEo ITNHZ93s. Tgbodg LIL
31939  BMLGI©  gdMbggzs  gOHMTBgL  Lo3MBEGHOME™ s  20-60dMdgdol  pH-ob
3600936903900, beenm 30- s 40-609499900L 3603369 Mdsms FmMob 4oblbgegqds dzoMmgs.
dgmmby gl 394603160 B0BgBms Asdm 396 dmbgMbs 20- s 40-609w939d0L pH-ob
960036903900l 49BMIzs. 59 ©EgLl dowowro  360dzbgemds  255Bbs  Lo3MbEHMmMEm
60818, bmgwem 3ol 36033690MdLMLL FgsMgdom MG 89930M9d0Iemos 30-bodmdols
pH-ob 9603369comds. dgbymg @l gemMdobgml  gdmbggzs  Lo3MbGHOMEm s 20-
60913930l 360d3b9ermdgd0, bmwm bbgs 60dwdgddo pH 9603369crmdgdol 4sHmdgzs 56
dmbgMbs. 99943y ©@Egl 9Oy  FbmermE Logmb@HMmem  bodxdols pH
36003690 md0l 45HMdgs (9.82). Bgdmm s0b0dbw0sb 259mobstg Rsbl, G Zn-ols
@5 Cd-ob {3000l ghmnemMmws §obslfs® ©sAbowo MsbsdsM0 MomEabmdoom
Bo330m30LsL Lofyolbo  ©@Eggdol o63s53emdsdo domdslol (3300 gdols Fglodsdolo
033905 pH-0l 860036900mdss.
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bm@soo 4. S. Platensis-ols bvybdgbbools pH-ob 3609369wmdsms
33L0gds dsldo JodomEmo gargdgb@GHgdol Zn-obs s Cd-ob

09300l 9HnOMMWs© Hobslifo® oygboo Msbsdsto
650 9bMd0m BoE30m30L5L Lsfyolbo ®Ygdol 2s6ds3armdsdo.

Bo@Bo69dmo  9du396H0dgbEHdol  F9gagool  obbowgs  Lsdrmegdsls  g35dwg3l
39353900mm 99990 ©s13369g00: JodomMmo gargdgbBgdol Zn-olbs s Cd-ob fygowol
IONEOMM© HobsbHod ©sRgbowo MsbsdsM0 Mosm@gbmdom: 40, 200 s 400 93¢,
99L505d0LO, PoBzommgs S. Platensi-ob L3dgbBosdo Lsfigolo 1 — 7 ol 563z Mmdsdo
50 0393l  90b0odbo  Fysed3gbsdol  domdslol HBOEOL oMM Mblsl. 800 93w
(om9bmdol  gegdgbBHgdol  BoB3z0MHm30LsL  bodxmdol  Lomabrol  bsba®dwogmds
3639 gds Lofigolo bymo oL Bsmzwom. Mo T9gbgds LvlidgbBosdo 1200 s 1600 93
650 9bMd0m 9egdgbBHms Po@G30MMZL, 90degds 00g35L, M S. Platensis-ob domAsLob
0001635 0figgds 11339 d9MY LOWH.

9939608963 gd0l  808EObIMYMIOLLL  2oblsbP3OMwo pH-ob  360d36gcMdsms
d9Lobgd dgy30de0s 503608bmm Fqdgao: S. Platensis-ob bLyb3gbHosdo Zn-obs s Cd-ol
09300l 356535600 MomEgbmdoor: 40, 200 s 400 93¢0, Fglsdsdols, BsGHZ0MMZs 56
ofi393L6 pH-ob 36083690™356 (3300009dsL, beagnm 800, 1200 s 1600 d3cm-ob bo@goMmgs

ofi393L pH-0b 360336900505 L5305 498Mmbo@ e (33000 qdL.
59m{jdgdsbo
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PA3PABOTKA HAHOTEXHOJIOTUY MTOJYYEHNA KOMITO3UITMOHHBIX
MATEPHAJIOB B UHCTUTYTE METAJUIYPTUU 1 MATEPUAJIOBEJIEHWA
M. ®CEPIVHAHIA TABAJI3E — JOCTVXXEHWA U ITEPCIIEKTHMBBL

I'. ®. TaBapgze, JI. C. Yxaprumsmwim

WucTutyT Metamryprun u Mmarepuanosenenus uM.Pepaunanzna TaBazgze
Téunucu, I'pysus
chkharti2003@yahoo.com

ITpunsara 27 mas 2016 roza

AnHoTanua

lanHas craTha ABIfeTcCS MyOaMKalueid NOKIaZAa, CIAelIaHHOTO gupektopoMm MHcturyTta
MeTa/uTypruu u MarepuanoBenenus uM. Pepaunanga Tasags e(T6unucu, I'pysus) akag. HAH
I'pysun I'. ®@. TaBazsze B coaBropctBe ¢ mpod. JI. C. UxapruurBmiy, Ha IIEHAPHOM 3acelaHUU
«KomMnosumuonHsle  HaHOCTPYKTypHble MaTepuansl — IlosydyeHue, mnpuMeHeHHe U
pecypcrHay4uHoro cosera mo HOBBIM MaTepuanamnpu KomureTemo ecTecTBeHHBIMHAyKaM
MexgyHapomHOH accouuanus axkafeMuil Hayk (mpeficenarens coBera: npesuzeHt HAH
Yxpaunsiakazg. b. E. ITaton) 24 mas 2016 roza 8 Uncturyte anektpocBapku um. E. O. [TaTona
(Kues, YkpauHna).

I'. . Tasanze:

I'ny6oxoyBaxkaemsiii bopuc EprenreBud, uckpeHHe X04y mobiarofaputs Bac 3a
BO3MOXXHOCT?H ellle pa3 IIOCETUTh IIPeKPacHbIil ropoz, KueB 1 BO3MOXXHOCTD y4acTBOBaTh B paboTe
cecCMU Y4YeHOTO COBETa IT0 HOBBIM MaTepHasaM.

Pazpemure mepezmats Bam camble Temnble IIOXKeJIaHUA OT COTpyZHuKOB MHcTuTyTa
MeTaJUTypruu u MarepuanoBesienus uM. Pepnunanza TaBazse, MeTasIyproB 1 MaTepHaIoBeZOB
I'pysun, a Taxxe or npesuzenTta HamuonanbHol akagemuu Hayk ['pysunm akagemuka I'eoprus
Ksecurazze.

IIpesenranuio  Hamero  goxmaza  «Pa3paboTka  HAaHOTEXHOJOTHH  IIOJNy4YeHUS
KOMIIO3UIIMOHHBIX MaTepuajioB B MHCTHUTyTe MeTa/UIlyprMuM ¥ MaTepHAJIOBeJeHUI WM.
®eppunanga TaBagze — JlocTykeHUs M MEPCIEKTUBbI» IIPEICTAaBUM [Ba NoKiamduka. [lepByto
9acTh «Y ZapoCTOWKYe U GPOHEeBble HAHOKOMIIO3UIIMOHHBIE MaTepUaJIbl, IIOTyYeHHbIe METOLAMHU
CaMOpacIpoCTpaHAouerocs BeicoKkoTeMneparypHoro cunTe3a (CBC) B dopme rpagueHTHBIX U
MeJIKOCTPYKTYPHBIX KepaMUK U MeTa/JIOKepaMUK» IIpeJiCTaBiIio A. Bropyio yacTs npeseHTanuu
«Kapbuz u HuTpup Gopa u gpyrue Gopocofepskaliyie KepaMHUKHU, ITOJTydaeMble XUMUIECKUMHU
MeTOJaMU B HAHOCTPYKTYPHOU ¢opMme, B TOM 4HUCJIE, B COCTaBe HAHOKOMIIO3UTOB» ITPOJOJIKUT
CTapIINI HAyYHBIH COTPYLHUK HALIeTO MHCTUTYTA, Ipodeccop JleBan Uxaprumsmirm.

Hmxe mpezcTaBieHo coep:kaHye IepBOi YaCcTH HaIlero JOKIaa:
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“Ypapocroiikue ¥ OpoHeBble HAaHOKOMIIO3MIIMOHHBIE MaTepHajbl, IIONyYeHHble MeTOJaMU
CaMOpacIpoCTpaHAouerocs BeicoKoTeMneparypHoro cunTe3a (CBC) B dopme rpagueHTHBIX U
MeJTKOCTPYKTYPHBIX KEPAaMUK U METAIJIOKEPAMUK :

elloryyeHre HAHOKOMIIO3UITMOHHBIX MaTepuanoB MeTogom CBC:
® Y mapocToiiKre MaTepuaJbl:
e['pasieHTHbBIE MeTaJIbI-TBEPAOCIIIaBHbIE MaTepUaJIbL;
e['pamueHTHBIE TBepOCILIaBHbIe—MeJIKOCTPYKTypHbIeMHTepMeTa//IndYeCcKre
MaTepUaIbl;
eMeKOCTPYyKTypHBIe KepaMUYeCKHe MaTepHUaIbl;
ebpoHeBsIe MaTepuasl;
eMenkozyucnepcHble KApOOHUTPULBI O0pa;
e[[pumeHeHMA HAHOKOMIIO3UTOB, IIOIy4eHHBIX MeTogoM CBC.

W rtak, mespl0 Hamlero MAOKJIAfA SBJIAETCA O3HAKOMJIEHUE YBAKAEMBIX YYAaCTHUKOB
HAaCTOALIEH CecCMM C TeMU pe3yJbTaTaMU II0 HAHOKOMIIO3UIIMOHHOMY MaTepHaOBeleHUIO,
KOTOpHI€ B ITOCIeZHNEe TOABI ObUIH ITONTy4YeHsI B IHCTUTYTe MeTajTypruu U MaTepuaaoBeleHuA
um. Peprunanzma Tasagze.

B Temarmke ceccum BBIJeNI€HBl TPH  TIJIABHBIX  aClleKTa KOMIIO3UIIMOHHBIX
HAaHOCTPYKTYPHBIX MaTe€pPHAJIOB. JDTO — WX IIOJIydYeHUe, IpuMeHeHUue u pecypc. Ilocnemnuit us
HUX — U3y4eHUe pecypca CO3/iaBaeMbIX MaTepHaIOB — puobOpeTaeT Bce Oostee U Gojee BaXKHOE
3HaueHWe. /1 B HameM MHCTUTyTe HadaTsl pabOTHI B 5TOM HampasieHHU. OJHAKO CETOLHA MBI
xoTenu ObI CPOKYCHpPOBAaThCSI Ha IEPBBIX [BYX — paccka3aTh BaM O IIOJTyYeHHBIX HaMU
HAaHOKOMIIO3UTHBIX MaTepHajaxX W II0Ka3aTh IEPCIeKTUBBI UX INPAKTHYECKOTO IIPUMEHEHUA.
CoOTBETCTBEHHO 3TOH IIe/TH IIOCTPOEH IIAaH HAIeTo JOKIaza.

PaccmoTpuM mosrydYeHHMe HAaHOHOKOMIIO3MIIMOHHBIX MarepuaynoB Mertogzom CBC.
CamopacmpocTpaHsomuicsa BeicokoTeMnepaTypHsril cuaTe3 (CBC) oxaserBaercs ahdeKTHBHBIM
METOZOM IOJyYeHHS HAaHOKOMIIO3UIMOHHBIX MarepuaysoB. B mamem MHcTuTyTe pazpaboTaHO
HeCKOJIBKO ITOZOOHBIX TeXHOIOruil. Peus umeT 0 MaTeprasax C IOBBIIEHHOHN YJaPOCTOHKOCTBIO,
B YaCTHOCTH, IIpeIHa3HAYEHHbIX AJI U3TOTOBJIEHUA OPOHEBBIX ILINT, KaK [JJII1 WHAUBUAYATbHBIX
CPeACTB 3alIUThI, TaK M JJII 3allUThl JIETKON OpPOHETeXHUKH, a TaKXe KepaMHYeCKHUX
IIPEKyPCOPOB MOZOOHBIX MaTepHaIOB.

Pacmupenue o6iacTi IpUMeHEHHsA TBePOCIUIABHBIX U KepaMHUUYeCKUX MaTepUasioB C
BBICOKMMHY (PU3NKO-MEXaHWMYEeCKUMU CBOMCTBAMH (MMeeTCS B BUAY TBEPAOCTb, IPOYHOCTH IIPU
CKaTUU, CTOMKOCTh K arpeCCHBHOM Cpejie U T.7.), KOTOpbIe IIPY IOBHIIIEHHBIX TEMIIEpaTypax B
OCHOBHOM COXPaHSIOT OTU CBOICTBA, OTPAaHUYMBAETCA UX XPYIKOCTHIO — HECIOCOOHOCTHIO
IIPOTUBOCTOATH UMITYJIBCHBIM BO3Z,eHICTBUAM BBICOKOM MHTEHCUBHOCTH.

B npuninune mpo6ieMsl IOJOOHOTO poja pa3pelIMMBl CO3JAaHUEM TI'PAaJUEHTHBIX WIH
MeJIKOAUCIIepCHBIX MarepuanoB. B MHcruryre paspaboTaHa TeXHOJOTHUA IIONTy4YeHUS
yzapocroikux MarepuanoB MerozoM CBC B pexumax ropeHus u TemoBoro B3psmsa [1]. Ilpu
5TOM OBLIM CO3JaHBI He TOJBKO I'DaJeHTHbIe U MEeJIKOJUCIIePCHBIE MaTepHasbl, HO TaKXe UX
«rUOpUIbI» — TPaflMeHTHBIE MaTePHUAIIbI, COepiKallye CJIOU MeTKOAUCIIEPCHBIX MaTepPHUaJIOB.

Co3maHHbIe TpaflieHTHBIE MaTepHajbl COAEpPXKaT CJIOM M3 OJHOTO WJIW HECKOJIBKHUX
TYTOIIaBKUX COeIVHEeHH (Gopuzsl, ZuOGOpUABI, KapOuabl), a TaK)Ke CJIOU METAJIOB M CILIaBOB
Ha ux ocHoBe. IIpumeps! cocraBa pa3paboTaHHBIX B VHCTUTYTTe I'paJleHTHBIX MaTepPHAIOB
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npepcrasiensl B Tabaune 1. Cioza BXOAUT psif TyTOILIAaBKUX OOPUZOB M KapOU0B MeTasUIOB (B
OCHOBHOM THTaHa), a Takxe metasursl (Ni, Cr, Ti, Cu) u ux crTaBsl.

Ta6muua 1. [Ipumeps! cocTaBa rpaiueHTHBIX MAaTEpPHAJIOB.

Tyromnaskue cocrapmaiomue |  TiBo4TiBosTiBosTiB2(Ti,Cr)CMesCsTiC
Mertamnst NiCrTiCu
CruraBsr X20H80X40H60X17H2 X18H15Cr12FessTi10

BT = 1500wy Tgral & nlslens  [iee 20 bow 2005
WD= Tmm Phata Mo, = X283 Tirs 16:24 16

Sighal & & InLer n..ugllmu‘gns m EHT = §E00 Signal B IALe  Dale 7 Mo 2006
Whe Teen Fiowa

Phalsbo. = 308 T blal Ko =086 Tess 169118

3-# cioi 4-i croi
Pucynok 1. MuxpocTpyKTypa 4eThIpexcI0ifHOTO IpaJieHTHOTO MaTepuaia.

Ha Pucynke lmpeacraBieHsI MUKPOCTPYKTYpa Haubosee CIOXKHOTO Cpey MOTydeHHBIX
IrpaZilieHTHBIX MaTepHajIoB — YeTBIPEXCIOMHOIO MaTepHaJa.

g 3TUX yIBTpaguCIIepCHBIX MaTepUaIOB pe3Koe yBeJIWdeHHe YIAapHOI yCTONYMBOCTH
HabJII0aeTCA B CaMOM Hadajle poCTa Beca eIMHUYHOH IUIOIAAH, T.e. C yBeJIUIeHHeM TOJIIUHEI
nsgenua. CremyeT OTMETUTD, YTO KOHCTPYKIIUA C JAHHOHM yJapOCTOMKOCTBIO M3 IPafiHeHTHBIX
MaTepuajoB OKa3bIBAeTCA B cpegHeM B 1.7-pasa OGojee JIerKOH, 4YeM KOHCTPYKLUMM U3
CIIeIIMaIbHOM BEICOKOIIPOYHOM CTa/IH, C TAKOM e yJapPOCTOMKOCTHIO.

Heckompko c10OB O TIpafiMeHTHBIX TBePAOCILIABHBIX —  MEJIKOCTPYKTYPHBIX
MHTepMeTa/INYeCKUX MaTepHaIax:

B ornmune oT OmMCaHHBIX BEHIIIE, B OTUX MaTepHalaX MeTa/INYeCKHe CJIOU 3aMelleHbI
MEJKOCTPYKTYPHBIMH  (YaCTMYHO HAHOCTPYKTYPHBIMH) HMHTEPMETAIMAHBIMU  CJIOSMHU.
Hcnonp3oBaHue MHTEpPMeTAIIN 0B IPUBIeKaTeJIbHO M3-3a PAJa MXIIOMe3HBIX CBOMCTB. IIpexae
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BCEro 3TO — OYeHb HU3Kas IUIOTHOCTh MHTEPMETA/INZOB Ha OCHOBE THUTAHA U QIIOMUHUS, UTO
IIPUBOAUT K BBICOKOMY 3HAaU€HUIO OTHOUIEHUS IIPOYHOCTY MaTepuasa K ero IJIOTHOCTH.

B HUucturyre paspaboTaH = OpUTHMHAABHBIA  METOZ  IOJIy4eHHUS OLHO(DA3HBIX
WHTEpMETA/UINJOB  C YJIBTaJUCIIEPCHOM CTpyKTypoir B cucreme Ti—Al. MuxpoctpykTypa
MaTepuasa IToKasaHa HaPucyHke 2, uro ykaseiBaer Ha Hanuune ¢as TisAl, TiAl u TiAls.

00

Pucynok 2. MukpocTpykTypa Marepuaia, noxydeHHoro BTi—Al cucreme.

Yro >xe KacaeTcs MeXaHU3Ma 0Opa30BaHUS AUCIEPCHOM CTPYKTYPhI, TO OH CBA3BIBAETCS C
IacThyeckoit gmedopmariueil BpICOKOI cremeHu (~ 65 %), 4TO MMeeT MeCTO Ha OJTale
IIepeMeNIMBaHuA UCXOJHBIX KOMIIOHEHTOB, OYeHb OBICTPHIM HarpeBoM (3a 4— 8 c¢) Ha atane CBC
CHHTe3a B peXXHUMe TeIJIOBOTO B3PhIBA M, HAKOHEI, OBICTPHIM OXJIXAEHUEM IIPOLYKTa HIDKe
KPUTUYECKOH TeMIIepaTypsl pOCTa 3epeH KOMIIOHEHTOB.

PaccMoTpuM MeTKOCTPYKTYpHBIE KepaMHUYeCKUe MaTepHaIbL.

B Wucruryre O6pUIO mpemyoxeHO 3G(deKTHBHOe pelleHUMEe OYeHb BAXHOU 3aZauu
CO3JIaHUA MEeJKOJUCIEPCHBIX KepaMUYeCKUX MaTepHaJoB Ha OCHOBe OOPHAOB, KapOUIOB U
HuTpuzsoB Meromom CBC. OHu nosy4aioTcs B peXXrMe TOpPeHHUs, IPU KOTOPOM Pacxof, SHepruu
CBA3aH JULIB ¢ HHUIHHUpoBaHueM npouecca CBC cunTesa.

beimn wucmons3oBansl ABe cucrembl: Ti-B-N-Me wu Ti-B-C-N-Me. Pe3synsrarsr
5JIEMEHTHOTO aHAJIM3a MaTepPUAJIOB, IOJIyYEeHHbIX B OTUX CUCTeMaxX IIpuBe/ieHs!I B Tabuuue , a ux
MUKPOCTPYKTYPHI II0KazaHsI Ha Pucynke 3.

Ta6auna 2. XuMmuyeckuit cocTas ¢a3 MeIKOCTPYKTYPHBIX KepAMUYeCKIX MaTePHAIOB.

®aza Ti-C-N | ®Pasa Ti-C-N | ®aza Ti- B
Ne | Dnement | (1-1 Touka) (2-s Touka) (3-1 TOuKa)

Bec. % | aT. % | Bec. % | aT. % | Bec. % | aT. %
1 C 7.1 21.3 6.6 20.1 - -
2 N 5.1 13.0 4.6 12.0 - -
3 Ti 878 | 657 | 888 | 679 | 723 | 37.1
4 B - - - - 27.7 | 629
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! 10um ! Electron Image 1 ! sum ! Electron Imaas 1
Ti-B-N-Me Ti-B-C-N-Me
Pucynok 3. MUKPOCTPYKTypBI IOy YeHHBIXB
cucremax Ti-B-N-Me u Ti-B-C-N-Mewmarepuanos,.

Kocuemcs GpoHeBBIX MaTepHaoB.

Korma B cucremax Ti-B-N-Me un Ti—-B—-C-N-Me, Me aBasgetrca mensio, merogom CBC
yzaercs chOpMUPOBATh TaKKe MeIKOQUCIIEPCHBIE KePaMHUKH, CoflepiKalnyie OOpUbl, KapOUIsl U
HUTPUZIBI, KOTOPhIe XapaKTePU3YIOTCSA HACTOJIBKO BBICOKOH YJApPOCTOMKOCTBIO, YTO IIPUTOZHEI
JJIS1 ©3TOTOBJIEHNSI OPOHEBBIX ILIUT [2].

6 pm 10 pm

Ti-B-N-Cu Ti-B-C-N-Cu
Pucynok 4. MUKpPOCTPYKTYypHI IOTy4eHHBIX B

cucremax Ti-B-N- Cu u Ti-B—C-N- Cumarepuainos.

Ha Pucynne 4, mokasaHbsl MHKPOCTPYKTYPhI MaTepHaJOB, IIOJTy4eHHBIX B MHCTUTyTe B
cucremax Ti-B-N-Cu u Ti-B-C-N-Cu. B mepBoit cucreme cBeTsble 00JaCTH COOTBETCTBYIOT
HaHO3epHUCTOM Kepamuke Ti—N (pasmep 3epen 120 — 130 M), TOrza Kak TeMHbIe 00JIaCTH, 3TO —
Ti-B kepamuka. Bo Bropoii xe cucreme mosydeHHbIH Marepuan Ha 90 — 95 % cocrout us
HaHo3epHucToii (pasmep 3epeH 90 — 100 um) Ti—-C-N xepamuyeckoit maTpuis! (cepsie 061acTH),
KoTopas ylerupoBaHa Ti—-B kepamukoii (TeMHbIe 061aCTH).
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[Tpomeccst, mpoTeKarolye B STUX CUCTEMAaX, MOT'YT OBITh OIIMCAHBI CIeAYIOMMUM 00pa3oM.
CHavasa IUIaBATCA JIETKOIUIABKMe MeTaUIbl THTAaH 1i m Mexp Cu M TOTydaeMBIH pacIuIaB
KaIlWUIAPHO pacIpefesdeTcsa Ha 4acTuiax 6opa B u yriepogma C. B mepBoii cucreme aToMbl
6opa, Bxomguue B HuUTpuz 6opa BN, pearumpyior c TUTaHOM, M IpPU STOM IIPOMU3BOJUTCA
ra3000pa3HBIil a30T, YTO JaeT He TOJBKO OOpHJ, HO M HUTPUJ TUTaHA. Bo BTOpOIl cucreme
yTJIEPOZ, B3AUMOZEHCTBYeT C HUTPUAOM O0pa, ¥ 00pasyIoTCs pasjIMYHble KApOOHUTPUIBI TUTAHA,
a TakXe — IPOCTO Kapobup tutanHa. Ilpu oxmaxmeHun ST GOPUABI, HUTPUABI U KapOOHUTPUIBI
TUTaHA GUKCUPYIOTCA B PopMe MeJTKUX YaCTHUII.

B onrTuManpHBIX YCIOBHUAX IIOMYYAIOTCA IPAaKTUYeCKH Oecropucrtsie (IIOPUCTOCTD
0.4 - 1.2 %) BeicoxoTBepzsie (TBepmocTs 91.5 — 93.3 HRA) u nerkue (mmotHocts 4.3 — 4.7 T/
cM3) KOMIIaKTHBIe Marepuaibl. llpu mnoBepxHOCTHO# IIOTHOCTH 6.8 — 6.5 r / cM? OHHm
BBIZIEPXKUBAIOT PA30BbIN ZUHAMHYECKUH yap c sHeprueit mopsazaka 20000 [Ix.

Kocuewmcs menkogucnepcHbIX KapOOHUTPUIOB Gopa.

B HWucruryre paspaborana CBC TexHONrMA TONXydYeHUS MeETKOAMCIIEPCHBIX
kap6oruTpuzos 6opa B«CyNz, a takxke umcrerx kapouga (B«C) u murpuma (BN) 6opa, xoropsre
MOT'YT CIYXXHUTh IIPEKypPCOPaMHU yAapPOCTOMKUX HAaHOKOMITO3UTOB [3]. VicxomHBIMYU MaTepuaiaMu
6bLTH OKCHZ Gopa, rpadUT MM caXka, a TaKXKe ra3oo0pasHBIM a30T IIPU BBICOKOM JaBlIeHHHU. B
JI060M CJIy4ae BOCCTAaHOBIMBAIOUIM META/JIOM OB MarHUH.

;|

BEC 20kV WD15mm SS60 78Pa x5,500 2pm
Sample 0000 30 Jul 2015

SEl  20kV WD15mm  SS40 x10,000 1pm —
0000 06 May 2015

B«CyN:

SEl 20kV WD15mm 5560 x5,500 2pm
Sample 0000 31 Jul 2015

Pucynok 5. MUKpOCTpyKTypHI 1 3epHUCTOCTH MeJIKOAMCIIEPCHBIX KapOOHUTPHUIOB O0pa.
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Ha Pucynke 5 npencTaBieHsI MUKPOCTPYKTYPBI U 3€PHHCTOCTU IIOTYdYeHHBIX KapOuza
(B«C), murpuga (BN) u xapborurpuzsa 6opa (B«Cy)Nz). B 3aBucuMoCTH OT KOHKPETHBIX YCIOBHI
Ipolecca U COCTaBa MCXOZHBIX MAaTepHAIOB, B IIPOAYKTe MEHAIOTCA pa3Mepsl 3epeH: oT 50 mo
360 M. B cxygae B«C / B:C,N- pasmep 3epra nopszaka 400 — 200 um, a gua BN — mmke 100 HM.

Hecxkopko ¢JI0B 0 IpuMeHeHHH HAaHOKOMITO3UTOB, OTy4YeHHbIX MeTozoM CBC.

Kaxk 65110 IO 4epKHYTO BhIIIE, BCe OTH MaTepHaisl, nosydeHusle MmerozoM CBC, moryt
HICIIOJIB30BATHCS /I 3aLUTHI OT YApOB.

Ecnu mpu cuHTe3sMpoBaHWKM HAHOKOMIIO3UTHBIX MAaTePHUajOB MCIIOIB3YIOTCS OOPUIBI
TUTaHA WIN JPYTUX MeTaJUIOB, WIN KapOuz u HUTPHUZ 60pa, oboraieHHsle u3oTonoM 6opa B,
TO MOXET IOJYYUThCA MHOTO(YHKIIMOHAJIBHBIN MaTepuaj, IPHUTOAHBIN B CIIEI[UAJBHBIX
SKCTPEMAaJIbHBIX YCJIOBUAX — MaTepuasl OyJeT He TOJIBKO YAAPOCTOMKHUM, HO M OCIAGIAIONUIIM
IIOTOK TEIJIOBBIX HEMTPOHOB.

OzuuM W3  WHTEpPeCHBIX  IIpUMeHeHUH  paspabareiBaeMblx B MHcruryre
HAaHOKOMIIO3UTHBIX MaTepHUaloB  SBJISETCA U3TOTOBJIEHME KepaMH4eCKMX IUIMT [T
MHIVBUIYATbHBIX CPEJICTB 3al[UTHI U 3aI[UTHI JIETKOH OPOHETeXHUKHU.

M3BecTHBI TakXe IIOJIMMEPHBIE, T.H. KeBJIapOBble, OPOHEXWIETHI, KOTOPBIX OTIMNYAeT
BBICOKUI yPOBEHb 3alIUTHl M YAOOCTBO, CBA3aHHOE C JIETKOCTBIO M TMOKOCTBIO MaTepHala.
[lanpHeiinee ycoBepIIEHCTBOBaHME IIOZOOHBIX OPOHEXMIETOB CBA3BIBAETCA C CO3ZAHHMEM T.H.
XUAKOM OpOHM, YTO O3HAYaeT IIPONUTKY KeBapa TejieM, COJEepKAallM HAaHOYACTHUIIBI 0CO00
TBepABIX MarepuasnoB. llpum ypmauHoM mozbOope KOMIIOHEHTOB 3Ta IIPOLEZYpaloBhIIIaeT
3alIUTHBIE CBOMCTBAa Marepuana Oe3 IOTepu ero rMOKOCTH. B KadyecTBe HAHOIIOpOIIKA dYalie
BCETO MCIIOJIB3YyeTCsA KBapll, a B KaYeCTBe TEXHOJOTHMUU H3TOTOBJIEHUA JKUIKOH OPOHU — MeTOJ,
«30JIb—TeJIb» (YTO O3HA4YaeT IIepexoj; OT KOJIOMJAJIBHOTO PacTBOpa — 30JI1 K KOJUIOMJHOMY
ocasky — remoo). B Hactosamee Bpemsa Ha 6Gase MHcTuTyTa anmpoGupyercs IpUMeHEHHE C STOMH
IIeJIbI0 HAHOYACTHUIL Kapouza 6opa [4].

ITocmoTpuM KOpoTKuil GUIBM, B KOTOPOM ITOKa3aHO HAaTyPHOE UCIIbITaHKe OpOHe-IITUTHI
IJISL 3QIUTHI JIETKOM OPOHETeXHUKH.

[IIpocMOTp KOPOTKOTO GHIBMA O ITOJIEBBIX UCITBITAHUAXPA3paboTaHHOM GpOHe-TIUTHI |

JI. C. UxaprumBuiy:

Tenepsr paspemnte NIPOZODKUTH JOKJIAL M O3HAKOMUTH Bac c pa3paboTaHHBIMU B
HMucTuTryTe XUMHYECKMMM MeTOJAaMU IIOMy4eHUs HAHOKOMIIO3UTOB. Iliran Bropoil uactu
JIOKJIaZia IIpeICTaBIeH HHIDKE:

«Kapbuz u HuTpHp Gopa u Apyrue Gopocofepikalirie KepaMHUKH, ITOJTydaeMble XUMUIECKUMHU
MeTOJaMU B HAHOCTPYKTYPHO#1 (opMe, B TOM YHCIIe, B COCTABe HAHOKOMIIO3HUTOB»:

o KepamMuyeckue HaHOKOMIIO3UIIMOHHBIE MaTePHUaJIbI, IIOTydeHHbIe XUMIUIeCKIM MeTOZOM:
e TBepble KOMITO3UITMOHHbIE MaTepHasIbl HA OCHOBE HAHOCTPYKTYPHOTO Kapouzaa 60pa;
e Tpubosornyeckue KOMIIO3UIMOHHBIE MAaTe€PHAIbI, MOAUDUIPOBAHHBIE
HAaHOCTPYKTYPHBIM HUTPUAOM 60pa;
e Teepzsie cIyaBel C HAHOKPUCTAIINYECKMMU KOMIIOHEHTaMU;
o [[puMeHeHNA KepaMUYeCKUX HAHOKOMIIO3UITMOHHBIXMAaTepUaJIOB, ITOTyYeHHBIX
XMMHUYECKHM MEeTO/OM;
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e MeratokepaMmyuyeckre HAHOKOMIIO3UIIMOHHbIEMaTepHaIbI,
IIOJTyYeHHble XUMUYeCKUM MEeTOZOM:
e Hanokpucra/imdeckue JUTATYPhI A1 MOAUDUITMPOBAHUA CTAIH:
e Hanokpucraningeckue 60pcofepskaiiye JUTaTyPbl;
e Hanokpurcra/utmyeckue JIUTaTypsl, COAepKaliye KOPYyH/I;
e KoMmo3uiuy HaHOCTPYKTYPHOTO yIepoia C MeTaJlIaMu;
o [[prMeHeHUa MeTa/JIOKEpAMUYeCKUX HAHOKOMIIO3UIIMOHHBIXMATEPHAJIOB,
IIOJIyYeHHBIX XUMHUYEeCKUM MEeTOZIOM;
e BriBogbI.

Haunem ¢ KepaMu4ecKMX HAaHOHOKOMIIO3HIIMOHHBIX MAaTepHaIIB, IIOJyYeHHBIX
XUMHUYECKUM METOZIOM.

B WuctuTyTe paspaboraH psA, XUMHYECKMX TEXHOJIOTHM, IIO3BOJIAIONIUX IIOMYdYaTh B
HAaHOCTPYKTYpHOH (GopMe Te KepaMuYeCKHe MaTepHasbl, KOTOpble CIYXaT IIPeKypcopaMu
BOXHOTO C TOYKM 3PeHHUs IIPUMeHEeHUs KjIacca TBEPABIX MaTepHaJOB. JTO — HAHOKapOuzm u
HAaHOHUTPHZ, 60pa, a TaK)Ke HAHOIIOPOIIKYA HEKOTOPhIX OOPUZOB U KOPYHZA.

PaccmorpuM TBepmble KOMIIO3HIIMOHHBIE MaTepHalbl HAa OCHOBE HAHOCTPYKTYPHOTO
Kapb6uza 6opa.

Kakx wu3BecTHo, kap6up 6opa o06nafaeT yHUKAJIbHBIMU (HU3UKO-MeXaHUIEeCKHUMHU
CBOMCTBaMM, TaKMMH, KaK BBICOKHUH MOZYJIb YIPYTOCTH, BBICOKOE OTHOLIEHWE TBEPZOCTH /
IJIOTHOCTH, IIOBBIIIEHHAs M3HOCOYCTOMYMBOCTP B arpecCMBHBIX cpejax u T.h. OpHako
pacmupeHue 0061acTH NPUMEHEHMs Hu3Zenuil M3 Kapbuza Gopa OrpaHMYEHO Hu3-3a HU3KOM
yIApHOI BA3KOCTU MaTepHasa, ero XpyIKOCTU U HeBBICOKOMH TeIIONPOBOAHOCTH. B mocienuuii
IIepUOZ, BO MHOTHX HCCJIe0OBAaTeIbCKUX IIeHTpaX ¥, B YaCTHOCTH, B HaueM MHcTuryre ycmnus
OBLTH HAIpaBJeHbl Ha CO3ZaHHe T.H. TeTEPOMOLY/IIPHBIX KEPaMUK Ha OCHOBe Kapbuza 6opa [5].
OTH KOMIIO3UI[MOHHbBIE MaTePHaIbl YJAaYHO COYETAIOT CBOMCTBA BBICOKOMOYIAPHON KEPAaMUKU
U 3JIaCTUYHOTO MeTa//IMYecKoro cBssyomero.Hamu ucronpsoBanuchk ciaepyrouiyie CBA3yIOLITe
MeTammmdeckre ciuraBer:Cu — 67 mac. % / Mn — 33 mac. % u Cu — 78 mac. % / Ti — 22 mac. %.

| Wisiur — coneo|os | |

Pucynox 6. biox-cxema xuMuieckoro peakropa
IJIS TIOJTyYeHUs HAaHOZUCIIEPCHOTO Kapbua 6opa.
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Ho mna monydyeHus momoOHOTO IPOAYKTA IIPEeKYpPCOPHBIM KapOup 60pa Hafo MMeTh B
BBICOKOAHCIIEpCHOI popme. Pazpaborantas B VHCTUTyTe T€XHOIOTHSA ITO3BOJIAET ITOIYYaTh [6],
HAaHOIIOPOWIKM Kapbuzja Oopa #3 MOJIEKYJSPHOTO BOJHOTO pacTBopa C O6op- u
YTJIEPOZCOZEPXKALMMY KOMIIOHEHTAMU IIPU CPAaBHUTEJIBHO HEBBICOKMX TeMIIepaTypaxX, OKOJIO
400 °C. KoueuHbIli TpPOAYKT, IIOMydYaeMslii TepmooGpaborkoit mpu 1250 - 1600 °C,
XapaKTepU3yeTcs yCpeSHEeHHON xumMudeckoil popmy:noit B41sC, a pasMeps! 9acTUl, HAXOAATCA B
mpegenax 300 — 400 um. Ha Pucynke 6 mpencraBieHa 6I0K-CXeMa XMMHYECKOTO PeakKTOpa,
CIIeI[MaIBHO IIOCTPOEHHOTO I OJIyYeHUA HaHOAKUCIIEpCHOTO Kapbuaa 6opa.

MPa

400 r

300

200

Bending strenghth,

100

0 1 1 1 1 1 1 1

3 10 15 20 25 30 35 40 45

CuMn content.mass %

Pucynox 7. MukpocTpykTypa Pucynoxk 8. 3aBuCcHMOCTb IIPOYHOCTY Ha

IIOJIMPOBAaHHOTO 00pasia M3rub MeTaJJTOKpaMHYeCKOr0 HaHOKOMIIO3UTA
B4C/CuMn meTannokepaMuKm. OT coZlepKaHUA CBA3yIouel (askl.

C ydgeroM TpeOOBaHMII, YTOOBI MeTa/UIMYECKUN CBA3YIOMIMI MMeJ CHJIBHYIO aATe3Uio U
c1abyio pearupyeMOCTh C KapOouzoMm Oopa, B janbHeiimem B MHcTuTyTe OBlIa paspaboTaHa
TEXHOJOTHA [7] IONyYeHUA TIeTepOMOAYIAPHOM KepaMHMKM B IIpoliecce IIMpPOJM3a IIpU
900 - 1100 °C wu3 crexylomux IPeKypcOpoB: aMOpGHBINH OOp, MONIMMEPHl C YTIEPOAHBIMU
LeIIMU M HOAXOZANINe MeTaJUIbl (CILIaBbI MeJb—MapraHel uiu Menb—TutaH). Ha Pucymke 7
IIOKa3aH IIpUMep MHKPOCTPYKTYpPHl IIOJy4eHHOH MeTaJjoKepaMuKu, a Pucymox 8
IeMOHCTPHUPYeT 3aBHCHUMOCTh IPOYHOCTH HAa WM3TUO OT COJAEpXaHWA CBA3ylomed ¢assl B
Kommosute. MeTalIoKkepaMUYeCKU IPOAYKT 00JafaeT IIOBBINIEHHBIMU IIapaMeTpaMH IO
YAPOCTOMKOCTHU ¥ TEIIOIPOBOZHOCTH IIPH COXpaHEHUH II0JIE3HBIX CBOIMCTB Kapouza 6opa.

Kaxk u3BecTHO, MeTa/I;IOKepaMUYeCKye MaTepHaIbl C MaTpUIlei U3 Kapouja 60pa, a TakxKe
KapOWZOB THTaHA U Boab(paMa, YCIEIIHO IPUMEHSAIOTCS B MAaIlIMHO-, CAaMOJIETO- W
PaKeTOCTPOEHUHU, a TaKKe B aTOMHON dHepreTuke. OJHAKO TpPAaZUIMOHHBIE METOIBI HUX
IIOJIyYeHHUs IIPAaKTUYeCKU UCUepIiany ce0s B HAallpaBIeHUH JaJIbHEMNIIero MOBbIIIEHNs CBOHCTB.
OTOH IeIM MOXKHO JOOUTHCA JIHMIIb (POPMUPOBAHHEM HAHOCTPYKTYP C YaCTHIAMHU, pa3Mepsl
KOTOpHIX He npeBbrmaioT100 HMm.

B Mucruryre 6b1 pa3paboTaH MeTOJ IIOJy4YeHHSA HAHOKPUCTAIIMYECKHX IIOPOILIKOB
mupokoro cuekrpa [8]. Ero cyTs 3axiiouaercs B pacIbBUIEHMM J>KMAKUX PacTBOPOB CoOJeit
COOTBETCTBYIOIIUX KOMIIOHEHTOB M BBICOKOMOJIEKYJIIPDHBIX YIJIEBOZOPOZOB B pPeaKTOpe C
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BOCCTAaHOBUTEIBHOM MM Kapoumobpasytomeit cpeznoit mpu remmeparypax 500 — 950 °C. Kaxzmas
YaCTHIA ITOJyYaeMbIX ITOPOIIKOB COCTOUT M3 KapOuzos 6opa, TuraHa u Boiabppama (B4C, TiC,
WC) u neMeHTHPYIOIIMX METa/JIOB WM CIUIABOB — HUKeNb, KOOAIbT, CIJIaBBI MeOU C
mapraniem u tutaHoM (Ni, Co, CuMn, CuTi). CnenuansHo msrotoBieHHas ycraHoka WIIC
(MCKPOBOTO ILIA3MEHHOTO CHHTe3a), CM. PHCYHOK9, mo3sBomsgeT mpoBecTH 3hdeKTHBHOE
KOMIIAaKTUPOBAaHUE STUX NOPOIIKOB. CTPYKTyphI IIOJyYeHHBIX HAaHOKOMIIO3UTHBIX MaTePHAIOB
mpescTaBieHsl Ha Pucynkax 10, 11 u 12.

Pucynox 9. O6uuit Buj 1 KaMepa KOMIAKTHPOBAHIA
YCTaHOBKY MCKPOBOTO IIJTa3MEHHOTO CHHTE3a.

- II
Pucynox 10. MukpocTpykrypa Pucynox 11. UsoGpaxenue Pucynox 12.Ilopomox
serannoxepayxi BiC—CuMn, 2/ IOMAKOMIAKTHPOBAHHOTO MeTaJIOKePAMHUKN
" o6pasua TiC-Ni (10 mac. %). WC-Co (10 mac. %).

Temeps paccMoTpuM TpHOOIOreYecKHMe KOMIIO3MIIMOHHBIE MaTepHaJbl Ha OCHOBE
HAHOCTPYKTYpPHOTO HUTpHZA 6Gopa.

C 1esnpl0 yBeIHWYEeHUs AMCIEPCHOCTH NPOJYKTa CHHTe3a HAHOCTPYKTYPHOTO HUTPHUIA
G6opa rekcaroHanbHON Mopudukauuu B MHCTUTyTe OBITM MCIBITAHBI ILIMXTHI CaMOTO
pa3sIUYHOrO comepxaHus [9]. AHamu3 pesyIbTaTOB IPOBENEHHBIX HCCIEIOBAHHUI IPOAYKTOB
IPUBOAUT K 3aKIIOUEHHUIO, YTO C TOYKHU 3PeHUSI CHIDKEHUS TeMIepaTypsl Ipoliecca Hauboiee
3¢ deKTUBEH CIIOCOONONydYeHNss HAaHOIOPOUIKOB HUTPHJA Oopa: 3TO — pearupoBaHue Oypsl U
MoueBHHBI B oToke ammuaka mpu 1000 °C (t.e. cpesu peareHTOB IPUCYTCTBYeT Ta3000pasHBbIi
aMMHMaK, BMeCTO Ta3000pasHOro asora). IIpu sToM AMCIIEPCHOCTH ITOPOLIKOB, ITOJy4aeMBIX U3
BOJAHBIX PAaCTBOPOB, OKA3bIBAETCS BBIIIE, YeM IIPU MEXaHUYECKOM CMEIIMBAHMU KOMIIOHEHTOB.
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Tunwuansre pasmeps! yactut, coctasiaioT 100 — 150 HM, pasmeps! arioMepaToB 9acTuly, 2 — 3 MKM,
a MaKCHMaJbHasd yZeabHad IoBepxHOcTh 8.87 m?/T.

Brrna paspaborana mopgosornueckas MOZeIb HaHOIOPOIIKOB HUTpuzAa Gopa [10 — 12].
Cornacuo aroit mogenu (Pucynxu 13 u 14), wactumsr o6mazaior AuckoobpasHo# dopmoit ¢
IpUOIU3UTENBHO HEM3MEHHBIM acCIeKTHBIM COOTHOLIEHHEM — OTHOIIEHHeM pajuyca JUCKa K
ero tormuHe. IlapamMeTps! Mozenu ciemyoumue: aceKTHOe cooTHomeHue?] =r/ h= 5.32 (A
TOJIIWHA, a I~ PafUyC AMCKA) U IUIOTHOCTH p=~ 2.28 v / cm®. Ha aT0it MOzmenrn oCHOBBIBaeTCA
METO/IMKA OLEHKM C Y[ OBJIETBOPUTENBHOM TOYHOCTHIO y/eJIbHON ITOBEPXHOCTH IIOPOIIKA IIO

M3MEPEHHBIM pa3MepaM YaCTHII.

_— T

— — 100 jam

Pucynox 14. ®opMs! peaTbHbBIX YaCTHI]

Pucynoxk 13. /Iucko6pasHas Mozeh
HUTpHa 60pa, CHHTE3HPOBAHHOTO

YaCTHUIBI HAHOIIOPOLIKA HUTPHAA Oopa.
13 OOpaTHOTO IIPeKypcopa.

Pucynox 15. Muxpoctpykrypa (x 400) moBepXHOCTH KOMIIO3HIIMOHHBIX 00pa3IioB
natynu + 1 Bec. % h-BN, monupoBanHbIx MexaHUYecKH (a) u xumudecku (6),

a 6
Pucynox 16. ITposykTs! m3HOCA YHUCTOM U IETUPOBAHHOM HAHO
mutpuzgoMm 6opa (1 Bec. % h-BN) sarysu npu oguHAKOBBIX Harpy3Kax.
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C mcmosnp30BaHHEM CHHTE3MPOBAHHBIX HAHOIOPOIIKOB B VIHCTHUTyTe GBLIM IIOTydYeHBI
MeTa/yIoOKepaMudecKre KOMIIO3UTHI — JIATyHb U JKeJle30 C HaHOBKIIOYeHUAMU HUTpUja Oopa —
co cHmKeHHbIM u3HOcoM [13 — 15]. Ha Pucynke 15 mpencraBieHBI IOBEpXHOCTH OGPasIoB,
IIOJIMPOBAHHBIX MEXaHHMYEeCKH ¥ XMMHYeCKH, a Ha Pucynke 16 cpaBHUBaIOTCA IPOLYKTHI U3HOCA
YUCTOM U JIETHPOBAaHHOM HAHO HUTPUOM 60pa JaTyH! IPU OZUHAKOBBIX Harpy3Kax.

Crnenmyromas Tema, paspabarsiBaeMas B VIHCTUTyTe B 5TOM HAIpaBiIeHUH, 3TO — TBEPABIE
CILJIaBBI C HAHOKPHCTA/UTMIECKUMU KOMIIOHEHTaMU.

Papn meraneil cenbCKOXO3AMCTBEHHBIX, CTPOUTENBHBIX, TOPHOJOOBIBAIOIINX U APYTHUX
MallUH CIIEeIMaJbHOTO Ha3HAYeHWs, a TaKXKe TPAHCIOpPTAa BBICOKOM IIPOXOSUMOCTH, paboTaer
IIPY OKCTPeMaJIbHBIX HArpy3KaX, B YaCTHOCTH B yCJIOBHAX CHJIBHOTO abpasuBHOTO M3HOCA, YTO
IIPUBOJUT K CYILIECTBEHHOMY COKpPAalleHHUIO CpOKa CIy)XObl momo6HOU TexHuku. OzHuUM n3
Hanbosee 3¢(eKTUBHBIX IOAXOZOB K PEUIeHUIO IIPOOJIeMBbl SBISEeTCA 3alUTa TaKUX JeTaanei
6opcomepKalIMU  TIOKPBITUSAMH,  KOTOpPBIe  XapaKTepPU3yIOTCA  OCOOEHHO  BBICOKOM
HM3HOCOCTOMKOCTBIO.

Corpypuukamu MucTturyra OBUIO mpepimoxeHo [16] cosmaBaTh IHOKpBITHA U3
ITOPOLIKOBBIX KOMIIO3MIMII Ha ocHOBe aubopuzoB xpoma (CrB:) wu/mnm Ttwrana (TiB2),
coZiepKaux HaHOBKIIOUeHHI KopyHAa (Al20s). OHu mO/KHBI UMETh BBICOKOE COIIPOTHBIIEHIE
K M3HAIIMBAHUIO, YJAYHO COYETaeMOe C TBEPJOCTHIO, KOPPO3MOHHOM CTOHKOCTBIO U APYTUMHU
IIOJIE3HBIMY CBOMCTBAMU.

[l TTpOTHO3MPOBAHUA YCIOBUH ITONy4YeHUs ONTHUMAIBHBIX cocTaBoB CrB2—TiB:—AlO3
KOMIIO3UIIVH OBUI NPOBEeZEH TEePMOJWHAMHYECKUI aHAJIu3 BOCCTAHOBJIEHUS CMECH XJIOPUZOB
XpoMa ¥ THUTaHa B IIPUCYTCTBUU Pa3JIMYHOTrO KojudecTBa 60pa. B pacuerax yuwTsIBaiock, 4To
coZiep)KaHMe OKCHUJA QTIOMUHUS B KOHEYHOM IIPOAYKTe, OOPa30BaBLIETOCS BCJIEACTBHE
BOCCTAaHOBJIEHUsS OKCHUJA THTaHA M OOPHOTO AHTHAPUJA MeTAUIMYeCKUM alIOMUHHEM, He
IOJDKHO IpeBbImaTh 5 — 8 %. DTOT aHanam3 IMOKas3aa, YTO B HEOOXOAUMBIX KMHETUYECKHUX
yCJIOBUAX, IIPOLIECC MOXET IIPOTeKaThb IIPH CPaBHUTEJIBHO HU3KUX TeMIlepaTypax, a B
IIPUCYTCTBUU B CUCTeMe OOpa B CTEXHMOMETPUYECKOM KOJUYECTBE CO3ZAIOTCA OJIATONPHUATHBIE
YCJIOBUA IJI TOABJIEHUS JUOOPUIOB XpOMa U TUTAHA.

03
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= { 1 ‘174:
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® 015
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o 0.1 \ /
o 7 /]
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Konnyectso 6opa
Pucynox 17. 3aBrucuMOCTb PaBHOBECHOTO COZlepXKaHUA
KOHZ,eHCUPOBAaHHOM (ha3sl OT KOJIUYIeCTBAOOPa B peaKIIMOHHOM

cvmecu pu 1300 K: 1 — CrB, 2 — CrB2, 3 - TiB2, 4 - B u 5 — Al2Os.

Ha Pucymke 17 T1pepncraBieHa  3aBUCHMOCTh  PAaBHOBECHOTO  COJl@P>KaHUA
KOHJIEHCUPOBAaHHOM ¢assl OT KosndecTBa 6opa B peakunonHoi cmecu pu 1300 K.

ITpermymecTBOM aTIOMUHHEBO-TEPMUYECKOTO IIPOIleCCa CIeAyeT CYMUTATh HUSKYIO
YIPyTOCTh IIapa OOpa3oBaBIIETOCS BTOPUYHOIO IIPOAYKTa — TPEXXJIOPUCTOTO aMIOMHHUA.
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Haunnasa ¢ 180 °C o sddexTuBHO mCcHapsercs, 4To 0e3yCIIOBHO IIOJIOKHUTENBHO BIMAET HA
peayn3anuIo TeXHOJIOTMYEeCKOTo IIpollecca B KPYIHO-1ab0paTOpHOM Macmtabe. YJaBIMBaHHE
BO30THAHHOTO TPEXXJIOPHCTOTO QJIIOMUHUA OCYLIECTBIAETCA ero 6apbaTUpoBaHMEM B pacIlIaBe
XJIOPUCTOTO HaTpus ¢ o6pa3oBaHueM KoMmIurekcHoH comu NaAlCla.

Mexanusm o6pa3oBaHus OopupHbiXx (a3 oObsCHIETCI TeM, dYTO B IIpolecce
B3aWMOJIeHCTBUS peareHTOB BhIZeIIeTCs OOJIbIIoe KOIUIeCcTBO Tema (mpuMepHo 1375 kkan gns
nonyuenus 1 xr gubopugos (Cr,Ti)B2), KoTopoe BbI3bIBaeT pe3Koe IIOBBIIIEHUE TEMIIEPATyPhl B
pearupymomeii cmecu. B 3TO BpeMa aKTHMBHO IIpOoTeKaeT Iporecc zaubdysuu Mexmgy
00pasyoIUMUCA IOPOIIKAMH, HaXOAAIMMHUCA B TECHOM KOHTAKTe.

TexHomornyeckas cxema peanusanuu npoiiecca nonxydenus mopourkos (Cr,Ti)B2—Al2Os
BKJIIOYAeT: IlepeMellMBAHHE peareHTOB IIMXTHl B 1LIAPOBOM MeJIBHUIIE; IIPeCCOBAHHE
IepeMelIaHHOM CMeCH; BOCCTAaHOBJIEHUe IIMXTHI B IIAXTHOH Ieun B aTMOC(epe UHEPTHOTO rasa;
pasphIXJIeHue U CTHPaHHe CIIeKa; IIPOCeB IIOPOIIKA. BRIX0/ MPUTOLHOMN MPOAYKIIUU COCTABIIET
He MeHee 95 %. Yactuumsl mopomka OGOpHIOB HMEIOT, B OCHOBHOM, IyOdYaryio Gopmy.
Quxcupyercs TakKe OCKoino4yHas (opma wactun. XapaKTepPUCTUKUIIOPOLIKOBOTO IIPOAYKTA
TakoBbI: pasmep uactui< 40 — 80 mMxM, mIoTHOCTH IO HackimHOMY Becyl.22 — 1.28 r / cm? u
IIOTHOCTB yTpsickul.6 — 1.9 v/ cm?.

Haubosee mnpremseMblM MeTOZOM IIOJy4YeHUS IUIOTHBIX OOpa3LiOB SBJIAETCI METO[,
ropsyero nmpeccoBaHusa. CoueTas IpOIECCHI IPECCOBAHUSA U CIEKAHHA, STOT METOZ, II03BOJIIET
IIOJIyYUTh TOTOBBIE U3ZENUs C IUIOTHOCTBIO, ONM3KOH K Teoperwmdeckod. Ilapamerpsr
TeXHOJIOTUH ciexylomue: uHTepBan Temmeparypl600 — 1700 °C, masnenume 300 — 350 xr /
cm?kopocTs Harpesa (Ha npecce):20 — 250 °C / MuH u mOpUCTOCTH cTepxKHeit: < 3 %.

Heckonpko €10B O IpuMeHeHHM KepaMHYeCKMX HaHOHOKOMIIO3HIIMOHHBIXMATepPHaJIOB,
IIOJTyY€HHbBIX XMMUYECKUM METOJIOM.

Koporko mepeunciaum Te 061aCTH TEXHUKHM U TEXHOJIOTUM, TZie MOTYT HAaWTH yCIIeLUIHOe
IIpUMeHeHNe KepaMHUYeCKHe HAaHOKOMIIO3IIMOHHBIE MaTepHajbl, KOTOphle OBUIM IIOJy4eHbI
XUMUYECKUMU MeTOaMHu, pa3paboTaHHbIMU B VHCTHTYTE.

Hamo xap6uzm Oopa MOXHO WCIIOJNIB30BATh MJIS CO3ZAHHA MeTaIOKepaMUYeCKUX
HAaHOKOMIIO3UIIMH Ha OCHOBe KapOuja 6opa U MeTa/UIMYeCKUX CBA3YIOUINX, HA[pUMep, CILIaBOB
Menu c¢ Mmaprannem uian turtaHoM CuMn m CuTi, KOTOpsle O4YeHB IEpCIeKTUBHBI I
IIPOM3BOJICTBA U3HOCOCTOMKUX MALIMHHBIX JeTajlel, paboTaloUX B SKCTPEMaIbHBIX yCIOBUAX.

Pucynox 18. Comnto Benrypu Pucynox 19. Peser; tBepapix
FULA BOZOCTPYHHHOM peski MaTepUajoB, USTOTOBIEHHBIN

u3 TiC-Ni (10 mac. %). 13 WC—Co (10 mac. %).
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Ha Pucymxax 18 u 19 HarmagHo mnpezcraBieHsI JABa o00Opaslia ITPaKTHYeCKIITIH
IIpUMeHeHUs KapOUAHBIX MeTa/UIOKepaMHYeCKUX HAaHOMATepHaJIOB — 3TO COILIO BeHTypu mis
BOJOCTPYIHOM pe3Ku U pesel; 0co00 TBepAbIX MaTepuanios, OHu usrorosaeHs! B IHCTHTYTE.

HenocpencTBeHHO HaHONIOPOWIKM HUTpUJA 0OOpa MOXHO IPUMEHATh B KadecTBe
TBepAOoGha3HON JOOABKU K XKUAKUM CMa30YHBIM MaTepHaIaM.

Pacyers!, yuuThIBaomue CTPYKTYpPy IIOpPOLIKOB HHUTpHUAA OOpa, NPUBOAAT K OIEHKe
KOHIIEHTPAIIUX IIeHTPOB IIOTJIOLIEHMUSA TeIIOBBIX HENTPOHOB, T.e. aTOMOB m3oToma Gopa !B,
sTuM Marepuanom: (6.7 — 16.5) -10%2 cm3.

Kak ormeuasmoch BbIlle, BBejeHHe A00aBOK HAHOIOPOIIKOB HUTPHAA Oopa IOJDKHO
CHU3UTHh uX u3HOC. M3 Pucynka 20 BuzsHO, uTOo B 000MX CIy4asx(Kak JIATYHH, TaK U >Keje3a)
HanboJIbIlIee CHIDKEeHNE U3HOCa uMeeT MecTo nipu 1 Bec. % mo6aBku HUTpHUAA 60pa).

0.03
0.025
0.02

0.015

Am, g

o brass + h-BN
0.01 =8— Fe+ h-BN

0.005

0 2 4 6
h-BN, wt. %
Pucynoxk 20. 3aBuCHMOCTB CTeIIeH! M3HOCA KOMIIO3UTHBIX
MaTepHajIoB OT COAePKaHUA HUTPHUAA 6opa.

[Tockonpky wusHOcocToiikue mHOKpeITHA (CrB:-TiB2-AlOs copmep:xar 60op, OHHM MOTyT
TaKXXe COBMeCTUTh (YHKIUM HeUTpoHHBIX muTOB. [Ipexxme Bcero, mAmd OIeHKH
HeUTPOHOMIOTIIAMAIOIEH CIIOCOOHOCTA IOPOLUIKOBOTO KOMIIO3MIIMOHHOTO MaTepuasna Oblia
paspaboTana MerozsuKa [17] TeopeTH4eCcKOTO OIpesiesieHNs 0OOBeMHONM KOHIIEHTPALNH WU, YTO
SKBHUBAJIEHTHO, MACChI IIOIJIOMAIONIETO areHTa — B PacCMAaTPHUBAaeMOM CJIy4ae aTOMOB H30TOIIA
6opa '°B — B KOMIIO3UTHOM MaTepuaie, cM. Tabmumy 3.

Ta6muua 3. Maccsl KOMIIOHEHTOB U KOHI[EHTPAI[UMaTOMOB
60pa B KOMIIO3UIMOHHBIX TOKPHITUAX CrB2—TiB:—ALOs.

CocraB obpa3noB M, , r
[ |KOMIIOHEHT I I1 I11 v |V VI VII  JVIII
1 |CrB, 74 |0 74 74 0 0 74 74
2 |TiB, 0 71 |0 0 71 71 71 71
3 |ALO, 0 0 75 |4 7 4 15 7,5
N, 10% cm? 8,1 17,2 |72 7.6 6,5 16,8 []6,8 |72
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[TepeiimeM k MeTa/JIOKepaMUYE€CKIM HAHOKOMITO3UIIMOHHBIM MaTepHaIaM, ITOJTyYeHHbIM
XUMHYECKUM MeToZoM. B HMucTuTyTe paspaboraH psAf  TEXHOJIOTHH, IO KOTOPBIM
HeIIOCPeJICTBeHHO IIOTYy4aloTCa MeTa/IoOKepaMudyecKre HaHOMAaTepHasbl. DTO — IIPeX7e BCero
nurarypsl cranu. Ciofia, Takke, MOXXHO OTHECTH MeTaJUICOJepsKallie HAHOCTPYKTYPBI yTIepoa.

Hanoxpucramnmdyeckue JTUTaTypsl A1 MOAUGUIIUPOBAHUS CTAIH.

[lepcriexTuBBI ~ pa3BUTHUA  YEePHOH  METALIyPrMM BO MHOTOM  OIIPeJesIAIOTCS
BO3MOXXHOCTBIO y/IOBJIETBOPEHUS IIOCTOSHHO PAaCTyIIUX TPeOOBAHUI K KAa4eCTBY MeTajUld IIPU
MUHHMMAaJIbHOM PAaCXOZOBAaHUU JIETUPYIOWUX KOMIIOHeHTOB. C MCIIO/Ib30BaHMEM HAHOIOPOUIKOB
B KayeCTBe JINTATyP BO3MOXHO JJOCTUYb 3HAUUTEIBHOTO YIy4IleHUS XapaKTePUCTUK CTaJIH.

ITo HeKOTOpPBIM OIleHKAaM, /JOJI PpBIHKA IIPOM3BOJCTBA HAHOIIOPOIIKOB BO BCeil
WHAYCTPUHU CTaIHCOCTaBIgeT okouo 9 %, nmpu rogosoM pocre okoio 14 %.

Hanokpucrammnueckue 60pcomepKaliye JTUTaTyPhl.

Hcnonp3oBanme 6opa OTKpPHIBAET HOBBIE BO3MOXKHOCTU [JIf IIOMYyYeHHSI DKOHOMHO
JIETUPOBAaHHOM CTAJIX, SKCILTyaTal[MOHHbIe XapaKTePUCTUKU KOTOPHIOH BO MHOTHIX CIy4asx He
TOJIPKO He YCTYIIAIOT, HO ¥ IIPEBOCXOJAT YPOBEHb CBOMCTB CTAJIH, ITOJIy4aeMOM ¢ IpUMeHeHHeM
TPaZUIIOHHOMN CHCTeMBI IETHPOBAHUA.

Bop cymecTBeHHO mOBBIIaeT KavyecTBO MeTa/ula NIpu JobaBKe B UYTyH M CTaab B
xonndgectBe 10 — 102 %, a sT0 Ha 2 — 4 mopsaAKa MeHBIIE PacxXxofa APYTUX JETHPYIOUIUX
5JIeMeHTOB (HAaIpUMep, XpoMa, MapraHia, MojaubzeHa WJIM HUKeJId), IPUMeHeHUe KOTOPBIX
IIO3BOJIIET IOJNYyYHUTHh TpeOyeMoe IIOBBIIEHHWIO IIPOKATMBAEMOCTH M IIPOYHOCTH HU3KO- H
CpefHeIeTUPOBaHHOM CTAJIH.

Hcmonp3oBanue 60pa, Kak MUKPOJIETHPYIOLIETO deMeHTa, Ha CTaJleIIaBUIBHBIX 3aBOJAX
IIpaKTUKyeTCcs B Buze ¢Geppobopa M HEKOTOPHIX APyrux Oopcogepkamux nauratyp. OmHaKo
CylLleCcTBEeHHbIe Pa3auyus IUIOTHOCTH (a3 u 3HauuTenbHbIN neperpeB Metamnta (300 — 500 °C)
HaJ, TeMIIEpaTypoil JMKBHUAyCAa II€pes €ro BBITYCKOM W3 II€YM, IIPUBOAUT K JIMKBAI[UU
IIPAaKTUYECKTU BCEX KOHTPOJIUPYEMBIX DJIEMEHTOB B CIUTKe. DTO OOYC/IaBIMBAET YMeHbIIECHUE
3 dEeKTUBHOCTH «IeHCTBUA» O0pa ¥ BOCIPOU3BOJUMOCTH CBOMCTB.

ITouck HOBBIX TEXHOJIOTMYECKHX PeUIeHWH I IONyYeHHS U IpUMeHeHUS
MUKDOJIETUPYIOIINX CIIJIaBOB ¢ GopoM mpuBenHac kK civaBaM Fe-B u Fe-B-AlLOs [18]. B
KauecTBe IIMXTOBBIX MAaTepPHaJOB [JIAMONydeHUd YKa3aHHBIX CIIJIaBOB MCIIOJIB30BAJIHCH:
xopuppl xene3a u amomunus FeCls-6H20 u Al203-6H:20, 6opusiit anruzapug B:0s u caxaposa
Ci2H22011.

TpexoramHbIi TeXHOJIOTMYeCKUH Ipouecc mnonxydeHus ciuaBoB Fe-B u Fe-B-AlOs
3aKiIIovaeTca B ciefyifomeM. Ha mepBoM aTame, IIMXTOBOM PacTBOP 3aJaHHOTO PACIBLIAETCS Ha
KOPYHZOBYIO IOZAIOXKKY, Harperyio fo 250 — 300 °C. Ob6pa3syromuiics MOPOIIOK ITOMEINaeTcs B
PeTOpTy, IZe IPOUCXOAUT BOCCTaHOBIeHHe BogopozoM mpu temmeparype 800 — 870 °C (Bropoii
sram). Ha TperbeMm sTame, BOCCTAHOBJIEHHBIH IOPOIIOK IIOMENAETCS B APYTYIO PETOPTY, Ie
BEIZIep>kuBaeTca B atMmocdepe aprona nmpu 1100 — 1200 °C.

CoryacHo mokaszaHHBIM Ha Pucymkax 21 u 22 penrrenozudpakrorpammammpu 1100 u
1200 °C, dasa FeB mauunaer ¢opmuposarsca npu 1000 °C. C moBsimeHHeM TeMIepaTyphl
HayuHaeT popMmuposarbcsa Takke ¢asza Fe:B u mpu 1200 °C obpasyercs nByxdasHas cucrema
FeB-Fe:B. Omenka reomeTpu4yecKux pasMepoB HAHOYACTHUI, IIOKA3ajka, YTO OHU HAXOAATCI B
npezenax 40 — 80 M.
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FeB , 11002C, 0,5h
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Pucysok 21. Peurrenonudpakrorpamma FeB opu 1100 °C (* — FeB u ° — FesB).
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Pucynoxk 22. Penrrenogudpaxrorpamma FeB mpu 1200 °C (* — FeB u © — Fe2B).

Hanoxkpucrayinyeckve TUratypsl, Cogepkamye KOpyHz.

Ha ocHoBe anHanmmsa pe3ysIbTaToB IIPEXHUX MCCIELOBAaHUM OBLIO YCTAHOBJIEHO, YTO
HauOosblllee BIMAHME Ha CBOMCTBA CTalIM KMeeT TOIZA, KOTJa He TOJIBKO HAaHOJIHUTraTypa
pacmpeziesieHa B MeTajle OJHOPOAHO, HO U CaM{ HAHOYACTHUIBI OZHOPOAHBI II0 CBOUM
komnoHeHTaM. B MHcTuryre 6pUIn paspaborans! [19] TeXHOJIOrMH MOTydYeHHUS HAHOIIOPOIIKOB
CJIeIYIOLIUX COCTABOB:

Fe (78 — 82 Bec. %

Fe (78 — 82 Bec. %

—Co (9 -11 Bec. %) — AlO3 (9 — 11 Bec. %)

—Ni (9-11 Bec. %) — Al203 (9 — 11 Bec. %)

Fe (78 — 82 Bec. %) — Mo (9 — 11 Bec. %) — Al2Os3 (9 — 11 Bec. %)

Fe (56 — 64 Bec. %) — Co (9 — 11 Bec. %) — Ni (9 — 11 Bec. %) —
— Mo (9 — 11 Bec. %) — A:Os (9 — 11 Bec. %)

o — —
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Kpome wmeramnoB, MOAMGUUIMPYIOIUX CTalb, BCe OHU comepikaT KopyHZ. Oxcup,
QIIOMUHUA HYXXeH, 4YTOOBl 3aTOPMO3UTh BO3HMKHOBEHME [JUCIOKAIIMHA B IIpoIjecce
KPUCTAJLIM3AIUY, a TaKXKe —(pOpPMHPOBATh JOMOJHUTEIbHbIe IeHTPHI 3apOKJeHUI COBMECTHO C
atomamu Fe, Ni, Co u Mo. B xauecTBe MarepuasoB IIUXTHI MCIOIB3YIOTCS XJIOPHUIBI JKejesa,
amomuHs, Hukesa u kobansra FeCls, AICI3, NiCl: u CoCle, a Taxxxe oxkcup moaubnerna MoO:s.

Ha nmepBom stame mpomecca B HarperoMm zo 250-300 °C peakrope pa3OphI3THBAIOTCSI
BOJHBIE PACTBOPBl OTUX COEAVHEHUHM M IIOJy4aeMBIH CBIPOM IIPOAYKT BEIIEPXKUBAETCA B
Te4eHHe 2 9acoB [0 IIOJHOTO yAajeHus Biaru. [IpoMexyTOUHBIN IPOAYKT ABIAETCI CMECHIO
okcunos Fe, Al, Ni, Co, u Mo.

Ha BropoMm srame TOT MaTepuas 3arpyaeTcs B peTOPTy, IZe B BOJZOPOAHOI arMocdepe
npu temneparype 850 — 900 °C mpom3BoAUTCS CeIeKTUBHOE BOCCTAHOBJIEHUE STHUX OKCHIOB.

KoHneuHBbIH TPOAYKT — 5TO MEJIKOAMCIIEPCHBIH ITOPOLIOK.

MuKpopeHTreHOCTPYKTypHBIM HccienoBaHueM (PucyHok 23) ycTaHOBIE€HO, YTO B
IIOJIyYeHHBIX IIOPOUIKaX BCe KOMIIOHEHTHI HAXOAATCA B HAHOPA3MEPHOM COCTOSHUU U
PaBHOMEPHO pacIipefie/IeHsI B 00beMe CILIaBa, BKIIOYas OKCHJ, alIOMUHMA. PasMep HaHOYACTHI],

30 — 90 HM.
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Pucynoxk 23. Penrrenoaudpaxrorpamma HaHocmaasa Fe-Co—-Ni-Mo—-ALQO:s.

KoMnosnunuii HaHOCTPYKTYyPHOTO yIJIepoia C MeTaJUIaMHU.

Ha TenmeHmuio GBICTpOpAcTyIIero MHTepeca K HaHOMaTepHajgaM Ha OCHOBe yIJIepoja
WMHCTUTYT OTKJIMKHYJCA pa3spabOTKON TEXHOJNOTUM IIONy4YeHUS YTIEPOLHBIX HAHOCUCTEM,
nerupoBaHHsix Merautamu [20, 21]. KoHkpeTHO, yrieposHble HAaHOBOJIOKHA M KJIACTEPHI,
JleTUpOBaHHBIe (PepPOMArHUTHBIMU MeTa/UIaMH, IIOJYYalHCh B IIpOllecce ITMpOJM3a Iapa
IUKJIMYECKOTO THIPOBOZOPOZA, a TAKXKe XUMHYeCKUM ocakzeHueM u3 napa (XOII).

PucyHox 24moxaspIBaeT CO3ZAHHYIO JIA OTOH I@IH TEXHOJOTUYECKyIO YCTaHOBKY.
MertasioyriaeposHble HAaHOKOMIIO3UTBHI IIOJNIYYalOTCA W3 OSTUJIOBOTO CHUPTAa (WIM JAPYTOTO
TUApPOBOZOposa) B TemmeparypHoil o6mactu 500 — 1200 °C. M3meHeHuMeM TeMIepaTypBL,
MApIUAJIBHOTO JaBJIeHUsA KHCJIOPOAA, KOJIWYeCTBA (MJIM ILIOTHOCTH) THAPOKApOOHA, CKOPOCTH
IepeMeleHusA ITHMPOJIU30BAaHHON MacChl B pPeaKTOpe M YCJIOBUA HA IIOBEPXHOCTH IOJJIOXKKHU
BO3MOXXHO IIOJIy4aTh HAaHOCUCTEMBI CAaMbIX Pa3JIUYHBIX pasMepoB U ¢opm. B wactHocH, mpu
temuneparype 700 °C Ha ’xeyle3HOH MOAJIOKKE IIOJY4YalTHCh IIOYTH CcepudecKre yrieposHBbIe
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HaHOYacTUIBl co cpegHuM auamerpoM 80 — 200 HM ¥ HAaHOTPYOKM OKOJIO 1 MKM B AJIUHY U
200 am mo pmmamerpy (Pucymox 25). Oror marepuan umeer GopMy ¢eppoMarHUTHOTO
HAaHOIIOPOINKA, JIETUPOBAaHHOIO Jkeime3oM 1o ypoBHA 2.1 ar. %. B wacrumax xemeso
CKOHIIEHTPUPOBAHO B IIeHTPE, a B HAHOTPYOKaxX — Ha OZHOM U3 KOHI[OB.

6

o> L.em

Pucynoxk 24. Texnonorudyeckas yCTaHOBKa

AJIg IIOJIy9€HM A HaHOCHUCTEM YTJIepOoJd.

Pucynox 25. M306paxeHrs MarHUTHOTO IIOPOIIKA

HaHOYTJIepO/ia, IETUPOBAHHOTO JKeJIe30M.

M HaxkoHel, HECKOJIBKO CJIOB O  TNPUMEHEHUAN  MeTaIIOKepPaMUIECKUX
HaHOKOMIIO3MIIMOHHBIX MAaTE€PHAJJIOB, IIOJYYE€HHBIX XHUMHYIECKHM METOAOM. Hepqu/ICJII/IM
BO3MOXKHBIE 00JIaCTH IPUMEHEeHNs STUX MeTa/UIOKePaMUIeCKUX MaTepHaIoB.

Ob6pasyronuecs B JHUraType COeAWHEHUs XXejle3a U OOpa WUIpaioT POJIb JUCIIEPCHBIX
BKJIIOYEHWH B MeTaJIMYeCKOM MaTpUIle W, CJIeJOBaTeNbHO, SABJIAIOTCA 5(PGeKTUBHBIMU
G6aprepaMu [ IBIDKYLIMXCSA IPHU ILIACTHYeCKOM Aedopmanuy puciaokanuii. Ho onHm He
6JIOKUPYIOT IepeIBIDKEHIE [LUCIOKALMM, YTO O3HA4YaeT IIOBBINIEHWE IIpefiesia IIPOYHOCTH
Marepuasa ¢ COXpaHeHUeM UCXOAHbIX IUIACTUIECKUX XapaKTePUCTUK MaTPHILBL.
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CrmaBer Fe—-Co-Ni-Mo—-Al:O3 MOXXHO HCHIONIB30BaTh [AJS MOSUGPUIMPOBAHUSI CTAIHU
ITyTeM IIPOJYBKH >XHAKOTO METaJIIa B KOBIIE.

Yro >xe KacaeTcAd MeTa/JIOYIJIEPOJHBIX HAaHOKOMIIO3UTOB, M3 HHUX MOXKHO IIOJyd4aTh
MeTaJLTBl ¥ UX OKCUJBI BBICOKOH YHCTOTBHI.

B saxiroueHue ele pa3 IepevyrcINM Te OOBEKTH HaHOMAaTepUaIOBeJeHNUA, 10 KOTOPBIM
BeZYTCSA KCCIENOBAHUA U Ppa3paboTKH B VHCTUTyTe MeTaUIyprH¥M M MaTepUaIOBeIeHUsS HM.
®epaunanga TaBazze. Dto:

° yAapoCTOiKYe ¥ OpOoHeBble HAHOKOMIIO3UIIMOHHBIE MAaTePHAaIbl, IIOTyYeHHBIE METOJaMI
CBC B ¢popme rpasieHTHBIX ¥ METKOCTPYKTYPHBIX KePaMUK U MeTaIJIOKepaMUK;

° Kapbus u HuUTpuny Oopa u Ipyrue OGopcozepiKauiye KepaMUKH, IIOJydaeMble
XMMHYeCKUMU MeTOZaMH B HAHOCTPYKTYPHOH popme, B TOM UuCIIe, B COCTaBe HAHOKOMIIO3UTOB;
U HAaHOKOMIIO3UIIMIOHHBIE MeTa/UIOKePaMUKH, II0JydaeMble XUMUYECKHMMH MeTOJaMU M
IIpefHA3HAYEHHBIE I JINTATYP YIPOYHEHOH CTaIH, a TaKXKe IIOJyYeHHSI YUCTBIX METAJIOB U
MeTaJIJIOKCHIOB.

MBI OTKPBITHI /JI1 PasBUTHUA COTPYLHUYECTBA IIO BCEM STUM U CMEXHUM IIpoOieMaM C
IPYTHMH HCCIe0BaTeIbCKUMHI HHCTUTYTaMH, ITpe/iCTaBJIeHHBIMU Ha JaHHOW CeCCHM.
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AnxHOTanusa

BriepBere  mcceoBaHAa  OTHOCHTENbHAsA ~ MeXaHMYeCKas  IIPOYHOCTh  TOHKHX
KpPHUCTAINYeCKNX IUIeHOK ErTe, IPHUTOTOBIEHHBIX METOZOM BaKyyMHO-TEPMUYECKOTO
WCIIAPeHUsA W3 JABYX HE3aBUCHUMBIX MCTOYHHUKOB U METOJOM BaKyyMHO-TEPMUYECKOTO
HCIIapeHU NpeABapUTENIbHO CHHTE3NPOBAHHOTO Marepuaa. Iloka3aHo, 4YTO Ha OTHOCHUTEIBHYIO
MeXaHUYeCKyI0 IPOYHOCTh IUIEHOK OOJIBIIOe BJIMSIHME OKa3bIBAaeT METOZ, IIPUTOTOBIeHUd. B
YaCTHOCTH IUIEHKH, IIPUTOTOBJIEHHbIE MeTOOM AMCKpeTHOro ucrnapenusd, umeror Ha 30 — 35 %
0osiee BBICOKYIO MEXaHMYECKYIO IIPOYHOCTH, UeM IUIEHKH, IIPUTOTOBJIEHHBIE HCIIAPeHHEM U3
IBYX HEe3aBUCHUMBIX HWCTOYHUKOB. Ilo-BMIMMOMYy, 3TO CBA3aHO C TeM, 4YTO IIJIEHKH,
IIPUTOTOBJIEHHbIE  METOJOM  BAaKyyMHO-TEDMHYECKOTO  WCIIApeHUs  IIpeJBapUTEIHHO
CHHTE3UPOBAaHHOTO MaTepraa, MMeIOT 60jiee COBEPLUIEHHYIO KPUCTAUIMYECKYIO CTPYKTYPY.

CoenmuHeHus pegKO3eMeJIbHBIX JJIEMEHTOB C  JJIEMEHTaMM  LIECTOM  IPYIIIBI
IIePUOANYECKO TabIUIBl MMEIOT HWHTEpeCHbIe 3JIeKTpodU3NIecKre, OINTUYECKHUe U ApyTrue
coiicta [1, 2]. Ho mx MexaHuWuecKue CBO¥iCTBa He u3ydeHSHI. [lociesHee BpeMs GOJblIOe
BHUMaHUe y/eJIfeTCa MeXaHNYeCKUM CBOMCTBAM IUIEHOK, ITOCKOJIBKY YaCTO IUIEHKU, UMeIOIue
HMHTEepeCHBIe JJIEKTPHYeCKIe CBOHMCTBA, OOHAPY)XMBAIOT HU3KYI0 MEXaHUYECKYIO IIPOYHOCTH, YTO
OrpaHMYHMBAaeT WX IPAaKTU4YeCKoe INpuMeHere. llenbio IpefCcTaBleHHON pabOTHI SBJISLIACH
p33pa60TKa TEXHOJIOTUM IIPUTOTOBJIE€HHNSA TOHKHX KPUCTA/UIMYECKHX IIJIEHOK ErTe wma
Pa3IUYHBIX ITOJJIOXKKAX METOZOM BaKyyMHO-TEPMUYECKOTO HCIApeHUsA U3 ABYX HE3aBHCHMBIX
HMCTOYHUKOB 5pOUA U TeJIypa, U METOAOM AUCKPETHOTO BaKyyMHO-TEPMHYECKOTO HCIIapeHUS
IIpe/iBAPUTEIBHO CHUHTe3UpOBaHHOTO coenubenus ErTe, u ucciesoBaHue MX OTHOCHUTENIBHOM
MeXaHMYeCKOH IIPOYHOCTU METO/IOM IIOJTHOTO UCCTHPAHU.

IInéukn ErTe wHampuraamce Ha TOAJIOKKAX M3 CHTaNIA, HMelomero ¢Gopmy
IIPAMOYTOJIBHOTO Iapasenenunezna pasmepamu 8 x 15 x 1 mm. Ilepexs mpurorosieHreM IIeHOK
IIOJIOKKH YUCTYIINCH XMMUYECKH B CMECH a30THOM U COJITHOM KHCJIOT, 3aT€M IIPOMBIBAJINCH
ITUCTUJTMPOBAaHHOM BOZOM ¥, HEIIOCPEACTBEHHO Ilepesi HallblIeHUeM IIJIEHOK, IPOrPeBaIucCh B
BakyyMme 710 650 K B tewenme 30 muu. Kak mokasanam OmIBITEI, Ha IOJJIOXKAX, 0OpabOTaHHBIX
TaKMM CIIOCOG0M, 0OPa30BBIBAIOTCS ILIEHKU C XOPOIIeil afre3uei.
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Relative mechanical durability of thin erbium monotelluride films.

[Tpy mpuroToBIeHMH IIEHOK METOZOM BaKyyMHO-TEPMHYECKOTO MCIIApeHUsS U3 JBYX
He3aBUCHMBIX MCTOYHUKOB, UCIApeHHe dpOUI U TeJUrypa IPOBOJUJIOCH COOTBETCTBEHHO IIPU
temuneparypax 1250 u 645 K, paccrosHus oT mcmapuTesneil [0 IOADKKH ObBLIM PaBHBI 55 u
40 MM. Yron HAaKJIOHAa OCH HCIIApHUTeNs 5pOUA IO OTHONIIEHHI0O K HOPMAaTH IIOBEPXHOCTHU
mogymoxku pasHAnca 20°, a wucmapurena Ttemnypa — 35°. CKOPOCTh HambUIEHUA ILIEHOK
u3MeHsTack B mpegenax ~ 30 — 45 A / ¢, temmeparypa mognoxku — B mpegenax 200 — 650 K B
PasJIMYHBIX IUKJIAX HaIlbLIeHUA. ToIIHA TPUTOTOBIEHHBIX IJIeHOK cocTasiana 0.5 — 1.9 mxm.
B xavecTBe MCTOYHHMKA dPOUS UCIIOIB30BAIN MeTa/UIMYeCKuii apouil mapku DpM-1, B koTopoit
cymmaproe cogepkanue Dy, Ho, Tm u Y paBusmace 0.1 %. Mcxomusrii marepman Takxe
cogepxan Fe 0.01%, Ca 0.01%, Cu 0.03%, u Ta niu Mo 0.02%. VictounnkoM Tesrypa CIIy>Kui
tesutyp Mapku TcU, ¢ cogepxanuem terypa He MeHblre 99.999 at. %.

Temmeparypa  HOANOXKM  MeHBIIE  ONTUMAJIBHOH  MellaeT  pPaBHOMEPHOMY
pacIpesieIeHUIO aIcCOPOUPOBAHHBIX aTOMOB. B pesyibpraTe 06pasyioTCs «OCTPOBKH» PasJIMYHOM
TOJIIMHBI, KOTOpble B IIOBEPXHOCTHOM CJIOE B KaueCTBe OTZEJbHONH (as3sl cofepxkar
MeTa/TNYeCKre BKIIOYEHUsS B BUJe YaTHUIl 5pOuA, a MOC/IeLylIye CJIOU ABJIAIOTCI MaTepPHaIOM
cocraBa ErTe. [Ipu sToM IteHKM ABIAIOTCA ABYX(a3sHBIMU: IOBEPXHOCTHBIN CJIOH COZEPKUT
Er:Tes, a B Hmxuem ErTe mpu Temeparypax Bbllle ONTUMaJbHOM IIPOMCXOJUT peUCIIapeHHe
HOBBIX a/COPOMPOBAHHBIX aTOMOB. MM HOTOYMCIEHHBIE OIBITHI ITOKA3aJM, YTO ONTHMAaJIbHON
temnepatypoit ucmapenus sapiagerca 580 K, Tonpko mpu Temeparypax mogmoxku 580 K
obpasyTcs omHodasHsle mIeHKH coctaBa ErTe, XOTsS 4acTo O4eHb TOHKUH IPUIIOBEPXHOCTHBIN
cioit cogepkan ErTes, uro, mo-BuauMOMy, BBI3BAHO TeM, YTO IIOBEPXHOCTh IUIEHKU He
yZAaBaJIOCh 3alIUTUTH OT IAPOB TeJUIypa. DTOT IOBEPXHOCTHBIN CJIOH yAAIAIN MeXaHHIeCKOH
mosupoBKOH. Kak ToOKasamm peHTITeHOBCKME U 3JIeKTpOHOrpadudecKue MCCIeJOBaHHUS,
IIOJIMPOBKA BBI3BIBAaeT aMOP(GU3ALUIO TIOBEPXHOCTH TTyOmHOI nopsagka 5 - 103 mxwm.

CormacHo  peHTreHO-ZU(PPAKTOMETPUYECKUM  MCCIENOBAHUAM, IUIEHKM  HUMEIOT
CTPYKTYpy MOBapeHHO#t comu ¢ moctosHHoi penrerku 6.03 + 0.03 A, wro xopomo cormacyercs c
JUTEePaTyPHBIME JAHHBIMHU )11 06beMHBIX KpucTasios ErTe: 6.021 A [1].

IInenxkn ErTe momydyeHsI Taxke MeTOAOM JUCKPeTHOTO BaKyyMHOIO TepPMUYECKOIO
WCIIAPeHUA IIpefiBApUTENBHO CHHTE3MPOBAHHOTO Marepuana. lIpy HambUIeHHMM IIJIEHOK
TeMIIepaTypa ucnapurens 6srra pasHa ~ 2800 K, remmeparypa nmognoxku — 570 K. B xauecTse
IIO/IJIOKEK, KaK M IIPU IIPUTOTOBJIEHUU IIJIEHOK METOZOM BaKyyMHO-T€PMHYECKOTO MCIapeHMs,
HCIIO/IB30BAIMCh TIOIOXKKA M3 cuTtamra. CKOpOCTh HambLieHMs cocToBisma ~ 40 — 43 A / c,
tonmyuHa IieHoK — 0.6 — 2.0 MxM. AHanu3 peHTreHOAZM(PAKTOTPaMM U 3JIeKTPOHOI'PAMM
IIOKasaJl, 4YTO BCe IUIEHKM HMEIOT CTPYKTYpPy IIOBAPEHHOH COJMM C IAapaMeTpOM peIIeTKH
6.03 +0.03 A, uro xopomro COTJIaCyeTCsA C JIUTePaTypPHBIMU JAHHUMHU U C ZAHHBIMHU JIJIS IUIEHOK,
IIOJIy4YeHHBIX METOZOM BaKyyMHO-TEPMHYECKOTO HCIApeHHs U3 /[ABYX He3aBHUCHMBIX
HMCTOYHUKOB KOMIIOHEHTOB.

B nmocnenHee BpeMs GOJbIIOE BHUMAaHUE YIeII€TCS U3yYEHUIO MEXaHUYEeCKUX CBOMCTB
TOHKHX IIJIEHOK COG,I[I/IHeHI/IfI PEAKO3EMETBHBIX 3JIEMEHTOB, 9YTO BBI3BAHO T€M, ITO 9dCTO IVIEHKH,
VMMeIOIYie MHTePeCHbIe 3JIeKTpUYecKye, ONTUYECKHe U APyTHe CBOICTBA, 00Jafal0T HU3KUMU
MeXdHNYeCKNMU CBOfICTBaMI/I, 9TO 3HAYHUTEJIPHO OTPAHHNYMBAET UX IPAKTHIECKOE IIPUMEHEHNE
B Pa3JIMYHBIX IPHOOpax.

Cy1recTByIOT MHOTHE CIIOCOOBI M3y4YeHUsS MeXaHUYeCKUX CBOMCTB IUIEHOK, U3 HUX HAMH
BeIOpaH MeToz mosxHoro uccrupanus [5]. Cymuocts metoga (PucyHok 1) 3axmrogaercs B ToM,
YTO O MeXaHHYeCKOMu IIPOYHOCTH IUIEHKH H O CTEII€EHN €€ IIPMJIHNIIAHMA K IIOAJIOXKKE MOXKHO
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CYZUTB II0 TOH paboTe, KOTOPYIO HY>KHO 3aTPaTUTh AJII TOTO, YTOO ITOJTHOCTBIO CTEPETH IUIEHKY C
IIOBEPXHOCTH MoIoxKu. Ha uccienyemyto mienky (2), onupaercs cTepxeHs (6), Ha HIDKHHUI
KOHell, KOTOPOTO IPUKPEIIAIT paboumii Marepuaa — KyCOK 3aMIIM, Ha KOTOPBIM HaHeceHa
ajMasHas macra. Ha crepxeHs KiazeTcs Tpy3 ompenerleHHOro Beca. COOTBETCTBYIONLIVIM
MexaHU3MOM (7, 8) cTep>keHb IIPUBOAAT B IIOCTyIIaTeIbHOE ABIDKEeHHe B3aJ, U Biepes,. Harpyska
Ha IIJIEHKY ITO/I0MpaeTcss TaKUM 00pasoM, YTO caMas HelpOYHas IVIEHKA CTUPAETCA C IOAJIOKKU
IIOCJIe HECKOJIBKUX JeCATKOB IIPOXOXKIEHUY HATrpPYy3Ku (IpU yBeJIWYEHUM YUCJIA MPOXOXAEHUU
omnOKa SKCIEPUMEHTa YBeIUYNBAeTCA). TakuM 06pa3oM, IPOYHOCTH IIJIEHKH IIPU ITOCTOSHHOMN
HarpysKe IPaKTUYeCKU HU3MePSeTCA YUCIOM IPOXOXAEHUH, KOTopoe TpeOyeTcs A IIOJTHOTO
WCTHPAHUA IUIEHKU C IOJJIOXKH.
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Pucynox 1. Cxema ycTaHOBKY JIJI HCCJIeZIOBAaHUA OTHOCUTEIBHON MeXaHN4ecKOoi
HPO‘-IHOCTI/I IINIEHOK MeTOAO0M IIOJIHOTI'O I/ICCTI/IpaHI/IH. 1- MaCCHBHAA IIJINTA,
2 — ucciemyemas IJIeHKA; 3 — CTOHKa; 4 — IPYXWUHA; 5 — TUCK; 6 — CTepXKeHb;
7 — 3JIeKTPOABUTATENb; § — DIIeKTpUUYECKHe IIyHanbla; ¥ 9 — 610K DJIeKTPOIIUTAHNUA.

MaccuBHas mauTa (1), Ha KOTOpO# KpeIuTCs HccieyeMas IleHKa (2), 5JIeKTpOMOTOpOM
(7) mpuBOAMTCA B IIOCTyIaTeJIbHOe /[BIDKeHMe B3aj u Buepen. Ilo cepepune IuThl B
IT-o6pasHsIii cTosK (3) mepeMenraeTcs crepxeHsb (6), Ha HIDKHEM KOHIIe KOTOPOTO 3aKpeIieHa
paboyas IOBEPXHOCTH, a HA BepXHel — AucK (5), Ha KOTOPBIN YKJIa/JbIBA€TCA COOTBETCTBYIONIMIL
rpys. Mexzay puckom u croskoM (3) moMelmleHa IpykuHa (4) KoTopasd mosoOpaHa TaKHM
o6pazoM, ITO cTepkeHb (6) KacaeTcs MOBEPXHOCTH IUIEHKU, HO He JaBUT Ha Hee KOIja CTeP>KeHb
He HarpyxeHa. [Ipucmocobnenus (8) ABIAIOTCA ILTymambllaMH, NPU COIPUKOCHOBEHHU C
KOTOPBIMH IINTAa MeHSeT HalpaBleHue ABIDKeHUA. B kopobke (9) BMOHTHMpOBaHa cxema
5JIEKTPUYECKOTO MUTaHUA ycTpoiicTBa. Ha kKoHIe cTepxkHA (6) 3aKpeIllIeH 3aMIIeBBIH MaTepua
TOJIIHON He Gosiee 1 MM, Ha KOTOPBIM HAHOCHUTCS ajJMasHasd I1acTa, KOTOpas CTUPAeT IUIEHKY C
MOJJIOXKKHU TIpU ABIDKeHMH ILIATHL (1) ¢ 3aKkpemsiéHHONM Ha Hel HCCiaefyeMOHl IIEHKOH (2).
Harpyska Ha IIeHKy IOz0upaeTcs TaKMM 00pa3oM, YTO caMas HelpO4YHas IUIEHKA CTUPAeTCH C
MOJJIOKKH IIOCTe HEeCKONBKHMX JeCATKOB IIPOXOXKAEHUH Harpy3ku (IIpH yBeJWdYeHHU JHCJIa
IIPOXOXK/IEHUH OIIMOKA DKCIIepUMEeHTAa yBeJIMYMBAeTCH). TakuM 0Opa3oM IPOYHOCTh ILIEHKH
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I[P IIOCTOSHHOII HAarpy3Ke IIPaKTUYeCKU W3MepAeTCS YUCIOM IIPOXOXIEHUH, KOTOpoe
TpeOyeTcs AJIA IOJTHOTO UCTUPAHUS IUIEHKHU C IIOJJIOXKKH.

Hamu m3ydyeHa oTHOCHTeNIbHAas MeXaHMYecKasd IIPOYHOCTh TOHKUX IleHOK ErTe mo
BBIIIEYKAa3aHHBIMU MeTogaMu. [IOCKOIBKY [JA ONMCAaHHON METOAMKH pelaloluM (aKToOpoM
SABJISETCS TOJIIVHA IIEHKH, BCe MCCIeNyeMble HAMH IIJIEHKHW MMeTH OJMHAKOBYIO TOJNLIUHY —
1.1 mxm. Harpyska taxxe 6puta oguzakoBoil u cocrasiasia 350 r. B Tabmume 1 mpuezmens:
pe3yJIbTaThl M3y4YeHUs OTHOCHTENBHON  MexaHWYeCKOH mpoyHoctn IuteHOkK  ErTe,
TIPUTOTOBJIEHHBIX Pa3IMYHON METOAMKON Ha CUTAJIOBOI IOMJIOXKKE.

Ta6auna 1. OTHOCUTeIbHASA MeXaHWYecKas IPOYHOCTh IIeHOK ErTe,
IIPUTOTOBJIEHHBIX Pa3JIMYHOM METOLUKOM Ha CUTAJIOBOM IOJJIOXKKE.

Yucio
Mertop, Tonmuna
Cocras Harpyska, | mpoxozos
IIPUTOTOBJIEHUA IVIEHKH,
IJIEHKH T IJIA TOJTHOTO
IIJIEHOK MKM
HMCCTUPAHUA
Hcnapenune
U3 IByX
Y ErTe 1.1 350 60 — 64
HEe3aBUCHMBIX
HMCTOYHHUKOB
JuckperHoe
HCIIapeHue
IIpe/IBapUTeIbHO ErTe 1.1 350 121 -126
CUHTE3MPOBAaHHOTO
COeTMHEeHUA

Kax Buzano wu3 Tabmumsr 1, oTHOocuTenpHas MeXaHMYeCKasd IIPOYHOCTh ILIEHOK,
IPUTOTOBJIEHHBIX /JUCKPETHBIM BaKyyMHO-TEPMHYECKMM HCIIAapeHHeM IIpe/BapUTeNbHO
cuHTe3upoBaHHOTrO Marepuazna mouru Ha 30 — 35 % Gosrblle MeXaHUYECKOW IPOYHOCTH IUIEHOK,
IIPUTOTOBJIE€HHBIX BAKYYMHO-TEPMHUYECKHNM HMCIIAp€HHEM N3 ABYX HE3dBHCHMBIX HCTOYHHNKOB.
Takas pasHuma MoxeT OBITH BbI3BAaHA TeM (AKTOM, 4YTO, KaK IIOKA3aJud pPEHTTeHO-
mudpaKToMeTpUYecKre MCCIe0BaHNA, KPUCTAJINdecKas pelleTKa IIJIeHOK, IIPUTOTOBIeHHBIX
TUCKPEeTHBIM HCIIapeHHeM, Oojiee cOBeplleHHa, YeM CTPYKTypa IUIEHOK, IIPUTOTOBJI€HHBIX
HCTapeHueM U3 JBYX He3aBHCMBIX HCTOYHUKOB. [loyueHHbIe pe3yIbTaThl XOPOILIO COTIACYIOTCA
C JaHHBIMU paboTsr [3].
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Abstract

In nanomaterials, the mobility of diffusion through grain boundaries increases by 3 — 4
orders of magnitude. Besides, a nanostructure blurs the clear boundary between the phases.
Nanoparticles are arranged between the grains. Nanocrystalline structure in the grains border
regions increases the strength and wear-resistance of a metal. This is confirmed by the structure
of chrome-silicon steel containing 0.4 % C and modified with nano-Al:Os. From the results of
electron microscopic examination (X 20000) of the rolled sample, the nano-Al2Os particles are
located between grains. The hardness of these samples as compared with convenient ones
increased from 28 to 39 HRC. In the development of nano-technology of modification highly-
carbon-manganese austenitic steel (Hadfield Steel) by a nano-reagent, it’s turned out that the
effectiveness of the nano-particles impact essentially depends on the uniformity of their
distribution in the metal. Testing for wear resistance and mechanical properties of Hadfield
Steel and medium carbon chrome-silicon steel revealed that the nano-reagent modified steels
are characterized by a high wear resistance. Increment in wear resistance is 22 — 26 %. Also it
was confirmed the positive effect of oxide nano-reagents on the mechanical properties of this
steels (for the cast and pressure-treated). The tensile strength increased by 28 % for foundry
Hadfield Steel and by 22 % for rolling chrome-silicon steel. New nano-composites are
developed for steel modifying: Fe—Al.0s—Co, Fe—Al:03-Ni, Fe-Al20s—-Mo, and Fe—-Al2Os-B. By
X-ray diffraction peaks (Scherer method) the size of the nano-particles was estimated as 30 — 80
nm, which is also confirmed by electron microscopic examinations.

1. Introduction
Currently, the large-scale influence of nanotechnological research made on various fields
of human activities fully expresses the priority of this direction. Its significance is confirmed by

the six Nobel prizes, which have been awarded in nanotechnology.
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Today, there is no single standard definition of “nanotechnology”. Although there is the
definition given by ISO Technical Committee (TC 229, 2010 — 2012), according to which the
term “nanotechnology” is used for processes occurring on a scale of 1 — 100 nm,this is an
empirically chosen size-scale, at which the properties of the particles,as a rule, become
dependent on the size of the constituent of nano-particles.

In this paper, we briefly discuss the nano-modification of liquid metal alloys by the
nano-sized materials and their impact on the physical and chemical properties of these alloys.
Some general information is presented [1 — 5] as well, as original results of the research
conducted at the Ferdinand Tavadze Institute of Metallurgy & Materials Science (Tbilisi,
Georgia) [6 — 10].

2. Experimental part

Experimental part is presented by electron-microscopic, microstructural and X-ray
diffraction researches. Tests of hardness, wear resistance and mechanical properties of the
metals (Hadfield Steel, medium-carbon chrome silicon steel) modified by nano-oxide reagents
are carried out.

Steels were melted in the laboratory induction furnace with capacity of crucible of 7 kg.

Process of receiving nano alloys consists in the following: initial burdening solution of
the set stoichiometric structure is sprayed on the heated corundum substrate. The formed
powder is located in a retort, where there is a reduction by hydrogen.

3. Results and discussion

Currently, the target markets need low-alloy structural steels, possessingthe certain
strength andplasticity. But capabilities of significant improvements in these properties based on
the conventional approaches are too limited. Usually, the increase in strength causes a decrease
in the impact toughness. As for the nano-structured materials, for them these properties can
increase in parallel (Figure 1).

In this relation, it should be noted that the introducing of nano-modification agents is
not always appropriate. For example, if we add the carbon nano-materials (fullerenes and
nanotubes) in the ladle with molten iron, the properties of the metal are almost not changed
since iron forms carbides. It turns out that fullerenes and nano-tubes form the conventional
carbides. Therefore, a more promising direction of research for carbon nano-materials can be
such as the modification of copper. For iron alloys commonly used nano-scale oxides are ZrOa,
AlOs or Y20s. At the same time the most important condition for success is the uniform
distribution of nano-particles in the metal.

As for the Table 1, it shows the important structural element size-dependent properties
of steel products. This phenomenon may be explained by the crystalline lattices structure. With
deep grinding increases the specific free surface of the object so that the atoms arranged on the
surface begin to dominate the bulk atoms, the physicochemical properties (e.g., melting
temperature and heat,electrical conductivity, etc.) become dependent on the sizes. In other
words, the object moves in a nano-state. According to modern concepts, anobject in the nano-
state is predominantly characterized by icosahedral arrangement of atoms. This structure has
the highest density (Figure 2).
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Strength 0\

e Nanostructured object

Conventional object

S
>

Plasticity
Figure 1. Strength and plasticity of
conventional and nanostructured objects.

Table 1. Some properties of metal alloys dependent on structural element size.

Property Material responses reducing in structural element size
Phase transition | Reducing in transitions, in particular, melting temperatures
Kinetic Abnormally intense diffusion at grain boundaries

. Increasing in tensile strength, hardness, fracture toughness,
Mechanical & & &

wear resistance. Revealing superplasticity at high temperatures

Figure 2. Fullerene Ceo (icosahedral arrangement
of atoms), 2 — icosahedron, and 3 —icosahedron
mapped on a plane (20 regular triangles).

The empirical formula designed to calculate the melting temperature of nanostructured

object is as following:
Tin (nanostructured material) = Tme (1 — &/ D),
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whereDis the nanoparticle’s size, £ is a constant dependent on material density and surface
energy at melting temperature, 7mn is the melting temperatureof thenanostructured material,
and 7. is the melting temperatureof the conventional (crystalline) material.

According to this formula, if the component is of size of 20 nm, for example, for TiN-
AIN and Ti-TiB: alloys, the melting temperatureof the eutectic composition decreases by 600
and 400 K, respectively.

In nano-materials, the mobility of diffusion through grain boundaries increases by 3 — 4
orders of magnitude. Besides, a nanostructure blurs the clear boundary between the phases.
Nano-particles are arranged between the grains. Nanocrystalline structure in the grains border
regions increases the strength and wear-resistance of a metal.

EHT = 3.00 kv Signal A = InLens Date :16 Apr 2014
WD = 3.2 mm Mag= 2154 KX Time :12:00:30

Figure 3. Microstructure of 0.4 % C chrome-
silicon steel modified by nano-Fe—-AL:Os (x 20000).

Figure 4. Microstructure (X 400) of medium-carbon (0.4 % C) lowalloy
chromium-silicon steel after rolling: 1 — without dispersive strengthening
and 2 — dispersively strengthened with nanocomposite Fe—-AL:Os.

This is confirmed by the structure (Figure 3) of chrome-silicon steel containing 0.4 % C
and modified by nano-ALl:Os. From the results of electron microscopic examination (X 20000) of
the rolled sample, the nano-Al20s particles are located between grains.The hardness of these
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samples as compared with convenient ones increased from 28 to 39 HRC.The microstructure (X
400) of these steels is shown in Figure 4. It is evident that grains in dispersive-treated with Fe—
Al20:s steel are finer.

The Figure 5 shows the relation between strength and plasticity for two groups of
conventional steels: high-strength steels and low-carbon steels with good plastic properties.

1
GPa ¢ —
4
2 1 '” L ¥
|' o/ 3
- g/_z
' : E | >
10 20 30 O,%

Figure 5. Mechanical properties of conventional and nanostructural
steels: 1 —high-strength conventional steel, 2 — low-carbon conventional
steel, 3 —treated in different thermal regimes conventionalcorrosion-
resistant steel CO08Cr18N10T1, and 4 — nano-structured
corrosion-resistant steel CO08Cr18N10T1 without heat treatment.

Among the high-strength steels there are included the steels with tensile strength
greater than 1500 MPa. Main fields of applications of these steels are: construction, oil and gas
industry, nuclear power production, ship-building, and machine-building industry.

The low-carbon steels are steels in which the carbon content is not more than 0.25 %
and the tensile strength is of 150 — 600 MPa (including thermally hardened steels). These steels
are characterized by good plasticity (elongation & at rupture is within 20 — 30 %) and they are
mainlyused in the construction industry, ship-building, and machine-building industries.

For comparison, the same Figure 5 shows results of the mechanical testing of steel
CO08Cr18N10T1 (AISI-321, USA). Tests have undergone a thermal processing in different
modes of conventional and nano-structured steels without heat treatment. The difference in
results is evident.

Table 2. Results of the bend-testing under constant load and temperature in
dispersively strengthened with yttrium oxide particles of size of 5 — 10 nm
conventional steel containing 0.12 % C, 13 % Cr, 2 % Mo, 1 % Nb, 1 % V, and 1 % B.

7, °C | Loadg, MPa Steel Period of destruction, h

650 140 . C.onventlonal 392 .
Dispersively strengthened | 3000 (no destruction)

700 120 . C.onventlonal 2.3
Dispersively strengthened 187
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Interesting results are given in Table 2. The objects of study were conventional steel
containing 0.12 % C, 13 % Cr, 2 % Mo, 1 % Nb, 1 % V, and 1% B, and steel reinforced with
nano-sized yttrium oxide particles, the content of which reached 0.5 wt. %.

Nano-particle size was 5 — 10 nm. Steels at temperatures of 650 and 700 °C were loaded
at 140 and 120 MPa, and the test was performed in a state of tension bend before the
destruction of the sample. The results show a clear advantage of the modifying the steel by Y20s.

Weight losses, g

15003000 genn .
42006000 7500 4,
Distance. m

Figure 6. Products of wear of medium-carbon (0.4 % C) chromium-silicon (Cr-Si)
and carbon-manganese austenitic (Hadfield) with conventional and nano-oxide steel
structures: 1 — Cr-Si traditional steel, 2 — Cr-Si steel with nano-oxide (Al20s) structure,
3 — a Hadfield conventional steel, and 4 — Hadfield steel with nano-oxide (Al20s) structure.

Os, MPa 5. %
1400
1200
1000
800
600

400

200

Figure 7. Mechanical properties of a medium-carbon (0.4 % C) silicon—
chromium (Cr-Si) and carbon austenitic manganese (Hadfield) and with
a traditional oxide nanostructure of steels 1 and 5 — Hadfield steel with
nano-oxide (Al:Os) structure, 2 and 6 — conventional Hadfield steel, 3 — Cr-Si
steel with nano-oxide (A2Os) structure, and 4 — Cr—Si conventional steel.
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Figures 6 and 7 show the results of study of wear resistance and mechanical properties of
carbon-manganese austenitic (Hadfield) steel and medium carbon chrome-silicon steel

Testing for wear was conducted in conditions of dry friction. On the abscissa axis of the
diagram the distance is shown. For clarity, the rotation rate is mapped on a line. The ordinate
axis shows the weight losses. The testing revealed that in both cases, the nano-reagent modified
steels are characterized by a high wear resistance. Numerically increment in wear resistance is
22 — 26 %. It should be noted that the diagram clearly shows the hardening property of
Hadfield steels. This applies to both types of steel, conventional and modified with Al:Os.

The mechanical properties of Hadfield steel (Figure 7) are presented according to the
results of industrial smelting. The tensile strength increased by 28 % (from 629 to 876 MPa),
elongation — by 27 % (from 24 to 33 %). These results are consistent with the general character
of steels hardened by nano-reagents, as shown in Figure 1.

Chrome-silicon steels were investigated in the Laboratory. After the rolling, the tensile
strength of chromium-silicon steel hardened with aluminum oxide was 1208 MPa, which is
exceeds in 22 % the figure of a conventional steel of the same grade (943 MPa).

Thus, the presented results of the study confirm the positive effect of oxide nano-
reagents on the microstructure, mechanical properties and wear resistance (for the cast and
pressure-treated) steel.

There are known several methods for the preparation of nanocrystalline materials. These
include, for example, mechanical grinding, blast method, condensation from vapor, chemical
processes, etc. Also, the combined methods are used. Despite the variety of methods to obtain
nano-materials, all they are characterized by the same general property — excess surface energy,
which causes the spontaneous development of the process of integration of nano-particles.
Consolidation takes place by the formation of aggregates (Figure 8). As a result, the unique
properties of nanomaterials are weakened. In particular, grain boundary layers strength is

reduced.
PR R ST Y
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Figure 8. Aggregation of nanoparticles.

Prevention (full or partial) of the formation of nanoparticles’ aggregates is possible using
special nano-sized dispersants. For this purpose, it was used Ni, Mo, B and Co (see:Table 3).
Simultaneously, they acts as the alloying elements.

For composites shown in Table 3, theaqueous solutions of chlorides of the constituent
elements were used. In the first stage, the charge solution of stoichiometric composition
sprayed onto the preheated to 250 — 300 °C corundum substrate. The resulting powder is placed
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into a retort, where it proceeds the selective reduction process (second stage) at 800 — 900 °C. In
the third stage the recovered powder is placed into another retort, which is maintained under
an argon atmosphere at 1000 — 1200 °C, and the respective phases are formed (Figures 9 and 10).

Table 3. Composition of powdered nano-scale
composites containiung aluminium oxide.

Composite Composition, wt.%
Fe ALQOs Co* Ni* Mo* B*
Fe-AlLOs-Go | 78-82 | 9-11 9-11 - - -
Fe-AlLOs-Ni | 78-82 | 9-11 - 9-11 - -
Fe-AOs-Mo | 78-82 | 9-11 - - 9-11 -
Fe-ALOs-B | 78-82 | 9-11 - - - 9-11
* Co, Ni, Mo, B — dispersants and alloying additions

I | EE | [ I
1 - Fe-Al20z-Mo (Al203, FeMo);
! 2 - Fe-Al203-Ni (Al203, FeNi);
el BENe 3 - Fe-Alz03-Co (Alz03, FeCo);

e » Ar."\ \.Il\r_l\ - ‘T] .mTr%
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Figure 9.X-ray diffraction patterns of nano-composites
Fe—Al:Os—Mo(phases: Al2O3 and FeMo), Fe—Al:Os—Ni (phases:
Al>:O3 and Fe-Ni)and Fe-Al2Os—Co (phases: Al:Os and Fe—Co).

‘ Fe-Alz0:-B (Al20z, FeB, Fe:zB) ‘

10 15 20 25 30 35 40 45 50 55 60 65 70 75 BO 85 90 20

Figure 10. X-ray diffraction pattern of nanocomposite
Fe—Al20s-B (phases: Al:Os, FeB and Fe:B).
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The resulting composite compounds are characterized by high dispersion. By extension
X-ray diffraction peaks (Scherer method) the size of the nano-particles was estimated as
30 — 80 nm, which is also confirmed by electron microscopic examinations.

With the use of these composites for modifying the steels, the certain conditions will be
created to increase both the strength and plasticity, that should make a positive impact on the
long-term usage.

4. Conclusions

Research of microstructure of the medium carbon chrome-silicon steel modified by
Fe—Al:Os ligature (x 20000), shown that nano-particles are located on borders of grains. As a
result metal is strengthened.

Researches of wear resistance and mechanical properties of carbon-manganese austenitic
(Hadfield) steel and medium carbon chrome-silicon steel is carrying out. The testing for wear
revealed that in both cases, the nano-reagent (Fe—Al:03) modified steels are characterized by
high wear resistance. Numerically increment in wear resistance is 22 — 26 %.

The mechanical properties of Hadfield steel are presented according to the results of
industrial smelting. The tensile strength of steel modified by nano Fe—Al:Os increased by 28 %
(from 629 to 876 MPa), elongation — by 27 % (from 24 to 33 %).

After the rolling, the tensile strength of medium carbon chromium-silicon steel
modified by nano Fe-Al2Os was 1208 MPa, which exceeds in 22 %, but of the same grade
conventional steel — 943 MPaexceeds by 22 %.

Prevention (full or partial) of the formation of nanoparticles’ aggregates is revealed. It is
possibleusing special nano-sized elements-dispersants, such as Ni, Mo, B and Co.Along with
dispersants these elements can also be alloying.

Technology of manufacturing Fe—Al203—Ni, Fe-Al203-Mo, Fe—Al2O3-B, and Fe—ALOs-
Co nanocomposites is developed. The resulting composite compounds are characterized by high
dispersion. By extension X-ray diffraction peaks (Scherer method) the size of the nano-particles
was estimated as 30 — 80 nm, which is also confirmed by electron microscopic examinations.
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AnxHOTanusa

Cmemansle ciouctele gnBoiiHble ruzapoxkcupsl (C/ZI) Ha ocHOBe »xejesa YCIIEIIHO
IMIPUMEHAIOT IIPU CO3JAaHUU pAfa (YHKIMOHATBHBIX MATEPHAJIOB TEXHHYECKOTO WM MeJHKO-
6uosoruyeckoro HasHaveHUA. OZHUM U3 BOKHBIX aCIIEKTOB UX NIPAKTUYECKOTO MCIIOIb30BAHUI
ABISETCA IOJNyYeHHe IPU IIPOKATHMBAHUY T'OMOTE€HHBIX YJIBTPAJUCIEPCHBIX (HAaHOPa3MEpHBIX)
da3 peppunmmuneseil. [lpumeHeHne TaHHOTO MeTOA MTO3BOJIAET KOHTPOJIUPOBATh XUMUIECKUI
COCTaB, MAarHUTHbBIE XapaKTEePUCTUKHU, CTPYKTypPy U MOPQOJIOrui0 OOpasloB, a TaKke
CYLIeCTBEHHO CHM3UTh, II0 CpaBHEHMIO C TPaJULIMOHHBIM KepaMHYeCKHMM MeTOZOM,
TeMIIepaTypy U JIUTeIbHOCTD IIPOIlecca CUHTe3a.

1. Beegenue

Ha ceroguAmHuii [geHb CTPpEMHUTENbHOE Pa3BUTHE HAHOTEXHOJOTHH IIO3BOJIIIO
5pQeKTUBHO HCIOIB30BATh YHUKAIbHbIE CBOMCTBA psAfa XUMHUYECKUX COEJUHEHUH U
yIBTPAQAUCIIEPCHBIX  (HAHOpa3MepHBIX) MHUHEpaIbHBIX (a3  [Id  CO3JaHMA  HOBBIX
GYHKIIMOHATBHBIX MaTepuasoB. K 4HCIy TaKMX CTPYKTYp OTHOCATCS U CJIOUCTBIE IBOMHBIE
rugpokcugsl (CAIY) co cTpyKTypoil rHApOTanbKUTa, KOTOPBIE IIPUMEHSIOT IIPH IIPOU3BOJCTBE
ONTUYECKUX M XUMHUYECKUX KaTaJIu3aTOpOB, CEHCOPOB, COPOEHTOB, HOHOOOMEHHUKOB,
IIJIACTUYECKUX J00aBOK M IPYTHMX MaTepHUaJOB TEXHUYECKOTO M MeAMKO-OMOJIOTHYECKOTO
HasHaueHud [1]. B MHOTOUMCIEHHBIX 0030PHBIX PabOTax IPUBELEHO ONKUCAHUE CYIIEeCTBYIOUIUX
busnyecKux U XUMUIeCKux MeTozoB nonydeHus C/II' pasjinyHOro KaTMOHHOTO M aHHMOHHOTO
COCTaBa, JaHa XapaKTePUCTHUKA HUX CTPYKTYPHBIX OCOOGEHHOCTeH, (GU3NKO-XMMHUYECKUX WU
KOJUIOMJHO-XUMUYECKUX CBOMCTB, a TakKKe PacCMOTPEHBI acCIeKThl HX IPAKTUIECKOTO
IIpUMeHeHUs B HaHOWH)XXeHepuH, Ouonoruu u Megunute [2 — 6]. Cpenu Bcero pasHooOpasus
CAT' wHambGonpvii MPUKIALHON WHTEpPeC BBI3BIBAIOT CTPYKTYPHI, COZepKaumye B
KPUCTAJINYECKOH pelleTKe KaTHOHBI aTIOMUHUS, XKejle3a, MapraHija, Kobajibra U HUKeJIA.

Cmemannsre Fe—Co, Fe-Ni u Co—Ni coucTsle ABOMHBIE THIPOKCHUABI HCIIOIB3YIOT IPU
IIPOM3BOJICTBE DJIEKTPOKATATM3ATOPOB, INPeJHA3HAYEHHbIX [ WHTeHCHU(GUKAIMU IIPOIECCOB
okucienus Bogsl [7 — 10], Beigenenus razoobpasnoro kuciaopoza [11 — 13] u Bomopoga [14];
CO3[jaHUs KOMIIO3UTHBIX aHOJOB [15] m karomoB [16]; CTeKJIOyrIepomHBIX 3IE€KTPOJOB I
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aeKTpoKaTanusa [17] u crienuaspbHBIX 2JIEKTPOJOB i aHamuTudeckoi xumuu [18]. Hanmuwne B
crpykrype ko6ansT(IIl) OKCHMrHApOKCHMIHOrO KaTaamsaTopa KAaTHOHOB JKejle3a B CTO pas
YCKOpsIeT peakIuIo KUCIOPOAOBBIIENAIONEr0 3jeKTpokaraamsa [19], a wu3MeHeHue
HaHoapxutekTypsl Ni-Fe CJ/II' 3HauUMTe/NBHO CHIJKAeT IOTEHIIWMAT Havaja 3JIeKTPOKATaIn3a,
obecreynBasg BBICOKYIO IUIOTHOCTh TOKAa IIPM MAaJIbIX I€PEHANPSKEHUAX U YCTOWYUBOCTH
CTPYKTyphl Karanmsaropa B 1menoMm [20]. B Hacrosmee Bpemsa xenmezocomepxamue CHAT
IIPUMeHEHBI IIPU U3TOTOBJIEHUN KOH/IEHCATOPOB GOJIBIIOH eMKOCTH [21] M MeTaII0-BO3AyUIHBIX
Oarapeii, He TpeOyIOIUX ITOA3APALKH OT JOIIOTHUTEIBHBIX UCTOYHUKOB dHepruu [16, 22].

Marepuansl, cofepxaliyie B >KeIe30-TUIPOKCUIHBIX CJIOAX KAaTHOHBI 3d-MeTalIoB, B
JaCTHOCTH, MeZb, IIPOABIIAIOT CeJIeKTUBHbIe OKHCIUTEeTbHBIe CBOMCTBA, YTO MCIIOIB3yeTCA IpU
IIPOM3BOACTBE UYBCTBUTEIBHBIX K II€PEKUCU BOZOpoza 6mocencopos [23]. CeHCOpPHI Ha OCHOBE
Ni-Fe CII" ucriop3yIoT B Ka4ecTBe AeTeKTOPOB AUOKCHAA yriaeposa [24] u meTponuzasona [17,
25], a Co—Fe CII" npuMeHAIOT B KaueCcTBe KaTaau3aTopa AJis OOIIero OKUCIeHUs MOHOOKCHA
yTepoja U yrieBogoposa [26].

Beicokue wnoHOOOMeHHBIe cBoiicTBa MuHepanbHbIXx CJII', 371aCTUYHOCTB CTPYKTYPHI,
HM3KasA ce0eCTOMMOCTb U IIPOCTOTA IIPOBeIeHUA IIPOIiecca COPOIIUY IT03BOJIAET OTHECTU JaHHBIE
coeguHeHNsA K Hanbomee 5(PQeKTUBHBIM afCcOpOEHTaM, WCIIOIb3YeMBIM IIPH CBA3BIBAHUH
XUMUYECKUX 3arpA3HUTeNed OKpyXKalooleid cpefpl, B TOM YHCJIe, IUIMeHTOB [27].
Hurparocozep:xamue C/II' pasaumyHOrO KaTHOHHOTO COCTaBa MOTYT BBICTYIIATh B KadeCTBE
CEeJIEKTUBHBIX a/icCOPOEHTOB 11 OKCcOaHMOHOB [28]. TI'mppoxcukap6onarueie Zn-Fe C/T
HCIIOJIB3YIOT A (POTOKATAIUTUYECKOH AEeCTPYKIUU a30KPACOK — aHTHOAKTEPHUAIbHX BeIleCTs,
O0JafalOIUX  IOBBIIIEHHOH  yCTOMYHBOCTBIO, TOKCHYHOCTBIO, KAHIIEPOT€HHOCTBIO U
myTareHHOCTHIO [29]. Copbuuonnsie cBoiicTBa Fe—-Ni C/II' Toxke MCIIONB3YIOT A yTUIU3ALUN
a30Kpacokx, Hampuwmep, kpacurens spaHc cuHul C3sH24NsNasS4O14 [30], a MaTepran Ha oCHOBe
Fe-Ni CAI' mpumensior aas doromerpajauuu pogamura b [31] u cBA3bIBaHUA apCeHATOB B
CTOYHBIX Bogax [32].

O6ob61ueHVe pe3yIbTaTOB UCCIef0BaHUA aHNOHOOOMeHHbIX cBoiicTB C/II' mpexcraBieHO
B pabote [33]. [Tokaszano, yro C/II" pa3IuyHOTO COCTaBa, IIOC/IE IPOXOXKIEHUS NOHOOOMEHHOTO
mpolmecca ¥ BHeIpEHWS B WX CTPYKTypy OpPTaHHMYEeCKMX AaHUOHOB, MOTYT CIY>KHUTb
IIPeKypCcopaMu HOBBIX (GYHKIIMOHATIBHBIX MaTepuanoB [34 — 36]. Hamuune B crpyxrype CAI
KaTHOHOB II€PEXOJHBIX METaJ/UIOB yBeJIMYMBAET TePMO-ONTHYECKYIO YCTOHYHMBOCTH aHHMOHHBIX
a30Kpacok: BBeseHue kommosuta Ha ocHoBe Ni-Fe CJI' u rpadeHa B 3IOKCHUIHYIO CMOJY
IIOBBINIAET TeMIlepaTypy ee Bosropanus Ha 25 °C [37]. CroucTsie fBOMHBIE TUAPOKCUIBI JKeJIe3a,
AOIMMHNPOBAHHBIE KATHMOHAMH PAAd METAJJIOB, MCIIOJIB3YIOT B KAa49€CTBE ChIPphA JIA IIONYy9E€HIA
HaHOYACTHUI, OKCUZoB U deppuros [38, 39], a HaHOpeakTOpPh! (MaTpuIlsl) cO cTpyKTypoit C/T
II03BOJIAIOT CUHTE3MPOBATh YaCTUIIBI METa/UINYeCKOTo KobaabTa, HuKent u Megu [40].

[nsa co3manusa GyHKIMOHATBHBIX MAaTEPHAJIOB BAKHBIM IIapaMeTpoM fBJIgeTca dopMma
gactuy, C/II. Hanpumep, tpexxomnonenTHsie Zn—Co-Fe C/II' ¢ mopdororueit HanoHUTEH U
HAHOIIPOBOJIOK MOTYT OBITh HCIIOJIB30BAaHbI IIPU H3TOTOBJIEHUMU KaTaJTH3aTOPOB, afCOPOEHTOB,
aHMOHOOOMEHHHMKOB M HMMOOMIU3aTOpoB GepMeHTOB [41], a yIBTpaTOHKME IIEHOYHEIE
MaTepHaJbl Ha OCHOBe HaHOpa3MmepHbIx IuTacTUHOK Co-Fe C/II' m anmona nopdupuHa
MIEePCIIEKTUBHBI IS CO3JaHWA MAaTrHUTO-aHU3OTPOIIHBIX IIJIEHOK, MAarHUTO3alHMCHIBAIONIVIX
3JIEKTPOHHBIX YCTPOHCTB, XUMUYECKUX JATYUKOB [42].

Kpowme nepeunciaernnoro Bere, xenesocogepsxamue C/II' co cTpyKTypoit THAPOTaIBKUTA
XapaKTepU3YIOTCS BBICOKOH OMOCOBMECTMMOCTBIO, Ojarofaps dYeMy UX INPUMEHSIOT B
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(bapManeBTHYeCKOM XUMHUY B Ka4eCcTBe OAKTEPUIIUIHOTO U TPAHCIIOPTHOTO areHTa, CIIOCOOHOTO
06ecIeYnTh KOHTPOJIUPYEMYIO [JOCTAaBKY JIEKAapCTBEHHBIX IIPENapaToB K KJIETKAaM-MUIIEHSIM.
Ilpy o5TOM CTPYKTypa HEOPraHMYECKHUX CJIOUCTBIX JBOMHBIX THUAPOKCHUAOB IIO3BOJIAET
M30JIMPOBATh ¥ TPAHCIIOPTHPOBATh B OMOJIOTUYECKUX CHUCTEMAaX BellleCTBA, HeyCTOHYMUBbIE KaK BO
BHEIIHUX YCJIOBUAX, TAK ¥ BO BHYTPEHHEH Cpejie >KUBBIX OPraHU3MOB [43, 44].

Bmecre ¢ TeM, CIOMCTBIE IBOIHbIE TUAPOKCH/IBI JKejle3a, B KOTOPhIX KaTHOHBI Fe?" u / mwiu
Fe3 B rupoKCHAHBIX CIOAX CO CTPYKTYpPOH OpyCHTa YaCTMYHO 3aMeHEeHBI KaTMOHAMU IPYTHUX
MeTaJJIOB, IIMPOKO PAaCIIPOCTPaHEHBI B BepXHeH YacTH 3eMHOI Kopsl [0, 45, 46] u npuHUMaioT
HEIIOCPeICTBEHHOE y4acTHe B Te0OMOXMMHUYECKHX IIMKJIaX JKejle3a U IePeXOJHbIX 3 d-MeTaJlIoB,
HampumMmep, Hukens [47]. Panee B Hammx 0630pHBIX paborax Opuin 00OOIIEHBI Pe3yTbTATHI
HCC/IeJOBAHUSA IIPOIeCCOB (POPMUPOBAHUS, METOAOB IOJTY4YeHUA, CTPYKTYPHBIX OCOOeHHOCTeH,
bU3NKO-XNMUYECKUX CBOMCTB, MEXaHU3MOB B3aMMOAEHCTBHUA C XMMUYECKUMU KOMIIOHEHTAMU —
3arpA3HUTENIIMU OKPY’Kalolleld Cpefsl ¥ MUKPOOPTraHU3MaMU CJIOMCTHIX JBOMHBIX THAPOKCUIIOB
xemnesa — Fe(I)-Fe(IIT) CAT" unu Green Rust [48, 49].

llensio gmanHOM paGoTel ABIfeTCS 0030p HAYYHBIX ITyOIMKAUMIl, ITOCBALIEHHBIX
HCCIeJOBAHUIO O Kee30COAepPKAIINX CIOUCTBIX MABOHHBIX THAPOKCUIOB, UX IIOTYYEHHUIO,
CTPYKType, MOP(OJIOTUM U IPAaKTUYeCKOMY IIPUMEHEHUIO B KadecTBe (a3-IIPeKypCOpPOB A
CHHTe3a JUCIePCHBIX (PeppUIIIHes el C KOHTPOJIUPYEeMbIMH MarHUTHBIMY CBOMCTBAMMU.

2. Iloy4eHue xee30CoepKalluX CIOMCTHIX ABOMHBIX THAPOKCH/IOB

Haubosee gacto xee3ocomepiKaliyie CIOUCTbIe ABOMHBIE I'MAPOKCHUIBI CO CTPYKTYPOIl
THPOTAJbKUATA IIOJMYYalOT COBMECTHBIM OCQXJEHHUEM IIPOCTBIX TUIPOKCUZOB METaIOB C
mocienyiomeil TpaHchopmanueit ocagxos B CHI' [50]. [pyrumum pacmpocTpaHeHHBIMU
MeTOZaMM SBJIAIOTCS JJIEKTPOXUMHUYecuKil [27] m MexaHoxumuueckuit [46, 51] cunTes;
Jla3epHas TeHepauys YacTUI, B HMITyJIBCHOM pexume [52]; MeTO, PUBEPCUBHBIX MUIEJLI
(Muxposmyascuit) [41], snexrponanecenue C/II' Ha OBEPXHOCTH MHEPTHHIX 2eKTPonoB [19,
53] u HeKOTOpHIE ApyTHeE.

[TepBrle Hay4YHbIe MyOJIUKAIVY, IOCBALIEHHbIE ITOJIYYeHUIO U HUCCIeOBAHUIO CTPYKTYP
CMEeLIAaHHBIX KOOAJIBT - XKeJIe30COMepKAlUX CIOUCTBIX ABOMHBIX THMAPOKCHUIOB, OTHOCATCA K
cpeJvHe IPOLLTOTO Beka. B crathe [54] cpesu mroHepckux paboT HasBaHBI McCCaefoBaHue [55],
B koropom cMmemanHsle CJII' ¢ mpumechio ruzapoxcuzaa kobansra(ll) 6suIm mosrydeHs
COOCRXAEHHEM M3  PpacTBOPOB  COOTBETCTBYIOIIMX  XJIOPHZOB; pabora [56], rze
rugpokcuxyopusuble C/II' OGbLIn IOy4eHBI IIpU eJleKTpoxuMudeckoM okxucieHuun Fe—Co
aHoza B pacTBOpe xyopuza Harpus upu pH = 7.0 u pabora [57], 8 xotopoit Co(II)-Fe(III) CAT
THAPOKCUKAPOOHATHOTO COCTaBa IOJIY4YalW TUIPOIUTHYECKUM IIyTeM. B camoii myOimkamuu
[54] nU©puBemeHa  MeTOZMKA  OCAXZEHUA  XOPOIIO  OKPHUCTAUIM3BAHHBIX  CTPYKTYP
ruapokcukap6onatusix Co(Il)-Fe(IIl) CAT. [lns nposenenus cunresa 0.1 M pactBop Co(NOs):
6apboOTHpOBaIN a30TOM B TEPMOCTAaTHpOBaHHOM cucteme npu 7 = 35 °C B TeueHue 2 4, mocie
yero B pactBop BBozuiau 8 MM FeCl:, mocturas onmrumanbHoro sHavdenus pH = 6.6 mpu
okucieHnu u OydepupoBanuu cucrembr 0.5 M pacrBopom NaHCOs. IIpu nosrrmenun
smavenns pH wu momom oxucienumu Fe(ll) o6pasoBsiBazics  0cafiok, KOTOPSHIi
IeHTPUGYTUPOBATY, IIPOMBIBAIM BOAOH [O CHIDKEHMS DJIEKTPOIIPOBOSHOCTU IeHTpHdyTaTa
Hxe 20 MCy. Koneunsrit npogyxkt BeicymmuBanu npu 60 °C B Teuenue 5 4.
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B macroamee Bpemsa pmna noaydenus C/II' merogzom coocaxzeHwms dalle BCero
HCIIOJIB3YIOT PACTBOPBI HUTPATOB COOTBETCTBYIOIIUX METAJIIOB. B KavecTBe ImpuMepa IpHUBeseM
MeTozuKy [58], B koTOpoii mocie BBezenus menrouHoro pactsopa (NaOH + Na2COs) B 0.66 M
pactBop cozeit (FeSOs + Ni(NOs)2 + Co(NOs)2 + Fe(NOs)3), mosy4eHHYI0 cMeCh IIEPEHOCHIH B
yCOBEpLIEHCTBOBAaHHYIO KOJUIOUAHYI0O MenbHuLy (ckopcts BpamenHus 4000 o67). Ilocie
00paboTKu cMech mozBepranach «crapenuio» npu 7 = 40 C B Teyenue 15 4 npu sHepruyHOM
nepememuBaHuM B moToke N2 IloiydeHHYIO CyCIeH3WIO OXJIXZAIU HA JIBLY, IIPOMBIBATIU
IeVOHU3UPOBAHHON BOJOM M draHoioM o0 gpoctkenus pH = 7.0 m BeicymmBanu Ha
nporsokenun 12 4 mpu 70 °C. Eme ozma mpumep momydenus C/II' cmemanHoro cocrasa
HaxoAuM B pabote [59]. [li1g obecrieynBaHUA TPEXKPATHOTO IIPEBHIIIEHNS CTEXHOMETPUIECKOTO
kosrgecTBa annoHOB rotoBwin 0.5 M pactBopsr conu ¢ cootnourerunem [Co?] / [Fe¥] =2.0 u 3.0
u pactBopsl NaNOs u Na:COs. Peakunuio o6pasoBanus Co—Fe-NOs CUI' mpoBogumu npu
HeIIpephIBHOM IlepeMeIlnBaHuU B aTrMocdepe asora mpu 3HadeHuu pH = 7.0 u 7 = 65 °C.
CycneHsuio neHTpUPyrupoBaIn, IPOMBIBATH JeKapOOHATU3UPOBAHHON BOJOM U BRICYLIMBAIU B
orkpeitoir mmewn npu I = 65 °C. I'mppoxcukapOonarHble U rupgpoxcuHuTparHbie C/IT
Beiiep>kuBanu 24 1 B aBrokiase (50 % samonmenuu emkoctu) mpu 7 = 150 — 180 °C. [Jaee,
morxydernHsle C/IT" mpokanusanu 18 1 B mydensroit meyn npu 7= 400 muau 600 °C.

ITpumepoM HCIOIB30BAHMA METOJA COOCAXKAEHUA [JAA IOJIy4eHUs CMeLIaHHbIX
ruppokcuxopusubix Co—Fe(Ill) C/II' HecTexnomeTpudyeckoro cocraBa fABjsfeTcs pabora [26].
CuHTe3 IpoBOAWIM ClIeNyIOUMMU OOpa3oM: IIPM KOMHATHOH TeMmieparype roroswiu 2 M
BozHbIH pacTBop CoCl2 u FeCls npu 3amaHHOM COOTHOIEHNY KATHOHOB (PacTBOp A), IIOCJIE Yero
€ro BBOJWIN B OXJIAKeHHBIN pacTBop B, ¢ momapusim coorHoureruem Fe(Ill) : HCOs (1 : 1), u
IeyoYy, B KOJIu4ecTBe, mocraTroyHoM piaa Hedrpanmsanuu HCOs u obpasosanmsa C/TI.
CoorHomenue pactBopoB b m A cocraBnger 2 : 1. JlaHHYIO CMeCh IO KaIIIM JOOaBIAIH B
pacTBop b B Teuenme 3 — 4 4 mpu HempeprIBHOM MeXaHHYecKoM IepememuBaHuu (400 067!).
[lanee cycmeHsuio IlepeMellMBaaXd IIPM KOMHATHOH Temmeparype eme 14 - 20 v,
OTGUIBTPOBBIBATM U TIpOMEIBaIK 0 gocTivkeHus pH = 9.4 - 9.9, mocie wero ocazmok
BBICYIIVBAIY Ha BO3yXe U PAaCTUPAIH B araTOBOI CTyIIKe.

YcoBepuleHCTBOBaHNE METOZAA COOCAXKJEHHA OBLIO IPOBEJEHO C IIeNbI0 IIOCTIOHHOTO
dbopmMupoBaHUA, IO MAeHCTBUeM BHENIHETO MAarHUTHOTO IIOJA, YJIBTPATOHKUX IUIEHOK
Coo74Fe026(OH)2(NOs)o2s - 0.71H20 (Co / Fe = 3 : 1) u anuonos nopdupuna [42]. [loryuentsre
CTPYKTYPhI XapaKTE€pPpHU30BaINCh MarHUTHOM aHI/IBOTpOHI/Ieﬁ nu YHHUKAJIbHBIMHU
3JIeKTPOXUMUYeCKUMHU cBoiicTBamu. [Ipu ucnonszoBanuu ganuoro meroza C/II, B ornnume ot
npyrux mMarHutHbIX yactur, (Co?, Fe?, FesO4, Fe203), o6pazoBsiBanu crienuduyecKkre ZByMepHbIe
CTPYKTYPBI, 9TO OBLIO HCIIOIB30BAHO IIPH CO3AHUH AaHU30TPOIIHBIX IVIEHOYHBIX MAaTePHUAJIOB.

B pa6ore [60] mornomunepansusie Co(II)-Co(IIl) CAT' cuHTe3upOBaniu COOCAKIEHUEM C
nocuenyioumeii  MHKpoBorHOBOH (MB) 06paborxod cycueH3uu ~IIpH  NIPOBeIEHUH
rugporepmanbHoro mpomecca [61]. Ilocie omaHOMuHYTHOH MB 006paboTku 06pa3soBbIBaNaCh
c1a000KPHUCTA/UIN30BaHHAsA CTPYKTypa rupporaabkura. Ilocienyiomee yBenrnueHUe BpeMeHU
06paboTKM NPUBOAMIIO K Pa3pyLUIEHUIO THAPOTATBKATHON ceTKu. JIii MUKPOBOIHOBOM
06paboTKKM ONnTHMaTbHOU (asoii-npekypcopoMm BbiGpansl C/II, B CTPyKType KOTOPHIX BecCh
KobasmbT ImpexcraBieH karnoHamu Co?. CrlemyeT OTMeTUTBH, YTO MUKPOBOJHOBasZ 0OpaboTKa
CyCIIeH3WH 3HAYWUTEJIBHO [elleBle W OKOJIOTHYHee OOBIYHOIO IIPOIleCCa «CTapeHUs
THAPOOKUCIIOB», BCIeACTBUe Oosrblreir ckopoctu MB Harpesa u Mensuero 7 rpaguenra [62].
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T'uaporepmarsHbIH CHHTE3 BKIIOYAaeT B ce0sA CTaANIO IOTydYeHHU (a3bI-IIpeKypcopa, Kak
IIPaBUJIO, METO/IOM COOCAX/EHU, U HEIOCPeJCTBEHHO CTaJHIO THAPOTEPMATIbHOM 0OPabOTKH,
KOTOpas IO3BOJIAET IIOBBICUTH CTEII€Hb KPUCTA/UIMYHOCTU COOCAKIEHHBIX CJIOUCTBIX JBOMHBIX
ruapokcuoB [63]. Hampumep, monyuenne rugpoxkcukapbonatusix Fe—Ni C/II" mpoBoawiu mpu
KalleJIJbHOM BBEJIEHUU U HENPEPhIBHOM IIepeMeLIMBAaHUU B IIpeBAPUTEIBHO IIOJTOTOBIEHHBIH
pactsop coueit (1.5 M NiCl2 + 0.5 M FeCls + 250 mx H20) pacrsopa menouu (1 M NaOH + 2 M
Na2COs) mo moctmxenmas pH = 11 [30]. O6pa3oBaBuryocss CyCIIeH3HIO IepeMeIluBaay IIPU
KOMHATHOM TeMIlepaType B TeueHHe dYaca, a Jajee ee INOPIMOHHO IIOMEIATH B IIOKPHITHIE
Te(JIOHOM CTajJbHble aBTOKJABbI U BbiAepxkuBanu 3 — 15 gueit mpu 7 = 85 - 180 °C.
O6paboraHHble OCaZK{ IPOMBIBATHM AUCTH/UIMPOBAaHHOM BOZOH A0 HOCTIKEHUA 3HAUYEHUS
pH =7 u cyrxu BeicymuBanu npu 7= 60 °C. B 3aBucuMoCTH OT TeMIepaTypsl THAPOTEPMaIbHON
06paboTKH LIBET ITOJyYeHHBIX 0CaJKOB BAPbUPOBAJICA OT 3€JIEHOTO 0 OYpO-3eJIeHOTO.

OnsIT KUCNONB30BaHUA MeTOZa MHKPOSMyJbCHH nna nonydenus Zn—Co-Fe cioucreix
TPOMHBIX THIPOKCHUAOB HaxoAuM B pabore oT [41]. Tunuynas nmponenypa CHHTe3a BKJIIOYaia B
ce0s IPUTOTOBJIEHNE YeTHIPEXKOMIIOHEHTHOI Mukpoamyiascuu (2,7 r IITAD B 68 M n-rekcana
n 84 M1 np-rekcaHosia), KOTOpyio IepeMmemwuBanu B TedeHue 30 MHUH JO [JOCTYDKEHUS
Ipo3payHoCTH. Ilocie 3TOro B IOMyYeHHBIH pPacTBOp, IPU HHTEHCUBHOM IlepeMeUINMBHUY,
BBoguu 4.3 mn 0.1 M cmemannoro pacrBopa ZnSOs, CoSOs u Fex(SO4)3 ¢ momspHBIM
cootHomeHueM Zn : Co : Fe paBueim 1 : 2 : 1, coorBercTBenHO, 1 4.3 Mix 0.3 M pacrBopa
MoueBHHBI. IlOTyYyeHHYI0O MUKDOSMYJIBCHIO HAarpeBajy B H3TOTOBJIEHHOM M3 HEplKaBelolei
cranu aprokiaBe nmpu 7/ = 100 °C 12 v m oxnaxzganu n0 KOMHATHOI Temmeparypsl. Ocamok
IeHTpU(yTUpOBaIK, IIPOMBIBAIM M BHICYIIMBAJIN. BapbupoBaHHe TeMIIepaTypoil CHHTes3a,
BpeMeHeM IIpOBeJeHUs peaKUHUW, KOHIEHTPAUUIMM MOYEBHHBI, a TaKXe MOJIIPHBIM
coorHomenueM LITAB u Bozapl mosBoimio aBropam pabotel [41] mozoGpaTh OnTHMasbHbIE
IapaMeTphl CUHTe3a ToMoreHHbIX HaHOHUTel Zn—Co—Fe C/II.

METO,ILI/IKa ﬂ'a.?ePH'OI'O PaCIIEIﬂeHM HCIIOJIB30BaHHAA AJISI IIOJYYIE€HHSI HAHOPA3MEPHBIX
cioeB 6umertanbHbIX, B ToM yuciae Fe—Co C/II', onucana B pa6ore [52]. CuHTe3 mpoBOJAT B IBe
CTaJAVM: Ha HepBOﬁ B OE€HMOHU3HMPOBAHHYIO BOZAY IIpHU KOMHaTHOM TEMIIEPATYPE€ PAaCIbLIAIOT
aHoZ 1, ciy>KalIWii MCTOYHHKOM TPEeXBAJEHTHBIX MeTa/UIOB, a Ha BTOPOM — B IOJyYeHHYIO
KOJUIOUJHYIO CMeCh PaCIIBLIAIOT aHOZ, 2, CIYXAUIUi MCTOYHUKOM JBYXBaJeHTHBIX METAJIJIOB.
KoHTposns Haj cOOTHOIIEHWEM KAaTHOHOB OCYIIECTBJIAIOT II0 BpeMeHH PACHbLIEHUS, IPH 3TOM
buKcupyeTcs ¥ CpaBHHBAeTCSA IIOTeps Macchl aHOZoB. Pexum sasepHOii 00paboTKu
CJIeAYIOMUNA: UCTOYHUK uanydeHus Q-switched Nd-yttrium aluminum garnet laser, pexum
nznyvenus 0.265 Ik /cm?, pauna Boxusl 1064 HM, nepuog nmyascanuu 5.5 He, yactora 10 I'.
Bonee mozmpo6GHO maHHas MeTofwKa omucaHa B pabore [64]. [IpumeneHue maHHOrO MeToza
IIO3BOJIMJIO IIOJIYYUTHh YCTOHumBRIe K ariaomepamuu ciaou CJ/II' MOIexynaaIpHOH TOJNINWHSL,
KOTOpBIe IIOC/IeOBAaTeIbHO HAHOCWIM Ha TBepAyIO IOAJIOXKY. B IemoM, wucIoixp3oBaHue
JIa3epPHOTO PAaCIbUIEHUS MUHHMH3UPYET KOJIHMYECTBO AHHOHOB, IIOCTYIAIOIUX B CHCTEMY B
Ipolecce CHHTE3a, 4TO CIOCOOCTBYET POCTY YCTOHYMBOCTU THUIPOKCHAHBIX HAHOCIOEB B
KOJUIOMHOM pacTBope 6e3 MCII0Ib30BaHNI XUMUIECKUX CTaOMIN3aTOPOB.

Wcnonp30BaHne MexaHOCHHTe3a I OBICTPOTO IIPSMOTO IOJTYYeHUS KPUCTALINYECKUX
crpykryp Ni(II)-Fe(II)-Fe(IIl) CAI' u Co(II)-Fe(Il)-Fe(Ill) CAI' ¢ wHTepKaIWpPOBaHHBIMU
aHMOHAMH XJIOPHZA IIOKa3aHO B paborax [46, 51]. [lxa cuHTe3a HCIOIB30BAIU IIAPOBYIO
MeJTBHUILy 0apabaHHOTO THUIIA, M3TOTOBIEHHYIO u3 TedyoHa, muamerpoM 90 MM M eMKOCTBIO
500 M. B xavecTBe m3MesbuUTe IS MCIIONB30BAIN LIAPBI JUAMETPOM 3 MM, U3TOTOBJICHHBIE U3
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cranu takoro cocrasa: Fe > 99.19 mac. %, Mn < 0.60 mac. %, C < 0.13 mac. %, P < 0.04 mac. %,
S< 0.04 mac. %. O6vem mapos cocraBun 40 % or emxoctu GapabaHHOII Kamepsl. Kamepy
zanmosusn 60 M 75 MM pacrBopa CoClz (pH = 5.0). [lna mpenorspauienus oxucierus Co?,
comep>KaHMe KHCIOpOoJa B ra3oBoi (pase kKamepsl He mpeBsimano 2 06. %, 4To peryimpoBazoch
mojaveil aproHa. IIpomecc mucnmeprupoBaHHUs NPOBOAUIN B TedeHMe 6 4 IIpU KOMHATHOM
temneparype. Ckopocts BpaueHus 6apadana — 140 067!, [losryyeHHBIH TeMHO-3eJIeHBIH OCafOK
IIPOMBIBANIM AlleTOHOM, IIeHTPU(YTHUpOBaIH, AEKAaHTHUPOBAJIKU U BBICYLUIMBAJIM HA BO3ZyXe IIPU
KOMHATHOM TeMmmeparype. IlpeumMymecTBoM MJaHHOTO MeTOZa SABJIAETCA  OTCYTCTBUE
HeOOXOJVUMOCTH B KCIIOJB30BAaHUU JKEIe30COAEPKAIIUX COJeH M IIeJ0YH [ IIOJy4eHUS
THAPOKCHUIOB U perynupoBaHus 3HadeHus pH cpenmsl. IloxasaTreapHO, 4TO NpU IIPOBe€HUU
MeXaHOCHHTe3a OKHUCJIEHHIO II0/iBepraioTcs KaTuoHs! Fe?, mpu arom xonmdectBo Co** ocraercs
IIPaKTUYECKTH HEW3MEHHBIM, B pesyibraTe INpOBeZeHHSI MeXaHOCHHTe3a OBUIM IIOJNyYeHBI
XOPOIIO OKPUCTAIIM30BAaHHBIE arperaTsl TOHKWX HaHOpa3MepHBIX IutacTHHOK C/II' pasmepom
100 — 200 uMm. B pabote [46] mokazano, uyTo MonsapHOe coorHoueHue (Co? + Fe? ) u Fe3 paBHoe
2.2, 9TO COOTBETCTByeT MAKCHMAaJIbHO BO3MOXXHOMY 3aMEIEHHIO ABYXBAJIEHTHBIX KaTHOHOB B
crpykrype CAI' tpexBamentnsimMu [35]. Kax mokaszano Ha mpumepe CoFe2(OH)s(COs)2- nH20
[65], manmpHeiimas MexaHoxuMudeckas obpaborka C/II' MoxxeT mpuBecT K (POPMUPOBAHHIO
HaHOpa3MepHbIX yacTul peppumnunenu (¢peppura kobaasra CoFe20s).

®opmupoBanue cmeumaHHbiXx Fe — 3d-mMeTayur CIIOMCTHIX IBOMHBIX THAPOKCHIOB Ha
ITOBEPXHOCTH BPAlLIAIOUIETrOCs CTAJIBHOTO AMCKOBOTO 3JIEKTPOAA, KOHTAaKTUPYIOUIETO C BOAHBIMU
pacTBOpaMM HEOPTaHMYECKUX COJel M BO3ZYXOM, OBLIO OTMEYEeHO HaMH IIPU IIPOBeJEeHHU
Ipolecca POTALHOHHO-KOPPO3HOHHOIO JHCIOEPrHPOBaHHAZ [66]. XuMuYecKUil MeXaHU3M
o6pasoBanusa C/II' B OTKPBITHIX CHCTeMaxX Ha OCHOBe JKejie3a U CcTajeil (Kak IPU MeXaHOCHHTe3e,
TaK U IIPX KOPPO3MOHHOM IIPOIlecce) CBA3aH C NMPOXOXKJeHUueM IIPOCTPAaHCTBEHHO-Pa3zieIeHHOM
peaKkIuy HMOHU3ALUK >KEJIe3HOM COCTABJIAIONIEl CTalH M AeNOJIpU3alMH KUCIOpOJa Ha ee
KaTOAHBIX YY9dCTKdX. KaTO,Z[HLIfI IIponecC HAChIMAET 30HY pE€aKIHH dHMOHAMH T'HAPOKCHJIA U
crioco6cTByeT pocty 3HadeHus pH. BzaumopelicTBue THApOKCHIA € aKBarUgpoOKcohopMaMH
)Keje3a M JIBYXBWIEHTHBIX META/UIOB IIPUBOZUT K OOpa3sOBaHUIO HA IIOBEPXHOCTHU CTaIU
’KeJIe30COZePKAIIUX CIOUCTBIX ABOMHBIX THIPOKCHIOB, NOIHPOBAHHBIX COOTBETCTBYIONIUMU
karnoHamu. McciaemoBanume cBoiictB cmemanHbix C/II', mosrydYeHHBIX Ha IMOBEPXHOCTH CTaJIH,
mokasano, uyro ouu, B orauuue or Fe(Il)-Fe(Ill) CAI, He 06samatoT BOCCTAHOBUTEIbHBIMHU
CBOMCTBAMM M, KaK CJIEJICTBHE, CIIOCOOHOCTBIO K (a30BBIM TpaHCHOpMAIUAM B YCIOBHUIX
okpyxaromeii cpexnpr. OOpasoBanue rupgpoxcukapbonatueix Fe-Zn CJII' ma mnosepxHocTH
raJbBaHU3MPOBAHHOM (OIMHKOBAHHOI) CTaIy, KOHTAaKTUPOBABILIEH C TOpsYeil BOJOI B TeueHUe
IJTUTEIHOTO BpeMeHH, 6p1I0 3aUKCHUPOBAHO U B pabote [67].

[nst cuHTe3a psga CIOUCTHIX [JBOMHBIX THAPOKCHUAOB KOOambTOBOTO [68], HUKeTh-
kobambToBOTO [69] M Xene3o-kobambroBoro [70, 71] cocraBa Hapamy ¢ XUMHYECKHUMH U
MEXaHOXMMHUYECKUMH MeTojaMu Obla paspaboTaHa MHHOBALVOHHAS TOINOXHMHYECKAA
TeXHOJIOIHA OKCHAATHBHOI'O HHTEPKATHPOBAHHA.

s mpoBemeHUS TONOXMMHYECKOTO IIPOIlecca TOMOTEHHBIM OCaXKZEHUEM PacTBOPOB,
cogepxxamux kKatuoHsl Co?* u Fe¥, npu ruzpponuse rekcameTunaeHTeTpaMUHa B aTMOCdepe asora
OBLIH TIOTyYeHbl MHKPOMETPOBBIe Te€KCATOHAJNbHbIE IUIACTMHKYM CMEIIAHHOTO THUIPOKCHAA
CoxsFe13(OH)2 co crpykrypoii OpycuTa, MCIOIB3yeMble B KadecTBe (asbI-TipeKypcopa [71].
OxcupaTuBHOe MHTepakiIupoBaHue pactBopoM ioza (I2) B xmopodopme (CHCIs) mpusemo x
tpancdopmanuu rugpokcuza B Co(II)-Fe(Ill) CAT co crpykrypoii rugporanskuTa. Beiencraue
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TOIIOXMMUYECKOTO XapaKTepa IIpeBpaleHuii, Hopooopasosanusle C/II' yHacIemoBaau BEICOKYIO
CTelleHb KPUCTATMYHOCTH U TeKCarOHAIbHYI0 MOpPdOIoruio dassI-IIpeKypcopa.

Ilocne mnpoBemeHHs MOHOOOMEHHOTO IIpOIlecCa M YJIBTPAa3BYKOBOH 0OpabOTKH B
dbopmaMuzie, CIOUCTHIE NBOMHBIE TUAPOKCH/IBI PACIIENIMINCh HAa OJHOCIOHHEIE HAHOpa3MepHbIe
CTPYKTYPBI, YTO COITPOBOXKZAIOCH BEIXOOM aHHOHOB HOAH/IAa U3 UX MEXCJIOeBOTO IIPOCTPAHCTBA.
[lampHeiinee ycoBepIIEHCTBOBaHME IAHHON MeTOAMKHM OBUIO ocBemeHO B pabore [70], B
KOTOPOIl XOpOIIO OKPUCTA/UIM30BaHHBIE T'eKCarOHAJIbHBIE ILIACTMHKU cMemaHHOro Fe—Co
TH/IPOKCH/IA CO CTPYKTypo# OpycuTa moiaydanu gedaerMupoBaHueM (II€PeTOHKOH C OOpaTHBIM
XOJIOOUIBPHUKOM) pasbaBneHubix (7.5 ™M) Bogusix pactBopoB CoCla um  FeCla c
reKCcaMeTUJITeTpaMIHOM B aTMocdepe a3oTa. IloxyueHHSIH pacTBOp IEPeroHAIN B TedeHUe 5 4
IIpYU IlepeMelIMBaHUY U IPOMBIBAIM 0e3 JOCTyIla KMCIOpOZa AJA NpefOTBPALleHUs OKUCIEHUS
katnoHoB Fe. OxuciauTtenpHOe WHTepKaaupoBaHue #oma B CTpykTypy Co?ixFe?x(OH):
mposogwin B pactBope 2 / CHCI3 or ommoro pmo cemu pueit. IlomyueHHSBIH OCafok
OTOUIBTPOBBIBAIIM U IIPOMBIBATN Oe3BOJHBIM 3TAHOJIOM [0 O0ecIBeYMBaHUA (IUIBTpATa U
IIepeBOJUIN B Ipyrue aHHOHHbBIe (GOPMEI II0 HOHOOOMeHHOI Metoauke [69]. MonHsI 06MeH
ImpoBoZuIM B mpomyroM asoroM 1.5 M Bozno-staHonsHOM (1 : 1) pacTBOope mepxsopaTa C
nob6asreHueM Hoza. CyCIleH3UIO BCTPAXUBAIN B 3aKPHITOM €MKOCTH B TeueHUe 24 4, IIoCjIe 4ero
GbUIBTPOBAIN, IIPOMBIBAIH [IeTa3MPOBAHHON BOAOM M Ge3BOJHBIM 3TAHOJIOM M BBICYLIMBAIN Ha
Bo3nyxe. PerynupoBaHue KOHIlEHTpanuu OKHUCAWUTeNd (MoAuAa M TPUHOAMAA) IIO3BOJIIIIO
moxyuuts romorerHyio MoHodasy Co-Fe C/II, a Huskme koHueHTpanuu Fe’ B mCXomHOM
npexypcope Co*1-xFe?*x(OH)2 cocobcTBOBaM yacTuunomy okuciaenuto Co?* go Co’ u, B meom,
M3MeHeHHIO CTPYKTypsl KoHewHoro C/IT'.

3. Crpyxrypa u Mmopdonorus xexezocopepxamux CT

B Hacrosmee Bpems kpucramnudeckoe crpoenHue Fe(Il)-Fe(IIl) cimomcrsix amBOIHBIX
ruapokcuos (Green Rust) usyueno mocrarouno xopouro [72]. B obmewm Buge ctpykrypy Green
Rust ciarator ciou rugpoxcuza xenesa (II) co crpykrypoit 6pycura, B KOTOPBIX KaTHOHHI Fe?*
YaCTUYHO 3aMellleHbl KaTuoHamMu Fe¥, 4To ompesesnsaeT mOIOXKUTENIBHBIH 3apsaf, TUAPOKCHIHBIX
croeB. B wmexcinoeBom mpocrpanctBe Fe(II)-Fe(Ill) C/AI' HaxopATcs MOJIEKYIBI BOABL U
KoopauHHpylomue  cTpykrypy  Green  Rust  aHMOHBI,  KOTOphle  00eCHedHBaIOT
5JIEKTPOHEHTPAJTBHOCTh COeJIMHEHHSA B IIeJIOM. B 3aBUCHMMOCTH OT reoMeTpUYecKoil (GopMsr
aHnoHa Beienaior ABa tuna Green Rust. Tak, chpepuueckue u nnanapusie annons! (Cl, COs?)
KOOPJVHUPYIOT THUIPOKCHAHBIE CIOU B poMmboszpudeckyio crpykrypy GRI, a Tpexmepusie
(rerpasgpuueckue) annoHs! (SO42, SeO4?, ClO«) — B rexcaronansuyto cTpykTypy GRIL. O6mas
dopmyna Green Rust samuceiBaercs kak: [Fe(Il)e-wFe(II)«(OH)u2]*[(A)vn - yH20]* -], rme
x=0.9- 4.2, a sHaueHHe 11 0603HAYaET BAJIEHTHOCTh MEXCJI0eBbIX aHMOHOB. B crpykrype GRII
KaXasii KaTuoH Fe®' okpyxkeH mecTpio KaTnoHamu Fe?'; coorHomeHme KaTuoHOB Fe?' : Fe¥
IIOCTOSHHO U paBHO ABYM [72]. B cTpykrype GRI maHHOe COOTHOIIEHME HEIIOCTOSHHO U MOXET
BapbUPOBAThCA B IIMPOKUX IIpefenax [73 — 76].

Fe(II)-Fe(Ill)  cnomcThle  fBO¥iHBIE  TUAPOKCUZBI  XapaKTEPU3YIOTCA  BBICOKOM
COpOLIMOHHOM aKTHBHOCTBIO IIO OTHOIIEHMIO K KaTHOHAM IEPeXOIHBIX 3d-MeTaIOB, KOTOPHIE
CIIOCOOHBI YaCTUYHO WJIM IIOTHOCTBIO 3aMeIaTh JKeae30 B THAPOKCHUAHBIX CIOAX W
0o0pa3oBBIBATh  CMELIAHHBIE  CTPYKTYpsl.  M3omopduoe 3amemenwme Fe?*  mpyrumm
nByxBaneHnHbIMU KatnoHamu (Cu, Ni, Zn, Cd, Co u Mg) MoxeT IpPOXOZUTH B IIpoOIiecce
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dopmuposanus Green Rust [77]. OtHOcurensHas ycrodumBocTts cMemanusix CI' Beime mo
CPaBHEHMIO C YCTOMYMBOCTBIO MHIWUBUIYaNbHBIX (a3 THAPOKCHUIOB METAJIOB, W, B IIEJIOM,
3aBUCUT OT THIIA 3aMeIIAONINX KATHOHOB, Bo3pacTas B piaay: Co* ~ Ni* < Zn? [78].

Kak yxe OpuIO yHmOMsAHYTO BbIlle, Hanu4yue B CTPyKType Green Rust xatmonoB Fe?*
ZieslaeT ee YyBCTBUTEJIBHOM K OKUCIUTENIBHBIM ycaoBuAM. OZHAKO AaXke HEIOTHOE 3aMellleHHe
Fe? xarnonamu Ni%* B CTpPyKType CIOHCTOTO JABOMHOTO TMAPOKCUZA OOEeCIIeYrBaeT ee BHICOKYIO
YCTOHYUBOCTD K OKUCJIEHHUIO Ha BO3/yXe, IPUYUHON 4Yero SBJISeTCA yMeHBIIeHUe COZepKaHUA
kxatuoHoB Fe?* B moBepxuHocTHOM ciioe cmemanHoro C/II" [79]. [Toka3aTeapHO, YTO B CMENIaHHBIX
CAT cremeHp OKHCIEHUSA MOTYT MEHATh He TOJBKO KAaTHOHBI XKejle3d, HO M KaTUOHBI JPYTHUX
MeTaJIIOB, BXOAAIIUX B UX CTPYKTypy, Hanpumep, kobanbra [59, 80]. Tun pemerxku Green Rust
He BJIMSET Ha BO3MOXXHOCTH IIPOXOXKZeHUs KaTnoHooOMeHHBIX mpoueccos: B Ni(II)-Fe(Il) CAT
katroHsl Ni** MoryT 3amemats KaTuoHsl Fe?* kak B cTpykType Green Rust I [81 — 84], Tak u B
crpykrype Green Rust II [85, 86]. Kak 6pu10 mokasano Ha mpumepe Fe — Zn C/I' [29, 50], Tun
KOOpJIVHUPYIOUETO aHUOHA oOIpefenseT (Pa3oBBI COCTaB KOHEYHOTO IIPOAYKTA PeaKIUu,
0COOEHHOCTH €T0 CTPYKTYPHI (THUII KPUCTA/UINYECKOH PeIIeTKH, MEXXIIOCKOCTHbBIE PACCTOSHUSA),
anexkrpokuHernueckue (TH3), omruueckne U TepMHUYeCKHe CBOMCTBA, KaTaTUTHYECKYIO
aKTUBHOCTH U PyTHe. 3aBUCHMOCTH CIIEKTPOCKOIIMYECKUX XapaKTepUCTUK cMemaHHbIX Fe — Co
CAT ot ycmoBuii cunTe3a packpsiTa B pabore [80].

KommrekcHoe wusydyenme mpouecca ¢opmupoBanus Ni(II)-Fe(Il) C/AI' mossormio
YCTaHOBUTH B3aMMOCBSI3b MEXAY MACCOBBIM COOTHOHNIEHHEM KATHOHOB (XKeje3a W HUKeNd) U
GasoBBIM  COCTAaBOM  OCAJKOB, IIOJIYYEHHBIX IIPU  COOCAXKAEHHUU  COOTBETCTBYIOUIVIX
HEOpPTraHWYeCKUX COJIell B IpHCYTCTBUU mienouu. Hampumep, B pabore [84] 6bL1 mcCiIemoBaH
MeXaHM3M OKMCJIeHHUsA CMelIaHHOTo ruppokcuza xenesa (II) um Hukend, msomoppHOro B
crpykrype rugpokcuxiopuszaoro GRI  (3Fe(OH):2-Fe(OH):Cl- nH:O), mpu 3amemeHuH
katuoHoB Fe?* xarmonHamu Ni** B XJopuicofepKalleil NUCIIepCHOHHOU cpefe. BaprupoBanue
cootHomeHueM Fe : Ni mpuBozuio x usMeHeHuUIO $asoBOTO cocTaBa 00pa30BaBLIETOCS OCALKA.
Tax, mpu orHomenun 1 : 3 B pacTBOpe OCaXZANACh yCTONYMBAS K OKUCIEHUIO CTPYKTypa
3Ni(OH):2 - Fe(OH)2Cl - nH2O; npu coorHomenuu 1 : 1 maHHasg CTpyKTypa BKIIOYasa B cebd
anemeHTh! oKcuruzapokcuza xenesa 2Ni(OH)2- FeOOH - Fe(OH):Cl - nH20, a mpu cooTHOmeHN!
6osbire 5 : 3 B cOCTaB 0CaZKa BXOAUIU /IBA OKCUTHAPOKCHUA JKejie3a (JIeIMULOKPOKUT U TeTUT) U
’KeJIe30-HUKeJIeBBII I'MIPOKCUXIOPH,

JanpHeiimue nccnemoBanusa ¢a3onsix TpaHchopmanuii cmemanubix Fe(Il)-Fe(III) CAT
CO CTPYKTYpOM IMpoaypuTa Imokasauau, uto, okucienue Fe(OH): B mpucyrcreun Cl- win COs*
mpoxozuT B nBe crazuu. Ha mepsoii craguu o6pasyerca GR I [3Fe(OH): - Fe(OH):Cl - nH20]
nin [4Fe(OH):2-Fe2(OH)4«COs- nH2O], a Ha BTOpoifi — oOKcuruzpokcup xemesa [82].
Vcmonp3oBaHue B KauecTBe MCXOLHOTO ocazka ruppokcuga NixFeq-»(OH)2 sBunocs npuanHoit
ob6pazoBarmsa cmemanHbrx CHI' co crpykrypoit Green Rust I, B koroperx katmonsr Fe?
zamenrensr karnoHamu Ni*. Oxucienwne Ni(I)-Fe(II) CAI' (Green Rust I) npu m36sitke OH-
MHULIMHUPOBAJIO aHUOHOOOMEHHBIH Ipouecc U oOpasoBanme rugpokcugHoro GRI ¢
MHTEPKaJIUPOBAaHHBIMU B MEXCJIOEBOE IIPOCTPAHCTBO AaHMOHAMM THAPOKCHUIA U MOJEKyJIaMU
BOIBI.

Binanue coorHomeHmsa KaTuoHOB Fe : Ni Ha MexaHW3M CTPYKTypooOpa3oBaHUA IIPU
Bo3gymHOoM okuciaeHnnu cMmemanHoro Ni(II)-Fe(Il) ruppokcuma 6pu10 mccienmoBaHO B pabote
[83]. Tax, mpu coornomenuu Fe(Ill) : [Fe(II) + Ni(Il)] = 1 : 3 6plma mosrydeHa CTPYKTYypa,
COOTBETCTBYIOLIAs HAeaau3npoBaHHON ¢opmysne mupoaypura Nig-x!'Fed'Fe(OH)sCl- nH20),
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OKHUCJIeHue KOTOpo# mpuBozuno K TpaHchopmanuu ocratka Fe'(OH):-rpynnm B Fe™OOH-
rpynnst. B guamazone coorrHomenuit Fe(IIl) : [Fe(Il) + Ni(Il)] or 1 : 3 mo 3 : 2 ocaxpganucek
amopdusie oxcuruapoxrcuznst Fe(Ill) wmmam Ni(Il)-Fe(Ill), a mnpm coormHomenun 3 : 2
06pa3oBhIBaICA JEMUAOKPOKUT. [Ipm MuHMMaapHOM cooTHOomeHWH 1 : 5 B wucciaemyeMmoit
CUCTeMe TIpoXOonuao obpasoBanHue cmerranHoro ruzpoxcuxmopuzuoro Ni(II)-Fe(III) CAI co
CTPYKTYpOH IMpOaypuTa, B XMMHYECKOM COCTaBe KOTOPOTO OIIpefieJieHbl MHUHUMAaJbHBIE
kxonugectsa Cl- u Fe(Ill). Mcions3oBanue meToma Meccbaysposckoii criekrpockonuu (MC) mnsa
HCCIEeJOBAHUA IPOAYKTOB OKHCJIEHHS YHCTOrO rugpokcuxyiopugHoro Green Rust u
cmenmranHoro Ni(II)-Fe(Ill) C/II' moka3zano mx HIpUHIUNHAIbHOE OTIMYMe. B TO BpeMs Kak
okucieHre Green Rust mpmBosuT K 00pa3soBaHUIO JIEMUIOKPOKUTA, CTPYKTYpa CMELIAHHOTO
Ni(IT)-Fe(III) CAI" mposiBisieT yCTONYIUBOCTD K JEHCTBUIO KUCIOPOA BO3LyXa U, B 3aBUCUMOCTH
or coorHomenus Ni* : Fe*, mo)xeT ocraBaTbCcs eNWHCTBEHHOH ¢pa30il mim 0OOpa30OBBIBATh
nByxdasuyio cucremy CAI' c tenmupoxpokxurom [81].

Ananus mnponecca oxuciaenus cmemanHoro CJHI' co crpykrypoit Green Rust II,
06pa3oBaBILIerOCsA IPU COOCAKIEHUM CyiabpartoB Hukens u xenes3a (II), moxasan [86], uro Ha
mepBoO# craguu KaTuoHsl Ni?* 3aMemnany KaTUOHHEI Fe? B rHIPOKCHIHOM cjioe ¢ 06pa3oBaHUEM
dassr xNi(OH):2 - (6-x)FeOOH, NiSOs, nH>0O, rze 3HaueHMe X BAppHPOBAIOCH B fuanasoHe 2 — 4.
ITpu srom Hanmume HuKend B cTpykrype C/II' cTabuam3npoBaso ee OT JaTbHEHIIero OKUCIeHNUA.
Ilpu smawenmm x = (0 Ha mepBoil cTaguu 1polecca 0Opa3oOBBIBAZIACh CTPYKTypa
4Fe(OH): - 2FeOOH, NiSOs, nH2O, a Ha BTOpOii — Ienumokpokur. B pabore [86] mokasaHo, uTo
zameneHve Fe? xarmonamu Ni?* B cyrbdarcomepikaieM cI0e IPensaTCTBOBAIO (GOPMUPOBAHUIO
TeTHUTA.

Coracuo [87], dopmuposanue crpykrypst Green Rust II mpu oxucnenun Fe(OH): B
mpucyrcTBuu aHnoHoB SO3* m SOs4*, mpoxomut B Tpu craguu. llepBas crazus cBg3aHa C
obpazoBanueM Fed'Fer''(OH)16SOs3- nH20O, BTrOpat — ¢ €ro 4YaCTHYHBIM OKHUCJIEHUEM [0
Fes'Fex"(OH)12SO4 - nH2O, TpeTpss — C NONHBIM OKHUCIEHHEM B JIENUIOKPOKUT. llpu sTOM
Habmoanocs ogHoBpeMeHHoe okuciaeHne SOs2 mo SO+ B pactBope u Fe(Il) mo Fe(III) — B dase.
IToxoxxee moBemeHue cucTeMsl 66110 moKasaHo u AnA cmemansix Ni-Fe CT' [85]. O6pasoBanue
rugpoxcucyabpurHoro CAI Nis'Fe2(OH)16SOs3 - nH20 oTMewanock npu OTHOIIEHUHU XKeje3a K
Hukeio 1 : 3, mpu satom KonuenTtpanuu SOs? > SO+, a Fe(Il) 6b1 MOIHOCTBIO OKUCIIEH 1N SItU.
B Takoii cucreme okucieHue rumpokcucynabpura B crpykrype CAI' He mpoucxomuT make mpu
YCJIOBUH €ro IIOJTHOTO OKHCIeHus B pacrtBope. OkucieHue naHHOHN ¢asbl B orcyTcTBHEe SO4*
IIPUBOJUT K IIEPEOCAKAEHUIO (PeppUTrHApPUTA, a B OTCYTCTBHE HUKEII — K OCKIEHUIO
nenupokpokuTa. Ilpu yBemnuenunm coorHomenus Fe : Ni go 1 : 2 oxucienue
ruppoxcucyabpurHoro  Ni(II)-Fe(Ill) CAI' mnpoxosur IOMHOCTBIO C 00Opa3oBaHHEM
ruzppoxcucyabgparaoro Ni(II)-Fe(Ill) CAT. IIpu coornomenusax 1 : 2 — 1 : 3 cocyuiecTByioT
dassr  deppurumpura, IUAPOKCUCYAbPUTHOrO U ruapokcucyabparHoro CJ/I, a mpm
coorHomeHun 4 : 3 rugpokcucynspurHei C/II' momHOCTBIO TpaHCchOpMUpyeTca B
beppurugpur u rugpokcucynbdarusrit CAT.

HOKHSaTeHBHO, 9TO HHKEJIb HE TOJBKO IIPEIIATCTBYET TpaHCCI)OPMaU;I/II/I CMeEIlaHHBbIX
xenezocogepxkamux CJI', HO u OKasslBaeT WMHTHOUpYIOllee MAeiCTBMEe Ha BOCCTAaHOBJIEHUE
ruppatupoBaHHbIX okcunoB Fe(Ill) 6axrepuanproil Kynbrypoit Shewanella putrefaciens strain
CN32, upoxopsaimee uepe3 CTaguio (QOPMUPOBAHUA CMEIIAHHOTO CJIOUCTOTO JIBOMHOTO
rugpokcuga co crpykrypoit GRII [88]. Oxrako B aTOM ciryyae nHrunOupyiomee Brugaue Ni* Ha
Boccranosienue Fe(Ill) cBsg3aHO, IIpeuMMyllecTBEHHO, C YyMEHBUIIEHHEM KOJIMYeCTBa
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xusHecrtocoOHbIX KieTok (Ha 50 % mpu xomnentpauuu Hukens 1023 — 10#* M u ma 25 % npu
ero koHIeHTpanuu 10°M), a He co cTpykTypHBIMU ocoberHOCTAMU camux C/IT'.

JpyruMu  BaXHBIME ~ IIapaMeTpaM¥, OIpefeNAIMMU MeXaHM3M 00pa3oBaHUA
TUIPOKCUCYIb(aTHOTO M ruzpokcukapbonatHoro Green Rust, ZOIMpPOBaHHOTO KaTHOHAMU
MeTaIoB (IIWHKA), SBisioTca sHaveHnd Fh n pH [89]. Vamenenue ¢a3oBoro cocrasa ocazika, B
3aBUCHMOCTH OT 3HaveHUA pH, mpoxomuT B Tpu CTaguy HA IepBOI U3 KOTOPHIX NIPY 3HAYEHUAX
pH = 5.5 - 6,7 dopmupyerca mmoxo OKpPUCTA/UIM30BAaHHAfA CTPYKTypa IIBEPTMAaHHUTA
(oxcu(ruppokcu)cynbdara sxenesa(lll)); wa Bropo#t cragum (pH > 6.9) oOpasyerca
rugpokcucyabdataeiii Green Rust, gonmupoBaHHBIM KaTMOHAMM LMHKA, (MaKCHMaJIbHOE
KOJIMYeCTBO JaHHOM (a3el obpasyercs npu pH ~ 9.4); Ha Tperbeii ctazuu B cTpykType Green
Rust mpoxomut 3amemenue anuoHoB SOs* aummonamu COs> ¢  ob6pasoBaHueM
rugpokcukap6onaraoro Green Rust, momupoBanHOro xarnoHamu muHKa. [Ipu stom mo pH ~ 11
OH OCTaeTCA YCTOHYIUBBIM K (a30BBIM TpPaHCHOPMAIIUAM B APYTHE Kele30-KUCIOPOAHEIe (dassl,
HaIIpUMep, MarHeTHT.

CpaBHeHUe ITapaMeTpOB KPUCTAUIMYECKOH pemeTky yuctoro Green Rust u cmemranHOTO
nuHkcogepxamero CAI nokasano [89] ymeHslIeHNe TapaMeTPOB KPUCTAUIMYECKOH pelleTKy a
¥ C, YTO KOpPeJTUpOBATIOCh C BEIMYMHON MOHHBIX paguycos Zn? (0.74 A) u Fe> (0.78 A) u,
TaKUM OOpa3oM, KOCBEHHO YKasplBaJlO Ha 3aMellleHue Xeje3a IIMHKOM B OKTaeJpUYeCKHUX
rugpokcuaHbIx croax Green Rust. MHTepkamupoBaHue KOMIIOHEHTOB OPraHUYECKOH IIPUPOIBI
B MexcioeBoe mpocrpaHcTBo CJI' Toxe NpUBOAMIO K M3MEHEHUIO IIApaMeTpPOB €ro
KpuCTayTIIeckoil pemrerku. Tax, nuddpakuuonnsii muk 8.5 A Zn-Fe—Cl-C/IT, otHOCAmIMitCS
Kk MexIutockocTHoMy paccrosuuio (001) ruppoxcuxmopunuoro CAI', mpu MHTepKaIHMpOBaHUU
BuramMuHa C CMeImancs B CTOPOHY MaJbIX YIJIOB, ¥ MEXIIJIOCKOCTHOE PacCTOSHHE CTPYKTYPHI
yBenmuuBanocs go 10.8 A [43]. Bsrumranume 4,8 A, COOTBETCTBYyIOIlee  TOJILIVIHE
TH/IPOTAIBKUTONIONOOHOTO  €0A  [2], TO3BOMMJIO  BBIYMCJIHUTH  PACCTOSHHUE  MEXAY
THIPOKCHIHEIME CJIOMHE CO CTPYKTYPOIi 6pycuTa, 3aHaToe ButamunoMm C, pasroe 6 A.

Ha CTPYKTYPY CMEIIdHHBIX CJIOUCTBIX THUAPOKCHOOB BIINAET CTE€ITIEHb OKHCJIEHHOCTH
HCXOZHBIX KoMiroHeHTOB. Hanpumep, B pabore [71] caenaH akieHT Ha TO, YTO AJIA IIOJIydeHUA
xopoiro oxkpucramnuzoBanusix yactui, Co(Il)-Fe(Ill) CAT' uemrecoobpasHo ucmonp3oBaTh (Hassl
ruppoxcusoB co crpykrypoit 6pycura (Co(OH)2: u Fe(OH): mmu CoxFei-(OH)2), GsicTpas
TpaHCchOpManua KOTOPHIX, Ipu 3HaveHuax pH > 6.0, mpoxoguT ¢ YaCTHYHBIM OKHCJIEHHEM
IBYXBaJIEHTHBIX KaTHOHOB. CoOCaieHre KaTHOHOB Fe Hemocpe iCTBEHHO C /IByXBaJE€HTHBIMHU
karnoHamu (Mg?, Co%*) cnoco6cTByeT (OPMUPOBAHUIO IUIOXO OKPHCTAJUIM30BAHHBIX
resneobpasHsIx arperatos [26, 90, 91]. Ilocnenyromas rugpoTepmaabHas 0OpabOTKa IO3BOJIAET
IOBBICUTH cTemeHb KpucTayaumgHoctu C/II, omHako TakuM CIOCOO0OM HHKOTAA He OBLIM
IOJTy4YeHbl COBepIIeHHBble MOHOJUCIIEPCHBIE KPHCTaIBI MUKDOMETPOBOTO pasmepa [92].
Bosuukmas npu norydenuu Fe—Co C/II' mpobiaema ampoTrepHOCTH r'UIpOKCHAA KOOGarbTa OblIa
peureHa B pabote [93].

®akropoMm, BrusomuM Ha Mopdosoruio u pasmep dactun, CAT, aBnsercs remmeparypa
mpoBefleHusa npouecca ¢azoobpasoBanug. Tak, yactunsl Zn—Co—Fe clIoMCTHIX THAPOKCHIOB,
CHHTEe3MpOBaHHbIe MeTOJOM MHUKpOSMyabcuil B TedeHue 12 ¥ mpu 7 = 100 °C, mpexcraBagioT
co6oit mpoBonoku (Hutu) guamerpoMm 10 HM u mirusoit ot 100 mo 600 um [41]. ITpu 120 °C B
mucnepcun Zn—-Co-Fe CJII' cocymecTByIOT KaK HAHOYACTHUIBI, TaK M HAHOIPOBOJOKH, C
MEHBIINM cozepxXaHueM mnociesuux, a npu 180 °C B oOpasume OOMUHUPYIOT YaCTHIIBL.
[lanpHeiillee IIOBBIIIEHWE TeMIIEPATyphl paspyllaeT MHUKPO3MYJIbCHIO, BCJIEJCTBUE YETO
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IIPOXOJUT OBICTPOE 3apOXKAEHNE XaOTUYHO OPHEHTHPOBAHHBIX KJIACTEPOB U HEYIIOPAJOYEHHBIH
pocrt wacrtui, [94, 95].

Kak npasuio, cmemannusie C/II, moxyyeHHbIe TPaZUIIMOHHBIM METOLOM COOCAKIEHUS,
“MeIoT GOpMY reKCaroHaJIbHBIX IJIACTMHOK MUKPOMETPOBBIX Pa3MePOB C IIPEUMYIeCTBeHHBIM
POCTOM KPHCTAJJIOB NEPIEHIUKYIIPHO IOJJIOXKe (B HalpaBleHUU C). B To xe Bpems, mis
M3TOTOBJIEHUS psAfa (PYHKIMOHAJIBHBIX MaTepHUasoB (KaTaju3aToOpoB, COPOEHTOB, HOHHBIX
JIUTHEBBIX Oarapei, SJIEKTPOZOB YW HOCHUTEJIEH sl KJIeTOYHON [OCTaBKU JIEKAPCTBEHHBIX
[IperapaToB U FeHOB) GOIBUINI MHTEPeC IPeCTaBIAI0T MAaKPOCTPYKTYPHI chepraecKoit hopMmsl,
CO3JjaHHble HA OCHOBE CJIOMCTHIX MABOHHBIX TUAPOKCUZOB [96]. Jlnsg CHHTe3a CIIOKHBIX
MHOTOYPOBHEBBIX CTPYKTYP KJIIOUEBBIM MOMEHTOM SIBJISETCS yIIpaBIeHNe MUKPOMOpQoIoTHei
U arperanueii nepBuyHbIX yactul, uiau kpucramroB C/I [4, 97]. Ha ceroguamuuii neHs g
ITOJTyYeHUs CJIOUCTHIX JBOMHBIX TUAPOKCUIOB CHepruIecKoil pOpPMBI NCIOMB3YIOT jBE OCHOBHBIE
CXeMBl CHHTe3a: MATKHEe MAaTPULBI, TaKWe, KaK KalIM SMYJIbCHH win Munesrst (98, 99], u
)KeCTKYe, OTPULIATeNbHO 3apsDKeHHble cdepsl (MaTpUIbI), Ha KOTOPHIX IIPOBOASIT IIOCIOMHOE
dopmupoBanre obonouxku wu3 aucamb6neit CUAI' layer-by-layer assembly [97, 100, 101].
IIpermymecTBaMu JXeCTKOM MaTpPHUILbI IPU3HAHBI JIETKHII KOHTPOJIb Haj pasmepoM chep [102] u
yIpaBjleHWe CBOMCTBAMHU MAaTPHUIBI C IOMOINbIO (QYyHKIMOHAJBHBIX TPYIII HA €e ITOBEPXHOCTHU
[103]. He wmenspumii wHTEpeC [ IPAKTUYECKOTO HCIOJIB30BAHUS  IIPEJCTABIIIIOT
pacuierieHHsle Ha ciaou cTpykrypsl CJII', mosydeHHbIE TOIIOXMMHWYECKUM OKCHUIATUBHBIM
HMHTepKaJINPOBaHMeM, KOTOPbIe XapaKTepU3yIOTCSA JBYMEPHOMN aHU30TPOIIHeH, T0NI0KUTETbHBIM
3apALOM CJIOS ¥ YHHUKaJIbHBIMH  (U3UKO-XMMHUYECKUMHU CBOMCTBAMU (MAarHHUTHBIMU,
9JIEKTPOHHBIMY, KaTATUTUYECKUMH), OIpeZelsieMbIMA YPe3BbIYafHO Mayoil TONIIUHOM
pacienyieHHOro cos [69].

4. Ucnionp3oBanue xenesocogepxxkamux CAT
JJ11 IOyYeHHU AUCIIEPCHHIX (peppumnIMHeIeH

HPI/IH]_[I/IH HCIIOJIB30BaHUA CMEIIAHHBIX CJIOMCTBIX THAPOKCHUAOB [AJsI IIOJTy4YE€HMSI
IUCIIepCHBIX (GeppuTOB OBLT packpeiT B pabore [104], rme mokazaHO, YTO paspylIeHHe
crpykrypst CI' mpu Temmepatype ~ 400 °C nmpuBosuT K 00pa3oBaHUIO TOHKOAMCIIEPCHOH (assl
CMeIIaHHBIX OKCUOB CO CTPYKTYpoi deppUIIIHUHeIN. Y IUTHIBad (aKT, YTO IMIIHHeIeIoA00Has
dasa mpu TepMmueckoil 00paboTKe coxpaHfeT MOPQOJIOTHUIO YaCTHI, CIOHUCTHIX JABOMHBIX
TUAPOKCUIOB, B pabore [105] O6bL1 chemaH BBIBOZ, O TOIOTAKTUYECKOM XapaKTepe
BBICOKOTeMIlepaTypHoro npespamenus C/II.

C ydueroMm pasHuIE AaBiaeHui, dasossle TpaHchopmanuu cmemanHbx Co-Fe CAI mpu
TU/IpOTepMaJbHOM IIpoIlecce M TIpH IIPOKAJMBAaHUK Ha BO3JyXe IIPOXOJAAT IIPU Pa3HBIX
TeMIlepaTypax. lak, ruzporepmanbHas obpaborka cycmensuu C/I mpu 100 °C 3aBepuraercs
dbopMHUpoBaHUEM XOPOLIO OKpUcTauin3oBaHHOro Co—Fe okcuzia yepHOro 1Bera, OMMCAHHOTO B
[106]. Tepmudeckas pectpykuus rugpokcukapbonarssix C/II' mpu mpokaauBaHUM Ha BO3ZyXe
HauymHaeTca ¢ 7'~ 115 °C. Hanmuue Ha xpuBsix JITA nByx sHpoaddexToB oTHOCAT K: 1. moTepe
Me>XXCJI0eBOI1 BogbI, KoTopoe 3aBepinaercsa npu /'~ 180 — 280 °C; 2. paspyieHHIO TUIpOKCUAHBIX
CJI0EB TIpM y/JaJeHUM CTPYKTypHOH BOZBI BCJIEACTBHE IEeTUAPOKCHIANUK  PpelleTKH,
COIIPOBOXK/AIoNIeica /IeKOMIIO3UI[eli aHMOHOB KapOoHaTa u BhieneHueM CO: B guamasoHe
tremnepatyp 300 — 480 °C [54]. Anamornunsie manusle 6putn morydens: u mo Fe-Ni CAT, mus
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KOTOPBIX BBIZIeIEHHE MOJIEKYJ MEXCIOeBOH BOAsl OBLIO 3adUKCHPOBAHO B JHUAIIa30HE
tremneparyp 100 — 200 °C [107].

B pa6ore [28], Ha mpumepe ruzpoxcucyabdatHsix C/II, mokasaHO BIMSHUE IIPUPOZSBI
KaTMOHAa Ha KOJIMYeCTBO M TeMIlepaTypy OHaoTepmudeckux 5pdexros. Tak, moxHOe
paspymenue ctpykrypsl Mg—Fe(II)-Fe(III) CAI 3aBepmaerca o 7= 400 °C u compoBoxxgaercs
4eTHIPHMA DH03(deKTaMy, OTHOCAIWUMUCA K: 1. mecopOumu BOABI, (PU3MUECKU CBA3AHHOM C
BHEIIHEeH IIOBEPXHOCTBIO KPUCTA/UIUTOB; 2. YZAJIE€HWIO BOJABI, WHTEPKATUPOBAHHON B
MexxcimoeBoM npoctpanctBe C/I; 3. meruppoxcmmanuyn pemrerku C/IIN m 4. mexommosuium
MexxcimoeBbix cynbdar-annonos. [lnxs Co—Fe(ll)-Fe(Ill) CAI' xapakrepHs! Tpu 3HI03(deKTa,
Hab6mogaemsIx mpu Temneparypax ~ 80, 120 — 160 u 160 — 350 °C, a s Ni—Fe(II)-Fe(III) CAT" —
OJJHOTO IIMPOKOTO 3HA03¢deKTa B frama3oHe TeMmiepaTyp ot komHatHoH 0 150 °C. OgeBugHO,
4TO gmecTpyKuusa HuKenrscogepkauux C/II' mpoxomur mpu Gosee HU3KUX TeMIIEpaTypax, IIO
CpaBHeHMIO C K00OansT- u MarHuiicomepxamumu CJII', 9TO ykaspiBaeT Ha MEHBIIYIO CIIIY
BOJIOPOAHOM CBfA3M MEXIY MOJIEKYJIAaMU MEXKCJIOeBOH BOABI M aHHMOHAMH, a TAKXKe MEHBIUIYIO
CUJIy 3JIEKTPOCTATUYECKOTO IPUTKEHUSI MEXIy TMAPOKCHUIHBIMHU CJIOSIMU U aHHUOHAMHU, 4YTO
obyilerdyaeT IOTEPI0 MacChl M TpPaHC(HOPMAIUIO KPUCTA/UIMYECKOH PpeIIeTKH CIOMCTBIX
TAAPOKCHZOB, KaK TAKOBOM.

11 cpaBHeHUA, AeCTPYKIHA MexKcaoeBbrx aHHOHOB SO+~ B cTpykType CoFel'Fe'-C/T,
cOpMUPOBAaHHBIX HA IIOBEPXHOCTU IIOJUCTEPEHOBBIX CHEPUYECKUX YACTUL, U HMEIOIINX
MOP(GOJIOTHIO «IIBETKa» U «MaJIMHBI», 3aBEPUIAETCSA IIOCJIEe IPOKAIUBAHUA B TedeHUe 2 4 IIpU
T=900 °C [96]. IByxgacoBoro npokanmuBanus o6pasuos npu 700 °C okasasocs HeAOCTaTOUHBIM
IJIS TIOJIHOTO yZAaJeHHs CIeIOBBIX KOJIMYECTB CYJIb(AaTOB, YTO OBLIO YCTAaHOBJIEHO B JAHHOM
paboTe METOOM SHEPrOAYCIIEPCHOHHOM CIIEKTPOCKOIIUH.

Temneparypras TpaHchopMalnys ITOPOLIKOB JKeIe30-KUCIOPOAHBIX (a3, ComeprKalluX
ruppokcucyabdaruele cmemanusie CJI xeme3a m KoGasbra, HUKENId, MeAU WIM IIWHKA,
IIOJly4YeHHble METOJOM POTAI[MOHHO-KOPPO3MOHHOTO [JUCIIEPTHUPOBAHUA, COIIPOBOXKZAIACH
IIPOSIBJIEHUEM HECKOJIBKUX dHJ09(deKToB. Y mameHne afcopOIoOHHOM ((HU3NYeCcKy CBI3aHHOM
BOJBI) IIpOXOAUJIO B aAuamasoHe remreparyp 106 — 113 °C; mepexozm HM3KOTeMIIepaTypHOTO
mar"etuta B Marremut — npu 200 — 240 °C; mermapoxcuianus peureTKu OKCHUTHUPOKCUIOB —
mpu 272 — 281 °C; tpanchopmanusa marremura B remarutr — npu 324 — 340 °C. Ilomxmoe
paspymenue crpykrypsr C/II', compoBoxzmaemoe CylrecTBeHHOIH IIOTepeil Macchl 0OOpasIioB
(14 — 31 mac. %), 3a¢puKCHUPOBAHO B TeMIIEPaTypHOM fguamnasoHe ot 625 mo 780 °C [108].

B03MOXXHOCTh IPaKTHYECKOTO HCIIOJIB30BAHUA CIOUCTBIX [BOWHBIX THUIPOKCHUIOB CO
CTPYKTYpO# THAPOTATbKATA B KadyeCTBe eNMHCTEHHOH (aspl-IpeKypcopa s IONy4eHHUd
yactun, ¢(eppumnunenu MgFe:Os, ¢ paBHOMEpHO pacIpefeleHHBIMH KAaTHOHAMH XXejle3a U
MarHud, Obla IokazaHa B pabore [109]. YcnoBuem nonydeHus MOHOMUHEpPATBHOMH (hasbl
beppuLIIIHE N OIpeseeHo cobmofenue heppUTHOro cooTHomenus KatuoHoB Mg : (Fe(Il) +
Fe(IIl)) = 1 : 2, HapyuleHHe KOTOPOTO IIPUBOAUIO K 00pPa3oBaHUIO BTOPO (as3bl — reMaTUTa IIpU
M30BITKE JXKejle3a MU OKCHUAA MarHUs IPU U30BITKE ITOC/IEHETO.

ITono6HBIe 3aKOHOMEPHOCTH OBLIM YCTAaHOBJIEHBI M [JI CUCTEMBI C KOOAJIbTOM.
KonmuyecrBennsiii cunTe3 rugpokcukapbonatasix Co-Fe CAI' u  wux cmeceit c
TUAPATHPOBAHHBIMY OKCUIAMHY JKejle3a IIPOBOAYIN OCAXKAEHUEM THAPOKCHUIOB METaUIOB IIpU
3aZlaHHBIX 3HaYeHUAX pH u mociemymomeM IPOKATUBAHUY OCafiKa IIPU BBICOKUX TeMIIepaTypax
[26]. B 3aBucMMOCTM OT MOJIIPHOTO COOTHOLIEHMsS KobOajbra U JKejle3a B O0CaZKax
06pa3oBsIBAIKCH 1100 MoHO(Da3HbIe 06pasisr C/II', 1160 cMenranHble (as3bl OKCUAOB XKejle3a U
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kobasmbra. ['OMOTeHHBIE XOPOIIO OKPUCTAIM30BAaHHBIE YACTULBI (EePPULINIHETN IOIyYaau
mpu MoaApHOM oTHoureHuu kobGanbra(ll) u sxenesa 1 : 2. O6pasipr ¢ GOIBIIUM COZEPKaHUEM
kob6anbra (coorHomenueM Co : Fe) coxmepikanu pasnoe xonmuectBo mpumecu CozOs u CoO,
dbopMupOBaHKEe KOTOPHIX OTMEYAIOCh JaXke B OKMCAUTENbHBIX yenouax npu 7= 800 — 900 °C.

B pabore [28] gmas nonydenus —(eppuurnuHeneit  GBLIM  HMCIIOJB30BaHbI
TUAPOKCUCYIbdaTHbIe Kene3ocomepkamue C/IT, monupoBaHHbIe KATHOHAMU MarHufA, KOOAIbTa
u Hukend. Tepmudueckas obpaborka CJI' ¢ 3amaHHBIM COOTHOIIEHWEM KAaTHOHOB METAJIJIOB
IIO3BOJIMJIA IIOJIY4YaTh B OJHY CTafUIO AUCIIEPCHBIE OKCHUABI M (EPPUTHI COOTBETCTBYIOUIVX
MeTayIoB npu cobmogennu ¢epputHoro (1 : 2) coorHomenus M* / (Fe? + Fe3). Ilpu atom
OIpefieIAIONUM  yCJIOBMEM CHHTe3a BBICOKOKAYECTBEHHON (peppHUINMHENN  SIBUIOCH
WCIOJB30BaHHE [JII TEPMHYECKOTO IIpeBpallleHus eAWHCTBEHHOH (asbI-IIpeKypcopa ¢
bepputHBIM cooTHOUIeHMeM KaTthoHOB (1 : 2), KOTOpoe HacieZoOBal ¥ CaM IPOAYKT (Ha3oBOit
tTpaHchopmanuu. Tepmuyeckas TpaHCPOpPMALMsA IPOLYKTOB POTALHOHHO-KOPPO3UOHHOTO
IUCIEPTUPOBAHUA — CMeCH JXeje3ocofepxkamux ¢as, B cocrtaB Koropsrx Bxomar C/T,
IONMPOBaHHBIE KaTHOHAMU KOOAIbTa, HUKEJA, IMHKA FUIM MeIY, IPOXOJUT NPU HapyLUIeHUU
deppurHOro coorHoumenus MeranioB (1:10), B pesynbrare yero obpasyercs equHCTBeHHas (asa
OKCH/JIa JKeJle3a, JOIIMPOBAaHHOTO KaTHoHaMu 3d-MeTasuIoB, a He peppummnunenu [110].

Taxum o6pasom, IIpoBeieHHbIE UCCIeNOBAHUA IO3BOIUIN BBIIETUTh IPUHIIUIINAIBHYTO
POJIb CTEXHOMETPHYECKOrO COOTHOIIEHHA KaTHOHOB MeTannoB B dase-npexypcope (CAI) mma
bopMUpOBaHNA TOMOTEHHBIX MOHOMHUHEPAIBHBIX (a3 deppUIINNHeNTel, COXpaHAIOUINX
HCXOZHOE COOTHOIIEHYE KaTHOHOB.

[Tpumenenne Fe-Ni C/II' B kauecTBe IpeKypcopa IS OZHOCTAAMIHOTO IIOTydYeHUS
HAHOYACTUI, (eppULINNHeNTe C KOHTPOJUPYEMBIMU (UIUKO-XUMUYECKUMH CBOMCTBAMHU,
onucaHo B pabote [39]. Vicrronb3oBaHue CIIOMCTHIX JBOWHBIX THIPOKCHUIOB JKeje3a M KobaapTa B
KayecTBe IIPeKypCOPOB I CHHTe3a HOPMAJIbHBIX M OOpallleHHbIX IIMWHEIeH OCBEIIeHO B pALe
pa6or [59, 90, 111 — 114], a ux nucmosbp30BaHUE IJI1 ITOJTyYeHUs CMEIIaHHBIX OKCHOB JXeje3a U
KoOasbTa HaXOAUM B padore [26].

Kunernka wu MexaHusM asoBbIX TpaHcpopManuii T'HAPOKCUKApPOOHATHOTO U
rugpokcuauTpatHoro C/II' mpy ruApoTepMasbHOM IIPOIecCe U IOC/IeyIouleM IIPOKATHBAHIU
ocaskoB ObutM omucaHsl B pabore [59]. Jecrpykumusa C/II' B rumpoTepManbHBIX YCIOBUAX
3aBUCUT OT AHWOHHOHM COCTaBJIfAOmeld M mpoxoauT npu Temmeparypax < 180 °C. Tax,
OJHOBpEeMEHHas JAeprufipaTauus U  JeTUAPOKCHWIAnMsS  rugpoxcukap6onarusrx  C/I
ocymectpiasgerca npu 7 = 167 °C, B To BpeMs Kak g TpaHCHOPMAIUKM THAPOKCMHUTPATHBIX
CAT, BcrnexctBue O6OJbLIeil KOHLEHTpPAIMU >Kejle3a B o0Opasie, TpeOyloTcs 0ojee BBICOKHE
temnepatypst (185 °C). B pesynpraTe ruppoTepMaynbHBIX IIpeBpalleHHIl OOpasyloTca mBe
TepMOJMHAMMYeCKH ycToiuuBble (assl co CcTpykTypoit HopmambHOM Co030s4 m obOpameHHOI
CoFe204 mmuuenmn. MexaHu3M JaHHOTO IIpolLlecca CBA3aH C pacTBOpeHHeM ¢asbI-TIpeKypcopa
(CAT') m mocnemyomuM IepeocaxgeHreM ABYX (a3 okcuzoB. TBepmodasHas AeKOMIIO3UIUS
CATI zabuxcuposana mpu 7= 400 °C, xorza 3HaUYNTeTBHYIO POJIb UTpaeT Aubdysus KaTHOHOB. B
TaKUX yCJIOBUAX (OpMHpOBaHMe OAHOI MeracTabwibHOM ¢as3sl mnuHenun Co*(Co*,Fe*)Os
KHHETUYEeCKH BBITOZHee, 4eM OOpa3oBaHMe ABYX ycCToWuumBhIX ¢a3. Ilpu srom Hanmume B
crpykrype CAI' xaruonoB Zn?, Co?* u Fe3* cmocoGcTByeT mx OBICTpOMY paspyLIEHUIO IIOJ,
JleiCTBHEM TeMIlepaTypBl.

[ToryyenHsle maHHBIE XOPOLIO COTJIACYIOTCA C pe3ysIbTaTaMH 0Oojee paHHUX
WCCIeJOBaHUI, B YaCTHOCTH, B pabotax [90, 92] 6s110 oTMedyeHO 0OpasoBaHue MeTacTabUIbHOM
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Gdassl MarHeTHTa CO CTPYKTYpOil (eppUIINIHeNIH, 000ralleHHOro KaTHOHAMH KO0OajabTa, IpHU
T<450 °C. B To xe Bpems, mosHoe pactBopeHue Co u Fe B cTpykType deppuurnunenu,
nony4yeHHo# npu Tparncopmaruu CAI' (cootnomenwne Co : (Co + Fe) 0,66 — 0,80) mocturaercs
tonpko mpu 7 > 900 °C [115]. Ilpu Temmeparypax < 900 °C B ¢asoBoM cocTaBe IIOPOLIKOB
cocyuiecTBYIOT (a3l Kobambruta U Qeppura. OOpasoBaHue [ByxpasHOM CHUCTEMBI IIpU
rugporepmanbHoM npeBpamenun C/II' obvsacHeno B pabore [116] ¢ Toukm 3peHHA
KOOpJUHAIIUY B OKCHJax co crpykrypoit mnuHenu Fe(IIl) mpeumymecTBeHHO TeTpasgpuiecKux
MO3UIIUAX, YTO JejaeT JaHHYIO ¢asy MeracrtabmisHoi [117]. IIpu paspymenun Co-Fe CAT
obpasyercs oOoraueHHas KOOaJbTOM HOpPMajabHas ILINHHENIb X OOOTalleHHas >KeIe30M
obpamennas mnuHenb [80]. VYuuTeiBas WAEHTUYHOCTh KPUCTAJUIMYECKOH CTPYKTYPBI
beppumInIHeTH, MTOJTyYeHHOH B OZHOM M JAPYTOM CIy4asgx, GOpMHpOBaHUE TOTO FUIM WHOTO
IPONyKTa TEePMHUYECKOTO IIpeBpallleHHsA OIIpefieieTca SHeprueili KAaTHUOHOB M UX
IIpeAIOYTUTENBHON KOOpAWHALMEeH B TETPadApUYECKUX WIH OKTadAPUYEeCKUX ITO3UIUAX
IITTHHETH.

B menom, py1a mmnuHeneil XapaKTepHSBI /Ba TUIA KPUCTALIUYECKUX PELIETOK, KOTOPHIE
OIlpeie IAI0TCA IO3UIMAMY, 3aHMMaeMbIMU KaTHOHAMH B IUTOTHelH el yrakoske [118]. O6sruno,
katnoHsl Me* u Fe* pacmpezendiorcs B oOemx MO3MIMAX: A — TeTpaefpUYecKHMXx U B —
OKTaeJpHYeCKUX. B HOpManbHBIX UIIMUHENAX KAaTHOHBL M?** 3aHMMAIOT TeTpadApHUYecKue
mosunuy, a Fe¥ — okrasgpuyeckue, B TO BpeMs Kak B OOpallleHHOM IINMHWHEIN II0JIOBUHA MOHOB
Fe 3anumaer TeTpasgpuyeckue NO3ULTHUU. BHeipeHHWe B KyOHMYECKYIO peIIeTKy NIITHUHEIU
IBYXBAJIEHTHBIX KAaTHOHOB II€PEXOJHBIX 3d-MeTaJoB BHOCHUT CYIEeCTBEHHbIE W3MEHEHUT B
BeJIMYMHY IIapaMeTpa a, KOTOPBIM MOXKeT BBICTYIIaTh yHKIFell MOHHBIX pazumycoB Me*. B To
’Ke BpeMd, HepaBHOMEpDHOe pacIipefie/ieHHe KaTHOHOB B CTPYKType GeppUIINIHENIH [AejaeT
TaKOe COOTHOLIEHHE HEeOYeBHAHBIM U OOJbIIe OTpaXaeTca Ha PpasJIMIdy Pa3MepoB
KpuctaunutoB. B pabore [119] moxasaHo, YTO [AJA CTEXHMOMETPUYECKHX (QeppHUIlNUHeNe,
norxydeHHbIx mpu nporpese C/II-mpexypcopos, BenrumuyuHa a paBHa: MgFe:04 — 0.8394 uM; n1a
CoFe204 — 0.8383 um; mna NiFe2Os — 0.8338 HM, a pasmep KpHUCTa/UIUTOB, COOTBETCTBEHHO, 38.6;
49.0 1 42.0 am.

CyMMapHOe BO3ZeHCTBUe TeMImepaTypsl I MarHHTHOIO IOJIZ Ha (a3oBBIM COCTaB M
Mopdosoruio npoaykros npespamenus C/I' mpogemoncTpuposano B paborax [114, 116, 120].
Hanpuwmep, B pabore [114] nokasano pasinuue Mopdororuu u ¢asoBOoro CocTaBa IPOIYKTOB
tpaHchopmanuu coocaxzenusrx Co—Fe C/AI' mogm pefictBuem cuiapnoro (10 T) Buemrnero
MarHUTHOTO IIOJII MUIM IIPU €r0 OTCYTCTBHU B 3aBUCHUMOCTHU OT TEMIIEPATyphl IPOKAIMBAHUSA.
CormnacHo npezcraBieHHsIM gaHHbIM, Ipu 7 = 400 °C nmpoxoaut yactuyHoe okuciaeHue Co? c
o6pazoBarueM (azpr Co'Co'Fe"O4, mpu sTOM 6€3 BO3[eHCTBIA MaTHUTHOTO IIOJIA 0OpasyloTCsa
arperaTsl, COCTOAIIMe M3 dYacTul, cheprueckoil ¢OpMBI, a IOZ, AeHCTBHEM IIOJA — IIOPHCTHIE
naMesiapHsle arperaTsl. Ilpu remmeparype Bsime 500 °C B cocTaBe IPOAYKTOB MPOKAJIMBAHUA
npeo6iagaer ¢asa ¢eppura kobanpra CoFe20s, a mpu mossimenuu 7 mo 800 °C o6pasyercs
nByxdasHas cucrema CoFe20s (40.5 %) u Co3Os. OddeKT MarHUTHOTO IIOJS IIPOSBIIAETCS B
nospireHnu ¢aspr CoFe2Os mpu 7' < 500 °C, a Taxke yBeIWYeHUN OTHOCUTEIBHOTO KOJIMYECTBA
deppuumunenu (61.2 %) u nossimenuu crenenu ee kpucrammyHocTu npu 800 °C. O6pasisr
beppummuHenell, IONXydYeHHble IIOZ, /[JeHCTBUEM MAarHUTHOTO IIOJIA, XapaKTepPHU3YIOTCA
IJIACTUHYATON Mopdoorueit, 6onxsuum pasmepoM 3epeH (100 HM), o cpaBHeHUIO ¢ 0OpasamMu,
moysydyeHHbIMH Oe3 gefictBusa MarHuTHOro mosus (50 Hwm). HamarmmdyeHHOCTh HaCBIIEHUSA
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00pas1ioB, chOPMUPOBABIINXCS IO, AeHCTBUEM IIOJIA, cocTaBaseT 22.6 3M0 / T, B TO BpeMs Kak
6e3 BO3/eliCTBUA ITOJIL OHA HIDKe U paBHA 19.8 amo / T.

CpaBHenune »sddextnBHOCTH npoKanmmBaHug mopomkoB C/I' gna  momydeHus
beppummuHeTell MOKa3ago IMPeUMyIecTBO AAaHHOTO MeTOZa Iiepef APYTUMU, Haubojee 4acTo
HCIOJIB3yEeMBIMH, METOZAMHU CHHTe3a aHAIOTUYHBIX (a3 [119]. [l nonydyenus dbeppunnuzenu
nopomok C/II" mpokanusanu Ha Bo3gyxe npu 7= 900 °C B TeueHue 2 4 IpU CKOPOCTU Harpesa
10 °C / muH, nocie dero obOpasel OXJIOXKZAMU O KOMHATHOH TeMmieparypsl. [lna cpaBHeHus
beppummuHeny OBUIM IIOJNy4YeHBI IIPOKAJIUBAHUEM JBYyX JAPYTHUX (Ha3-IIpeKypcopoB IIpU
T=1100 °C B Teuenue 10 u co ckopoctsio Harpesa 10 °C / MUH C IIOCIIEAYIOUUM OXJIKIeHUEM
IIPOKaJIeHHBIX OOpasIoB Ha BO3Zyxe. B KadecTBe IPeKypcOpoB ObLIM HCIOJIB30BAHBI 1.
CTeXHOMeTpHUYeCKHe CMeCH OKCHIOB — IIOPONIKOB reMaTuTa 1 IpocTsix okcugos NiO, MgO nau
CoO wm 2. ocamku, moOnTydYeHHble IpU 00e3BOXXMBAHWM CYCIIEH3UM COOCRKJEHHBIX B
C1abOIIeIOYHOM CpeJie TUIPOKCHAOB COOTBETCTBYIOWUX MeTamnoB. OTMmeueHHOe B pabore
HapylleHHe CTeXHMOMETPUYECKOTO COOTHOUIEHWS IIPU KCIIOIB30BAHUU «MOKPOXHMHUYECKOTO»
MeTOZia OTHECEHO K YaCTUYHOMY OKMCJIEHHIO JKejle3a KHCJIOPOZLOM BO37yXa, YTO YKasbIBaeT Ha
HeOoOXOZMIMOCTh IIPOBeJIeHHs IIpollecca COOCaKIeHus B WHepTHOH armocdepe. IIpoBemennoe
HCCIefloBaHMe IIOKa3alo psAj IpeuMmylnecTB wucmonbsoBaeHus C/I-mpexypcopos mis
IIOJIy4eHUs TOMOTE€HHBIX YJIBTPAAMCIIEPCHBIX IIOPOIIKOB (eppUIIINHEeNIN, IO CPaBHEHUIO C
IOBYMS IPYTHMHU TEeCTUPOBAaHHBIMM MeTojgaMmu. Peus mper o: 1. paBHOMepHOM, Ha aTOMHOM
YPOBHE, pacIpefieleHUM KAaTHOHOB METa/UIOB B CTPYKType (eppHINNNHeNH; 2. MeHBIINX
TeMIlepaTypax u mpogopkurensHocT Harpesa CJI' mo dopmMupoBaHUS CTPYKTYpPHI
beppummuHeTy; 3. MEHbIIEM IIAHCe BOSHUKHOBEHN HEKOHTPOJIUPYEMBIX TOOOYHBIX PeaKIuii.
B pgomonmenwe, xak mokazamo Ha upumepe Ni(Il)-Fe(Ill) CAI' [121], upumecs
oxcuoB(NiO)x- NiFe204, o6pasoBasurascsa nocie npokanusanus C/AI mpu 900 °C, moxxeT GBITH
yZAajieHa IIPU yIbTPa3ByKoBOil 06paboTke cMecu (220 mr nmopomka B 10 M KOHIIEHTPUPOBAaHHOM
HNOs) B TeueHme HECKOJBKUX 4YacoB, ee mocieayiomeM Boigepkusanuu npu 150 °C gmo
3aKUIIAHUA, OXJIKIeHUY, MarHUTHOU cenapauuu npu 0.1 T, mpoMeIBaHUM JUCTHLIMPOBAHHOMN

Boso# u BeIcymmBaHuu npu 60 °C Ha Boszmyxe.

5. MarauTHbIE CBO¥CTBA (peppHUIIIIHHENEH, IIOTyYeHBIX IPH
TepMHYecKoi TpaHcopmarium xenesocogepxkamux CIII

OzHuMH U3 KOHTPOJMPYEMBIX IIapaMeTpPOB, XapaKTepuU3ylomux (eppUIIIUHeNH,
ABNAIOTCA WX MAarHUTHBIE CBOMCTBA. AHAJIMW3 JIMTEPATYpPHBIX JAHHBIX, ITOCBAILIEHHBIX
WCC/IeZIOBAHUIO MAarHUTHBIX CBOMCTB /JMCIEPCHBIX (QeppUlINUHeneii, IONTydeHHBIX IIPH
TePMUYECKOH JTeKOMIO3WIMH CMEIIAaHHBIX CJIOMCTBIX [ABOMHBIX THAPOKCH/OB, IOKa3al HX
CyIleCTBeHHOe OTJMYMe OT CBOMCTB AHAJOTMYHBIX IO COCTAaBy M JMCIEPCHOCTH OOpa3loB
beppHuLIIHEeIN, CHHTe3UPOBAaHHBIX APYTUMHU MeTOJaMU. B dacTHOCTH, 00pa3ibl, IOTydeHHbIe
mpu mpokanmuBanuu M?'Fe?Fe*—~C/II' mpexypcopos mpu 900 °C orimyaroTcs MarHUTHBIMU
XapaKTepPUCTUKAaMU Ha HAaHO- U MHKpoypoBHe [111].

CpaBHeHMe MAarHUTHBIX XapaKT€PHUCTUK IIOPOIIKOB (peppHUTa MarHUs, IIOJTyYeHHBIX IIPH
IIPOKAJTMBAaHUM: 1. JKeje30-MarHHeBhIX CIOMCTHIX TBOMHBIX THAPOKCHIOB; 2. cmecu MgO mmm
MgCOs u Fe20s nokazano pasnmnune HamaramdeHHOCTH HackmeHus MgFe:O4: B mepBom cirydae
oHa BbIle U cocTaBasgeT 34.6 oMo / r, a Bo Bropom — 26.4 smo / r [109]. Cornacuo [119],
HaMarHU4YeHHOCTh HACHIeHUA (QeppULINMHeNell MarHuA, KoOaJabTa M HUKEJd, HOJyYeHHBIX
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IIpY IPOKATUBAHUK OKCHUJOB WJIHU COOCLKIEHUEM «MOKPOH XWMHeH» HIDKEe II0 CPaBHEHUIO C
dbeppHuIITINHEIAMY, TOTy4YeHbIMU ITpu npokanuBanuu C/II-npexypcopos.

JloTioTHUTETBHBIM ITapaMeTpPOM, BHOCAIIUM CBOI BKJIAJ B peTyJIHpPOBaHHE MarHUTHBIMU
CBOICTBAaMM (peppUILINHHENN, ABIAETCA MOPPOJOrHA KOMIIO3UTOB. Tak B pabore [96]
yKa3pIBaeTC HA TO, 4TO YIIpaBJIeHHE apXUTeKTypoll u Mopdosorueit CynrbGUPOBAaHHBIX
IIOJINCTEPEHOBBIX HAaHOCHEP, UCIOIB3YeMBIX B KadecTBe Marpuisl mia ocaxzaenus CHUI, nx
yZAajseHue IIpU 3aJaHHBIX 3HaYeHUax pH (2 — 7) u BappupoBaHue TeMIepaTypoil IPOKaIUBAHUS
OOpa3LlOB IIO3BOJIAET IIONY4YaTh HeCTeXMOMeTpUYecKrue GeppUIINUHEeIM C MarHUTHBIMU
XapaKTepPUCTUKAMHY, OTIUYAIOIUMUCA OT XapaKTepUCTUK MX MAaCCHBHBIX aHajoros. Hampuwmep,
HaMarHW4YeHHOCTh HackimeHus HaHochep CoFe:Os ¢ HaHOAPXUTEKTYpPOH «MaJWHB» U
HaHomnopomkoB CoFe2Os HinKe, IO CpaBHEHUIO C MAaCCHUBHBIMM aHajoraMu Qeppura KobaasTa
(72 amo / 1) [122], B TO BpeMs KaK UX KOEpPIIUTUBHOCTH (/1) BbIlIe, YeM y MAaCCHBHOTO aHAayIora
(980 Oe) [123]. IlomoOusIit HaHOpasMepHbIH 3¢GdeKT, BAUAOUINY Ha MarHUTHBIE CBOICTBA
CoFe204, 6511 OTMeueH U B pabore [124]. B Toxxe Bpemsa a1 cdep O CTPYKTYPOiH «MaJTHHBI»
nmetomux coctaB (NiosCoos)Fe2Os oTmeuaercs ywmenbmeHue mnokasarenedr Ms um He, mo
CpPaBHEHHIO C IIOKa3aTeJIAIMHU IIOJTydYeHHBIX B 5T0H pabore Co-Fe-comepxamux o06pasmos,
BCJIEZICTBME YAaCTHMYHOTO 3aMellleHWs KaTUOHOB KoOajibTa KaTHOHaMu Hukend [125].
VBennueHne TeMmmeparyphl IpokanuBaHug InpekypcopoB ¢ 700 mo 900 °C cmocobcTBOBaIo
yBEJIMYEHHUIO HaMarHUYEeHHOCTU 00pa3IioB BCJIECTBUE MTOBBIIIEHNS CTETIeHN KPUCTA/IMYHOCTH
beppuuInIHeTeH ¥ OAHOBPEMEHHOH JEeKOMIO3UIUHY CYIb(ATCOAEPKALIUX IPUMeECEeH.

6. BeiBozsl

1. 11 monyyeHNA CMeIIaHHBIX CIOMCTBIX JBOMHBIX TMIPOKCHJIOB Keje3a, CofepKalluxX B
CBOEl CTPYKType KaTHMOHBI KOOajabTa, HUKeJd, MarHWUsd, LMHKA, HamboJIee YacTO HCIIOJIB3YIOT
METOJ, COOCKJeHNUS HeOpPraHWYeCcKUX Coyiel B Crabole0YHOM cpesie, KOTOPHIi JOIOIHSIOT
MUKPOBOJHOBOM WJIH THAPOTEPMATIBHOM 00PabOTKOI; MEXaHOCHHTE3, METOZ, MUKPOSMYJIbCHUI 1
CHHTe3 Ha IIOBEPXHOCTHU MHEePTHBIX 371eKTpomtoB. Ctpykrypst CAI' cMemanHOro cocraBa MOIyT
CJIy>KUTb OCHOBOI1 JIJIf BBICOKOTEMIIepaTypPHOTO CUHTe3a YJIbTPaJUCIIePCHBIX (peppUIITIHeTeH.
2. Ha crpyxrypy u mopdosmoruto C/II" BIUAIOT: COOTHOIIEHHe KaTUOHOB (3KeJjie3a X BTOPOTO
3d-merasnia), cTeneHb UX OKMCIEHHOCTH, THUII MEXXCIOEBOTO aHUOHa, 3HaYeHus Eh u pH cpenpr,
TeMIlepaTypa IIpOoBeJleHUs IIpoliecca CHHTe3a.

3. [Tpenmymecrsamu mpoxanusanusa C/I-mpexypcopa npu nomydyeHuu deppuIlnuHesnen
II0 CpPaBHEHUIO C KepaMHYeCKMM MeTOZOM (IPOKaJTMBAHUA OKCHUIOB WJIHU THUIPOKCHUIOB)
ABJIAIOTCA: MeHBbIIAsd TeMIlepaTypa M  JJIMTeJIbHOCTh HarpeBa; OTCYTCTBHe JPYTHUX
HEeKOHTPOJIMPYeMBIX Ppeakluii; HaciesoBaHue ¢dazoit QeppummnubHenn MopdogIoruu u
COOTHOIIIEHU KaTUOHOB B CTPYKTYPe CJIOUCTBIX ABOMHBIX TUIPOKCHUIOB.

4. ITpokanuBanue C/II' mo3BossfgeT KOHTPOJIWPOBATH MAarHUTHBIE CBOMCTBA ITOJTYYeHHBIX
q)epPPIIHHPIHe]IefI, 9TO pacHIvpseT NEPCIEKTHUBRI UX ITPAKTHUIECKOTO MCIIOJIB30BaHUI B TEXHUKE,
OGMOJIOTUH Y MeJUIIHE.
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Abstract

The boundary problems are formulated with respect to the potentials of a united
gravitational-electromagnetic (GEH) field. The solution to the set of differential equations for
the case of the GEH field of central symmetry was found. On its basis, there were studied
particular problems from the physics of the Sun, nuclear physics, and elementary-particle
physics. The calculated values are in good agreement with the experimental results.

On the basis of generalization of modern differential computation, a new type of tensor
analysis and basic principles of relative geometry, representing generalization of the classical
tensor analysis and Riemannian geometry, have been developed. The generalized geometry is
covariant to the transformations of a wider class than the ones occurring in Riemannian
geometry. By using the condition of definite calibration, a subclass of transformations, which
forms a group, was distinguished. This group comprises four-vector ¢; (7 = 0,1,2,3), which in
future will fulfill the role of a four-dimensional potential of the electromagnetic field.

There was formed a generalized curve tensor by using of which (analogously to the case
of a gravitation field) there was constructed a function of the activity of the united
gravitational-electromagnetic (GEH) field in relation to the g;, and ¢; functions of the metric
tensor.

By using the variation principle, a united system of differential equations relative to the
potentials of the GEH field was set up. This system of equations does not represent the
generalization of the systems of Einstein and Maxwell equations [1].

For the gravitation field, the Einstein equations (after corresponding generalization) are
applied to calculation of the components of the energy-momentum tensor of matter in accord
with the g;;, and @; potentials of the GEH field, which are the solutions of the relative system.
The analogous circumstance takes place in relation to the four-dimensional vector of current

density.
The statistic GEH field of central symmetry was studied. The potential has such a form:
e 0 0 0
—e? 0 0 s
(gin) = 8 g 2 0o | Po=ef,p1=0=¢3=0, (1)

0 0 0 —r2sin’g

117



On a problem of field theory.

where v(r),A(r) and f(r) are the sought functions; @ and [ are the constant parameters
included in the theory. Parameters v, 1 and f satisfy the following system of equations:

ar_1 d_:(ﬂ)z_

)

dr r r 4 \dr

v 1 et r (df)2

D4z I Y =o 2
dar T T T 4 \dr ’ ( )
d vt g

dr d

The solution of this system relative to a, b and ¢, has the following form:
Rnils Ln 1-n
T 1-n\ 2 140\ ? v p_\/1+:n
=R\ m) P o eTme = )
e p+\/;
1 1- 1+ 2nf . [P
s= = (o B+ [B), w-F oo [2E)

1+n 1-n 1+n
p+ 1-n

<

. . . .. 1- ~ o
where pis a variable, parameter (it changes in interval /ﬁ Sp<®);>0,—0< @ <+,

and 0 < n < 1 are the arbitrary constants of integrity.
The behavior of the a, b and ¢, parameters in the vicinity of point r =0 was studied. In
particular, from the first equation of (3) it is clear that

po 2 ¢-0 o0 @

and

p=057. 5)
From the second equation of (3) it follows that

a(@) = 0(¢),a() » 0, when {—0 (- 0). (6)
Quite similarly

b() = 0(¢7), 00 = 0(57F> when ¢-0 (2=0). %

Thus, the GEH field of central symmetry meets main Einstein requirement; in central point
r = 0, it is free of singularity.
The asymptotic behavior of the central-symmetry GEH field potentials was studied at

the points at a distance from the center when r — co. From (3) it is clear that
~ 2n 1

{=p a—c(l—\/—mg), when (-5 o (p- ).
From this, it follows that ¢ = 1, when x° has the dimension of length and é = ¢?, when x° has
the time dimension. If we compare this value of a with Schwarzshild’s solution [1], we will get:

2 __2MG __ 2nre (9)

9= T Ve

where C'is the velocity of light; G is the gravitational constant; M is the total mass of the GEH
field; rgis the gravitational radius.

Similarly,
2
b=1+v1_an§, when ¢ - o (10)
from which
b=1+ﬂl’ when r — oo, (11)

c2 r
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This expression coincides with Shwartzshild’s solution [1]. Besides

— 012411
9o=¢8(1-77) when ¢ oo. (12)
By precision of the constant term, this expression coincides with the potential of point
charge Q if
0
Q — _ 4QonTe ) (13)

B
From (12) it is clear that, in comparison to the classical value of the point charge

potential, in the case considered, the potential has a finite value in infinity. If we compare the
values of a and ¢y, we can easily see that C2 plays the same role for the gravitation field as ¢ does
for the electric field. In the given area of the space, C?and ¢g depend on the processes proceeding
in this area.

The energy-momentum tensor was studied for the central-symmetry GEH field, in

particular:
AN 2
(p \/E)B 1-n 2
2 2\ =1,
o _ agg (2_7]) 1+n 14
T 2nrZ \ B M 1—nZ4z ' (14)
)P
p 1-n
where a is the universal constant.
The four-dimensional vector of current density was calculated, in particular,
2/;7 1-n2-2
1-n
1, _ oA (2) (”_W_n) (15)
P=clo= i NP

e
From this expression it is clear that

To=00"),p=00"*), when r— . (16)

By integration of (14) and (15) on the whole three-dimensional space, there is
determined complete energy £ 'of the GEH field and electrical charge @ in particular,

£ = SepoVin? (2_’7)2_

B V1-n?-n B

The value of total electric charge Qcoincides with the value determined by Eqn. (13).

By using Eqns. (9) — (17), three particular problems from astrophysics, nuclear physics
and elementary-particle physics were studied.

The Sun was considered as the GEH field of central symmetry for which n = 9.8 - 1072,
1, = 6.5-10%cm, @ = —6.3 - 10?2 CGSE(¢p). The following parameters were calculated: the laws
of distribution of the mass and electric charge in the depth of the Sun, the total mass of the Sun
and the electric charge, the diameter of the Sun, the gravitational constant, etc. The calculated
values of the parameters coincide with the empiric values with high precision [2].

Atomic core '5JAu was represented as a central-symmetry GEH field for which
n= 241072 r, = 2.4-10"Bcm, ¢% = —39440 CGSE(¢p).

The following parameters were calculated: the laws of distribution of the mass and
charge in the atomic core, the total mass of the atomic core and the electric charge, the
diameter of atomic core, etc. The gravitational constant is equal to G=10% cm3 / g s. It differs
from the value of the relative constant of the Sun. The value of the force acting on the nucleon

(17)

in the core was also calculated according to the distance from the center. The configuration of
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the potential hole was constructed. The calculated values of the parameters coincide with the
empiric data with high precision.

The proton was represented as a field of axial symmetry, which approaches (is close to)
the GEH field of central symmetry by the following parameters: n = 0.19, r, = 10~ **cm,
@) = —15955CGSE(p). Along with the above mentioned parameters, the gyromagnetic
proportion of the proton was calculated. It equals to 2.73 e/ mc.
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Abstract

An effective magnetic composite sorbents with a content of magnetite from 2 to 10 % wt.
based on cheap mineral raw (saponite, palygorskite and saponite clay) were created.
The average crystallite sizes of Fe3Os in magnetic composite were 2 — 10 nm. In the synthesis of
magnetic modifier by the Elmore method the nanoscale single-domain particles of magnetic
material were received. Obtained composite sorbents showed in 2 — 8 times higher efficiency of
adsorption removal of anionic surface-active substances compared to clay minerals and
magnetite. Thus, a synergistic effect was invented. Spent magnetic nanocomposites were
effectively removed from the aqueous solution by magnetic separation.

1. Introduction

World production of surface-active agents (surfactants, SAs) is growing, where in the
proportion of anionic substances in total production increases [1]. SAs are widely used in
industry, agriculture, medicine and everyday life. The major consumption are as of surfactants
is the production of cleaning products and substances for the processing of fabrics, leather and
varnish product sproduction [2]. Also, SAs are used in many industrial processes of chemical,
petrochemical, pharmaceutical, paper, and food industries. Some surface-active substances are
actively applied in agriculture as a part of insecticides and fungicides [3].

SAs pollute mainly waterbodies. Each year, chemical plants emit into the water more
than 100,000 tons of surface-active substances of different nature.

Most surfactants have a very wide range of negative effects on both humans and aquatic
ecosystems and on water quality. First of all, stability of SAs to the biological oxidation is the
cause of their accumulation in water bodies [4]. One of the distinguishing features of the
surfactants impact on the environment is that they can enhance the effects of other pollutants.
Both the surfactants and their decomposition products are toxic and can accumulate in the body
and cause irreversible pathological changes. Therefore, the need for disposal of surface-active
substances from wastewater is obvious [1].

Traditionally wastewater treatment is carried out by combination of flotation and
coagulation, but it has a significant drawback: stable foam is formed in the purification process.
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The destabilization of foam requires the use of reagents, the cost of which calls into question
the economic viability of this technology [1].

Removal of surfactant from water by adsorption is a promising method and it is
implemented in an industrial environment by adsorption on activated carbon. The main
disadvantage of adsorption treatment is the high cost of sorbent. The additional economic
burden was created by complexity of filtration and regeneration of spent highly dispersed
activated carbon [1].

A large number of studies aims to find effective, comprehensive and low-cost sorbents.
Recently, sorption materials of natural origin, such as clays acquired great popularity.
Adsorption of three surfactants of different nature such as Triton X-100 (nonionic),
sodiumdodecylsulfonate (anionic) and octadecyltrimethyl ammoniumbromide (cationic) onto
four layered (montmorillonite, illite, muscoviteandkaolinite) and two non-layered (sepiolite
and palygorskite) clay minerals was considered in [5]. It was found that adsorption of non-ionic
and cationic surfactant was higher for montmorillonite and illite, and removal of sodium
dodecyl sulfonate was more effective when using kaolinite, palygorskite and sepiolite. For
disposal of wastewater contaminated by surfactants the use of layered and not layered clay
minerals mixture is recommended.

However, industrial implementation of clay sorbents is limited since sorption activity of
clay materials stems from their high dispersion that creates great difficulties in waste sorbent
particles removal from the water environment after reaching of sorption equilibrium [1].

Presently, in water purification the idea of combination of adsorption and magnetic
separation processes is quite promising [6, 7]. Magnetic separation is an effective method of
separation in a magnetic field [8], which is based on the use of nanosized Fe3O4 as immobilized
reagent for increasing of efficiency of spent sorbent removal [9].

In this work, creating of nanocomposite magnetic mineral sorbents was carried by
nanomagnetite modifications of natural saponite, palygorskite and spondyle clays. Sorption
efficiency, structural characteristics, magnetic properties and magnetic separation process of
synthesized samples were investigated.

2. Experimental part

Clay minerals, saponite, palygorskite and saponite clay (Ukraine) were selected for the
creation of the magnetic composites (MC). Synthesis of MC was conducted by impregnation
method based on the process of physical adsorption of magnetic particles in the pores and on
the surface of clay [10]. Magnetite in the form of magnetic fluid is produced by chemical
deposition from solution of iron salts by alkali according to the Elmore method [11]. Thereby,
magnetic composites based on magnetite in an amount of 2 — 10 % wt. and saponite (MCSp-2,
MCSp—4, MCSp-7, and MCSp-10), palygorskite (MCP-2, MCP-4, MCP-7, and MCP-10),
spondyle (MCSd-2, MCSd—4, MCSd-7, and MCS-10) clay were synthesized.

Powder X-ray diffraction (XRD) patterns of natural clays, magnetite and composites on
their base were received using diffractometer Rigaku Ultima IV, equipped with CuK«a radiation
(40 kV, 30 mA). Crystallographic Open Database (COD) was applied for phase composition
definition of sorbents. The crystallite sizes and the unit cell parameters of magnetite and
magnetite in magnetic composites were calculated by software package PDXL.
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The characteristic of sorption properties (specific surface area) of clay minerals and MC
samples were defined by adsorption of benzene vapor [12]. Sorption efficiency of sorbent
samples were investigated by constructing of adsorption isotherms curves of anionic surfactants
such as sodium dodecyl benzenesulfonate (SDBS) and sodium lauryl sulfate (SLS).

Magnetic properties of magnetite and magnetic composites (specific magnetization os
(A - m?/ kg) were determined by ballistic magnetometer of Steinberg.

The efficiency of magnetic separation process in an aqueous medium was investigated in
magnetic filter equiped with permanent magnets with an intensity of external magnetic field
66 mT. It was determined by the residual concentration of suspended sorbent particles in
aqueous medium through 5, 30 and 60 min of magnetic separation by turbidimetry method.

3. Results

XRD pattern of FesOs sample is presented in Figure 1, which presents a strong peak at
2-theta = 30.72, 35.38, 43.72, 53.64, 57.24, and 62.86°, what corresponds to pure magnetite
(standard card 01-071-6336).

35.38°

Intensity

Intensity

30.72° 62.86°

-

10 20 30 40 50 60 70 A
2-theta (deg.) H o

T T T - T —
1] ] 50 0 =0 ri] T
Z-theta (deg.)
Figure 2. XRD patterns of saponite (a), MCSp—4 (b),
MCSp-7 (c) and MCSp-10 (d): A — saponite
f macnetite FesO NaMg3[ AISi3010](OH)2:4H20; B — montmorillonite
O magnetite Testu. NaMgAlSiO2(OH)-H:0; C - quartz SiOx;

D — calcite CaCOs; and M — magnetite Fe3Oa.

Figure 1.XRD patterns
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Comparative analysis of composite sorbents containing magnetite in amount 4 % wt.
(MCSp—4, MCP—4, and MCSd-4) 7 % wt. (MCSp-7, MCP-7, and MCSd-7) and 10 % wt.
(MCSp-10, MCP-10 and MCSd-10) and native clays is presented in Figures 2, 3, and 4,
respectively. Diffraction pattern of samples MCSp—2, MCP-2, and MCSd-2 are not considered,
since the content of magnetite was 2 %, so its peak intensity was not significant.

E
d il
e
c C
-:L-'
£ £ :
E 2 BT P
E MM M
C
b F
[
i
L] 1]
F
-
G gCFfpGS F ©
1 ) 0 80 0 &0 i w0 30 40 0 & 70
2-theta (deg,) 2-theta (deg.)
Figure 3. XRD patterns of spondyle clay (a), Figure 4. XRD patterns of palygorskite (a),
MCSd—4 (b), MCS-7 (c) and MCSd-10 (d): MCP—4 (b), MCP-7 (c) and
F — augite Ca(Mg, Fe, AD)[(Si, Al)20s]; MCP-10 (d): E — palygorskite (Mgo.ces,
G — pigeonite (Ca, Mg, Fe)(Mg, Fe)Si2Os; AlTo331)4(S14010)2(OH)2-8H20;
C - quartz SiO2; M — magnetite Fe3Oa. C - quartz SiO2; M — magnetite Fe3Oa.

The crystallite sizes and the unit cell parameters of magnetite and magnetite in magnetic
composites were calculated and are reported in Table 1.
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Table 1. X-ray analysis of magnetic sorbents.

Sample Average size of (Cell parameters, nm
Fe3Os crystallites, nm a b c

MCSp—4 6.2 0.833(0.833/0.833
MCSp-7 9.6 0.833(0.833/0.833
MCSp-10 7.4 0.838(0.838/0.838
MCP—4 5.0 0.848(0.848|0.848
MCP-7 2.5 0.844|0.844|0.844
MCP-10 5.8 0.837(0.837|0.837
MCSd—4 49 0.856 |0.856 | 0.856
MCSd-7 9.2 0.831(0.8310.831
MCSd-10 10.3 0.8360.836|0.836
FesO4 17.9 0.835(0.835|0.835

Table 2 provides information about the impact of a magnetic modifier on adsorption
characteristics of clay minerals.

Table 2.Values of the specific surface area of saponite,
palygorskite, spondyle clay and magnetic sorbents on their base.

Sorbent sample Saponite MCSp-2 | MCSP—4 | MCSp-7 | MCSp-10
S, m?- g 267.7 419.1 578.5 621.2 441.37
Sorbent sample | Palygorskite | MCP-2 | MCP-4 | MCP-7 | MCP-10
S, m?- g 292.1 375.4 450.5 517.9 420.6
Sorbent sample | Spondyle clay | MCSd-2 | MCSd—4 | MCSd-7 | MCSd-10
S, m?- g 197.9 222.7 323.1 267.5 217.2

Table 3. Magnetic characteristics of sorbent samples.

Sample osw), A - m?/ kg
Saponite 0.0
MCSp-2 2,2
MCSp—4 3.0
MCSp-7 4.5
MCSp-10 6.5
Palygorskite 0.0
MCP-2 2,3
MCP-4 3.0
MC-7 3.9
MCP-10 7.3
Spondyle clay 0.0
MCSd-2 1,5
MCSd—4 2.0
MCSd-7 6.3
MCSd-10 8.3
FesO4 90.0
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Results of magnetic properties study of magnetic nanocomposite mineral sorbents and
nanosized magnetite are summarized in Table 3.
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Figure 5. Adsorption isotherm of SDBS (a, c, e) and SLS (b, d, f) on sorbents samples.

Comparative analysis of sorption properties of MC, native saponite, palygorskite,
spondyle clay and magnetite was carried by constructing of adsorption isotherms of anionic
surfactants SDBS and SLS, which are demonstrated in Figure 5.

The kinetics of separation of clay minerals and magnetic composites based on them are
listed in Table 4.
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Table 4. Characteristics of the magnetic separation process of saponite,
palygorskite, spondyle clay and nanocomposites MCSp, MCP, and MCSd.

C, mg/dm3
Sample ) ; ;
5 min | 30 min | 60 min
Saponite 558.8 | 387.7 | 327.1
MCSp-2 2249 | 86.6 49.3
MCSp—4 121.6 | 17.7 14.3
MCSp-7 32.7 1.0 <0.5
MCSp-10 166 | <05 | <05
Palygorskite | 662.7 | 418.2 | 351.6
MCP-2 209.3 | 1382 | 71.6
MCP—4 186.6 | 69.3 21.6
MCP-7 266 | <05 | <05
MCP-10 243 | <05 | <05
Spondyle clay | 713.8 | 526.0 | 464.9
MCSd-2 2943 | 1332 | 71.0
MCSd—4 126.6 | 37.1 23.8
MCSd-7 14.9 5.4 <05
MCSd-10 9.9 <05 | <05

4. Discussion

The XRD pattern of saponite (Figure 2a) shows a broad peaks corresponding to the
saponite (in accordance with standard card 00-013-0305), montmorillonite (according to
standard card 00-002-0014), quartz (under standard card 00-001-0649), calcite (by standard
card 00-002-0623). For MCSp—4 (Figure 2b), MCSp-7 (Figure 2c), and MCSp-10 (Figure 2d) the
position of all diffraction peaks of magnetite was well matched with data for FesOs standard
card.

In diffraction pattern of palygorskite (Figure 3a) the crystalline phases of the
palygorskite (according to standard card 01-082-1872) andquartz (by standard card 00-001-
0649) were observed. XRD patterns in Figures 3b, 3c, and 3d confirmed the availability of
magnetite in the presence of native clay phases in the composition of sorbents MCP—4, MCP-7,
and MCP-10, respectively.

According to the X-ray diffraction analysis shown in Figure 4, a spondyle clay consists of
two minerals such as augite (pursuant to standard card 01-088-0831) and pigeonite (according
to standard card 01-087-0693). The crystal plane diffraction peaks of composite sorbent
MCSd—4 (Figure 4b), MCSd-7 (Figure 4c), and MCS-10 (Figure 4d) detected the presence of
inherent phases of native saponite clay and indicated peaks that corresponded to Fe3Oa.

From results of XRD, the formation process of magnetic composites did not result in the
phase change of FesOs. As stated in Table 1 magnetite in composite sorbents were obtained in
the nano range. The average crystallite size of FesOs nano particles were 2 — 10 nm.

The Table 2 presents the values of the specific surface area of native clay minerals and
magnetic composites on their base determined by the method of adsorption of benzene vapor. It
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was established that with the introduction of magnetite in an amount of 4 — 7 % wt. the specific
surface area of the composites was increased in 1.5 — 2.0 times compared to the native clay
minerals. Using of magnetic modifier in an amount 10 % wt. already blocks the porous
structure of clay sorbents, and as a result, leads to the deterioration of the sorption properties.

As can be seen from Figure 5, removal of contaminants from water systems by magnetic
sorbents based clay minerals and magnetite is carried out with much higher efficiency
compared to using separate components of composites. The sorption capacities of obtained
magnetic composites containing magnetite 4 — 7 wt. % towards SDBS and SLS were in
4 — 8-times higher compared to the native clays and exceeded the sorption capacity of
nanosized FesOs in 2 — 3 times. Thus, for the created magnetic nanocomposite sorbents
synergistic effect was observed.

The existing synergistic effect can be explained by the following factors. First of all, the
stabilization of nanosized magnetite on the matrix of clay minerals was occurred. Furthermore,
a large number of adsorption nanoscale centers were accumulated on surface of clay pores. Also,
the sorption of nanosized magnetite in macroporous and mesoporous mineral matrix had
formed active against organic pollutants mesoporous and microporous structure of the
composite sorbent.

The magnetic properties of magnetic nanocomposite sorbents (Table 3) well agreed with
the results of X-ray diffraction analyze (Table 1). In the synthesis MC by impregnation method
in the matrix of clay minerals the FesOs crystallites of about the same size (2 — 10 nm) were
formed. The crystallites with an average size of about 17 — 18 nm were obtained in the synthesis
of magnetite in the form of magnetic fluid. Hence, in the synthesis of magnetic modifier by the
Elmore method the nanoscale single-domain particles of magnetic material were received. For
magnetite the change of remagnetization mechanism from the reorientation of magnetic
moments (single-domain state) to displacement of domain walls (poly-domain state) occurs
approximately at 30 nm [13]. Single-domain particles of approximately equal size showed the
same magnetization as a result of placing of all spins in the same direction. Increasing the size of
crystallites in three times in the case of magnetite led to a sharp growth of magnetization about
22 times.

Separation of MC from the purified solution in a filter equiped with permanent magnets
was held in 36-times faster compared with clay sorbents. According to obtained research results
of magnetic separation kinetics the 98 % of spent magnetic sorbent mass were precipitated for
the first 5 min of process. Application of magnetic nanocomposites has ensured the
achievement the residual concentration of suspended solids < 0.5 mg / L for 30 min of magnetic
separation.

Consequently obtained magnetic composites MCSp, MCP, and MCSd have greater
sorption properties with respect to anionic surfactants in comparison with saponite clays and
magnetite. Beside this, magnetic nanocomposites can be effectively removed from the aqueous
solution by magnetic separation preventing of secondary pollution of clean water.

5. Conclusions

Magnetic nanocomposite mineral sorbents based on cheap clay (saponite, palygorskite,
spondyle) and nanosized magnetite were created. It was established that the introduction of
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magnetite in an amount of 2 — 7 % wt. the specific surface area of magnetic composites was
increased in 2 times compared to native clay minerals. Thus, the microporous and mesoporous
structure was developed by the formation of nanosized Fes3Os layer on the surface of the clay
pores.

The sorption capacities of obtained magnetic composites relatively SDBS and SLS were
in 4 — 8 times higher compared to the native clays and exceeded the sorption capacity of
nanosized FesOs used in the form of magnetic fluid in 2 — 3 times. Available synergistic effect
was caused by stabilization of magnetite nanoparticles on the surface of clay pores and by the
formation of micropores and mesopores sorbent structure.

It was proved that magnetite particles in the composition of nanocomposites are a single-
domain. The synthesized nanocomposites are an efficient magnetically separable sorbent for
wastewater treatments. These magnetic nanocomposite mineral sorbents can have extensive
potential applications for industrial adsorption water treatment.
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Abstract

The process of formation of mesoporous SiO: films using a sol—gel technology is studied.
The source reagents were tetraethoxysilane and ethanol. Synthesis of the mesoporous films was
carried out by a template method in the tetraethoxysilane and ethanol solution, and polyvinyl
alcohol was used as a template. The study of the porosity of the obtained films was carried out
by optical and transmission electron microscopy.

Introduction

Synthesis of new functional nanomaterials with specified parameters is one of main areas
of nanotechnology. Recently, the role of sol-gel technology for development of new materials
and designing of new generation devices has considerably increased. For this purpose, porous
materials are very promising. There are many types of porous materials of natural and synthetic
origin. All porous materials are characterized by a pore system. The International Union of Pure
and Applied Chemistry (IUPAC) has adopted a pore size classification. In accordance with this
classification pores are divided into micropores (< 2 nm), mesopores (2 — 5 nm) and macropores
(> 50 nm). This classification takes into account the fundamental difference between physical
and chemical processes occurring in the pores of different sizes [1].

The deposited films contain pores nonidentical in size and shape, which have different
effects on the course of physical and chemical processes in the material.

Mesoporous materials and films have proven to be effective adsorbents and catalysts.
They are very promissing for the synthesis of new nanostructured materials, hybrid organic-
inorganic films, magnetic nanocomposites, photonics, matrix elements for sensors, etc.

The template synthesis is one of the methods for synthesis of materials of specified size
and shape. It is one of the most successful methods of sol-gel technology. The use of templates
has long been known in metallurgy. In the sol-gel technology, this method has come into use
only recently.

The template method is widely used to create porous silicate materials. These materials
are distinguished by chemical inertness, hardness, and can incorporate organic materials which
are subsequently removed by chemical or thermal action.

The template method has found wide application for the synthesis of silicate materials
with regular porosity. Currently, the MCM-41-type family are most well-studied materials the
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frame of which has a regular comb structure. To form such a structure, micelles of different
surface-active agents (SAA) are used as a template. However, for the synthesis of such structures
expensive and toxic reagents are used. Hence, the synthesis of porous structures by using
inexpensive and non-toxic materials is very topical.

The present paper deals with the process of deposition of mesoporous silicon dioxide
(S5i02) films based on tetraethoxysilane (TEOS) and ethanol using the template method

Materials and method

Currently, tetraethoxysilane Si(OC2Hs)4 is a main source reagent for film synthesis in the
sol-gel technology. This reagent is low toxic, has a characteristic odor, is transparent and
hydrolized at a low speed. It is not dissolved in water, but is slowly hydrolyzed. In the presence
of an additional general solvent such as ethanol, mixing with water becomes much easier.

After dissolving TEOS in an alcohol-water mixture, the solution is not yet film-forming.
Only after maturation of the solution the TEOS becomes film-forming. To speed up the
maturing process, catalysts are added in the solution. The most common catalysts were small
amounts of hydrochloric acid. Solutions containing 0.04 moles of HCI per 1 mole of Si (OC2Hs)4,
can already be used after 2 days, and in the absence of humid air can be kept for several
months [2].

Maturation of the TEOS solution takes place in three steps: 1) solvolysis or formation of
intermediates of interaction with the solvent and catalyst molecules; 2) partial hydrolysis; 3)
condensation of hydrolyzates. When depositing SiO: films, basic reactions are hydrolysis and
polycondensation. The nature of these reactions depends on technological factors:

- nature and amount of the source reagent;
- amount of the solvent;

- amount of water;

- environment acidity; and

- synthesis temperature.

Traditionally, films are deposited by centrifugation. The thickness and uniformity of the
deposited layers depend on factors such as centrifuge speed, ambient temperature, sol viscosity,
etc. Thermal annealing of films is the final process step. The thermal action leads to the
completion of the decomposition reaction of the partial hydrolysis products and to the removal
of the solvent.

The template synthesis of mesoporous SiO2was carried out according to the method of
copolymerization of two precursors, followed by removal of one of them, in particular,
copolymerization of polyvinyl alcohol (PVA) with tetraethoxysilane.

The porosity of the obtained films was investigated by optical and transmission electron
microscopy. The porosity evaluation was performed using the Lettz ERGOLUX microscope in
the dark field mode. The study of the structure of porous SiO: films was performed on the
Jem100-SX transmission microscope.

Results

In the present study, the synthesis of porous films was carried out using two methods: 1)
on the basis of TEOS and ethanol and 2) by the template method. To prepare a film-forming
solution, the following reagents were used:

- tetraethoxysilane — 10 ml;
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- ethanol — 28 ml;
- hydrochloric acid — 0.04 ml; and
- distilled water — 4 ml.

The resulting solution was treated with a magnetic stirrer for 10 min. The solution
acquired film-forming properties after 40 h.

Deposition of films was carried out on a p-type silicon substrate 60mm in diameter. The
films were deposited by centrifugation at a speed of 3000 r / min. Thermal annealing was
performed in a thermostat in a stepwise mode at 130 °C for 30 minutes, at 190 °C for 15 min and
at 290 °C for 20 min, respectively. After this thermal action, decomposition of the hydrolysis
intermediates and removal of the solvent took place.

The final thermal annealing to obtain compact films was carried out in a diffusion
furnace at 450 °C for 1.5 h. The deposited films had a good uniformity in thickness and a good
adhesion to the substrate [3].

To identify the obtained layers, the infrared transmission spectra were taken using the
spectrophotometer “Specord” (Figure 1).

SPECORD ., r L o

4 a8 5" 26 E] 15 ) j-r
100 cm’’

Figure 1. IR transmission spectra of SiO2 films.

As can be seen from the spectrogram, the absorption maximum is in the region of
1140 cm™ corresponding to the Si—O valence vibrations.

<

-

Figure 2. Dark-field Figure 3. A micrograph of cylindrical
micrograph of SiO:films. pores revealed with TEM (x 105000).
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To assess the porosity of the films, dark-field optical microscopy was used. As seen from
the micrographs, the film pores formed an irregular system but were distributeduniformly in
the film (Figure 2). In Figure 3, a system of cylindrical pores revealed with TEM is shown.

To obtain mesoporous films by a template method, TEOS as a source of silicate ions was
used, and PVA served as a template. PVA was dissolved in a water bath at a temperature of 80 —

85 °C. The 1.5, 2.5 and 4.0 % PVA solutions were prepared (Figure 4).

(a) (b) (c)
Figure 4. Porosity of SiO: films depending on the
volume fraction of PVA: (a) 1.5, (b) 2.5 and (c) 4 %.

The resulting solutions were mixed with the TEOS solution in different proportions
(1:0.5,1:1 and 1: 3). After drying in the thermostat, the samples were subjected to thermal
annealing in the diffusion furnace at 550 °C in argon atmosphere.

The experiments showed that the films obtained from 4 % solutions had the highest
porosity (Figure 4), which is likely due to the increase in the specific surface of the film.

The porous system consisted mainly of the mesopores, and the proportion of macropores
was insignificant.

Conclusion

As a result of the investigation performed, the mesoporous SiO: films from the based on
tetraethoxysilane- and ethanol-based solution were obtained.

To obtain mesoporous films, the template method was also used. PVA served as a
template. Mesoporous SiO: layers with irregular structure were obtained. The obtained films
can be used for the synthesis of organo-inorganic materials, new nanostructured films and
matrix elements for sensors.
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Abstract

The phosphorus chemistry has becoming increasingly important in 21st century,
following a number of recent scientific interdisciplinary researches and utilisation of advanced
technologies. Particularly, chemistry of condensed phosphates or that is to say inorganic
polymers — developed much rapidly, for the cases of the development of advanced methods of
analysis and of the significant application of phosphates materials in various domains, including
nanotechnologies. Among varieties of processes of condensation of phosphoric anions one of
them leads to the prearrangement of cyclic, oligomeric or polymeric structures of condensed
phosphates. Last decades we reported about our studies in the open systems M20O-M"™03-P20s—
H20O within the temperature range 130 — 550 °C, where M! is a alkali metal and M is Ga, In or
Sc. Various experiments revealed the existence of the following double condensed compounds —
in fact, a series of formerly new class of inorganic polymers..

Our group of chemists has been working for inorganic synthesis develop an
environment-friendly chemistry — technology for used chemicals doing the least amount of
harm in the form of decreased wastes and not producing harmful outputs. The phosphorus
chemistry has becoming increasingly important in 21st century, following a number of recent
scientific interdisciplinary researches and utilisation of advanced technologies [1 — 6].
Particularly, chemistry of condensed phosphates or that is to say inorganic polymers—
developed much rapidly, for the cases of development of advanced methods of analysis and of
the significant application of phosphates materials in severaltechnicaldomains, including
nanotechnologies. The chemistry of inorganic compounds of phosphorous, namely phosphates,
has advanced intensively last time also for the purpose that condensed compounds of
phosphorus are greatest applicable, useful and convenient for promote development of the
chemistry of inorganic polymers, and last but not least — they are reasonably presumed as the
best fertilizers, detergents and as materials used in engineering, construction and other areas,
such as raw materials for creation of phosphates glasses, thermo-resistant constituents, effective
applying nourishments, cleaners, cement substances, ion-exchange ingredients and catalytic
agents as well [4, 5, 7]. The composition and thermal properties as well, as the vibration and
luminescent properties of condensed compounds determine their use in quantum electronics.
The bio-materials appear on the base of hydroxiapatite and polyphosphates; Fundamental
researches concerning double, triple, polymeric and substituted phosphates, where oxygen
atoms are interchanged by nitrogen, fluorine and sulphur atoms are executed [7].

135



Newinorganic polymers ... obtained ... from solution-melts of phosphoric acids.

In fact, by the academician I. V. Tananaev, the oxygen compounds of P, Si, Ge, Se and
other elements may be assumed as inorganicpolymers, but they are not always stable,
depending on where they are formed, for example, through synthesisin aqueous solutions at
different pH values or by means of anotherway, by other various methods, and sometimesare
not registered in media [4, 5, 7].

“These elements perplex us in our reaches, baffle us in our speculations, and haunt us in
our very dreams. They stretch like an unknown sea before us - mocking, mystifying, and
murmuring strange revelations and possibilities”. (Sir William Crookes cited in the “Handbook
of the Physics and Chemistry of Rare Earth Elements” [6]).

Paraphrasing Karl A. Gschneidner Jr. and Le Roy Eyring, there are those, who feel that
the rare earth elements and condensed phosphates of rare earth elements also are destined to
play an even greater role in our “high-tech” society in the future, than they had in the past.
This judgment is based upon the trend of increasing applications resulting from the electronic
structures of these materials that lead to their unusual optical, magnetic, electrical and chemical
properties so adaptable to the demands now being placed on materials [6].

In fact, many original researches in the field of phosphate’s chemistry, notably in the
field of chemistry of condensed phosphates of Rare Earths and / or three and polyvalent metals
had begun in 19th c; The German school of chemistry had been very forceful and dynamic in
the domain of phosphates. Starting from the pioneer works of Berzelius, Clark and Graham the
German chemists elaborated, in the course of this century, a lot of number of condensed
phosphates; a great number of pioneer investigations of this epoch are really valuable and — by
opinion of famous scientist Prof. A. Durif — are in fact very useful documents [1].Among a
varieties of processes of condensation of phosphoric anions one of them leads to the
prearrangement of cyclic, oligomeric or polymeric structures of condensed phosphates [1 -5,
7 —9]. Last decades we reported [3 — 5] about our studies in the open systems M>O-M"O3—
P>0s-H>0 within temperature range130 — 550 °C, whereM!is a alkali metal and M™ is Ga, In or
Sc. Various experiments revealed the existence of the following double condensed compounds-—
aseries of formerly new class of inorganic polymers (see Table 1).

Table 1. Synthesized phosphates in systems M20-M">03-P.0s-H:O.

MMMHP3010
MIMI(H2P207)2 MIMMP,07 MMTH,P3010 and / or other MLMMTP3010, MIMT(P203)4
complex anions
LiGa(H2P207)2 LiGaP207 | GaH2P3010-H20 Form I | LixH2-xGaP3010-(1-1.0)H20 | Li2GaP3O10 | (LiGa(POs3)4)x
NaGa(H2P207)2 NaGaP207 | GaH2P3010-H20 Form II KGaP301o NaGaP4O1n2
KGa(H2P207)2 KGaP207 RbGaHP3010 Form I K2Gaz2PsO24
RbGa(H2P207)2 FormI | RbGaP207 RbGaHP3010 Form II Rb2Ga2PsO24
RbGa(H2P207)2 FormlII | CsGaP207 CsGaHP3010Form I Cs3GasP12036
Liln(H2P207)2 LilnP207 CsGaHP3010 Form II Liln(POs)4
CsGaHP3010 Form III NalnP4O12
Cs2GaH3(P207)2
Naln(H2P207)2 NalnP207 RbInHP3010
KIn(H2P207)2 KInP>07 CsInHP3010
CsInP207
AgSc(H2P207)2
AgoScHs(H2P207)2 AgScHP3010

The presented data are the result of experiments on synthesis and investigation of
structure of an earlier unknown compounds — double condensed di- and triphosphates of
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scandium and silver: AgSc(H2P207)2, Ag:ScH3(H2P207)2 and AgScHP3010 — compounds obtained
by us at the molar ratios P20s : M2O:M™03 = 15 : 25 :1.5;15:5: 1.5;15: 7.5 : 1.5; and
15:10:1.5. The method of synthesis of double phosphates from solution-melts of phosphoric
acids was applied. We have established the crystallizationregions of threecondensed phosphates
of scandium—-argentums.

Table 2.X-Ray diffraction data for AgScHP3Owand AgSc(H2P207)2
and theircomparisonwithmore or less similar patterns.

ASTM-11-642, NaSc(H2P207)2H20 | ASTM-13-174,
AgScHPsOr0 AgsPs0O10 AgSc(H2P207)z by Avaliani, et al. AgsP20OsNH
da/n | I/lo da/n I/l da/n I/l da/n I/l da/n I/l
4.81 20 4.17 41 4.62 16
4.04 24 4.04 25 4.00 37
3.69 5 3.43 33 3.67 10 3.73 12
3.60 5 3.59 4 3.58 12
3.36 72 3.49 25 3.51 30
3.37 10 3.35 29 3.35 6
3.29 10 3.32 24
3.20 29 3.21 15 3.24 96
3.15 25 3.08 33 3.18 8 3.13 8
3.03 9 3.04 15 3.02 30 3.04 35
3.01 60
2.96 50 2.98 100 2.98 100 2.98 65
2.96 19 2.93 20
2.84 | 100 | 2.86 95 2.82 55 2.82 52 2.82 20
2.80 80
2.76 50 2.74 28 2.74 7 2.76 25
2.72 50 2.70 14 2.73 45
2.65 35
2.64 77 2.64 23 2.62 5 2.61 100
2.59 69 2.60 100 2.58 4 2.57 70
255 7 2.55 40
2.52 14 2.52 30 254 32 2.49 25
2.46 15 2.47 4
2.43 7 2.43 55
2.37 8 2.38 10 2.39 7 2.41 14
2.33 5 2.33 6 2.31 25
2.31 32 2.30
2.25 18 2.23 6
221 20 2.15 5 2.22 18 2.17 4 2.15 12
213 | 31 2.10 5 2.10 12
2.07 18
2.03 | 20 2.00 10 2.03 9 2.04 6
1.96 15 2.02 7 1.97 8
1.93 11 1.94 5 1.95 18 1.92 12
1.89 | 10 1.89 15 11
1.88 10 1.86 12
1.83 21 1.84 8
1.82 12
1.78 12
1.76 6 1.75 11 1.76 10
1.67 18 1.68 22
1.66 28
164 | 18 1.64 33
1.62 18 1.59 10
1.57 19
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The most stable phase was observed at relatively low temperatures from 130 — 150 °C,
and even up to 165 — 170 °C. Taking into account that the arrangement of cations Ag-Sc for
double and triphosphates (in other words — typical X-ray pictures from single crystalline areas
of double oligophosphates of scandium-silver samples) have not been reported in details and,
hence,are not given in the database of file index for Testing and Materials, our roentgenogram’s
data was compared to similar compounds of Ag-P and our standard data models for similar
double condensed phosphates of gallium, indium, scandium with alkali metals. In analyzed
samples no any initial components are revealed: K2COs3, Sc203, AgNOs and / or their hydrates, as
such, they are already completely irreversibly interrelated. Based on the founded and pursuant
literarydata [1, 2, 8, 9], on ou rsynthesis conditions, on experience in this field, and to our
standard data models, the structural composition of the compounds is set up. Phases’
identification was given in accordance with standard data of International Center for
Diffraction Data Base of American Society for Testing and Materials — ASTM.

Comparing the results of double phosphates of scandium, gallium, and indium with
literary data, we conclude that condensed compounds of scandium, according to their
composition and structure, coincide with phosphates of light trivalent metals (Ga, Fe, Cr, and
Al) and are not similar to corresponding compounds of rare earth elements.
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Abstract

In the present paper the authors investigated the impact of small amount additives SiOx,
SnO:2 and TiOz0n the initial sintering stage of tetragonal zirconia nanopowders (3Y-TZP). It has
been shown that different additives have significantly influenced on phase composition,
crystallite size and agglomeration degree of zirconia nanopowders which were manufactured by
co-precipitation method. The sintering behavior of 3Y-TZP with and without a small amount
2wt. % of SiO2, SnO2 and TiO: additives was investigated using the dilatometric data and
analytical method for determining the sintering mechanism. The shrinkage behavior of all
nanopowders was measured under the constant rate of heating technique (CRH). It was found
that the sintering mechanism changed from volume (VD) to grain boundary diffusion (GBD) by
addition 2 wt. % SiOz, SnO2 and TiOx.

Introduction

Ceramics based on the yttria stabilized zirconia nanopowders3Y-TZP are worldwide
known for its excellent physical and mechanical properties, such us high strength, toughness
and hardness and are widely used in medicine, fiber-optical connectors, grinding media, and
precision parts. It is really important to clarify how we can control the properties of ceramic
microstructures by doping modifying additives [1, 2]. Today it is urgent to study the influence
of the concentration and nature of the additives and their affect on sintering and products
properties.

The initial sintering stage of zirconia based nanopowders has been investigated by many
researchers [2, 3]. It is well known that the different additives have influenced on sintering
kinetics at the initial sintering stage and changed mechanical properties of zirconia ceramics.

In our previous paper we have reported that, not only additives, but the obtaining
conditions affect on sintering kinetics of zirconia nanpowders as well [4]. We have studied
tetragonal zirconia nanopowders 3Y-TZP prepared by co-precipitation method in laboratory
DIPE (Donetsk Institute for Physics & Engendering) and Y-TZP Tosoh (Japan) nanopowders
obtained by technical hydrolysis method. It was found that 3Y-TZP (DIPE) was sintered due to
predominates the volume diffusion (VD) mechanism in contrast to the Y-TZP Tosoh
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nanopowder, which was sintered by grain boundary (GBD) mechanism. Due to these results,
we decided to find out how the additives TiOz, SnO2 and SiO: affect the sintering kinetics of our
nanopowders obtained in the DIPE.

Matsui, Sakka et al. have kinetically analyzed the densification behavior at the initial
sintering stage in 3 mol. % Y-TZP (Tosoh) powder compacts with 0 — 1 mass. % ALlOs [3].
According to their results, the densification rate increased with increasing Al2Os concentration.
Matsui also has reported that the sintering mechanism changed from GBD to volume VD by
GeOz, SiO2 and ALOs addition to the Y-TZP, and activation energy of sintering Q increased
with increasing GeO: content [1, 5, 6].

The main goal of our paper is to investigate the impact of 2 wt. % SiO2, SnO:2 and TiO2
additives on sintering kinetics of tetragonal zirconiananopowders.It is really important to
clarify the sintering mechanisms of 3Y-TZP with TiOz, SnO:2 or SiO: additives that can change
the sintering rate and will allow us to manage the mechanical properties of zirconia ceramics.

Experimental procedure
Specimen preparation

The starting materials were based on 3 mol. % Y203 (3Y-TZP) stabilized tetragonal
zirconia ZrO2nanopowders, which were manufactured by co-precipitation method in the DIPE,
Ukraine.

The co-precipitation method wasused as well in preparing of the following ceramic
nanopowders with 2 wt. % SiO2, SnO2 and TiO: additives: 3Y-TZP + 2 wt. % SiO2, 3Y-TZP +
2 wt. % SnOz, and 3Y-TZP + 2 wt. % TiOs.

All used chemicals were of high chemical purity. At first, appropriate amounts of Y20s
were dissolved in nitric acid; then, the zirconium, other additives were added as soluble salts
together with yttrium salts were mixed via a propeller stirrer for 30 min and were subsequently
added to an aqueous solution of the precipitant (25 % NH4OH) with constant stirring.
Sediments were mixed for 1 h at room temperature at a pH of 9. Then sediments were
repeatedly washed and filtered with distilled water. For chloride salts, washing was carried out
until a negative test for Cl- ions obtaining with use a silver nitrate solution. After washing and
filtration, the hydrogel was dried in a microwave furnace. The calcination of dried zirconia
hydroxides was carried out in resistive furnaces at temperature 1000 °C for 2 h.

Research methods

After calcinations the obtained nanopowders were investigated by X-ray diffraction
(XRD) employing a Dron-3 diffractometer with Cu—K« radiation. Fitting and analysis of the
XRD curves were made by Powder Cell software for Windows version 2.4. The powders were
also studied by transmission electron microscopy TEM (Jem200A, JEOL, Japan).

Further, all powders were uniaxial pressured in metallic die, and we obtained the
samples with dimensions of 62 mm x 6 mm. After that, the powder compacts were treated by a
high hydrostatic pressure of 300 MPa. For dilatometric investigations were prepared samples
withthe dimensions listed below: diameter 6 mm, height 15 - 17 mm.
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The shrinkage data of the sintering powder compacts was obtained using a dilatometer
(NETZSCH DIL 402 PC). The dilatometer was calibrated using a standard Al:Os sample.
Measurements of shrinkage by the constant rate of heating method were carried out in the
range from room temperature to 1500 °C with different heating rates of 2.5, 5, 10, 20 °C / min.
Upon reaching the temperature of 1500 °C, the samples were cooled at a constant rate.
Determination method of sintering mechanisms with using a constant rate of heating technique
(CRH) is applicable to the initial sintering stage. The initial sintering stage is not more than 4%
of relative shrinkage. In this temperature range the interparticle contactsbegin to form and
grow, while the grain growth is insignificantyet. Thermal expansion of each sample was
corrected with the cooling curve by the method described in [2].

We investigated the initial sintering stage of the nanopowders production. To analyze
the dilatometric data we used the standard constant rate of heating (CRH) technique. To define
the activation energy of sintering we used an analytical (1) equation, which was derived by
Wang and Raj [7]. To define the parameter n we used Yang and Cutler’s (2) equation. This
helped us to determine the sintering mechanism at the initial sintering stage [8].

Tcd—’oz ,1 KyQb ex (— 0 j, (1)
dT  F'(p) kTa" RT

d(AL/LO):(KysQDORJ ( ng jexp(_g) @
dT ka”cQ RT™" RT

Here, AL=(Lo— L) is the change in length of the specimen; K'is the numerical constant; p is the
density; (Jis the activation energy of sintering; R is the gas constant; cis the sintering rate; Q2 is
the atomicvolume; D is the diffusion coefficient; y is the surface energy; ¢ is the time; 7'is the
temperature; & is the Boltzmann constant; a is the particle radius; parameters n and parethe
orders depending on diffusion mechanism.

It is known that, if n = 1, this means that the viscous flow mechanism dominates, if
n=1/2, the volume diffusion mechanism dominates and if n = 1/3, the grain boundary diffusion
mechanism dominates.

It was confirmed that the shrinkage proceeded isotropically. The density of sintered
samples was measured using the Archimedes method. The specific surface area measured by the
Brunauer-Emmet-Teller (BET method) on the device types “Sorbi-4” with an error of
measurements = 5%.

Results and discussion

The nanopowders characteristics and structure are shown in Table 1 and Figure 1,
respectively. We can see that all additives affected on the specific surface area in a different way.
It is well known that initial nanopowders parameters including particle size, agglomeration
degree, porosity, etc. play important roles in sintering processes. A smaller particle size
significantly enhances sintering (kingery).

The SiO: additive leads to increasing specific surface area from 14 to 20 nm and
decreases the particle size from 31 to 22 nm. The SnO: addition leads to the increasing only
specific surface area to from 14 tol7 nm. In contrast addition TiO: addition leads to decreasing
specific surface area from 14 to 10 nm but it doesn’t change the particle size of 3Y-TZP.
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Table 1.The nanopowders characteristics.

Coherent | The phase
Nanopowders . ..
# .. scattering | composition, | Sser, g/ m?
composition

area, nm | % M-phase
1|3Y-TZP 31 5%M+T 14 + 0.08
2 | 3Y-TZP + 2 wt. % SiO: 22 100% T 20+ 0.20
3 | 3Y-TZP + 2 wt. % SnO: 29 4%M+T 17 £ 0.43
4 | 3Y-TZP + 2 wt. % TiO2 31 15%M+T | 10£0.13

Figure 1. Transmission electron microscopy (TEM) images
ofnanopowders structure (a) 3Y-TZP, (b) 3Y-TZP + 2 wt. % SiOa,
(c) 3Y-TZP + 2 wt. % SnOz, and (d) 3Y-TZP + 2 wt. % TiOa.

According to the results of X-ray diffraction analyses (XRD) the particle sizes of all
nanopowders are different. It can be seen that the smallest particle size is 22 nm for 3Y-TZP +
2wt.% SiO2 nanopowder and 100 9% tetragonal phase structure. The other additives
insignificantly affected on phase composition 3Y-TZP nanopowders.
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Figure 2.Temperature dependence of shrinkage and shrinkage
rate for the 3Y-TZP, 3Y-TZP + 2 wt. % SiO2, 3Y-TZP + 2 wt. %
SnOz, and 3Y-TZP + 2 wt. % TiO: at heating rate 2.5 °C / min.
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Figure 2 shows the temperature dependence of the relative shrinkage (dL/Lo) and
shrinkage rate (AL /dt) of the samples 3Y-TZP; 3Y-TZP + 2 wt. % SiO2, 3Y-TZP + 2 wt. %
SnOz, 3Y-TZP + 2 wt. % TiO: at a heating rate of 2.5 °C / min from room temperature to
1500 °C. As it can be seen the temperature of shrinkage start for all samples is different. As we
can see the nanopowder3Y-TZP without additives achieved the maximum shrinkage rate at a
lower temperature, than the nanopowders with 2 wt. % SiO2, SnO2 and TiOa. For these powders
the curves are shifted to the higher temperature. The difference of nanopowders shrinkage rate
is due to the impact of additives 2 wt. % SiO2, SnO:2 and TiOa.
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Figure 3. Arrhenius-type plots of samples 3Y-TZP; 3Y-TZP +
2 wt. % SiO2, 3Y-TZP + 2 wt. % SnOz; and 3Y-TZP + 2 wt. % TiO.

The sintering mechanisms of samples 3Y-TZP;3Y-TZP + 2 wt. % SiO2, 3Y-TZP +
2 wt. % SnO2, 3Y-TZP + 2 wt. % TiO2 were determined by the method described in articles
[4,7, 8] using equations (1, 2) and Arrhenius-type plots presented in Figure 3. The obtained
activation energy and the parameter n for the samples were shown in Table 2.

Table 2.Activation energy Qand parameter n of sintering mechanisms of 3Y-TZP;
3Y-TZP + 2 wt. % SiO2; 3Y-TZP + 2 wt. % SnO2; and 3Y-TZP + 2 wt. % TiOa.

Nanopowders n | QkJ/mol | Sintering mechanism
3Y-TZP 1/2 667 Volume diffusion
3Y-TZP + 2 wt. % SiO2 1/3 757 Grain boundary diffusion
3Y-TZP + 2 wt. % SnO> | 1/3 979 Grain boundary diffusion
3Y-TZP + 2 wt. % TiO2 | 1/3 1120 Grain boundary diffusion

S lwIN - #®

Using the method described above we have found the sintering mechanisms that
occurred in investigated nanopowders. As it can be seen from Table 2 in our initial 3Y-
TZPnanopowders a dominant sintering mechanism was volume diffusion. It means that 3Y-
TZPnanopowder was sintered faster, than other investigated nannopowders. It is a goal that
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other researchers [1 — 3, 5, 6] wish to achieve on their nanopowders using various additives.
However, we have already achieved this goal due to our unique nanopowders production
technology. The samples 3Y-TZP + 2 wt. % SiO2, 3Y-TZP + 2 wt. % SnO2; and 3Y-TZP +
2 wt. % TiO2 were sintered due to the grain-boundary diffusion mechanism. The changing of
sintering mechanism from volume to grain boundary diffusion is due to addition of SiOz, SnOa,
and TiO2 additives. This changing of mechanisms was accompanied by an increasing in the
activation energy. The maximum activation energy was achieved in case of addition of 2 wt. %
TiO2 (1120 kJ / mol).

We can conclude that in the samples 3Y-TZP mass transfer process is more
intensive,than in samples 3Y-TZP + 2 wt. % SiO2, 3Y-TZP + 2 wt. % SnO»; and 3Y-TZP +
2 wt. % TiO2 that wasconfirmed by higher sintering rate at the initial stage of sintering.

Conclusions

In the present study we have investigated the impact of various additives on sintering
kinetics of tetragonal zirconia nanopowders (3Y-TZP). The analytical method of constant rate
of heating was used for estimation the sintering mechanism. It was found that:

The dominant sintering mechanism in the initial 3Y-TZP nanopowder (ZrO: + 3 mol. %
Y:203) prepared by co-precipitation was volume diffusion.

The addition of 2 wt. % SiO2, SnO:2 and TiO:2 lead to change the sintering mechanism
from volumediffusion to grain boundary diffusion.The activation energy increases with the
addition of additives in the following order: SiO2, SnO: and TiO-.
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Abstract

In the work, the possibility of formation of GaN and AIN nanofilms at relatively low
temperatures (300 — 700 °C) by magnetron sputtering of gallium and aluminum in the nitrogen
atmosphere, under ultraviolet light, followed by a pulsed photon annealing is reported. It is
shown that the pulse photon annealing forms polycrystalline inclusions in the initially
amorphous gallium nitride and aluminum nitride. The doping material is introduced into
nitride on the substrate in the process of formation under ultraviolet (UV) irradiation. After
formation of the nitride and iron layers, a pulse photon treatment from the substrate side is
performed to improve crystallization and mineral activation, at the same time Fe-doping of
gallium nitride provides p-type conductivity.

1. Introduction

Group IIT nitrides (GaN, AIN) as a material attract the considerable interest of scientists
and researchers, because devices based thereon possess many unique properties: high gain, light
emission in a wide spectral range, stable and reliable operation at high temperatures and
radiation. The possibility of manufacturing wideband wireless circuits, compact and reliable
radars on their basis for aeronautical and space applications makes these materials even more
promising [1].

Preparation of GaN and AIN in the crystalline form is rather difficult due to high
melting temperatures. Their formation is possible in the conditions of high temperatures and
pressures, which requires complex and expensive equipment and technology. In addition, the
resulting structures are amorphous, and the subsequent high-temperature (above 1000 °C)
processing to grow polycrystals is required.All this makes it difficult to introduce these
materials into production. Therefore, it is more preferable to obtain nitrides as films [2 — 8].
Thin nanostructure films are nanosystems, where nanosizes manifest themselvesonly in one
direction — in thickness, and the other two directions are microsized.
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2. Material and measurements

Technology of nanofilm fabrication. In the experiments for obtaining Group III nitride
(GaN, AIN) nanolayers of (Al20s) 60C250, sapphire wafers were used as a substrate, whose
surfaces were chemically cleaned prior to the experiment using standard techniques.

The nanofilms were formed on an updated vacuum system — gallium or aluminum
(purity not less than 99.998 %) as a target was placed on amagnetron of 100 mm in diameter,
sputtered in high-frequency nitrogen plasma and deposited onto the substrate positioned above
the magnetron at a distance of 75 mm in various process conditions. The substrate temperature
was 300 — 500 °C, the sputtering current /= 0.2 — 0.3 A, the voltage U= - 360 V, the maximum
sputtering time #= 10 min. As a result, 50 — 55 nm films were formed. Under the vacuum hood,
after supply of the nitrogen gas, the pressure P = 6 - 10 mm Hg was set. The deposition process
was followed by PPA in different modes.

Pulse photon annealing was performed on the original pulse photon radiation (PPR)
system (Figure 1) which allows one: to irradiate the samples from both sides; to change the
spectral composition of the radiation in a wide energy range: 0.3 — 6.2 eV; to change the
radiation power density (W) and the light pulse duration (z) to W=375 W / cm? and ¢ = from
0.1 to 1000 s with 0.1 s incremental step, respectively; to measure and control the heating
temperature ofthe samples by selecting holders with different thermal conductivity, by
removing the heated air or by blowing with liquid nitrogen vapors; to work in the oxygen or
inert gas atmosphere. To conduct crystallization processes, the samples were placed on a quartz
plate in the PPA system. For crystallization of the obtained nitride films the pulse photon
annealing was performed in the following conditions: power density — 60 — 100 W / cm?; pulse
duration — 5 — 20 s; maximum heating temperature of the sample — 700 °C. During the
experiment the finished structures (GaN / Al:Os and AIN / Al:Os) and the separate sapphire
substrate were simultaneously subjected to PPA. In certain cases, during PPA, together with
halogen lamps, the samples were irradiated with an UV beam.

Figure 1. Pulse photon annealing system.

Measurements of the film thickness were made using a NANOSPEC interferometer and
a Leitz optical microscope. This setup makes it possible to measure thicknesses in the range of
100- 30000 A with a measurement error of 3 —5 %. The setup is a microelectrometer operating
in the range of 400 — 8000nm.

The X-ray diffraction analysis was performed on the X-ray diffractometerDRON—4
under the following operating conditions: voltage —V = 19kV; current — 7 = 15 mA; speed
goniometer— 5 °/ min; the measuring range was 4 - 10% pulse / min.A cobalt tube (1 = 1.7889A)
was used as an emitter. Beam collimation was realized through 3 holes of 1 mm width.

146



A. Bibilashvili, et al. Nano Studies, 2016, 13, 145-150.

3. Results

The thickness of formed films was measured to be 100.0 — 480.0 nm, depending on the
processing conditions. The deviation in thickness values between the center and the periphery
in the same film was 3.2 %, indicating the uniformity of formation. The values of the refractive
index in the visible light spectrum varied within n=1.9 — 2.2 for AIN and n=1.90 - 2.4 for GaN
(Figures 2 and 3).

Dispersion Spectrum

Figure 2.Typical refraction index—wavelength dependence for AIN.

Dispersion Spectrum

25004 Lia
\ 112008
n=1.98 L1100

-----

Figure 3.Typical refraction index—wavelength dependence for GaN.

The X-raydiffraction analysis of the films indicated that they contain crystal inclusions;
however, the signals received from the lattice planes are weakly or highly distorted depending
on the nanosizes and the presence of defects (Figures 4 and 5).
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Figure 4.X-ray-diffraction pattern of GaN / AL:Os structure before PPA.
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Figure 5.X-ray-diffraction pattern of the AIN / Al:Os structure before PPA.

After pulse photon annealing in various modes a picture changes — the signals received
from the lattice planes increase and are narrowed that allows to assume that polycrystalline
impregnations have increased in sizes (Figures 6 and 7).
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Figure 6.X-ray-diffraction pattern of GaN / Al:Os
structure after pulsephoton annealing.
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Figure 7. X-ray-diffraction pattern of AIN / Al2Os3
structure after pulse photon annealing
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The dopingmaterial is introduced into nitride on the substrate in the process of
formation under ultraviolet (UV) irradiation (Figure 8). After formation of the nitride and iron
layers, a pulse photon treatment (PPT) from the substrate side is performed to improve

p-type conductivity (Table 1).

1.

Ipulse/sec

300
(110) Fe

0 {002)6aN

3 39 9 4 4 4 4 5l 52 53 4 55

20¢
Figure 8. X-ray-diffraction pattern of the
Fe-doped GaN / Al2Os structure after PPT.

Table 1. The results of the investigation of electro-physical
characteristics carried out on the Fe-doped gallium nitride.

Resistivi Work Conductivit
#| PPT regimes Rk function, Y
Ohm - cm type
eV
1 | Halogen + UV
1 4,
10 min, 5 pulses 013 58 P
2 | Halogen + UV
4 4.34
10 min, 3 pulses 046 3 P
3 | Halogen
5 min, 4 pulses 091 434 P
# | Halogen 41.0 431 ?
5 min, 3 pulses
> | Halogen 0.26 4.37 p
5 min, 5 pulses
6 | Halogen + UV
10 min, 7 pulses 0.16 4.36 p

5. Conclusion

Thus, based on the research results it can be concluded that at low temperatures (about
300 °C) it is possible to form 100.0 — 480.0 nm AIN and GaN nanofilms, the structures of which
were initially amorphous, but after the pulse photon annealing under particular conditions
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(sample temperature does not exceed 700 °C), polycrystalline inclusions appear there, and their
size increases with subsequent PA pulses;

2. In formation of polycrystalline gallium nitride the charge state of its electronic
subsystem changing under the influence of different-energy photons plays a fundamental role;
3. Ultraviolet irradiation together with halogen lamp pulses improves the doping

quality;Fe-doping of gallium nitride provides p-type conductivity.
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Abstract

Nanotechnology is an emerging technology with the potential to effect revolutionary
changes in several aspects of the oil and gas industry such as exploration, drilling, production,
enhanced oil recovery, refining and processing. The importance of this emerging technology in
petroleum industry represents a special challenge and opportunity to restructure teaching and
nurture the scientific and workplace of the 21th century. This paper presents an overview of
application of nanotechnology in the oil and gas industry in order to assess the importance and
the potential technical benefits of this new emerging technology in petroleum industry. As a
consequence of this rapid development and board impact of nanotechnology, education and
training of new generation of engineering workplace will play an important role in petroleum
industry. In this regard, the effort to meet such demand while appropriately addressing and
improving collaboration between the industry and academia, there is a strong need to introduce
nanoscience technology into existing petroleum curriculum program. It is hoped that this work
would be beneficial to both petroleum engineering education and research and will stimulate
some ideas for academics,who may face themselves with the developing education course and
teaching nanotechnology in the near future.

1. Introduction

It is time that engineering community has a very serious dialog about the topics of this
paper. It is our obligation as Engineering Educators to try to make sense of the many proposed
advantages and disadvantages of this concept. As the worlds thirst for energy increase, all
avenues of sources of increasing the recovery from new and existing reservoirs should be looked
at but also should be balanced as to viability, environmental effects, costs and affects on future
generations.Nanotechnology could be an enabler that has proved to be a game changer for
exploiting fossil-based fuels and over the next 30 years will be a criticalcomponent in
developing fossil-based energy technology [1]. Such a technology may be the cornerstone of
any future energy technology that offers the greatest potential for innovative solutions.

In 1958, Nobel Laureate Richard P. Feynman gave his now famous speech “There is
plenty of room at the Bottom”, to the American Physical Society at Cal Tech. He was taking
about nanotechnology and his brilliant look into the future has, ever since the invention of the
Scanning Tunneling Microscope (STM) in 1981 and the Atomic Force Microscope (AFM) in
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1985 spawned new products and new concepts. It is predicted that within a few years the
worldwide market for nanotechnology based products will be over one trillion dollars [2]. The
article examines the potential area where nanotechnology can benefit petroleum engineering.
The data and information collected is from current literature with the aim of providing
information that would beneficial to both petroleum engineering education and research.

2. Applications of nanotechnology within petroleum industry

Nanotechnology is poised to impact dramatically on all sectors of industry. It has been
making its presence felt in industry for some time, and many applications are already standard
in downstream, for example, nanostructured zeolities are now used to extract up to 40 % more
gasoline that catalysts [3]. Another area of significant challenge lies in upgrading of bitumen
and heavy crude oil. Because of their high density and viscosity, it is difficult to handle and
transport their chemicals to location where they can be converted into valuable products.
Nano-catalysis may offer a solution for on-site upgrading of bitumen and heavy crude oil [4].

The most obvious challenges and applications of nanotechnology in the oil and gas
industry, from upstream to midstream and downstream, is the development of better materials,
techniques and safe environmental operations. Now it follows a brief review of the recent
progress and application in areas, significant to petroleum industry. The recent development of
nanotechnology is summarized in Table 1, which is a slightly modified one presented in [5].

In exploration area, as easily accessible resources continue to shrink, demand will
continue to increase new more sophisticated methods for improve field characterization
techniques and processes that may lead to enhanced oil recovery. Industry geoscientists believe
that substantially more oil and gas could be extracted if their chemical and physical properties
of existing reservoirs were improved. Nanotechnology could help to develop new metering
techniques with tiny sensors, to provide information about reservoirs characteristics, the fluid
flow monitoring, the fluid-type recognition, and to design suitable exploitation plans for
trapped oil and gas (Figure 1) [6]. Better sensor technology would also be used to attain
improved temperature and pressure ratings in deep wells and hostile environment [7].

In oil and gas drilling and production, the applications of nanotechnology are in the
sector developing new types of smart fluid for improved/enhanced oil recovery, drilling and
production [8, 9]. Among these are new nanoformations of polymers, microemulsions, colloidal
dispersion gels (CDG), biliquid foams (aphrons).

More recent developments deal with so callednanofluids. These are designed by
introducing small volumetric fractions of nanosized solid particles to a liquid phase in order to
enhance or improve some of the fluid properties [7]. Nanofluids can be designed to be
compatible with reservoir fluid-rock and be environmentally friendly. Such smart fluids will
further enhance drilling by adding benefits such as wettability, advanced drag reduction and
anti-corrosive coating [8, 10].

Moreover, the most obvious application of nanotechnology, especially for upstream
applications, is development of better materials [7, 11]. The oil industry needs strong stable
materials in virtually all of its processes. By building up such substances on a nanoscale, it could
produce equipment that is lighter, more resistant and stronger, such as weight reduction of
offshore platforms, energy-efficient transportation vessels, and better performing drilling parts.
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Table 1.Possible application of micro- and nanotechnologies in petroleum industry.

. L Nanotech
Area Current and Potential Application .
solutions
— Detecting oil deposits in wells
— Less invasive methods of exploration remote sensing
— Methods to “sniff” for new pockets of oil
. . . . . Nanosensors
. — Enhanced resolution for subsurface imaging and computation techniques
Exploration ) . . and
— Improved temperature and pressure ratings in deep wells and hostile .
. imagin
environments &ng
— Improve instrumentation for gas adsorption
— Improve 1, 2, 3 and 4-D seismic resolution
— Enhanced remote imaging, real-time continuous monitoring of flow-rate,
pressure and other parameters during production, wireless telemetry, in situ
chemical sensing Nanosensors
— Accurate early warning detection and location of leaks (preventing
environmental hazards)
Reservoir — Improved sand exclusion and mobility of injectant
management | — Controlled agglomeration of particles Nanomembranes
— Ability to capture and store CO:
— Improved stability and pressure integrity and heat transfer efficienc :
P. . . y. P & y. Y Nanomaterials,
— Ability to minimize damage to formation of offshore platforms, reduce .
. . fluidsand
their weight .
. . . . coatings
— Requirement, and increase their sturdiness
— Improved structural integrity of the rubber materials in harsh and
deepwater conditions
— Enhanced the effectiveness and longevity of drilling components, making
cheaper, lighter and stronger pipes and drill bits
— Improved wellbore stability
— Extend lifetime of equipment with corrosion resistance, adhesion
enhancement and wear resistance .
: . . . Nanomaterials
— Improved strength-to-weight ratio for an expanding range of geological q
. an
settings .
. . coatings
— Expandable tubules for deeper wells without needing to telescope the well,
Drilli or castingless wells
Ting Improved cement integrity-light density and high strength, hole quality and
well placement, hermetic seals
— Innovative drill engines that can be sent deep into the shaft; improved
elastomers;
— Ability to prevent bio-fouling
— Improved drilling fluids and thermal conductivity
— Removal of toxic metals (mercury, cadmium, lead) .
. o . . . . Nanofluids
— Ability to prevent drilling mud invasion, separation mud filtrate and d
. an
formation water b
e . - nanomembranes
— Ability to reduce pipe sticking problems
— Removal of hydrogen sulfide
— In situ sensing and control, monitoring of stresses in real-time
— Ability to direct fracturing and withstand high temperature to go deep into
challenging resources of wellbore deep reading of oil-water interface
Production — Chemical detection with no active components downhole Nanosensors

— Enhanced measurements in the borehole (pressure, temperature,
composition, conductivity)

— Accurate detection and location of leaks (pipeline, downhole)
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— Improved understanding of matrix, fracture, fluid properties and
production-related change
— Adsorption and gasification of asphaltenes

— Increase wear resistance

— Self-healing materials

— Pressure integrity, improved robustness

— Enhanced hydro-phobic or hydrophilic behavior for water flood
applications

Nanomaterials
and
coating

— Improved water filtration (for industrial, agricultural, and potable use)
— Filtration of impurities from heavy oil and tight gas

— Desulfurization, inhibiting H2S producing bacteria

— Cost-effective CO2 sequestration

— Sand exclusion

— Effective water-shutoff

— Scale/wax removal

— Easy separation of oil/water emulsion on the surface

Nanomembranes

— High-strength/ lightweight propellants

— Environmentally friendly fluids

— Enhanced oil recovery: enhanced fluid viscosity and molecular
modification

— Improved production rates and water disposition

— Reversible/reusable swell labels

— Ability to manipulate the interfacial characteristics of rock-fluids
relationship

— Reversible a controllable making and breaking of emulsion or foam
Improved combustion and enhanced prevention of fouling and corrosion

Nanofluids

Refining
and
processing

— Improved the octane rating of gasoline

— Increased refining capacity and speed. Better insulation and separation
materials

— Efficient conversation of hydrocarbons and refining efficiency (including
extra heavy and sour crude oils) into clean transportation fuels

Nanomembranes
and
nanocatalysts

— Improved monitoring during oil refining

Nanosensors

Petrochemical
and
gas processing

— Reduced membrane surface area, smaller foot print
— Low weight and space requirement

— Low energy cost

— Upgrading low-quality natural-gas

— Improved petrochemical waste water

— Bio-fouling resistance

— Efficient conversation of hydrocarbons

— Removal of volatile organic compounds (VOCS)

— Removal of CO: in land fill gas recovery process

Nanomaterials
and
nanomembranes

Nanotechnology has made substantial contributions to refinery industry during the last
two decades. The development of mesoporous catalyst materials such as MCM-41 has
significantly change downstream refining. Nano-catalysis may offer a solution for on-site
upgrading of bitumen and heavy crude oil [4], because of their high density and viscosity, it is
difficult to handle and transport these chemicals to locations where they can be converted into

valuable products.

In petrochemical and gas industry, emerging nanotechnology has opened the door to the
development of new generation of nanomembranes for enhanced separation of gas streams and
removal of impurities from oil [5, 12, 13]. Among the most nanomembranes, polyimide / silica
materials have received the most attention for gas permeation studies [14]. The range of
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applications covers the supply of pure or enriched gases such as the N2 and O: from air, the
separation of acid gases such as CO2 and H>S, and the separation of H: in the petrochemical and
chemical industries. Another area of application could be in the waste water treatment from
petroleum. More recently, it has reported as a new concept, thin film nanocomposite membrane
technology may offer new degree of freedom in tailoring Reverse Osmosis (RO) membrane
separation performance and material properties [15].

MNanodevice injection well
,l, 4 D@ @ Advance of nanodevices in calendar-time units

. Resem:rir facies @ MNanodevices .d"Nannd&.vica flow A B C=Perfs
Figure 1.0ne concept for use of nanotechnology in reservoir characterization.
Nanodevices (N) are injected in perfs A through F and move through a
reservoir. At calendar-delay times of 1, 2, 3, 4 and 5 time intervals, spatial
distribution of the nanodevices is measured by EM or seismic methods to

determine their XY7 coordinates, allowing inferences to be made about
fluid-flowpaths, compartment boundaries and reservoir connectivity [6].

The effect of various nanomaterials on the petro environment is hotly debated in
nanotechnology and environmental research [16]. Recently zinc oxide nanoparticles were
developed for removal of hydrogen sulfide from water based drilling mud to reduce
environmental pollution and protect the health of drilling worker [17].

From above consideration, it is obvious that there is a strong need to develop and
implement a long-term strategy in nanoscience technology education and research in order to
enhance the current traditional petroleum engineering programs.

3. Conclusions and future directions

The topic outlined in this paper is a major portion of fossil based energy spectrum that is
in use today benefit from nanotechnology. It is foregone conclusion that nanotechnology will
play a major part in increasing the efficiencies of present day hydrocarbon resources. The
application of this new emerging technology in nearly all stages of exploration-production
process, generate a new need in the education system. How to embrace nanotechnology in
petroleum engineering education is a challenge for the engineering educator, in which he
should develop the new content and new teaching and learning tools for nanotechnology
education in order to prepare the new generation of engineering workplace for the emerging
nanoscale technology. Undergraduate petroleum engineering majors need a comprehensive
education that includes nanotechnology in order to successfully navigate the challenges of the
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21th century. Students need an interdisciplinary education in the basic science and engineering

as well, as understanding of the relationships of these fields with nanotechnology. Universities
can help to overcome these new challenges by providing petroleum geosciences and
engineering curricula and special training courses for the oil and gas industry. In this respect,
the cooperation between industry and academia is crucial.
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Abstract

The extracts from the leaves of plants of three species of Vitex genus ( Vitex cannabifolia,
Vitex agnus-castus, Vitex negundo) were obtained, the total phenol index of the extracts and
their flavonoids contents were determined. The extracts composition was studied by means of
LDI MS method; phenolic antioxidants / reducing agents, including flavonoids, were found to
be the main extract components; mono- and disaccharides as well as terpenes / terpenoids are
also present in the extracts. It has been shown that all the extracts have high content of
phenolic compounds and demonstrate significant activity in the synthesis of silver nanoparticles,
upon this the Vitex negundo extract with the largest total phenols contents demonstrates the
highest activity in the silver ions reduction.

1. Introduction

Recently, green synthesis of metal nanoparticles (NPs) using plant constituents and
extracts has attracted a great attention [1]. Metal NPs are known to be the promising materials
for electronics, material science, physics, catalysis, biology, medicine. Use of plants extract for
NPs production provides the synthesis with beneficial requirements: mild temperature and pH,
non-toxic and cheap reducing / stabilizing agents. This is due to availability of large amount of
bioactive substances in the plants extracts possessing high redox potential and acting as NPs
reducing agents and stabilizers.

The variety of plants has been used for metal NPs green synthesis. For example, metal
NPs were synthesized using extracts of Pelargonium graveolens[2], Cymbopogon flexuosus [3],
Azadirachta indica (4], Aloe barbadensis 5], Plumbago zeylanica [6]. The extracts of twenty-
four kinds of randomly selected plant leaves were used to produce gold NPs [7]. Silver
nanoparticles (AgNPs) were synthesized using leaves of Stevia rebaudiana, Carica papaya,
Murraya koenigii and Morinda tinctoria [8 — 11], banana peel [12], stem and root of Ocimum
sanctum [13], etc. Phenols, flavonoids, reducing sugars, as well as terpenoids, alkaloids, and
proteins [7, 14] are considered as plant extract components responsible for metal ions reduction
and NPs formation. According to some reports [7], phenolic antioxidants, in particular,
flavonoids play the main role in NPs synthesis.

In our work we synthesized AgNPs colloids using the extracts of Vitex genus plants. In
the previous work devoted to screening of plants — potential sources of efficient
antioxidants/reducing agents we have found that the extracts from the Vizex leaves possess high
antioxidant / reducing properties and they are the promising raw materials for antioxidant
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extraction. The subject of the present study is the additional investigation of three Vitex species

extracts and study of the possibility to use the extracts as reducing agents in green synthesis of
AgNPs.

2. Experimental

Three species of Vitex plants (Vitex cannabifolia, Vitex agnus-castus, Vitex negundo)
were used in the experiments. The biologically active substances were extracted from the leaves
with 70 % ethanol solution, according to the procedure described in [15]. 100 ml of 70 %
ethanol was added to 1 g of finely chopped leaves, after that the mixtures were placed into
steam bath for 30 min. After cooling, the extract was adjusted to the initial volume and filtered.

The total concentration of phenolic antioxidant / reducing agents in the extracts was
evaluated by using the Folin—Ciocalteau method. To measure the total phenol index [16],
11.5 ml of water, 5 ml of 20 % sodium carbonate solution, 1.25 ml of Folin—Ciocalteaure agent
(Merck) and 6.25 ml of water were consecutively added to 1 ml ofextract. The solution was
stirred for 30 min, then the absorbance at 750 nm was measured, and the total phenol index was
calculated in accordance with the protocol [16]. By comparison of the obtained values of phenol
index of the extracts with the corresponding data for ascorbic acid (total phenol index for the
0.5 mM solution of ascorbic acid was equal to 1, [17]), the equivalent concentration of the
antioxidant in solutions was estimated.

To determine the total content of flavonoids, we used the method based on the ability of
the compounds to form a colored complex with aluminum chloride. 1 ml of extract, prepared as
described above, was placed in volumetric flask, 5 ml of 2 % solution of AlCls (Sigma—Aldrich)
in 95 % ethanol was added into the glass, and then 95 % ethanol was added to reach a volume
of 25 ml. The mixture was stirred for 30 min and the optical density of the solution at 410 nm
was measured. To prepare a blank solution, 0.1 ml of concentrated acetic acid was added to 1 ml
of extract, followed by the dilution of the mixture by 95 % ethanol to the total volume of 25 ml.
To prepare reference samples, the rutin (Sigma—Aldrich) solutions of different concentrations
were prepared, using 95 % ethanol as a solvent [18]. Total content of flavonoids was expressed
as the equivalent weight of rutin per 1 g of dried leaves.

Qualitative analysis of extracts composition was performed by means of laser desorption
/ ionization time-of-flight mass spectrometry (LDI MS). Mass spectra were recorded in positive
and negative-ion extraction mode on Autoflex II mass spectrometer (Bruker Daltonics Inc.,
Germany) equipped with a nitrogen laser (337 nm). The samples were ionized in the pulse
mode: pulse length 3 ns, frequency 20 Hz; maximum energy 65 m]. Spectra were recorded in
the reflection mode using a delayed extraction of 20 ns and accelerating voltage 20 keV. The
resulting mass spectra were the sum of 100 individual spectra.

To produce AgNPs, 9 ml of 1 mM AgNOs (Merck) aqueous solution were added to 1 ml
of extract. The Extract / AgNOs reaction mixture was stirred for 3 h at temperature of 40 °C,
then the solution was cooled to room temperature and stored for still 3 days, with the UV
spectra of the colloid being periodically recorded. For all the Extract / AgNOs reaction mixtures,
the color of the mixtures change from yellow to brown, which indicates the formation of
AgNPs, was observed in about 1 h after beginning of the reaction.

UV / Vis spectra of plant extracts and AgNPs colloids were recorded on a Perkin Elmer
Lambda 35 UV / Vis double beam Spectrophotometer at 25°C in the wavelength range of
200 — 800 nm. Scanning speed was 480 nm/min, path length of cuvette (Perkin—Elmer) was 10 mm.

158



I. Laguta, et al. Nano Studies, 2016, 13, 157-164.

3. Results and discussions

The data characterizing the antioxidant / reducing properties of the extracts from the
Vitex leaves (the values of the total phenol index and the equivalent concentration of ascorbic
acid) as well as the data on the flavonoid content in the plant leaves are presented in Table 1. As
one can see from the data, all the extracts contain high amounts of phenols and flavonoids. The
largest values of phenol index and, accordingly, the highest equivalent concentration of
ascorbic acid is observed for Vitex negundo leaves extracts; the total amount of phenols in the
extracts of Vitex cannabifolia and Vitex agnus-castus is practically the same. The highest
flavonoids content is registered in the extract of Vitex agnus-castus while in the extracts of
Vitex negundo and Vitex cannabifolia the flavonoids content is close to each other.

Table 1. Content of phenolic antioxidants in the Vitexleaves and extracts.

) Total | Equivalent concentration .
Raw materials used q . e Content of flavonoids
. phenol | of ascorbic acid in extract, .
for extract preparation . per 1 g of dried leaves, %
index mmole/L
Leaves of Vitex cannabifolia | 15.0 75 1.2
Leaves of Vitex agnus-castus | 14.8 7.4 15
Leaves of Vitex negundo 25.0 125 1.2
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‘_E 2000 - -
1500 609
1000 4 593
465 495 538
500 4
e 430
E. 1.0 1
. 08
116
06
260
04
024 381 1g
165 220 339 | P 504 567
T —— B | ST, PRI o

T T T T T T T T —T T
150 200 250 300 350 400 450 500 550 600

Figure 1. Fragments of negative (-) and positive (+) ion
mode of LDI mass spectra of Vitex negundo extract.

The data on the extracts studies using LDI MS method is presented in Figure 1 and in
Table 2. The fragments of mass spectra in positive and negative modes are given. The possible
interpretation of all the identified signals is presented in Table 2; for signals attribution, the
literature data [19 — 23] was used, which confirms the availability of the given compounds in
Vitex extracts.
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Table 2. The most abundant ions in the negative
and positive mode of mass spectra of Vitex extracts.

m/z Compound, ion m/z Compound, ion

133" | Cinnamyl alcohol, [M-H]" 379+ | Vitexilactone, [M+H]*

139+ | Hydroxybenzoicacid, [M+H]* 381+ | Lactose/Cellobiose/Maltose/Sucrose, [M+K]*
149" | Ribose/Xylose, [M-H]" 393" | Acetoxy-dihydroxy-labdenolide,[M-H]"
149 | Carvacrol, [M-H]" 397+ | Casticin, [M+Na]*

153" | Terpinenol, [M—-H]" 399+ | Mussaenosidic acid, [M+Na]*

153" | Dihydroxybenzoicacid, [M—H]" 401+ | Acetoxy-hydroxy-labdenolide, [M+Na]*
165+ | Eugenol, [M+H]* 401+ | Campesterol, M+

165+ | Hydroxycinnamicacid, [M+H]* 416+ | Methylenedioxypentamethoxyflavone, M+
179" | Glucose/galactose/fructose, [M—H]" 416+ | Sitosterol, [M+H]*

179" | Caffeic acid , [M—H]" 429+ | Vitetrifolin D, [M+Na]*

191" | Citric acid, [M-H]" 429+ | Friedelind, [M+H]*

191" | Scopoletin, [M-H]" 430+ | Tocopherol, M*

219+ | Caryophylleneoxide, [M—H]* 431" | Vitexin/Isovitexin, [M-H]"

220+ | Spathulenol, M* 447" | Orientin/Isoorientin, [M—H]~

260+ | Cadinol, [M-H+K]* 447 | Cynaroside, [M-H]"

299" | Trihydroxydimethoxyflavone, [M—H]" 461" | Salviaplebeiaside, [M-H]"

313" | Dihydroxydimethoxyflavone,[ M—H]" 463" | Isoquercitrin, [M—-H]~

324" | Vitexcarpan, M~ 465" | Agnuside, [M-H]

339+ | Persicogenin, [M+Na]* 495" | Hydroxybenzoylmussaenosidicacid, [M—-H]"
339+ | Isorhamnetin, [M+Na]* 504+ | Cannabifolin B, [M+H]+

339+ | Coumaroylquinic acid, [M+H]* 538" | Caffeoylmussaenosidic acid, [M—H]"

341" | Myzodendrone, [M-H]" 567+ | Agnucastosid B, [M+Na]+

341" | Dicaffeic acid, [M—H]" 593" | Vicenin-2, [M-H]"

341" | Lactose/cellobiose/maltose/sucrose, [M—H]™ | 593 | Nicotiflorin, [M—H]~

353" | Chlorogenic acid, [M—H]" 593" | Flavosativaside, [M—H]"

358" | Hydroxytetramethoxyflavone, M~ 609" | Caffeoylisoorientin, [M-H]"

359 | Chrysosplenol, [M-H]" 609 | Hesperidine, [M—-H]"

359" | Centauredin, [M—H]~ 609™ | Rutin, [M—H]"

361" | Rotundifuran, [M-H]"

As one can see from the Figure 1, the most intensive signals in the mass spectra are due
to compounds related to phenolic antioxidants and, in particular, to flavonoids. Thus, intensive
signals at m/z = 299, 324, 447, and 609 in the negative mode and at m/z = 416 in the positive
mode may be attributed to such flavonoids as trihydroxydimethoxyflavone, vitexcarpan,
orientin / isoorientin / cynaroside, caffeoylisoorientin / hesperidine / rutin and methylenedioxy
-pentamethoxyflavone, respectively. Intensive signals at m/z = 179, 191, 353 in the negative
mode and very intensive peak at m/z = 430 in the positive mode correspond to the following
phenolic antioxidants: caffeic acid; scopoletin; chlorogenic acid and tocopherol. All these
compounds are active reducing agents, and they probably participate in NPs synthesis. Other
peaks related to phenolic antioxidants / reducing agents are peaks at m/z = 313
(dihydroxydimethoxyflavone), 341 (dicaffeic acid), 358 (hydroxytetramethoxyflavone), 431
(vitexin / isovitexin), 593 (vicenin-2 / nicotiflorin / flavosativaside) in negative spectra and at
m/z = 165 (eugenol / hydroxycinnamic acid), 339 (persicogenin / isorhamnetin /
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coumaroylquinic acid), 397 (casticin) in positive spectra. The peak at m/z = 149 may be related
to ribose / xylose monosaccharides, the one at m/z= 179 may be due to not only caffeic acid, but
also to glucose / galactose / fructose and the peak at m/z = 341 — not only to dicaffeic acid but
also to such disaccharides as lactose / cellobiose / maltose / sucrose. All monosaccharides and
some of disaccharides are the reducing sugars and, in general, may contribute to metal ions
reduction and NPs formation [7, 14]. Other two classes of compounds represented in the spectra
of Vitex extracts are terpenes and terpenoids (peaks at m/z = 149, 153, 341, 361, 393, 465, 495,
538 in the negative mode spectra and at m/z = 219, 220, 260, 379, 401, 429, 504, 567 in the
positive mode spectra; see Table 1 for the signals references). According to the literature data,
these compounds are commonly present in Vitex extracts [24 — 27], they possess reducing
properties [27] and can play the certain role in NPs synthesis, as well.

The extracts of all three Vitex plants really demonstrated significant activity in AgNPs
synthesis. Figure 2 gives the UV spectra for Extract of Vitex negundo/ AgNOs reaction mixtures
in different time after beginning of the reaction. As one can see from the Figure 2, the spectra
include the absorbance band with the maximum at around 450 nm, which is characteristic of
AgNPs plasmon resonance. Figure 3 gives the absorbance at the maximum of the band versus
time of the reaction for all Vitex extracts.
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Figure 2. UV spectra of extract of Vitex negundo / AgNOs reaction
mixture. Time of reaction: (1) 1, (2) 2, (3) 3 h, (4) 1, (5) 2, and (6) 3 days.
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Figure 3. Absorbance at 450 nm versus time of reaction. 1 —
extract of Vitex cannabifolia/ AgNQOs; 2 — extract of Vitex agnus-
castus/ AgNOs; and 3 — extract of Vitex negundo/ AgNO:s.
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As one can see from the Figure 3, the highest activity in the reaction of Ag+ ions
reduction demonstrates the extract of Vitex negundo with the largest phenol index. Upon this,
the qualitative composition of the reducing agents apparently also matters: at practically the
same total phenol contents in the extracts of Vitex agnus-castus and Vitex cannabifolia, the
extract of Vitex agnus-castus with higher flavonoids part demonstrates significantly higher
activity in NPs synthesis (compare the curves 1 and 2). As it was stated above, flavonoids are
very active reducing agents [28] and are considered by some authors [7] as plant extract
components playing the main role in NPs synthesis.

4. Conclusions

The data obtained indicate that the extracts of Vitex cannabifolia, Vitex agnus-castus,
Vitex negundo contain the high amounts of the antioxidants / reducing agents and demonstrate
high activity in the synthesis of silver nanoparticles. The most intensive signals in LDI MS
spectra of  Vitex extracts correspond to such phenolic compounds as
trihydroxydimethoxyflavone,  vitexcarpan, orientin / isoorientin /  cynaroside,
caffeoylisoorientin / hesperidine / rutin, methylenedioxypentamethoxyflavone, caffeic acid,
scopoletin, chlorogenic acid, and tocopherol. It has been found that the activity of various
extracts in Ag* ions reduction correlate with the concentration of phenolic antioxidants /
reducing agents and depend on the nature of these compounds. Extract from Vitex negundo
leaves with the highest total phenol content was found to be the most effective one in AgNPs
synthesis. The work now is in progress to investigate the correlation between the content of
various phytoconstituents in Vitex extracts and the extracts activity in AgNPs synthesis.
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AnHoTanua

B pabore paccMOTpeH CKOJB3AMMI KOHTAKT YIPYTHX IIEPOXOBATHIX TeJI C YYETOM
aaresuu. lllepoxoBaTocTh Ten Mofenupyercs HenuHeHHbIM cioeM Bunkiepa—®ycca. Croit
MOXKET OKa3bIBaTh CONPOTUBJIEHME CXXHUMAIOIMIUM X PACTATUBAIOMUM (B CjIydae aATe3WH)
HanpsokeHuAM. Ero MexaHmueckue CBOMCTBa OIpeJeNAIOTCA CTaTUCTUYECKMMHU TEOPUAMU
aZiTe3uy JJI HOMMHAJIBHO IUIOCKHMX LIEPOXOBATHIX IOBepxHOCTel. KOHTaKT Tes ommchiBaeTcs
HeJMHeHHBIMA T'PaHUYHBIMU MHTETPAJIbHBIMU YPaBHEHUAMU C HEMOHOTOHHBIMM OII€PaTOPaMU,
pellleHUs KOTOPBIX OIIpesiesIoT AedOopMalHIo IIepOX0BATOrO CJIOS, HOMUHA/IbHbIe KOHTAaKTHBIE
HaIpsDKeHusA (HOpMaJbHBIE U COBUTOBBIE), HOMUHAJIBHbIE 00yacTH KOHTAaKTa. [IpemmoxxeHHbIi
IIO/IXOJ], MOXeT OBITh IPUMeHeH K pellleHHWI0 KOHTAKTHBIX 337a4 TeJI C Pa3IMYHON HOMHHATBHOU
reomerpueii. IIpencTaBieHsl pelmeHHs pAjga 3a7ad CKOIB3ALIETO aATe3MOHHOTO KOHTAKTa M
BRIIIOJIHEH uX aHanu3. IlocTpoeHBI 3aBMCHMMOCTM HOPMaJbHOM M CHBHUTAlONeil CHIIBI,
IeiCTByIOLel Ha Tesa, OT ux cOmmKkeHus. IlpencraBieHbl ¥ UCCIeOBaHbI 3aBUCUMOCTH MEXAY
CUJION TpeHHA U CUJIOH, HOPMAJIbHOM K IIOBEPXHOCTH CKOJBXeHHUdA. JlaHa olleHKa AOIU CHI
aZire3suy B CUJIe TPeHU.

1. Beepenue

Vicropusi 3aKOHOB TpeHMs HAYMHAETCs OT 3aKoHA TpeHus Amonrona (1699) T = UP, B

KOTODOM CWJIa TpPEHUs CKOJNbXeHWs | TpONMOpLUOHaNIbHA HOPMajnbHOM Harpyske P
CKHUMAlOlled Texa, W He 3aBUCUT OT pa3Mepa Tesl, a KodDHIueHT TpeHus [I ABIAeTCA

IIOCTOSHHBIM [IJI 33IaHHON Iapsl MarepuanoB. 3akoH Kyrona (1795) npeanosaraer, uro cuia
Tperus I Moxer GbITh mpencraBieHa Kak cymma I = A+ (P, rpe nocrosmHas cuma A

3aBHCHUT OT CIeIIeHusA IoBepxHOcTed. KymoH mosaras, 4To cujaa TpeHHS COOTBETCTBYeT
CIBUTAIOMEN cuIe, HeOOXOAUMOM /1 CKOJBXEHHS OZHOTO MHOXeCTBAa HEepPOBHOCTell Ha
ITOBEPXHOCTSX Tel 1o apyromy. Jepsarun (1934) mpuzman MOJIeKyISpHBIM CMBICT KYJIOHOBCKOM
cune A w 3ammcain 3aKoH TpeHusA B popme

T=u(P+z), A=uz, (1)
rge Z — paBHOJENCTBYIOWAA CHJ MOJIEKYJISIPHOTO IPUTSDKEHUS MEXKIY TeJaMH. DTy CHUIy OH
cumtan 3asucsmeir or P u mpexcraBun B Bume Z = p,S , roe S — daxrudeckas mIomans
KOHTAKTa IOBepxHOCTel (3aBucsamas or P) u p, — mpursarusaromas cumia, AeiicTByomas Ha
eguHuLe 1womwanu mosepxuoctr S . Cumma Z(P) paccmarpuBaeTcs Kak IIeperpyska,

oGycnoBreHHas aaresueit.CBeleHUsI O APYruX 00muX GUINIECKUX ACIIEKTAX U MOJEJIAX TPEHUS
CKOJIBXXEHUS cofiepxarcs B [1].
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b. B. Jlepsarus [2] oTmMeuas, YTO OCHOBHAsS CIOXXHOCTH IIPUMeHeHUs 3akoHa (1) cBsa3aHa ¢
onpegenenuem 3sasucumoctu Z(P) . Moxu [3] mpeanoxunm BapuaHT 5TON 3aBUCHMOCTH,
OCHOBaHHBIM Ha CTAaTUCTUYECKUX TEOPUAX aATe3MOHHOTO KOHTAaKTa HOMUHAJIBHO ILIOCKUX
IIEepPOXOBAaThIX YNPYTuUX Tes, paspaboranusix [xomconoMm, Pymrepom u Teiibopom [4, 5]. B
HacTosue#l paboTe IpezaraeTcs MOJENb CKOJIB3AIIETO afTe3NOHHOTO KOHTAKTa IIEPOXOBATHIX
YOPYTHX TeJl C UCKPUBJIEHHBIMH HOMWHAJIBHBIMU IIOBEPXHOCTAMHU IIPU IBYUYJIEHHOM 3aKOHE
tpenus (1).

2. I'paHuyHble ypaBHeHUA KOHTAKTHOH 3aflayy JJIA II€POXOBATHIX
YIPYTHXTEJI C YI€TOM aJITe3MOHHOTO B3aUMOJEHCTBUA X IIOBEPXHOCTEH

Xopouro wu3BecTHO [3, 4, 6], YTO KOHTAaKT [JBYX VIPYTHX IIOJyIPOCTPAHCTB,
OrpaHWYeHHBIX HOMUHAIBHO IUIOCKUMU LIIEPOXOBATHIMU IIOBEPXHOCTSIMHU, MOXeT OBITh 3aMeHeH,
6e3 orpaHuYeHHs OOIHOCTH, KOHTAKTOM J>KECTKOM IUIOCKOH IIOBEPXHOCTH U YIIPYTOro
IIOJIYIIPOCTPAHCTBA, KOTOPOe OTPaHHYEHO HEKOTOPOH YCIOBHOH IIEPOXOBATOM IIIOCKOCTBIO, U
VMeeT IIpUBeJIeHHBIM MOy JIb

E’ =((1—v12)/E1+(1—v22)/E2)_1,

rae Ei, B2 m vi, Vo— mopynu IOnra m xosdpdunuents: Ilyaccona maTepuasoB LIepoxoBaThIX
KOHTAaKTUPYIOLIUX TeJI, COOTBETCTBEHHO.
YCnoeHas rpaHiua

LepoxoBaToi YcnoBHaa rpaHuua
MOBEPXHOCTH P L aAre3avioHHoro

Pucynoxk 1. Cxema MHI@EHTUPOBAaHUSA U CKOJIBXEHHA TIaZKOTO
’KECTKOTO TeJIa II0 LIePOXOBATOMY YIIPyrOMy IIOIyIpOCTpaHcTBy X, = 0.

CxeMa MHIEHTHPOBAHUSA M CKOIBKEHHSI IJIAAKOTO YXECTKOTO Tejla IO LIEPOXOBATOMY
yIpyromy mHoaynpocrpacTBy X, = () mokasama Ha Pucynke 1, rge OpuHHATHL Clefyrouue
o6osHaueHHUA: P — CHja, BAABIUBAIOMASA TeJIO B IIOJYIPOCTPAHCTBO; I — KacaTeslbHAas CHIIA,
BBI3BIBAIONIAA CKOJBXKEHUE BIOJNb OCH X,; O — CONMMKeHHe KOHTAaKTHPYIOWUX Tesn (TIy6GuHa
WHJEHTUpPOBaHUA); [ — 3a30p MeXJAy TeJIOM U YCIOBHOH TIpaHUIleHl aJre3MOHHOTO
B3aumogeiictsust X, =0 mepexn medopmauueir; W u W, — HopmanbHble (B HampaBleHUH OCH
X;) yUpyrue mepeMelieHWs IpaHuibl noiynpocrpaHcTsa X, =0, BosBanusle cumamu Pu T
COOTBETCTBEHHO; S — HOMMHAJIbHasi O00JAaCTh KOHTAKTa; [z— YCJIOBHAsA TreoMeTpUYecKas
IIOJIYTOJIIIMHA IIEPOXOBATOTO CJIOS; fz — PACCTOSHUE MEXY YCIOBHOU TpaHuUIleil afire3MOHHOTO
B3aMMOJEHUCTBUS U OCBIO X, L2l (IpU d2t: B3AMMOJEMCTBHEM KOHTaKTUPYIOWUX (YCIOBHBIX) TeJ
MOYXHO TIpeHeGpeys), BeIMIUHA £ 3aBUCHUT OT OTHOIIeHUs O/0 [3]. Eciu anresuu Her, 10 t: = L3
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A— ymenbpumenve (oGxarue) mepoxosartoro cios mociae gedopmanyu, A =0 (ma Pucynke 1
BeJIMYMHA (—A) ABJIAeTCS IepeMelleHreM IJIafKOH IMIOCKOCTH U3 IOJIOoKeHus Z =1 ).

YcnoBug Ha rpaHHIle IOTyIpOCTpaHCcTBa x3 = 0 MMeIOT cienylonuii BUz;
a) BHYTPY HOMUHAJIBHON 00JIaCTH KOHTAKTa S

A(x)+W (x)+W, (x)=0— f(x); J-p(x)dx:P; J-T(x)dx:T; x=(x,x,)eS 2)
0)BHE HOMUHAJIBHOMI 00/IaCTH KOHTaKTa S :
W (x)+ W, (x)>5-f(x);A(x)=0; p(x)=0; 7(x)=0; x=(x,x,)&S, 3)

rae p(x), T(x) — KOHTaKTHOe JaBjeHUEe H paclipefiejieHHe KacaTeIbHBIX YyCHJIHMHA B oOyactu S
cootBeTcTBeHHO. B (2) u (3) r[epeMem;eHI/m Wu Wronpegensiorcs popmyiamu [6]:

x)=6[ K(xy)p(y)dy, 6=(7E");
,BHJ‘ y)dy’y:()’nyz)es’
rze
2 2 -1/2 )
K(xy)=[(x =) +(x-3)"] 5 LExy) =K (xy)(x-»);
B=0,5[G,(1-2v,)~G,(1-2v,) ][G (1-v)+G, (1-v,)]
S — mapamerp [ynmypca, ‘ ,3‘ <0,5[6]; Gi= 05E/(1+V) — MOZy U CABUTa KOHTAKTUPYIOUIUX

TeJI COOTBeTCTBeHHO. [JapameTp fyKa3biBaeT Ha pasjaudne YIPYTUX IOCTOSHHBIX TeJl.
KonraxTHas 3azada MoXkeT OBITh CBefieHAa K HCCIENOBAHUIO OZHOTO YpaBHEHMs THUIA
l'ammepurreiina [7] ¢ mapameTpom &

x)+ 6] _K(x,y)p(u(y))dy+uBo[ L(x.y)p(u(y))dy=35-f(x),
X:('xl’x2)’ y=(y1,y2)€Q,

rae u(x), x € Q — efUHCTBeHHAasd HeU3BeCTHasA QyHKIUA, 2 — MPOMU3BOIbHAL 00JIaCTh, KOTOpAsL

(4)

COZIePKUT HOMHHAIBHYIO 06J1aCTh KOHTAKTa S, T = [ D (A) , 4 — K03bUIIHeHT TpeHuU .

IIpepmnonaraercs, 4TO BCce BEpIIMHBI YCIOBHBIX HEPOBHOCTeM HOMMHATIBHOI IIOCKOCTH
7z=0 wumeor opunakoBeiii (9pdexTUBHBI) pasMyc KpUBM3HBL R M paBHOMEDHO

-1
pacripenerenst B mwrockocty Z=0 ¢ mrormocreio 7y . R=(1/R +1/R,) - pammyc
KPUBHM3HBI YCJIOBHBIX HepoBHOCTell [6] (R, u R, — paguycsl KpuBU3HBI HEPOBHOCTEN IPaHUIL

HCXOAHBIX YIIDYT'HMX HOJIYHPOCTPHHCTB); w=" 4+ Y2 — Y12 — YAe/IbHAsA pa60Ta dIT€3HH. (DYHKHH}I

-1
O{z) = (0'\/27r) exp(—z*/20°) sABndgeTCS IUIOTHOCTBIO BEPOATHOCTH [JJA TayCCOBCKOTO

" [ 2 2
pacmpezieleH|sA BHICOT BEPUIMH HEPOBHOCTEHN CO CTAHIAPTHHIM OTKJIOHEHHEM O =4/0, + O,

(rms). 3meck Ol U 02 — CTaHZAPTHBIE OTKJIOHEHUA BBICOT HEPOBHOCTEH IIEPOXOBATHIX I'PAHUII
HCXOJIHBIX ITOJTYTIPOCTPAaHCTB, MMEIOIIMX I'ayCCOBCKME pacIipeie/ieHus.

Torma, B cootBeTcTBUM C [3 — 5], HOMHHaNTbHOE KOHTAaKTHOE [aBieHUE MEXAY
HOMMWHAIBHO IIOCKUMH ]J_[ePOXOBaTBIMI/I IIOBEPXHOCTSMH IIPEJICTABJISIETCS B BUZE
ZZ
.
ex dz=nP
pf J-d 5 p 20_2 77‘\ (,p ’ (5)
O=z7— d ,
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rae p = p/(nP.) — OGe3pasMepHOe HOMUHAJIBHOE KOHTAKTHOE [aBleHUEe U (PYHKIIMOHAIBHAS
saucumocts P/ P. = g(6,/J,) ana ornensHOl HEPOBHOCTH OTpeZeNAeTCS a/re3HOHHBIMU

TEOPUSAMM TJIafKUX yIOpyrux Tten [3]. §p — abcosoTHas BeJWYMHA MUHUMAJIBHOTO
IepeMelleHus HEPOBHOCTH ISt KOHKPEeTHOI1 paccMaTprBaeMoi 3aBUCUMOCTH
P/P =g(5,/9,): 5,; = 0. B JKR (Johnson-Kendall-Roberts) [3, 8] reopuu kKonTakTa, 5,; =0
B DMT (Derjaguin-Mulle-Toporov) teopuu [3, 9]. Bemmuunsr P. u 5C IIPUHUMAIOTCA KakK
XapaKTepHble MACIITaGBl MPYM MabIX HArpy3KaX P U cOMmKeHUAX O KOHTAKTHPYIOUIMX IIap.

%k
Oty MacmTabsl MOTYT GBITH BEIGPAHBI IPOU3BOJIBHO, MCIIOIB3Ys OLpeesomue mapamerpsr E |
w u R. IlpunaTsie 37eCh BeJIMUMHBI UMEIOT IIPOCTOi MexaHudeckuii cmbica B JKR Teopun: P,

n é; ABJIAIOTCA TOYHBIMU aOCOJNIOTHBIMM BEeIWYMHAMU CUJIBI OTpBhIBA U MHHUMaJIbHOM

BE€JIMYHNHBI IIEpeMelleHN A, COOTBETCTBEHHO
> \1/3
2.2 *2
P =157wR, 8, =3/4((x’WR)[(E™))
OynKuMoHaNIbHAA 3aBUCUMOCTD ﬁ(A) B ypaBHeHUU (4) OIMCHIBAaeT pacipejeeHue B 001acTH

KOHTaKTa CIBUTOBBIX yCHIUN T = ,u( p+ Z) =Uu D (A) Ha MOJIYIPOCTPAHCTBO U OIpeeIieTCa

IBYYJIE€HHBIM 3aKOHOM TpeHUs (1) mpu KOHTAaKTe IJIOCKUX II€POXOBATHIX IIOBEPXHOCTEH [3, 7]:

3/2
ne |l o
N Lel =1 F,(d"),A>0 3 R
p(A)= ﬁ(fi] w () =nEpt, d = (6)

0, A<O0

rme F, (d : ) = j: t" exp |:—0.5 (t +d” )2 :|dt /27 . 3aBucumocts (6) ABIAETCA OAMHAKOBOM

IJIs1 BCeX THUIIOB KOHTAKTa OTZAENbHbIX HEPOBHOCTEH [7].

bespasmepras ¢opmyrHpoBrka KoHTaxTHOH 33zayw. PaccMaTpuBaeTcsa cCioydaif, Korja

f(x)= “k=1. B Ge3pasMepHBIX BEJIMYMUHAX XO—(XOI,X ) , y0=(y01,y02) ,
U’é"pO’ﬁO’Q :

x,=(4/0)"x: y,=(4/8)"y: U(x,)=u(x,(5/4)")6": &=5/3.;
o (U (x,)) = ea‘“ AT D (U (x0)) = xp* (U (x,))s )
Po(QU (%)) = 08" A p(8,U (x,)) = xp*(SU (%,)):

c

U(
U(
K= eéll—k /kA_l/kﬂsPu

YPpaBHEHUNE CKOJIBb3AMLETO KOHTAKTd (4) IIpUHUMAaEeT BU/:

U(X0)+5él_k)/kjg()K(X0’y°)p° (6,U (y,))dy, +

+ﬂﬂ§é1-k)/kIQOL(XO,yO)]30 (U (y,))dy, =1-|x,

Xy, ¥ €

(8)

roe U (XO),XOE (), — HeusBecTHas GespasMepHas (GYHKLWS, 3aBUCAIAs OT Ge3pasMEpHBIX

mapaMeTpoB 50, up, xk ; Q)= (‘xm‘ <l+e¢;

), u yucimo € >0 BBI6I/IPaeTC5I Tak,

168



B. A. Galanov & I. K. Valeeva. Nano Studies, 2016, 13, 165-174.

4TGB! BRIONHANOCH BKmouerne S, ={x,:U(x,)>0}cQ,, rae S, — Gespasmepnas o6macts
KoHTaKTa; GyHkuuu p*(-), p*(-) onpegemsmiorca popmymamu (5) u (6),COOTBETCTBEHHO.

Ina puckpermsanuu ypaBHeHUs (8) ImpuMeHseTCs MeTOJ KOJIIOKALIUM, M JUCKPETHOe
ypaBHeHUe peluraeTcs MoguduUIpoBaHHEIM MeTosoM HploroHa, anamornyso [10].

3uas pemenwe U (X, ), X, € Q,, ypasuewus (8), MOXHO TONYIHTE BCE XaPaKTePUCTHKH
CKOJIB3AIIET0 KOHTAKTA TeN: yMeHbleHHe 3bPeKTUBHOM TOMMIUHbI MEePOXOBAaTOTO CJIOSA A(X) ,
KOHTAaKTHbIE HaNpsuKeHUA p(X),7 = p(x) obnacts KoHTaKTa S, 3aucumoctu (P—6) u (T-9)
IPUIOKeHHBIX il Py Tor commkenns e J, 3aBucuMocts T ( P), a Taxxke CHITY a/Te3HH.

Cuia P, mpunoxeHHas K TeJaM, Ipezacrasisercs B Buge [10]

P=xE 8" AV S 0(5,); P,=8"h(3,), )
rae bynxuusa h(6,) = .Lz Do (5OU (Xo))dxo , a cuia tpenus 7,
T =] p(u(x)dx—prE 8 AEIR(S); T, = 50(5), 10

rae byHKIMA j (8)= LZO Do (50U (x, ))dx0 .
Bxuraz afresuonHoO#M cocraBisatomeil 7 Cuisl TpeHus JOTpeessieTcsi OTHOUIEHUEM
C,=T,/T=(T-uP")[T=(T,-B)/T, <1, P"=sup{P,0}. (11)
C,=0npu w=0wuC,=1,ecmu P, <0.
3. PesyneraTh pacueTa u MX aHaIM3
AHanmusMpyercss CIy4adl CKOJIB3AIEr0 KOHTAaKTa IIEPOXOBATOM cdepsl HOMIHAIBHOTO

pajguyca Rs ¥ 1IePOXOBATOro IoxympocrpaHcTsa (T.e. k =2, A= (2R )_1) I Oe3pasMepHBIX

mapametpoB: k' =5,83-107, 48 =0,05, KOT[la KOHTAKT OTJETHHBIX HEPOBHOCTE} OMHMCHIBAETCS

JKR Teopumeii. Mexanuueckue cBoiicTBa ciosi Bunknepa—®ycca omwucsiBatorcs dyukuwmeit (5),
rae g (68, /5,) onpepensercs, HCXOAs U3 TEOPUH KOHTAKTA OT/IbHBIX HEPOBHOCTEH [3, 8].

1

Pucysok 2. I'paduxu byuxumit p * (A, ) mpu JKR

KOHTAKTaXOTAe/JIbHBIX HePOBHOCTefI AJI PA3TUIHBIX é‘c
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[Tomnas xapra oGsacTeil aZeKBaTHOCTU PA3JIMYHBIX MOJeJeil KOHTaKTa MaTepuaiam
KOHTaKTUPYIOIIMX Tap IJIaAKux Ten mpemgoxeHa B [11]. TI'papuxu HOMEHANIBHOTO
6e3pasMepHOTO KOHTAKTHOTO JaBIeHUsA MEXIy IIOCKUMU IIEPOXOBATHIMU YIIPYTHUMHU ILINTAMHU
p*(A,)=p(8.A,)/ (n.P) , A,=A/S, mnpu JKR KOHTAKTaX HEPOBHOCTEN JJIfi PA3HBIX
sHaueHwit J, /0 = 0. =0,2;0,4;0,6;1;2 1 COOTBETCTBYIOIIUX 3HAYEHHMAX OTHOILIEHWS [, / o=t

npezcraBieHs! Ha Pucynke 2, a pynkuum p* (A, ) - Ha Pucynke 3.

55 5=06,f=4
P e
Bile wp 5 ps
& a

/f//

0 e
0 5 10 18 20

A

Pucynoxk 3. I'paduku Gyrkuuit j*(A,) A1t pasimdssx J, .

B ypasuenun (8) ucmomssyiorcs GespasmepHble 3aBUCHMOCTH: p(A,)=kp*(A,)
By () =xp*(A,)> tae Ay =8,U (x,)-

Ha PucyHxe 4 mpe/cTaBieHsI pe3yIsTaThl pacyeToB A J, = §/5, =1;3;5;7,10;15, npu
5 =0,4,t =3. Ilpu x, = (x,,,0) mOKasaHBI: HOMMHAIBHBIE KOHTAKTHBIE IaBIeHHA p(X,)
(Pucynox 4a) u o&ynkuuun p, (xo) (Pucynox 46), ompenendiomuie paclpefeneHus

HOMMHAJIbHBIX KacaTeJbHBIX yCHINH.PesynpTaTel YncIeHHBIX MCCIe0BaHUM ITOKA3hIBAIOT, YTO
sHaueHus (>0 COOTBETCTBYIOT CJABUTY B HAaIpaBIeHMH OCH X, , a Mf<0 — B

IIPOTUBOIIOJIOKHOM HallpaBieHHHU. bosbineil BeandnHe | ﬂﬁ| cooTBeTCTBYeT Oobpimii capur. Ha
Pucynke 4 npescTaBieHa 5BOIONMA HOMUHAMBHBIX KOHTAKTHBIX laBleHu# p,(x,) U Gynkuuit
Po(X,) B 3aBUCHMOCTH OT CONIKEHUS KOHTAKTUPYIOMIUX TeJl 50. [Tpu manbIX 3HAUYEHUAX 50

KOHTakTHOe JaBieHue (PucyHok 4a) orpumaTesbHO BO BCell 00JIacTH KOHTaKTa, YTO
COOTBETCTBYET HOMHMHAIBHBIM PACTATMBAIOIIUM HAIPSIKEHUAM, KOTOPbIE SIBIISIOTCS CJI€ICTBUEM
azmresun. [Ipu pocTe 0, pacTskeHue BOSHUKAET JIMIIb BOIM3U TPAHUIBI 0GIACTH KOHTAKTA.

| i | i ‘ : ‘ [ —ae
o] ojc1 HEE RRERENE RTINS 0.06 - N B — =3
: ! ‘ : ‘ : 575
=6
& 0,02 5 Y
. . 0.04 =T
- = >
=] (=] =
o =N [1]
0,01} 1
0,02

(6)

Pucynox 4. I'paduku HOMMHAIBHOTO KOHTAKTHOTO AaBneHus p,(x,) (a) u
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Oyuxuus C, (P) <1, ompegensiomas Bkian are3sOHHON COCTABIAIOLIEN B MOIHYIO
cuny tpenus (cm. (11)), sBiasercs moHotorHo y6sBatomei. Ilpu Fy <0 C, =1, re. cuma

TPeHU IIOJHOCTBIO OIpefederca cuaamu agresun (PucyHok 66).

e § =0.3
-—-- §5=04
c
. — =05 °
u, *
5=06
<
—5-08
<
— =1
<
Pucynoxk 7. 3aBucumoctu 6e3pa3MepHOi Pucynox 8. 3aBucumocru 6e3pasmMmepHOit
cuIblaZresuu fo oT mapamerpa K CHUJIBI aiTe3uu F0 OT mapameTpa K
npu JKR KOHTaKTaxOTAeIbHBIX npu DMT koHTakTax OTZeIbHBIX
ok ok
HEPOBHOCTeH [T Pa3TUIHBIX 5@ . HEPOBHOCTeH [T Pa3TUIHBIX 5@ .
3aBucumocTy GespasMepHOil cuasl apresuu F, =—min F, (50) OT IapameTpa K AJid
50

PasHBIX 5: IIOCTPOEHEI IO pe3yJIbTaTaM OOJIBIIOrO KOJTMYeCTBA YHC/IeHHBIX DKCIePUMEHTOB, U
MOT'YT OBITH HCIIOJIB30BAHBI /IJIA OLIEHKH CUJIBI aiT€3UH.

[lepoxoBatsie Tena ¢ JKR KOHTakTaMy HEPOBHOCTEH [E€MOHCTPHUPYIOT OGOJBIIYIO CHIIY
aaresuu uem,Tesa ¢ DMT koHTakTaMu HepOBHOCTeH IpM TeX ’Ke IlapaMeTpax KOHTAaKTa (CM.

Pucynxu 7 u8).

Ilpumep  crxompagmero  koHTarkra.PaccMoTpuM — KOHTAakT cdepuueckoro (k=2)
IIEPOXOBATOTO CTEKJISHHOTO IIapuKa C HOMHHATBHBIM paguycoM Re=10,3pm (A= (2RS)_1) u
[JIAZKOTO IOJyIPOCTpaHCTBa w3 ciuomsl. £=56,5 GPa, n,=0,098 — wmozyns ympyroctu u
koapdunment Ilyaccona ciroms:, coorBercTBeHHO;£)=70 GPa, n,=0,2 — Moxgysns ynpyroctu u
koaddunuent Ilyaccoma crexmsuzoro (soda lime glass) mapuka, cOOTBeTCTBeHHO.Z=3A -

paBHOBecHOe paccrosuue; Y1 =0,375]/m? — moBepxHocTHas sHeprus cmooxsl; Y= 0,1 J/m2-
IIOBepXHOCTHAsA dHeprus cTekna; u= 0,336 — xoabdunuenT tperns. C meTanraMu sKCIIepUMeHTa
Y IOTIOJTHUTE/IbHBIMY JaHHBIMU MOXKHO O3HAKOMUTHCA B paborax [12, 13].

ITpuBeeHHBIN MOLYJIb YIPYTOCTH

E'=((1-0,098")/56,5+(1-0,2%)/70) " =32GPa;
BeJMYMHA MapaMerpa [JyHaypca
70(1-2-0,098)/(1+0,2)-56,5(1-2-0,2) /(140,098 _
B=0,5 ( )/« ) ( )/( ):8,54-102 ;
70(1-0,098) / (1+0,2)+56,5(1-0,2) / (1+0,098)
B =2,87-10"; 8=(32-10°7)" =9,95-10""* GPa. PaGora agresum npuHaTa paBHOI

aIIPOKCHMANUH, IpeaaoxkeHHou B [12]: w = 24/, ¥, = 0,387 ]/m?2.
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CTeK]IiIHHBIfI H.[aPI/IK nMmeerT CJIe,D;YIOH.LI/Ie napaMeTpH H.[epOXOBaTOCTI/I l'IOBerHOCTI/IZ
o =18nm, 7,=30- 10°° (nm)_z, R=637nm, oRn,=0,034.

Brerunciennsie IIapaMeTpPhl OJIA OT,Z[EJIBHOfI HEPOBHOCTHU!

13 13

2.2 2 2 -9
5C=§ 4 M:ZR =§ 7~ x0,387 ><96327 10 ~0.73-10"m,
4\ E 4 (32-107)
-9 -9
o =§=w=0,4, /1=0,735°‘ =0,73%=1,77,
o 1810 Z, 3-10

P =1,57wR =1,57%x0,387x637-10”° =1,162-10°N.

Besnnumna napamerpa Moxu A=1,77 cooTBeTCTBYeT IIPOMEXyTOYHOM OOJIACTH Iepexoa
ot JKR x DMT reopuu xontakta [3]. Kpusas marpyxerus P/ P. = g(J,/d,) nna ornenvuoit
HepoBHocTu Onuska K JKR xpuBoi#t [3], M mpoBemeHHBIe BBIYUCIEHUS MOTYT OBITH

WCIIO/IB30BAHbl [JIA OLLEHKU aATe3MOHHOTO KOHTAKTAa, B YACTHOCTH rpaduKu P()(§0), T, (50),

T, (R)) , C_(P)) ,mpexcrasnennsre Ha Pucymxax 5 u 6 mra O, / (o] 25: =0,4 (xpacuas
=-0,036 mpu

nynkrupHas sumus). Oymkuua P)(0,) wmmeer mummmym min P, = P,
0

J,=5,8, uro coorsercrByer Gespasmepnoii cune tpemmsa Ty (35,8)=0,07 Bespasmepmsrii

ImapamMeTp K [Jig KOHTaKTa IIapa C IIOJYIIPOCTPaHCTBOM
k=605" AV P =9,95-10"2 x(0,73-10°) " x
x(4,854-10*) "2 x3-10"* x1,162-10° =5,83-1072
Ins cumsr agresun nomyaum F =0, 0367 E *53/ A7 2, a /111 COOTBeTCTBYIOIIEH CHJIBI TPEHUS
~T=0,07urE 6 A™"* npu § =5,8x0,73-10° =4,23-10" m — nonyuaem
F=0,036x9-10° =0,324-10°N, u T =0,07x0,336x9-10° = 0,21-10°N.

OTH pe3yJIbTaThl COOTBETCTBYIOT ZAHHBIM, IIPeICTaBIeHHbIM B paborax [12, 13].
4. 3axmoyeHue

Mogenb aJAresmoHHOTO B3aUMOJEMCTBUA LIEPOXOBATBIX YIPYTHX Tel II03BOJIAET
paccMaTpuBaTh KOHTAaKT TeJ C IIPOM3BOJIBHONM HOMMHAJIBHOM TeoMeTpueil, B TOM 4HCIe C
HEeBBITYKJIONH ()OPMOH U B CIy4asX MHOTOCBA3HBIX KOHTAaKTHBIX obOsacreit [14]. IloBepxHocTHas
IIepOXOBAaTOCTh PACCMATPHUBAETCHA, KaK IIOBEPXHOCTHBIM CJIOM Tel C MeXaHWYeCKHMMU
CBOMCTBAaMHM, OTJIMYAIOIIMMUCA OT OOBEMHBIX CBOMCTB Marepuasna Tel. Takasd (HOpMyIHPOBKA
IIO3BOJIAET OIIpeie/IATh KaK HOPMaJIbHbIe, TaK M KacaTe/IbHble HAIIPsDKeHUA B 00IaCTH KOHTAKTA.
Ha azgresuio KOHTakTHpyOIIMX TeJl CYLIeCTBEHHO BJIMAIOT CBOMCTBA MaTepHaJoB,
MHKpOTreoMeTpHYeCcKHe ITapaMeTphl IePOXOBATOCTH U MaKpOTreoMeTpHUYeCcKHe IIapaMeTphl Tell.

IIpennoxeHHas MoJenb CKOJB3AIIETO KOHTAaKTa IIpPe/CKasblBaeT MeXIIOBEPXHOCTHBIE
HOMHHAJIbHBIE CIBUTOBBIE HAIIPSKEHUA IIPU OTPULIATETBHOM (are3MOHHOM) HOMUHAJIBHOM
KOHTaKTHOM JaBieHuu. Kak U B KJlacCHYeCKOM CKOJIb3dAllleM KOHTaKTe, CIBUTOBbIe HAIIPSXKeHUA
MaJIo BJIMAIOT Ha HOPMaJbHble KOHTaKTHBbIe HAIpPsS)KeHM:, TOTJa KaK C/ABUTOBbIe HaIpsKeHUA
OIIpe/le/IAI0TCA HOPMaJabHBIM KOHTAaKTHBIM JlaBieHHeM. Mogens npecKasbiBaeT CylleCTBOBaHNe
aZire3MOHHOM KOMIIOHEHTHI MEXIIOBEPXHOCTHBIX CABUTOBBIX HANIPSKeHUH NPU IOJ0KUTEIBHOM
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KOHTaKTHOM JiaBJeHHH. B 5ToM ciry4ae HOMHHAIbHasg aJre3sMOHHAas COCTABIIAIONIASA
HOpPMaJbHBIX KOHTAaKTHBIX HANpPsKEHUH OTCYTCTByeT, TOIJa, KaK ajresus OTAEJIbHBIX
HEPOBHOCTeH (KaK CXKaThIX, TaK U PACTAHYTHIX) CyLIECTBYeT. JTa aAre3us SABIAETCI IPUYUHOM
aJiIre3MOHHOM KOMIIOHEHTHI MeXITOBEPXHOCTHBIX CABUTOBBIX HANIPIKEHUH.

Metos HenMHEMHBIX T'PAaHMYHBIX MHTETPAJIbHBIX yPaBHEHUH [aeT HaJle)XHOe TeopeTHdYecKoe
06OCHOBaHME MOJENIU CKOJB3AILIETO aATe3MOHHOTO KOHTAKTa YIPYTHUX IIEPOXOBATHIX TN U €e
YHCJIEHHOM peaau3alyu.
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Abstract

The results of computer simulation of heat distribution processes taking place after
absorption of single photons of 0.9 — 110 eV energy in sensor of the thermoelectric detector are
being analyzed. Different geometries of the sensor with tungsten absorber, thermoelectric
bridge, or layer of cerium, or lanthanum-cerium hexaboride and tungsten heat sink are
considered. It is shown that, by changing the sizes of the sensor, it is possible to obtain
transducers for registration of photons from IR to hard UV with energy resolution no less than
1% and count rate up to terahertz. It is concluded that, as compared to the single layer sensor,
the three-layer sensor has a number of advantages and demonstrate characteristics that make
possible to consider the thermoelectric detector as a real alternative to superconducting single
photon detectors.

1. Introduction

The current level of development of science and technology requires a new generation
of devices for precise measurements in science and technology. Sensors capable to detect a
single photon and to determine its energy have many applications in quantum computing and
quantum cryptography [1 — 3], communications technology [4 — 6], homeland security, analysis
of defects in microchips, space astronomy, chemical analysis [7, 8], particle physics [9, 10],
medical applications [11, 12], traditional and quantum-enabled metrology [13, 14] and others.

Single-photon detectors (SPD) typically work by sensing an electrical signal that results
from absorption of a photon. An ideal SPD is the one for which: (1) the detection efficiency (the
probability that a photon incident upon the detector is successfully detected) is 100 %, (2) the
dark-count rate (rate of detector output pulses in the absence of photons) is zero, (3) the jitter
(varying delay between moment of absorption of photons and start of signal) is as low as
possible, (4) the reset time is low and the count rate is as high as possible. In addition, an ideal
single-photon detector would have the high energy resolution and the ability to distinguish the
number of photons in the incident pulse.

Conventional SPDs are based on photomultipliers (PMT) and avalanche photodiodes
(SPAD) and are used in a wide range of time-correlated single-photon counting applications.
But, unfortunately, they do not possess wide spectral sensitivity, high energy resolution and
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count rate. The major driver for SPD development is the rapidly expanding interest in optical
quantum information applications. The most developed SPDs are currently based on
superconductors. These tools are dramatically improving the sensitivity of measurements over
the electromagnetic spectrum, from radio frequencies to visible light and gamma rays. The
comparison of Superconducting Single-Photon Detectors (SSPD) with other fast photon
counters available in the market shows that even not optimized SSPD is superior to other types
of detectors by the sum of its technical characteristics [15, 16]. On the other hand, an extremely
low temperature is required for the functioning of SSPD. The next problem is that the
superconducting transition is often very narrow and it is difficult to keep the temperature of the
device within this range.

The low-temperature thermoelectric single-photon detector (TSPD) was developed in
2000 [17] and can serve as an alternative to SSPDs. Detectors based on CeBs and (La,Ce)Bs
compounds can detect a single UV photon, have very fast count rate and a high spectral
resolution [18, 19]. In theory, thermoelectric single-photon detectors are competitive with
superconducting tunnel junction (STJ) and transition edge sensor (TES) devices in energy
resolution ability. However, TSPD sensors ought to be able to respond at very much faster rates
than these competitors; the lanthanum-cerium hexaboride sensors are expected to reach rates of
100 MHz counting rates for UV / optical photons. These detectors do not require strict
temperature conditions and are simpler in construction.

After the development of TSPD, during the last decade, the SSPD experienced a rapid
development by using nanowires as a sensor [20, 21]. They were introduced in 2001 by Gregory
Gol'tsman and colleagues [22]. NbN superconductor nanowire single photon detectors (SNSPD)
with typical dimensions of 5 nm thickness and 50 — 200 nm width possess single photon
sensitivity with GHz counting rate and high detection efficiency. The characteristics of some
SPD are presented in Figure 1. More information on the SPD characteristics can be found in the
reviews [1, 2].

| / jitter

[MHZ]

@
A\« superconducting nanowire
single-photon detector

avalanche photodiode

| / reset time
[MHz] 2 N device
Sy efficiency
/ [%]
100

Comparison at 1.55 pym

Figure 1.Comparison of photon detectors [23].

The comparison of features of currently available single-photon detectors and the
thermoelectric detectors (TSPD) with a thin film sensor is presented in [24]. We can state that
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the SPD exhibiting properties not inferior to already known ones and having a simpler design,
not requiring strict operating conditions and, therefore, being more reliable and inexpensive in
maintenance, are in demand and will find wide application. The TSPD proposed by our group
together with the scientists of the Naval Research Laboratory (Washington, USA.) can be seen
as such an alternative. In 2013 we propose a new type of a detector, namely the Thermoelectric
Nanowire Single-Photon Detector (TNSPD),and we expect that it will be competitive with
SNSPD [25].The results of computer simulation of heat distribution processes in a single layer
sensor of TSPD were published in [26 — 28]. After that, in 2015 we propose also the
Thermoelectric Nano-layer Single-Photon Detector (TNLSPD) [29]. The results of computer
simulation of heat distribution processes after single photon absorption in the multi-layer
sensor of TSPD are presented in [30 — 32].
The main types of single-photon detectors considered above are presented in Figure 2.

Single — photon detector

SPD

/

Conventional Superconducting

/ \ SSPD

Photomultiplier Avalanche I \

photodiode Thermal Pair-breaking
TES STJ

Thermoelectric ’

Nanowire
Nano-layer

NSSPD 2001

Thermoelectric
Nanowi

Figure 2. Main types of single-photon detectors.

The present work is continuing the researches of the computer modeling of the processes
of heat propagation in the sensor of thermoelectric detector. The detailed review of the
properties of the sensor of thermoelectric detector of different geometry for 0.9 — 110 eV
photon absorption and comparison with the superconductor nanowire single photon detectors
is presented.

2. Detection pixels of TSPD

The design, peculiarities and characteristics of the single layer TSPD sensor were
investigated in [9, 10, 24]. The sensor contains two absorbers made of a heavy metal, which are
deposited on a dielectric substrate and coupled to each other by a thermoelectric bridge
(Figure 3a). When a photon enters the absorber its temperature rises, in comparison to that of
the second absorber, leading to appearance of a potential difference; by measuring this potential
the fact of absorption can be registered and the energy of the photon determined. Operation of
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such a sensor does not require any additional power source or applied voltage and, hence, no
additional contacts. The TSPD sensor has remarkably simple design and provides for possibility
to create detector matrix consisting of assemblage of sensors with very simple electronic
structure. However, such a sensor has deficiencies limiting its application. The photon energy is
being determined taking integral of the signal timing dependence. If the time decay of the
signal to the background value is higher than the time of heat propagation through the metal-
dielectric boundary, the so called Kapitsa boundary, then a part of the heat extracted by the
photon will pass to the substrate making impossible to determine the photon energy. The
photon energy cannot be determined by the maximal value of the arising signal, since the
temporal behavior depends on the area of the photon thermalization. The three-layer design of
the TPSD sensor (Figure 3b) avoids such dependence and the possibility of heat draft from
absorber to the substrate.

absorber/heat-sink

o
(/g . '
= \ to electronm
a b
Figure 3. Single layer (a) and three-layer (b) sensors design.

Absorber Sensor

sensor Heat-sink

"

X s
to electronics

3. Computer simulation

The computer simulation was based on the heat propagation equation from the limited
volume with the use of three-dimensional matrix method. Details of the approaches and
approximations are given in [26, 27]. Here we note that tungsten (W) is chosen as a material of
the absorber and the heat sink, and as thermoelectric cerium hexaboride (CeBs) and lanthanum-
cerium hexaboride (Laos9Ceo.0:1Bs) are considered, that have the high thermoelectric figure of
merit at 9 and 0.5 K, respectively. These temperatures are defined as the operating temperatures
for the TSPD sensor. The physical parameters used in calculations for W, CeBs and
Lao.osCeo.01Bsare listed in Table 1.

Table 1. Parameters of used materials at 9 and 0.5 K.

Parameters oK 05K
W | CeBs| W | LaosCeoo:Bs
Density, kg /m3 19250 | 4800 | 19250 4720
Specific heat capacity, ]/ kg K | 0.197 | 7.3 | 0.0026 0.196
Thermal conductivity, W/mK | 9680 | 1.5 | 735 0.94
Seebeck coefficient, uV /K - 150 - 85
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The absorber thickness is the most important parameter of the TSPD sensor. We were
selecting this parameter proceeding from the demand to provide for high probability of photon
absorption in the absorber. Taking the Bouguer-Lambert’s law and using the values for the
coefficient of linear attenuation in tungsten for 100 and 10 eV energy photons equal to 28.875
and 115.5 pm™ [33], it is easy to calculate the absorption probability for these photons. Figure
4demonstrates the probability of reaching a certain depth in tungsten for photons of 10 and 100
eV energies. The graph shows that the maximum depth the photons with energies of 100 eV
can reach is less than 0.5 um, whereas photons with 10 eV and lower energies cannot overcome
the 0.1 um thickness of tungsten.

1

0.1

Probability

E4b—do o+ N
0.0 0.2 0.4

Absorber depth, um

Figure 4. The probability of 100 eV and 1 keV energy
photons reaching a certain depth in tungsten.

4. Results
4.1. The results of computer simulation for single layer sensors

The geometries of single layer sensors which we use in our calculations are presented on
Figure 5.

10pm

Figure 5. Different geometries of single layer sensors.
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Firstly, let’s consider the results of calculations carried out for the thermoelectric sensor
made of LaosCeo01Bs and photon absorption in the center of surface of absorber. Table 2 shows
the calculation numbers, data on the absorber and the sensor size (x, y, z), photon energy £,
maximum temperature difference value A7n at the ends of the bridge derived from computer
simulation, the time #{A7m) in which this maximum is reached, the voltage Un = A7nx S
(calculated using the Seebeck coefficient value S= 85 uV / K), the reset time # — time of the
gradient fall to the background values (A 7=10*K) and count rate R = 1/{(A7=10"*K).

Table 2. Sensor geometry with Lao.ssCeooiBsbridge, A 7m, Un and count rate (KR).

. Absorber Bridge E | ATh, Un, | t(ATn), | t(AT= R,
size, um size, um eV | 10K | pVv ps 10K), ps | GHz
sLCel | 10x10x0.5 | 5x0.2x0.5 | 100 | 9.518 | 0.081 | 43.8 >1300 | <0.8
sLCe2 | 10x10x0.5 | 1x0.2x0.5 | 100 | 9.518 | 0.081 | 43.8 >1500 |<0.7
sLCe3 | 10x10x0.5 | 0.1x0.2x0.5 | 100 | 9.462 | 0.08 38.1 >2000 | <05
sL.Ce4 | 10x10x0.5 | 0.01x0.2x0.5 | 100 | 6.445 | 0.054 7.8 668.1 1.5
sLCe5 | 10x10x0.5 | 0.01x0.5x0.5 | 100 | 5.285 | 0.044 6 312 3.2
sLCe6 | 10x10x0.5 | 0.01x1x0.5 | 100 | 4.633 | 0.039 5.4 197.4 5.1
sLCe7 | 10x10x0.5 | 0.01x2x0.5 | 100 | 4.017 | 0.034 4.8 114 8.8
sLCe8 | 10x0.5x0.5 | 0.01x0.4x0.5 | 100 | 41.6 | 0.35 4.32 129.3 7.7
sLCe9 | 10x0.5x0.5 | 0.09x0.4x0.5 | 100 | 121.4 | 1.03 7.8 473 2.1
sLCel0 | 10x0.5x0.5 | 1x0.4x0.5 | 100 | 144.8 | 1.231 | 18.24 > 1000 <1
sLCell | 5x0.5x0.5 | 0.01x0.4x0.5 | 100 | 121.7 | 1.034 | 1.23 51.27 19.5
sLCel2 | 5x0.5x0.5 | 0.09x0.4x0.5 | 100 | 268.9 | 2.28 2.76 244 4.1
sLCel3 | 5x0.5x0.5 1x0.4x0.5 | 100 | 291.5 | 2.478 5.9 > 1000 <1
sLCel6 | 5x0.5x0.5 | 0.01x0.4x0.5 | 110 | 133.8 | 1.137 | 1.23 52.26 19.1
sLCel7 | 5x0.5x0.5 | 0.01x0.4x0.5 | 90 | 109.5 | 0.93 1.23 50.16 19.9
sLCel8 | 5x0.5x0.5 | 0.01x0.1x0.5 | 100 | 208.8 | 1.775 | 2.07 132.69 7.5

Comparing of calculations of sLCel — sLCe4 show that decrease in the length of the
bridge leads, as it might be expected, to some reduction of A7m and acceleration in the decline
of AT after the maximum. Increase in the width of the bridge leads the further increase of the
count rate (calculations of sLCe4 — sLCe7). Reducing the width and volume of the absorber 20
times (absorber 10 x 0.5 x 0.5 pm) leads to a significant increase in the achievable A7n values.
Additionally reducing length and volume of the absorber 2 times (absorber 5 x 0.5 x 0.5 pm)
leads to a stronger increase of A7 values.

If the photon energy differs by 10 eV, the A7n differs by 1.21 mK (calculations of sLCel7
—sLCel8). With the value of the Seebeck coefficient of 85 uV / K, this provides the build-up of
a ~ 100 nV voltage — a quantity that can be detected without use of special electronics. If we can
measure with a high confidence the voltage of 10 nV, then we can be similarly confident in
distinguishing photons of 100+1 eV energies. For calculations sLCe8 — sLCel8, A7n values
exceeding the background 40 times or more are reached.

The results of some calculations carried out for the thermoelectric sensor made of CeBs
are presented in Table 3.
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Table 3. Parameters of calculations A7m, Un and R, sensor thickness (4) with CeBe
bridge by length 0.01 pm, width 0.5 pm and absorber by length 5 pm, width 0.5 pm.

" h | E | ATn, | Un, | t(ATh), | t(ATx/10),| R,

pm | eV 104K | nV ps ps GHz
sC15 0.5 (100 | 21.1 | 3165 3.6 101.1 9.89
sC15-10 05| 10 | 2.11 | 31.65 3.9 101.1 9.89
sC15-10-01 | 0.1 | 10 11 165 3.12 100 10.00
sC15-1 05| 1 |0.211 |3.165 3.9 101.1 9.89
sC15-1-01 | 0.1 | 1 1.07 16 3.81 101.43 9.86
sC18 0.5 |110| 23.2 | 348 3.6 101.1 9.89
sC18-10 05| 11 | 232 | 348 3.9 101.1 9.89
sC18-10-01 | 0.1 | 11 12 180 3.03 100.4 9.96
sC18-1 05| 1.1]0.232 | 348 3.9 101.1 9.89
sC18-1-01 | 0.1 | 1.1 | 1.17 18 3.81 101.46 9.86
sC19 05| 90 19 285 3.6 101.1 9.89
sC19-10 05| 9 1.9 29 3.9 101.1 9.89
sC19-10-01 | 0.1 | 9 | 958 | 144 3.66 101.46 9.86
sC19-1 05109 ]| 019 | 29 3.9 101.1 9.89
sC19-1-01 | 0.1 |09 | 0959 | 14 3.8 101.46 9.86

It can be seen from Table 3 that for the given sensor geometry parameters A 7max and Unax
vary considerably, depending on the photon energy. At the same time, for the whole area of
photon energies (0.9 — 110 eV) the count rate remains practically unchanged.

4.2. The results of computer simulation for three-layer sensors

The geometrical dimensions of sensors and results of calculations of heat propagation in
the three-layer sensor with CeBs thermoelectric are presented in Table 4. The columns in the
table give the calculation number, the geometric dimensions of absorber (X, Y, Zi), the
thickness of thermoelectric layer (Z2), the thickness of heat sink (Zs), the distance from surface
of absorber in which photon is absorbed (4), the photon energy (£), the maximum temperature
difference on the thermoelectric layer after photon absorption — (A 7w), time duration to achieve
the A7n — (fm), the maximum of voltage on the sensor (Un), the time of recession A7 to the
background 10+ K - (&), its inverse (count rate) — (XK). In accordance with Figure 3, the
geometric dimensions X and Y of the thermoelectric layer and of the heat sink are similar to
those of absorber. Assume that in calculations the photon is thermalized in the center of the
absorber surface.

Let us consider the calculations on detection of UV photons with energies above 100 eV,
which border with X-ray energies, to 4 eV, or to the border of the visible range. Absorption of
photons in calculations of tC13 — tC15 is considered with energies of 100 eV and 100 + 10 eV in
0.5 pm thick tungsten absorber. It follows from Table 4 that the voltages corresponding to
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maximums of these dependences differ by 0.55 uV. Registration of signals differing by
nanovolts will prove achievement of 0.1 eV energy resolution.

Table 4. W / CeBs / W three-layer sensor geometry and calculated parameters.

XY, 2, | Zo, | Zs, | A, E | ATn tm, Un, b, R,
pm Mm pm | eV | mK ps pv ps GHz
tC13 | 10,10,0.5 | 0.05 0.1 | 100 | 368 | 0.012 | 552 219 | 457
tC14 | 10,10,0.5 | 0.05 0.1 | 110 | 405 | 0.012 | 6.072 | 255 | 39.2
tC15 | 10,10,0.5 | 0.05 0.1 | 90 | 33.1 | 0.012 | 4.968 18 55.5
tC16 | 10,10,0.5 | 0.01 0.1 | 100 | 33.7 | 0.012 | 5.057 | 2.97 | 337
tC17 | 10, 10,0.5 | 0.01 0.1 | 100 | 33.7 | 0.012 | 5.057 3 333
tC18 | 10, 10,0.5 | 0.01 0.1 | 100 | 33.7 | 0.012 | 5.057 3 333
tC19 | 10,10,0.1 | 0.01 0.01 | 10 | 114.7 | 0.0015 | 17.2 1.32 | 758
tC20 | 10,10,0.1 | 0.01 0.01 | 11 | 126.1 | 0.0015 | 18.9 1.44 | 694
tC21 | 10,10,0.1 | 0.01 0.01 | 9 | 103.3 | 0.0015 | 155 1.2 833
tC22 | 10,10,0.1 | 0.01 001 ] 7 80.3 | 0.0015 | 12.05 | 0.963 | 1038
4
1

#

=
=]

tC23 | 10,10,0.1 | 0.01 0.01 459 | 0.0015 | 6.885 | 0.651 | 1536
tC24 | 10,10,0.1 | 0.01 0.01 11.5 | 0.0015 | 1.725 | 0.303 | 3300
tC25 | 10,10,0.1 | 0.01 001 | 1.1 12.6 | 0.0015 | 1.89 0.321 | 3115
tC26 | 10,10,0.1 | 0.01 001 | 0.9 | 103 | 0.0015 | 1.545 | 0.282 | 3546

el el Ll Ll el L el e A L R D R e e N e

The tC16 —tC18 calculations have been carried out for the sensor geometries with
different thicknesses of the tungsten heat sink and the thermoelectric thickness of 0.01 um. In
this case, as it follows from the table, the thickness of the heat sink does not influence the
parameters A7m, tm, Un, & and R. However, in comparison to the previous three calculations,
when the thickness of the thermoelectric layer was 0.05 um, the count rate is remarkably
higher. It goes up to 333 GHz that exceeds the known to us literature values for this parameter
in superconducting detectors.

Calculations presented in Table 4 for 11 eV and smaller photon energies were done for
the sensor with 0.1 pm absorber thickness. As it was mentioned above, such a thickness of the
W absorber provides for a photon absorption in the given energy range with probability close to
1. From the data for absorption of photons of 10, 11 and 9 eV energies, the values of the Un
parameter are equal correspondingly to 17.2, 18.9 and 15.5 puV. The 1 eV difference in energy,
at the level of 10 eV, corresponds to the voltage of 1.7 yuV, or the registration of the signal with
0.17 uV accuracy will provide for a 0.1 eV energy resolution. At the same time it is a pleasure to
state that the parameter R of calculations of tC19 — tC21 constitutes a few hundreds of gigahertz.

The calculations of tC19 — tC26 were carried out at similar geometric sizes of the sensor
layers. In this case observed linearity of dependence of the Un parameter on energy of the
absorbed photon shows that the maximum of arising voltage on the sensor, measured in the
experiment, can be used for exact determination of the energy of the absorbed photon.

According to data of Table 4, for IR photons with energies of 0.9, 1.0 and 1.1eV
(calculations of tC24 — tC26) the Un parameter is equal respectively to 1.545, 1.725 and 1.89 pV.
Thus, the 0.1 eV energy difference at 1eV level corresponds to Un parameter difference by
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0.18 pV. It can be stated, that for the IR photons the accuracy of the photon energy valuation
can also be better than 1 %.

Let us pay attention to the count rate parameter for the calculations of tC22 — tC26 given
in Table 4. The data show that for the near UV range, as well as for the IR, the photon count
rate may reach terahertz values. The count rate of the single layer sensor of TSPD, as well as of
superconducting detectors, is by orders of magnitude lower.

The geometrical dimensions of sensors and results of calculations of heat propagation in
the three-layer sensor with LaossCeo0iBs thermoelectric and lum thick W heat sink are
presented in Table 5.

Table 5. W / LaossCeo.01Bs / W three-layer sensor geometry and calculated parameters.

XY, Z, | Z2 | E | AT, tm, Un, b, R,
Mm pm | eV | mK ps pv ps | GHz
tLC1 |10,10,05| 1 |100| 1.03 | 0.002 | 87.52 | 1860 | 0.54
tLC2 |10,10,05| 0.5 | 100 | 1.03 | 0.002 | 87.52 | 862.2 | 3.16
tLC3 |10,10,05| 0.1 | 100 | 1.021 | 0.002 | 86.79 | 1.0211 | 52,9
tLC4 |10,10,0.5|0.01 | 100 | 0.682 | 0.002 | 57.95 | 0.472 | 2119
tLC16 | 10,10,0.5 | 0.01 | 99 | 0.675 | 0.002 | 57.38 | 0.465 | 2150
tLC17 | 10, 10,0.5 | 0.01 | 101 | 0.689 | 0.002 | 58.53 | 0.474 | 2110
tLC30 | 10,10,0.1 | 0.01 | 11 | 1.038 | 0.0004 | 88.26 | 13.55 | 74
tLC31 | 10,10,0.1 | 0.01 | 10 | 0.944 | 0.0004 | 80.24 | 13.12 | 76
tLC32 | 10,10,0.1 | 0.01 | 9 |0.8494|0.0004 | 72.2 | 12.61 | 79
tLC33 | 10,10,0.1 | 0.01 | 7 | 0.661 | 0.0004 | 56.168 | 11.44 | 87
tLC34 | 10,10,0.1 | 0.01 | 4 |0.3776 | 0.0004 | 32.1 | 8.82 | 113
tLC35 | 10,10,0.1 | 0.01 | 1.1 | 0.1038 | 0.0004 | 8.823 | 1.82 | 549
tLC36 | 10,10,0.1 | 0.01 | 1 |0.0944 | 0.0004 | 8.024 | 1.31 | 763
tLC37 | 10,10,0.1 | 0.01 | 0.9 | 0.0849 | 0.0004 | 7.22 | 1.091 | 917

#

At the top of the Table 5 there are the computations (tLC1 — tLC4) of characteristics of
sensors with the different thickness of the thermoelectric layer. The obtained results can be
easily explained with the fact that the thermal conductivity of thermoelectricsLaoosCeo.01Beis
essentially less than of W (Table 1). The thermoelectric layer is an obstacle to the spread of heat
in the perpendicular direction with respect to the surface of the sensor, and the smaller is the
thickness of this layer, the faster the temperature difference is aligned on its boundaries and the
higher count rate is being achieved. The computations of tLC16 and tLC17 demonstrated that
the change of the photon energy in 1 eV at the level of 100 eV results to the difference in the
parameter Un by 1.2 uV.

The computations of tLC30- tLC37 show that the parameters of the sensor A7n and Un
are linearly dependent on the absorbed photon energy (Figure 6). Dependencies A7n(£) and
Un(E) are given by the equations AZn= -2.7 x 10 + 0.094 £'and Un= - 4.2 x10* + 8.024 E,
respectively. These data enable one to claim that using the sensor W/Lao.ssCeo.0:Bs/W, as in the
case of the sensor of CeBs, one can determine the energy of photon by the maximum of signal
arising on the sensor.
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Figure 6. Dependence of A7 and Un parameters of sensor
W / LaossCeo.01Bs / W on the energy of absorbed photon.

Table 5 shows that the characteristic fA7n, which is the time of reaching of maximal
value of the signal, is the same for computations tLC30 — tLC37. In contrast to this, the
characteristics #» and R depend on the energy of the absorbed photon (Figure 7). The
dependence #(£) can be represented as the polynomial & = 3.3199 + 5.5294 £ - 0.8615 E* +
0.0673F * - 0.002F * The dependence of R(E) is approximated by the hyperbola
R=74 F(-09+F).
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Figure 7. Dependence of the reset time # and the
count rate R on the energy of absorbed photon.
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Figure 7 shows that the reset time of signal is greater for the photons with the greater
energy. This is logical, since the greater is the energy of the photon the greater is the amount of
heat generated in the absorber as a result of its thermalization and the longer will be the
duration of the decay of signal to the background value.

4. 3. Comparison of the obtained characteristics

The results of computer simulation for single layer sensors show, that the A7{#) curves
significantly differ for calculations labeled M, N and F. From comparison of curves sSLC11M and
sLC15F (Figure 8) it is seen that photon absorption in a region far from the thermoelectric
bridge of the absorber, relative to photon absorption in the center, leads to a slight decrease of
A Tnax and increase of #(A 7max). However, after few picoseconds after the process start the curves
sLC11M and sLC15F almost merge.

Bridge size (um) x; y; z
0.10 | sLC11M  0.01;0.04; 0.5
stciaN  SLC15F 0.01;0.04; 0.5
£ sLC12M  0.09;0.4; 0.5
GE; sLC14N 00904 05
o
I~ 0.05} sLC12 M
= sLC11 M
sLC15F
000- 1 L r-_——ii. _ ST — J
0 20 40 60
t, ps

Figure 8. Photon absorption on different areas of absorber
of single layer sensor; absorber size is 5 x 0.5 x 0.5 um?3.

Let us note that calculations of sLC11M and sLC15F were done for similar values of the
absorber and bridge dimensions. Calculations of sLC12M and sLC14N were also done for similar
dimensions of the absorber and of the bridge; the latter N corresponds to photon absorption in
vicinity of the thermoelectric bridge. In this case the time dependence of A7 has a different
profile. As it can be seen from Figure 8, the curve sLC14N attains significantly higher values of
AT in a shorter time interval. The difference between sLC12M and sLC14N disappears at >
40 ps.

Consider how the location of surface area, in which the photon is thermalized,
influences on the recorded signal in the case of three-layer sensor. As it is seen from Figure 8,
signal is the same for photon absorption in all absorbing surface except of small border area. If
we exclude the possibility of falling the photon in these areas, namely along the perimeter of
the sensor surface of small width that can be easily done using a simple screen, we will have a
sensor that allows one to identify the energy of a photon uniquely by the maximum value of the
detected signal.
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Figure 9. Photon absorption on different areas of absorber
of three-layer sensor; absorber size 10 x 10 x 0.5 pm3.

Let’s compare the main parameters of the sensors for all above considered cases of
modeling of the heat distribution processes in the sensor of the thermoelectric detector. The
comparison of the parameters of Un for different photon energies shows Figure 10.
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Figure 10. The value of parameter Un for different sensor constructions,
different thermoelectric compounds and different photon energies.

186



A. S. Kuzanyan, et al. Nano Studies, 2016, 13, 175-190.

It is obvious that the parameter Unis higher for three-layer sensor and for LaossCeo.01Bs

thermoelectric.
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Figure 11. The value of count rate for different photon energy.

Figure 11 shows the values of parameter R for different sensor constructions and
different photon energies.
As one can see the count rate is also higher for the three-layer sensor.

5. Conclusions

The obtained results allow the following conclusions to be done:

1. Following computer simulation, the three-layer TSPD sensor may register individual
photons in a wide range of the electromagnetic spectrum from 0.9 to 110 eV, providing
energy resolution of not less than 1 % and the count rate from tens gigahertz to terahertz.

2. For solution of a wide range of different tasks the ratio (energy resolution) / (count rate)
can be varied by changing the geometric sizes of the sensor.

3 SPD with a three layer sensor can present a real concurrence to superconducting
detectors.

The authors hope that the present publication will attract attention to thermoelectric
detectors and that the experimental results on TSPD research will appear soon, since following
the results of computer simulation, that is quite a perspective direction.
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Abstract

There are many production methods for the synthesis of boride and carbide based
advanced nano ceramics such as carbothermic reduction, synthesis from elements, gas phase
reactions and self-propagating high-temperature synthesis (SHS). SHS is one of the important
methods to synthesize advanced materials such as abrasives, cutting tools and polishing powders,
resistive heating elements, shape-memory alloys, high-temperature structural alloys, master
alloys, neutron attenuators as well as conventional metals and their alloys. In the present study,
before the experiments, advanced thermochemical simulations of the processes were
investigated in detail by using FactSage 6.2 thermochemical simulation software. In addition,
the adiabatic temperatures were calculated for each system. In the first experimental set, the
production parameters of BsC—ZrB: composite powders were investigated for various
proportions of B4sC—ZrB: composite ratios via SHS. The optimum SHS conditions were
determined as ZrO : Mg : B2Os = 1 : 3 : 6 molar ratio for ZrB2 and C : B203: Mg =1.6:2: 6 for
B4C predicted, respectively. In the second experimental set, effects of functional additives (KCls
and NaCl) were investigated to improve reduction efficiency and surface area of monolithical
SHS synthesis of ZrB2. In the experimental set in question, functional additive addition ratios
were 2.5 and 5 wt. % (in comparison to the charge) for each additive type. XRD patterns
showed that the main phases of the SHS products were MgO containing phases and ZrB2. After
the SHS stage, ZrB2 was separated from byproducts (MgO, Mgz:B20s and Mg:B20s) by HCl acid
leaching. From the samples produced by KCls and NaCl addition, MgsB20s and MgB«O~ phases
could not be removed by using 1.88 M HCI solution at 1/20 S/L ratio for 60 min at 80°C leaching
conditions. On the other hand, BET analysis showed that the SHS products (after leaching) have
higher surface area (KCls: 3.35 m?/ g, NaCl: 3.05 m? / g) than that of the experiments, which
were done without functional additives (2.20 m?/ g).
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1. Introduction

Zirconium diboride (ZrB2) is a candidate material for corrosion resistant materials for
furnaces, nozzle and armor materials, high temperature and aerospace applications due to its
high melting temperature (3027 °C), high hardness (23 GPa), low theoretical density
(6.1 g/ cm?), high electrical (~ 107 S/ m) and thermal (60 — 120 W / mK) conductivity, excellent
corrosion and thermal shock resistance. However, applications of monolithic ZrB2 at high
temperatures are limited due to low fracture toughness and poor oxidation. Also, fully dense
ZrB: ceramics have been hardly obtained because of high melting temperature and strong
covalent bonding characteristics [1 — 3].

Z1B: hassp?, sp? electron configuration, it enables strong covalent connections. ZrB: has
AiB2 crystal structures. Figure 1 presents schematic view of this structure [4].
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Figure 1. Schematic view of A1B: crystal structures [4].

According to the crystal model in Figure 1, strong covalent bond of boron compounds
blocks grain growth along the axis, on the other hand, it allows Z axis. Thus, there is a big
difference between thermal expansion coefficient of X and Z axis. ZrB: has the second highest
oxidation resistance after HfB.. Borides oxidation strengths can be aligned as HfB. > ZrB2 > TiB.
> TaB2 > NbB, respectively [5].

Boron carbide (B4C) is also a member of non-metallic hard materials group like
zirconium diboride. The first boron carbide synthesis was realized by Joly in 1883. There are
many boron carbide phases such as B43C and Bi04C but commercial boron carbide structure is
desired as stoichiometrically 4 : 1 = boron : carbide ratio. The amount of carbon atoms in the
boron carbide ranges from 8.8 to 20 % by weight. The atomic structure of B4«C consists of an
icosahedron B11C with the carbon atom staying at a polar site, and a chain C-B-C. B«C and a-
boron are nor molecular, nor inverted molecular crystals. Rather, they should be considered as
members of a new class of covalently bonded materials [6]. Figure 2 presents the crystal
structure of boron carbide.
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Figure 2. Schematic view of boron carbide crystal structure [7].

Boron carbide has many unique properties such as low density (2.52 g / cm?®), high
hardness (2900 — 3580 kg / mm?), high wear resistance, high melting point (2445 °C), high
mechanical strength, low thermal conductivity, neutron absorption capability (Neutron capture
cross section is 600 barn.), resistance to chemical agents [8]. Thus, boron carbide has many
application areas. Boron carbides application areas are given in Table 1.

Table 1. Application areas of boron carbide [8].

Application area Method of application
Nuclear industry Neutron absorb.er, poison pellets. Radiation protection & shielding (1°B
rich boron carbide).
. Metal matrix composites, lightweight cermets, aluminum matrix boron
Reinforcement . . .
carbide composite (B4C/Al) used for bicycle frames.
Raw material For production of other boron containing materials such as TiBo.
Solid fuel HTPB/ boron carbide based propellants for ducted rockets.
Boron carbide is one of the raw materials used in boriding agents.
.1 Boriding (boronizing) is a surface treatment (pack cementation)
Boriding agent . .
method. Boride surface layer(s) is formed after the treatment. The
hardness and the wear resistance of the surface are greatly improved.
Welding electrodes We.zlding rods containing boron carbide are used to improve the wear
resistance of surface.
Refractory industry As an antioxidant additive in MgO-C bricks.

Both ZrB: and Bs4C powders have unique features, ZrB: and B«C advanced composite
ceramics are candidate materials for combining their high technological properties.

Many synthesis techniques are available commercially or in laboratory scale for the
production of ZrB: and B4C. Carbothermic [9 — 11] and SHS [12, 13] of mixed oxides of
zirconium and boron, mechanical alloying [14, 15], synthesis from elements [16], sol-gel [17]
and aluminum melt reaction [18] processes are among the most remarkable processes to
synthesize ZrB2 and B4C.
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The self-propagating high-temperature synthesis (SHS) process is an alternative method,
which is used to produce intermetallics, advanced ceramics, refractory materials, carbides,
borides and nitrides. This process presents many favors such as short processing time, low
energy requirement, carbonless products, and ceramic powders having nano scale grain size and
low cost. In SHS process, the ignition starts the reaction and it propagates through the
mixture [19].

In this study, the production conditions of B4«C—ZrB: advanced ceramic composites by
using (SHS) method were investigated. Experiments were conducted in two stages including
SHS synthesis and acidic leaching to purify the SHS reaction products. In the second stage of
the experiments, the effects of functional additives (KCls+ and NaCl) on the SHS of monolithical
ZrB2 were investigated.

2. Theoretical background

The advanced thermochemical simulations of the reactions were investigated in detail
including different ratios of initial mixtures, as well as different initial temperatures in order to
reduce the number of experiments. In addition, the adiabatic temperatures were calculated for
each system by using FactSage 6.2 thermochemical simulation software. The adiabatic
temperature (T.a) has an important role, which specifies if a reaction self-propagates or not. It
must be higher than 1527 °C. SHS reaction of B«C and ZrB: are shown in Egs. (1) and (2)
respectively. The adiabatic temperature of Egs. (1) and (2) was calculated as 2323 and 2120 °C,
respectively.

2 B203 + C + 6 Mg — B«C + 6 MgO, (1)

ZrO2 + B20s + 5 Mg — ZrB2 + 5 MgO. (2)

Mg is used as a reductant, because SHS products must be purified in HCI containing
aqueous media to obtain clean Bs«Cand/or ZrB: phases. MgO dissolution reaction in an aqueous
HCl solution is given in Eq. (3):

MgOs) + 2 HClag) — Mgaqg*? + 2 Cl ag + H200. (3)

ZrO2 + B203 + <A> Mg
C:\FactSage\Equil.res 23Ara09
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Figure 3. Effect of Mg addition on the adiabatic
temperature of the SHS reaction of ZrBo.
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In thermodynamic calculation step, firstly effect of Mg addition on the reaction adiabatic
temperature was investigated for ZrB». Figure 3 reveals the change of T.« with the addition of
Mg. According to Figure 3 adiabatic temperature increases up to 6 mol of Mg, after 6 mol Mg
addition it dramatically decreases, so Mg addition ratio from 2.5 to 6 mol gives the highest
adiabatic temperature values.

Zro2 + B203 + <A> Mg
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Figure 4. Thermochemical predictions of
SHS products for the SHS reaction of ZrB.

After the determination of optimum adiabatic temperature condition, in the second step
of thermochemical calculation, possible SHS products were simulated for ZrB: via FactSage 6.2
database (Figure 4). It clearly shows that ZrB: phases can be obtained after 5 mol Mg addition,
and high amount of Mg phases are determined as well. Thus, in order to eliminate magnesium
and magnesium borate phases leaching step was applied.
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Figure 5. Thermochemical predictions of
SHS products for the SHS reaction of B:C.
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After the determination of ZrB: thermodynamic simulation, boron carbide was
thermochemically investigated. In that system the magnesium has a similar effect as in
ZrBaexperiments; it increases adiabatic temperature [19]. Effects of varying C ratio in reactants
were investigated for the possible phases of SHS products. The possible SHS phases of B4C are
shown in Figure 5. After 0.7 mol C addition, B«C is on very stable solid state phase.

3. Experimental

In the first step of the experiments, the production of B«C-ZrB2 composite powders were
tried to practice by SHS method using technical grade ZrO2, technical grade B20s(obtained from
calcination of domestic product HsBOs — technical grade, Eti Mine), carbon black with the
addition of reductant Mg powders. Purity and particle size of the raw materials were given in
Table 2. After SHS reactions, obtained SHS products, containing B4C, ZrBz, MgO, MgzB20s and
Mg2B20s, were leached with HCI to remove MgO, Mg3:B20sand Mg:B20s phases.

Table 2. Purity and particle size of the raw materials.

Reaction | Purity, | Particle
powders | wt. % | size, um
Mg 99.90 < 150

H,BO, | 99.50 -
B,O, | 97.00 | <53
ZrO, | 99.50 -

C 98.00 -

Table 3. Composition of SHS reactant mixtures.

Exp. # Composite Component, g
ratioowt.% | ZrO2 | B2Os | C | Mg
1 100B«C — 0ZrB2 | 0.00 | 45.74 | 6.30 | 47.92
2 90B«C — 10ZrB2 | 3.63 | 43.21 | 5.67 | 47.42
3 80B4«C —20ZrB: | 7.26 | 40.69 | 5.04 | 46.93
4 70B4C — 30ZrB: | 10.89 | 38.16 | 4.41 | 46.44
5 60 B«C — 40ZrB: | 14.52 | 35.64 | 3.80 | 45.95
6 | 50B4C—-50ZrB: | 18.00 | 33.12 | 3.15 | 45.46
7 40 B«C — 60ZrB: | 21.80 | 30.60 | 2.52 | 44.96
8 30 B«C — 70ZrB2 | 25.41 | 28.07 | 1.90 | 44.97
9 20B4C — 80ZrB: | 29.04 | 25.54 | 1.26 | 44.00
10 | 10 Bs«C—-90ZrB: | 32.70 | 23.02 | 0.63 | 43.49
11 | 0B«C —100ZrB: | 36.34 | 20.56 | 0.00 | 43.03

Akkas et al. had investigated the SHS of ZrB:. They conducted the experiments to
understand the effects of the initial molar ratios of Mg and B20szon the SHS experiments and the
effects of temperature, duration, solid/liquid ratio and acid concentration on leaching
experiments. They determined the optimum SHS ZrB:2 production condition as ZrO : Mg : B20s
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(1 : 3 : 6) molar ratio using 1.88 M HCI solution at 1/20 S/L ratio, 80 °C for 60 min [20]. In
addition, Alkan et al. had reported optimum boron carbide production conditions via SHS
process as C : B20s : Mg (1.6 : 2 : 6) and they were determined to be in solution temperature at
80 °C using 12.06 M HCI solution at 1/5 solid/liquid ratio [19]. According to these data, eleven
initial SHS mixtures were prepared at the different ratios of Bs«C and ZrB: from 100 % BsC —
0 % ZrB:2 to 0 % B«C — 100 % ZrB: (Table 3). The flowchart of SHS experiments is given
schematically in Figure 6.

Calcination of Grinding Mixing Turbula Mixer for 30
HsBOs at 800 °C => (B203) => Minutes (ZrO2 + B20s + C+ Mg)

Leached Product Leaching <= SHS Product SHS
c: Step Process

Figure 6. Flowchart of SHS experiments.

In the last experimental set, effects of functional additives (KCls, NaCl) on themonolithic
SHS of ZrB: were investigated, and the same leaching parameters were applied as the first
experimental set.

SHS experiments were conducted in a copper crucible under atmospheric conditions.
But, Ar atmosphere was also used in the experiments, which were conducted with functional
additives. The initial mixture was prepared from the dried powders at different molar ratios.
The powder mixtures were compacted after charging in copper crucible. W resistance wire was
placed on the mixture surface and the crucible was closed by using a graphite lid. For the
functional additive experiments, the crucible atmosphere was purged for 10 min under flow of
argon gas. Then, the reaction was realized by passing the electricity through the wire. After
SHS reaction was completed, products stayed extra 20 min under argon atmosphere. Sponge like
sintered black product was obtained at the end of experiments. Increasing in the quantity of
magnesium resulted in the evaporation of magnesium due to overheat that was generated by the
increase in specific heat value of reduction reaction. The increase in the addition of boron oxide
resulted in the increase in magnesium boride formations.

4. Results and discussion

In the first experimental set, the change B«C—ZrB: ratio was investigated. According to
FactSage data, 5 and 6 mol of Mg addition provide the optimum adiabatic condition for
production of ZrB2 powders. In all SHS experiments, 1 mol ZrO2, 3 mol B20s and 6 mol Mg
were setted (Eq. (4)). Alkan et al. had precisely determined optimum boron carbide production
conditions via SHS process as 2 mol B203, 1.6 mol carbon and 6 mol Mg (Eq. (5)).

Zr0O2 + 3 B203 + 6 Mg — 3 ZrB2 + 6 MgO + (MgO)x(B203)y, (4)

2 B203 + 6 Mg +1.6 C — B4C + 6 MgO + (MgO)x(B203);. (5)

Figure 7 presents XRD pattern of the SHS products of the first 4 experiments in question.
Patterns show that there are many magnesium oxide and magnesium boride phases right along
with B«C—ZrB2. XRD results show many Mg based phases, to eliminate these undesired phases,
two different leaching processes were carried out. The SHS products were leached by HCI
solution. Table 4 shows the initial conditions of the first and the second type of leaching
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experiments. X-ray diffraction analysis showed that SHS products contained B4C, ZrC, ZrB2 and
MgO. They appeared to be the main phases together with ZrOz, (Zr,Mg)O2, Zrs0, MgsB:0s and
Mg2B:20s. In the leaching experiments, it was possible to achieve rid of the impurities like MgO,
MgsB:0s and Mg:B20s by using HCI solution but not dissolving zirconium based phases
(zirconium oxide, zirconium magnesium oxide etc.).
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Figure 7. XRD patterns of SHS products.

Table 4. Initial conditions of leaching experiments.

Type 1 Type 2
Weight of
solidgphase 208 208
S/L ratio 1/5 1/5
Leaching Room 85 °C
temperature temperature
Leaching time 60 min 60 min
HCI concentration 37 % 37 %
Stirring rate 400 rpm | 400 rpm
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Figure 8 presents XRD results of leached products and Figure 9 presents comparison of
XRD results between the first type and the second type leached products.
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Figure 8. XRD patterns of leached SHS products.
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Figure 9. Comparison on the XRD patterns of the
first type and the second type leached products.
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Due to Figures 8 and 9, Mg and magnesium boride phases cannot be eliminated by
leaching at room temperature. Figure 9 shows that all Mg phases were eliminated and B«C-ZrB2
composites were produced successfully at the leaching temperature of 85 °C. On the other hand,
ZrC phase was detected in XRD pattern. It was not planned on the preparation step of the
experiments. Thus, the final product of leached SHS powder was ZrB-Bi«C-ZrC for all
composite proportions without individually synthesized B4«C and ZrB2 experiments.

18

16 \ [= = meeos),
14 \ \
12 A \
10 A - “
L

of

Relative Content
Leached SHS Products

Mg |

7/
\
“
7
1
1 |
1 1
l |
>
V

]I. 2 3 4 5 6 7 8 9 1I0 1I1 12
Number of Experiments
Figure 10. Mg content of the products after leaching.

After SHS and leaching steps, all products were analyzed chemically. Figure 10 presents
Mg contents of the products after the leaching step.

Figure 11. SEM micrographs of 70%B4C— 30%ZrB2 composite SHS powders:
(A) SHS product , (B) leached SHS product (JEOL™ JCM6000 NeoScope).

The scanning electron microscopy (SEM) micrograph of the SHS 70 % B4C — 30 % ZrB2
composite powder before and after leaching step was given in Figure 11 as well.

In order to determine the surface area of powders, SHS products and leached products
characterized by BET analysis technique, the specific surface area of powders was increased
from 1.04 to 2.20 m?/ g after leaching process.

From the first experimental set, it was understood that production of ZrB:-B4«C-ZrC
advanced composite ceramic is possible. Specific surface area is very important parameter for
the powders, because higher surface area makes sinterability easier. In the second experimental
set, in order to improve the surface area of powders, some functional additives were added to
the initial SHS mixtures and their effects were investigated. In these experiments, the
investigation was focused on ZrBz powders. The experiments were carried out with the addition
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of functional additives as 2.5 and 5%, respectively NaCl and KCl4. Figure 12 clearly shows that
formation of magnesium, magnesium oxide and magnesium boride phases were increased with
the addition of NaCl. The same effect was repeated for KCls experiments.
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Figure 12. XRD patterns of SHS products with NaCl.

On the other hand, addition of NaCl and KClsnegatively affected the purity of SHS ZrB:

powders after

the same leaching

Figures 13 and 14 show the results.
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Figure 14. XRD patterns of leached and KCls added SHS
experiments under atmospheric conditions and argon atmosphere.

Table 5. BET analysis results of different
monolithic ZrB: SHS products.

Material type Surface area, m?/ g
SHS product 1.04
Leached SHS 2.20
5 wt.% NaCl added 3.05
5 wt.% KCl sadded 3.35

Finally specific surface area of powders were calculated by using BET analysis, it is given
in detail in Table 5. BET analysis shows that leached product has higher surface area than SHS
powders, and functional additives improved surface area of powders as well. Thus, the
sinterability of SHS products was increased.
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5. Conclusions

SHS process was investigated for Bs<C-ZrBzcomposite powders. Furthermore, the effects
of functional additives on the SHS of monolithic ZrB: powders were tried to determine.

For B4«C—ZrB: composite powders, B203—C and ZrO»-B:03 were used as raw material
with magnesium powder as reductant. SHS experiments were conducted under atmospheric
conditions for Bs«C-ZrB2 composite SHS experiments and, under atmospheric conditions and Ar
atmosphere for the experiments, in order to investigate the functional additives. They were
followed by HCI acid leaching to purify Bs«C—ZrBzpowders. XRD analysis showed that SHS
products consist of MgO, MgsB:0s phases along with B«C and ZrB: phases. MgO and
Mg3B20Osphases were successfully eliminated after leaching step. In addition, it was not planned
the production of zirconium carbide phases, however, ZrC formation was observed in the SHS
products.

KCls and NaCl additives negatively affected on the purification of monolithic ZrB: phase
on leaching. Mg3B20s and MgB4O7 phases could not be removed with 1.88 M HCI solution at
1/20 S/L ratio for 60 min at 85 °C. On the other hand, BET analysis indicated that the products
had higher surface area with KCls (3.35 m? / g) and NaCl (3.05 m? / g) additives than that of the
experiments, where the functional additives were not used (2.20 m? / g). It is clearly seen that
the use of KCls and NaCl functional additives is a remarkable choice to synthesize ceramic
powders having the greater specific surface area results for monolithic ZrB: powders, if the
leaching step can be modified to purify the SHS products.
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Abstract

In recent years, mechanical alloying (MA) has recognized as an attractive solid state
nano powder fabrication method, which explores the simple operations for mass production and
low economical processing method. The actual process of MA starts with mixing of the powders
in the right proportion and loading the powder mix into the mill along with the grinding
medium. This mix is then milled for the desired time interval until a steady state is reached,
when the composition of every powder particle is the same as the proportion of the elements in
the starting powder mix. The milled powder is then consolidated into a bulk shape and heat
treated to obtain the desired microstructure and properties. Thus,the important components of
the MA process are the raw materials, the mill, and the process variables. In this paper
fundamental aspect of MA and effected factors involved in the selection of raw materials, types
of mills, and process variables are overviewed. Except of well known examples, the paper has
also extended concerning with the performed researches on the production of MgB: by use of
high-energy mechanical milling methods. In the synthesis of MgBe, as bulk, wire or thin film
form the structure of the precursor powders, is very critical to obtain good superconducting
properties.Ductile deformation behavior at low temperatures and small grain size, which
enhance the grain boundaries, are accepted as a favorable preconditions of achieving the high
quality MgBo.

1. Introduction

Nanocrystalline materials, with grain sizes usually in the range of 10 — 300 nm, have
been of interest of more than 20 years and this looks like to be continued in near future. The
main reason of this interest can be attributed to their unusual properties based on the high
concentration of atoms in interfacial structures and the relatively simple ways of their
preparation [1 — 3]. Nanocrystalline materials are generally characterized by a large volume
fraction of grain boundaries. Because of the extremely small size of the grains and increased
fraction of the atoms located in the grain boundariesallow significant improvement of the
mechanical, chemical and physical properties of the powder and, thus, the material exhibits
enhanced combinations of physical, mechanical, and magnetic properties such as increased
strength/hardness, improved toughness, reduced elastic modulus and ductility, enhanced
diffusivity, higher specific heat, enhanced thermal expansion coefficient, and finally superior
soft magnetic properties compared with conventional coarse-grained polycrystalline materials,
ie., > 1 mm [4].
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Figure 1. Illustration of nanostructured material. The atoms in
thecenters of the crystals are indicated in black. The ones in
theboundary core regions are represented as open circles [4].

The schematic depiction of a nanocrystalline material is given in Figure 1. The grain-
boundary atoms are white and are not clearly associated with crystalline symmetry.As the grain
size is decreased, an increasing fraction of atoms can be ascribed to the grain boundaries due to
the increased volume fraction.

In process metallurgy, significant improvements in mechanical, chemical, and physical
properties can mainly be achieved through chemistry modifications by applying conventional
thermal, mechanical, and thermo-mechanical processing methods. However, in recent years,
the increasing demands for “hotter, stronger, stiffer, and lighter” materials than traditional ones
have been led to the design and development of advanced materials [5].Amongst many such
processes, which are in commercial use, rapid solidification from the liquid state, mechanical
alloying, plasma processing, and vapor deposition have been receiving serious attention from
researchers [6 — 9]. The central underlying theme in all these techniques is to synthesize
materials in a non-equilibrium state by “energizing and quenching”. Amongst them the
advantage of using mechanical alloying (MA) for the synthesis of nanocrystalline materials lies
in its ability to produce bulk quantities of material in the solid state using simple equipment and
at room temperature.

Mechanical Alloying is described as a high energy milling process, in which powder
particles are subjected to repeated cold welding, fracturing, and re-welding. The transfer of
mechanical energy to the powder particles results in introduction of strain into the powder
through generation of dislocations and other defects, which act as fast diffusion paths. All these
effects lead to alloying of the blended elemental powders during the milling stages. The
synthesized materials in MA, often with non-equilibrium structures, among others, include
crystalline materials with nano-meter-sized grains, with a typical average size of ca. 10 nm.
Besides materials synthesis, it has also gained an interest as a way of modifying the conditions,
in which chemical reactions usually take place either by changing the reactivity of as-milled
solids (mechanical activation, increase of reaction rates, lowering of reaction temperatures of
ground powders) or by inducing chemical reactions during milling (mechanochemistry) [5].

1.1. Historical perspective

The synthesis of nanomaterials by MA dates back to the preparation of oxide dispersion
strengthened solids (ODS) [10, 11]. John Benjamin and his colleagues at the Paul D. Merica
Research Laboratory of the International Nickel Company (INCO) developed the process
around 1966. The technique was the result of a long search to produce a nickel-base super alloy,
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for gas turbine applications. Different from the traditional mechanical milling, these studies
showed that during milling, the oxide layers formed on the surface of powder particles are
fractured and further incorporated into the solid powder particles through cold welding. The
cold welding is so perfect that the interfaces formed through cold welding become an integral
part of the particle. These effects lead to forming of new powder material totally different from
the starting powder at the end of milling stage [12]. Although, the milling process was called as
“mechanical alloying”, it was not widely accepted at that time that this milling process was a
true alloying process. Later Koch et al. [13] published a landmark paper, which demonstrated
that mechanical milling can facilitate true alloying, and the outcome of the alloying can be a
metastable material such as an amorphous alloy. In the study, a mixture of Ni and Nb powders
milledin a laboratory ball mill in controlled environments, and it was found that the powder
mix became an amorphous Ni-Nb alloy powder with increased milling times. This means that
true alloying does occur during milling. Hence, the term of “mechanical alloying” has been
become widely accepted. This finding raised the understanding of mechanical milling as a
materials processing to a new level and stimulated by this new understanding, many researchers
have been attracted into the field of mechanical alloying. In late 1980s, McCormick and
Schaffer published another important paper [14]. They reported that chemical reactions
between Ca and CuO can be induced by high-energy mechanical milling. This work leads to
opening of another interesting area for MA, mechanochemical processing, which is a
combination of mechanical milling and chemical reactions [12].

According to recent paper released by Suryanarayana, 2008 [15], the development of MA
was classified within the three major periods. It can be seen from Figure 2, the first period, as
indicated above, consists the development and production of ODS alloys, with improved
properties, based on Ni and Fe and their applications in industry.

i Novel phase synthesis;
Production of Development of basic New
0ODS allovs e i e Aben ot o BN applications
- ullucl?lﬂllullls AL IV L)
‘ ------ . |
................................... I |
| | | | |
1965 1675 1985 1995 2005

Figure 2. Schematic showing the different periods
ofdevelopment in mechanical alloying [15].

The second period, covering from 1986 up to about 2000, includes lot of developments in
the fundamental understanding of the processes that take place during production. Revival of
the mechanochemical processing (MCP) took place and a variety of novel substances were
synthesized. Comparisons of production method and several modeling studies were also
conducted to enable prediction of the phases produced or microstructures obtained. The third
period, starting from about 2001, mainly devoted to overcome some practical problems that
limited the wide spread application of MA such as contamination of the milled powders and
aggregations. Innovative techniques to consolidate the MA powders to full density while
retaining the metastable phases and / or nanostructures in them were also developed.
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2. The process of mechanical alloying

In powder metallurgy and mineral processing industries, particle size reduction or
comminution is an important step for many technological operations. Conventionally, it may be
used for blending of the powder or more commonly used to create particles of a certain size and
shape to increase the surface area or liberation of minerals needed for subsequent operation.
When mechanical milling is used for these purposes, the powder particles either remain
unchanged or are fractured into smaller particles in the process of milling. Excessive plastic
deformation of the powders and cold welding between particles are absent in the process. On
the other hand, as indicated above, in nano powder synthesize, most of the synthesized
materials are performed in a non-equilibrium state by “energizing and quenching”. The
energization involves bringing the material into a highly non-equilibrium (metastable) state by
some external dynamical forcing, e.g., through melting, evaporation, irradiation, application of
pressure, or storing of mechanical energy by plastic deformation. Therefore, for the production
of nanostructured materials, the milling is mainly performed by high-energy millsto provide
needed energy for plasticdeformation and mechanical activation.

Although, several mechanisms were proposed and discussed in literature, amongst them,
the number of explanations, listed below, have been gained acceptance widely. Suryanarayana,
2001 [5] reported that during high energy milling, collisions between balls and vial lead to
plastic deformations of powder particles due to force of impact. New surfaces created in the
early stages enable the particles to weld together. The particles are soft (either ductile-ductile
or ductile-brittle material combination), and the composite particles have a characteristic
layered structure consisting of various combinations of the starting constituents. With
continued deformation, the particles get work hardened and fractured by a fatigue failure
mechanism. Fragments generated by this mechanism may continue to reduce in size in the
absence of strong agglomerating forces. Due to the continued impact of grinding balls, the
structure of the particles is steadily refined, the inter-layer spacing decreases and the number of
layers in a particle increases. After milling for a certain time interval, steady-state equilibrium is
attained, when a balance is achieved between the rates of welding and fracturing. In this
condition the size of decrease reaches the average composite size of particles. At this stage each
particle contains substantially all of the starting ingredients, in the proportion they were mixed
together and the particles reach saturation hardness due to the accumulation of strain energy.
The heavy deformation introduced into the particles also leads to the presence of a variety of
crystal defects such as dislocations, vacancies, stacking faults, and to increased number of grain
boundaries. The presence of this structural defect enhances the diffusivity of solute elements
into the matrix. Further, the refined microstructural features decrease the diffusion distances.
Additionally, the slight rise in temperature during milling further aids the diffusion behavior,
and consequently, true alloying takes place amongst the constituent elements. The synthesis
mechanism can also be explained based on the early report released by Fecht et al., 1990 [16].
During collisions, the powder particles experience high strain rate plastic deformation,
producing complex dense networks of dislocations. In the initial stage of milling, the internal
strain increases with increasing dislocation density. As the dislocation density reaches a certain
point, the grains break up into sub-grains with low angle boundaries. Later, these sub-grains
undergo additional deformation and disintegration that cause the decreasing of the sub-grain
size even further. Ultimately, the orientation of the sub-grains with respect to each other
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becomes completely random and the final grain size approaches nanometre scale. It is generally
agreed that once the nanocrystalline structure is wholly achieved no further reduction in grain
size is possible due to the extremely high stress that is required to deform the small nanometre
sized grains. The formation and movement of dislocations in such conditions is difficult and,
hence, grain boundary sliding becomes the governing deformation mechanism [17]. The
schematic illustration of grain boundary observed during the deformation is given in Figure3.
The layer of grains slides with respect to the other, producing a shear strain in the process.
Plastic deformation has taken place by virtue of the top layer of grains translating to the right
with respect to the bottom layer of grains. This requires grain-boundary sliding and is the
principal mechanism in super plasticity. For nanocrystalline materials, this has been proposed to
be the dominant deformation mechanism at grain sizes <50 nm [4].

®)
Figure 3. Grain boundary sliding model: (a) initial position
ofgrains and (b) position after top layer has slid to right [4].

The effect of different mechanical milling processes on morphology and microstructural
changes of nano and micron Al-powders was recently reported by Kim et al. 2015 [18]. In the
study, Alpowders with the different particle size were milled in low and high energy mills in
order to observe how the powder structures are change according to applied milling energy. It
was found that the microstructure of Al- nanopowders by high energy ball milling was totally
different as compared with low energy ball milling.Al-nanoparticles were agglomerated during
the low energy MA and their size increased with increasing of milling time. In case of high
energy milling, Al-powder gets considerable refinement and reduction in particle size occurring
at the final stage of milling. For Al-powder of the micron size, it was observed that particles get
flattened shape during high energy ball milling due to severe plastic deformation. It was also
reported that a remarkable variation in lattice parameters was observed only for nano Al
powders during the high energy ball milling due to lattice distortion.

In MA, the actual process starts with mixing of the elemental or pre-alloyed powders in
the right proportion and loading of the powder mix into the high energy ball mill. This mix is
then milled under a protective atmosphere for the desired length of time until a steady state
condition is reached. The milled powder is then consolidated into a bulk shape and heat treated
to obtain the desired microstructure and properties. Thus, the important components of the MA
are the raw materials, the mill, and the process variables.
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2.1. Raw materials

The raw materials used for MA are widely available commercially pure powders that
have sizes of particles in the range of 1 — 200 pm. The size of powder particles used in MA may
not be very critical, because the size of particles decreases exponentially with time and reaches
a small value of a few microns only after a few minutes of milling, on the other hand, the purity
of powders strongly affected the product properties. The raw powders fall into the broad
categories of pure metals, master alloys, prealloyed powders, and refractory compounds [5].

2.2 .Types of mills

Different types of high-energy milling equipments can be used In MA, however, there
the planetary ball mill, the attritor mill and the Spex mill are high lightened as mainly preferred
mills used inMA.They differ in their capacity, efficiency of milling and additional arrangements
for cooling, heating, etc. The applied main stress types in milling can be classified as
compression, shear (attrition), impact (stroke) andimpact (collision), as given in Figure 4.

9 4 2
g>“<>~<>

il iz

Figure 4.Main stress types in mills, R1 — compression, R2 — shear (attrition),
R3 — impact (stroke), R4 — impact (collision), circle — mass of milling media,
square — mass of material charge, rectangle — mass of mill wall [19].

2.2.1. Planetary ball mills

Planetary ball mill owes its name to the planet-like movement of its vial. Since the vials
and the supporting disc rotate in opposite directions, the centrifugal forces alternatively act in
like and opposite directions (Figure 5). This causes the milling balls to run down the inside wall
of the vial — the friction effect, followed by the material being milled and milling balls
travelling freely through the inner chamber of the vial and colliding against the opposite inside
wall, hence, the enhancement of the forces acting on the balls is achieved by the combined
action of two centrifugal fields [5, 20, 21].The energy density in these mills is 100 — 1000 higher

than the energy density used earlier in conventional milling equipments [22].
©

S ja:‘ Q ‘!;:.,: .l‘:‘ oo S
Figure 5.Types of motion in a ball mill: (A) cascading,
(B) falling or cataracting, (C) centrifugal [23]
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Although, it is a popular mill for MA experiments and allowing the milling of a few
hundred grams of the powder,compared the Spex mill, it is considered as low energy mill.

2.2.2. SPEX shaker mills

Special mills have been developed in the USA under the trade name Spex mills. The
common variety of the mill has one vial containing the sample and milling balls, secured in the
clump and swung energetically back and forth several thousand times a minute. The back- and-
fourth shaking motion is combined with lateral movements of the end of the vial, so that the
vial appears to be describing a figure eight or infinity sign as it moves. Because of the amplitude
(about 5 cm) and speed (about 1200 rpm) of the clamp motion, the ball velocities are high (on
the order of 5 m/s) and consequently the force of the ball's impact is unusually great. Therefore,
these mills can be considered as high-energy variety [5, 24, 25].

2.2.3. Attritor mills

Attritor mill is another popular mill especially for higher input applications. The attritor
was invented in 1922 by Szegvari in the USA for a quick dispersion of fine sulphur particles
needed to complete the vulcanization of rubber. This type of mill originally used for
applications in chemical and pharmaceutical industry was later adopted for powder and
extractive metallurgy. An attritor was the first high-energy mill used for preparation of
materials by mechanical alloying [10]. Attritors consist of a cylindrical grinding chamber with a
drive shaft having multiple impellers sticking out from the rotating shafts. There is a wide
variety of impeller types including flat discs, discs with various geometric openings, and
concentric rings. This rotating shaft puts the fine media, particles and, possibly, a liquid into a
stirring motion. The impellers energize the ball charge, causing powder size reduction because
of impact between balls, between balls and container wall, and between balls, agitator shaft,
and impellers. Some size reduction appears in attritors is take place by interparticle collisions
and by ball sliding. The velocity of the grinding medium is much lower (about 0.5 m/s) than in
Fritsch or SPEX mills and consequently the energy of the attritors is low. The milling time
decreases with an increase in the energy of the mill. It has been reported that 20 min of milling
in a SPEX mill is equivalent to 20 h of milling in a low-energy mill of type Invicta BX 920/2 [26].

As a rule of thumb, it can be estimated that a process that takes only a few minutes in
the SPEX mill may take hours in an attritor and a few days in a commercial mill even though
the details can be different depending on the efficiency of the different mills.

2.3. Process variables

Some of the important parameters that have an strong effect on the final constitution of
the powder aremilling speed, milling time, type, size, and size distribution of the grinding
medium, ball-to-powder weight ratio, extent of filling the vial, milling atmosphere,process
control agent, and temperature of milling. Amongst them the time of milling may be the most
important parameter due to the necessity of the achieving of a steady state condition between
the fracturing and cold welding of the powder particles in MA. The times required vary
depending on the type of mill used, the intensity of milling, the ball-to-powder ratio, (BPR) and
the temperature of milling.

The size of the grinding medium has also been recorded as an effective parameter on the
milling efficiency. Normally, it is expected that a large size (and high density) of the grinding

211



Mechanical alloying and processing of nanomaterials by high energy mechanical milling.

medium is useful since the larger weight of the balls will transfer more impact energy to the
powder particles. However,it should be pointed out that the higher size is relayed to the higher
size of the product, especially lower BPR and milling time. Therefore, it has been advised that
combination of theballs of large and small size during milling minimizes the amount of cold
welding and the amount of powder coated onto the surface of the balls [27]. Althoughno
specific explanation has been given for the improved yield under these conditions, it is possible
that the differently sized balls produce shearing forces that may help in detaching the powder
from the surface of the balls Figure 6.

a. Head-on impact b. Oblique impact c. Multi-ball impact

Figure 6. Different forms of impact which might
occur during high-energy ball milling [28].

Finally, the use of surfactants (process control agent) may also concern to prevent the
agglomeration. Agglomerates can be formed by various processes such as welding, coalescence
of crystals by direct initiation at the contacting surfaces, or by means of “melt-bridges” [29].On
the other hand, van der Waals forces are extremely important especially for the nanoparticles.
Particles in the nanometer size range have a strong tendency to agglomerate owing their
relatively large specific surface area and other properties, which in turn accentuates their van
der Waals interactions. Nanoclusters are only kinetically stable. They must be stabilized against
aggregation into larger particles.

3. Applications
3.1. Synthesis of nanocrystalline powders

Due to the several advantages compared with the traditional equipments, it has been
established that high-energy mechanical milling is one of the major techniques for producing
powders with nanocrystalline structures as it was discussed above. The first report of formation
of a nanostructure material synthesized by MA released by Thompson and Politis in 1987 [30],
later Koch [31] has summarized the results on the synthesis and structure of nanocrystalline
structures produced by mechanical attrition. In following years the applications have been
directed to the preparation of amorphous alloys, superconducting materials, rare permanent
magnets, superplastic alloys and intermetallic compounds. Additionally, it has been recognized
that this technique can be used to induce chemical reactions in powder mixtures at room
temperature or at much lower temperatures than normally required to synthesize pure metals.

With high-energy mechanical mills, it is possible to obtain a powder particles having a
range of 3 — 25 nm, minimum level, when a single phase elemental powder or intermetallic
compound powder is milled. For intrinsic brittle powders, such as silicon powder or ionic
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compound (e.g. carbide and oxide) powders, the reduction of the grain size is a natural outcome
of the transgranular fracturing and cold welding, and the minimum grain size is determined as
the minimum grain size, which does not allow nucleation and propagation of cracks within
grains. On the other hand, in case of the metallic and intermetallic powders, it is suggested that
fracturing and cold welding are not the major mechanism for the reduction of the grain size.
Instead, the reduction of the grain size mainly is the result of the localization of plastic
deformation in the form of shear bands containing a high density of dislocations, formation of
subgrains by annihilation of dislocations and the conversion of subgrains / cells into grains
through mechanically driven grain rotation and boundary sliding. The advantage of the
mechanical activation process is that the milling temperature is low, so the newly formed grains
grow very slowly, and the complete conversion of the powder has to rely on the accumulation
of numerous nucleation events. Thus, it allows nucleation of the intermetallic phase at the
interfaces and growth to a limited extent during the further applied heat treatment. [12]

3.2. Synthesis of metal-ceramic composites and nanocomposite powders

A production of metal-ceramic composite powders by MA is shown schematically in
Figure 7. In the initial stage of milling, the microstructure of the composite powder particles is
at the micrometer level. With further milling, the metal phase is deformed and fractured, while
the ceramic phase is mainly fractured. If it is a metal matrix composite, the ceramic particles are
continually fractured into smaller particles, so the size of ceramic particles will keep decreasing
until the fracture strength of the small particles will become equal to or greater than the stress

caused by the collision.

Metal Powder
Ceramic Powder Composite Powder

Before Miling

After Milling

Figure 7. Schematic diagrams showing the formation of
composite powder after high-energy mechanical milling [12].

The synthesis of a Cu — 20 wt. % W soft metal-hard metal composite can be given as an
example of this phenomenon. In the initial stageof milling, only a few W particles are
incorporated into each of the Cu particles. Then with further milling, which causes hardening
of the Cu and W phases, most of the W particles are deformed, fractured and incorporated into
the Cu matrix, forming Cu/ W composite powder particles. With continued milling, the size of
the W particles is reduced to a nanometer size level through continued fracturing. It is
envisaged that when the W particles become too small, further fracturing would become
impossible.

In a similar way, metal-ceramic nanocomposites with nanometer sized ceramic
particulate reinforcement or ceramic—metal nanocomposites with a nanometer sized metallic
phase can be produced. Since the nanostructure of each powder particle evolves through
numerous deformations, fracturing and cold welding events, after a certain period of milling,
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powder microstructure homogeneity can be achieved at the same time as the nanostructure.
Sometimes themilled nanocomposite powder is not a stable system, and it is converted into a
different metal-ceramic nanocomposite during heat treatment or sintering. One example of this
case is the production of Cu-AlLQOs nanocomposite powder by converting Cu(Al)-CuO
nanocomposite powder produced by high-energy mechanical milling of a Cu(Al)-CuO powder
mixture [31]

Figure 8. SEM images of the mixture of Al2O3 and quartz
sintered at 1400 °C for 4 h: (a) unmilled and (b) milled [36].

This technique has also been used in M—Al20s nanocomposites, where M represents the
metal (or a metal-aluminum solid solution) produced by reducing a metal oxide by Wu and Li,
2000 [32]. Naser et al., 1997 [33], reported that nanoscaled alumina particles can be
homogeneously dispersed into a copper matrix by high-energy ball milling of micro scaled
copper powder. The test results confirmed that matrix grains are stabilized against growth even
after heat treatments close to the melting temperature of Cu, and that the hardness of the
sample is largely maintained after heat treatment. The obtained enhanced hardness, compared
to metallurgically produced specimens of pure metal, was attributed to pinning of dislocations
and grain boundaries in the composite samples. The authors suggested that this method can be
applied also for the production of dispersion strengthened metals such as magnesium. Ferkel &
Mordike, 2001 [34], proposed that properties of Mg base composites can be increased with SiC
nanoparticals by MA. The SiC nanoparticles were generated by laser-induced gas phase reaction
in a flow reactor and had a median particle diameter of 30 nm. In order to distribute the
nanoparticles in the Mg matrix, Mg micro powder with a median particle diameter of 40 mm
was mixed or ball milled with the nano-scaled ceramic powder followed by hot extrusion. The
mechanical investigations revealed that the milled composite exhibits the largest flow stress and
lowest creep rates in comparison to the other composite and pure Mg. The microscopic
evaluation of the composites after thermal treatments up to 330 °C shows that their morphology
is essentially preserved. It was shown that the incorporation of a low-volume fraction (3%) of
SiC nanoparticles into Mg by ball milling allows the development of creep resistant lightweight
submicrocrystalline based composites. In this period, Kong et al., 2004 [35], also released an
interesting paper subjected to microstructural composite mullite derived from oxidesvia a high
energy ball milling process. It is well known that Mullite (3A1203-25i02) is a most preferred
oxide ceramic material for high temperature and structural applications in ceramic industry due
to its good mechanical strength, excellent thermal shock, high creep resistance, low thermal
conductivity, and high-temperature stability. The milling experiment performed with Retsch
PM400 type planetary ball mill in air at room temperature for 5 hrs at the BPR of about 40:1.
The green pellets were then sintered in a Carbolite RHF 1600 type furnace in air atmosphere, at
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temperatures from 1100 to 1400 °C for 4 h. It was reported that mullite phase formation occurs
at 1100 °C, which is 200 °C lower than that required by its un-milled counterpart, and almost
complete at 1200 °C. The reduced mullitization temperature of the milled mixture was
attributed to its refined grains / particles as a result of the high-energy ball milling. Reinforced
mullite ceramics can be produced by introducing mullite whiskers / fibers [36] into equiaxe-
grained mullite matrix (Figure 8). However, the introduction of mullite whiskers makes the
processing relatively complicated and great care is required to prevent the whiskers from
breaking. Therefore, anisotropic grain growth of mullite at low temperature, in order to avoid
abnormal grain growth and preventing of the breaking of whiskers was received an interest.

At 2008, Behmanesh et al., 2008 [37], also published a paper aim to production of nano-
structured mullite phase by MA. In this research, alumina and silica powders were used as
starting materials. Milling was carried out in a medium energy conventional and a high-energy
planetary ball mills. Milling in a conventional ball mill, although resultant with reducing the
mullite formation temperature by 200 °C, did not change mullite phase morphology
considerably. Use of a planetary ball mill after 40 h of milling showed to be much more
effective in activating the oxide precursors, and mullitization temperature was reduced to below
900 °C. Whisker like mullite was formed after sintering at 1450 °C for 2 h and volume fraction
of this structure was increased by increasing the milling time. The results showed that samples
mechanically activated for 20 h in the planetary ball mill are relatedto full transformation to the
mullite after sintering at 1450 °C, whereas Al203 and SiO: phases were still detected in the
samples milled in the conventional ball mill for 20 h and then sintered at the same conditions.
The authors stated that reduction of the size of particles due to the high-energy ball milling
lowers the mullitization temperature. This leads to formation of mullite phase formation taking
place before densification occurs under an unconstrained environment. As a result, anisotropic
grain growth of mullite is possible. On the other hand, for the sample milled by conventional
ball mill, there is not enough stored energy to lower the mullite formation temperature below
densification temperature and, therefore,anisotropic grain growth was not detected in these
samples.

Rather than these efforts, the reinforcement of the aluminum-based metal matrix
composites has also received attention for the possible applicability of the MA. It is well
established that aluminum-based metal matrix composites (MMCs) are the ideal materials for
structural applications in the aircraft and automotive industries due to their light weight and
high strength-to-weight ratio [38, 39]. The mechanical properties of the composite can be
increased if the stronger and stiffer second-phase reinforcements like oxides, carbides, borides,
and nitrides are uniformly distributed in the matrix composition. One of the main challenges
towards achieving a homogeneous distribution of the nanometric ceramic phase in the metal
matrix is stated as the agglomeration of the reinforcement particles. This becomes even more
significant, when the size of the reinforcement is small and its volume fraction is high.
Nevertheless, the recent researches on this subject showed that these problems could be
overcome by a judicious selection of the processing technique. The possibility of the use of MA,
for the production of reinforced Al-matrix was investigated by Prabhu et al., 2006 [40]. In this
study, Al-Al:O3 metal matrix composite powders with volume fractions of 20, 30, and 50%
AlOs were synthesized by high-energy milling (Spex mill) of the blended component powders.
The studied sizes of particles of Al:Os were of 50, 150, and 5 nm. The results showed that
homogenous distribution of the Al2Os reinforcement phase in the Al matrix can be obtained by
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high-energy milling of Al-Al:O3 blends even at increased volume fraction and decreased size of
particles (Figure 9). The evaluation of SEM micrographs of the sample confirmed that the size of
the powder particle changes with the employed milling time. In the early stages of milling, the
powder particles are still soft and cold welding predominates. Consequently, the size of particles
increases. Mixing with theceramic particles could also increase the brittleness of Al and
consequently the rate of fracturing. Hence, with continued milling the particles get work
hardened; become more brittle and their fracture leads to a reduction in particle size. Thus, the
rate of fracturing tends to increase with increasing milling time. Once fracturing occurred, fresh
particle surfaces are produced and due to the high reactivity of these surfaces, cold welding
again becomes predominant leading to an increased size of particles, a balance is established
between the cold welding and fracturing events and a steady-state situation is obtained.

Figure 9. SEM micrographs of Al-Al>Os (50 nm) powders milled to the steady-state
condition (20 h): (a) 20 vol.% Al20s, (b) 30 vol.% Al20Os, and (c) 50 vol.% Al [39].

Razavi Tousi et al., 2009, [41] investigated the production of Al-20 wt. % ALOs3
composite powder using high energy milling. The milling was used to produce a nanostructured
Al matrix composite reinforced by submicron a-alumina particles. Experiments performed with
commercial purity Al powder as a monolithic system and a mixture of Al-20 wt.% alumina
powder (dso: 0.5-0.8 pm). P5 planetary mill was used for various periods of time up to 25 h with
a BPR of 15:1. 3 wt. % of stearic acid was also added into the vial as process control agent (PCA)
to retard the excessive welding. It was reported that the similar trend can be considered for the
effect of milling on the product size, an increase in the size of particles followed by a decrease
and then steady state. When welding and fracture mechanisms reach equilibrium, the steady
state is achieved. This was explained by the effect of the high volume fraction of Al:Os particles
on the welding behavior of the Al particles. Another reason is may be given the local
deformation of the Al particles in the vicinity of ceramic particles during the milling process.
The result of this local deformation increases the hardness of powders and decreases the
weldability.

Within the relatively same years, the incorporation of B4C particles into Al matrix with
use of MA was proposed by Nie et al., 2008 [42]. The results showed that the B4C particles could
be dispersed into the based alloy uniformly by high-energy milling. It was reported that,
different with the common blending method, increase of temperature during high-energy
milling was the main reason for generating B:0s films on the surface of B4C particles. Another
interesting study for the use of MA wasreleased by Abdoli et al., 2009 [43].for the production
ofhigh strength AI-AIN composites. Al X wt. % AIN (X =0, 2.5, 5 and 10) composite powders
were milled in a planetary ball mill for 25 h. Ball-milled powders were degassed at 400 °C for 30
min. After uniaxial cold compaction, composite compacts were sintered at 650 °C for 20, 30 and
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60 min under N2 atmosphere. The results showed that the sinterability was degraded by
increasing the reinforcement content, particularly above 5 wt. % AIN. Nevertheless, the
sinterability of compacts was improved by degassing treatment. Near full density (>99% of
theoretical density) compacts were produced by consolidation of degassed powders reinforced
with AIN particles up to 5 wt. %.

Different from the above listed efforts, as an alternative approach for the application of
MA can be given for the reinforced composite production with concerning the dispersion of
carbon nanotubes (CNTs) in aluminum powder as introduced by Esawi and co-workers [44 —
47]. It is established that the exceptional mechanical properties of CNTs make them ideal
candidates as reinforcements in composite materials due to increasing of both stiffness and
strength while also contributing to weight savings. Therefore, carbon nanotubes have emerged
as new reinforcements for a number of material systems. Mainly the two techniques come
forward in recent years,they are thesonication [48], in which the CNTs are dispersed with the
matrix powders in ethanol, before being compacted and sintered, and high energy ball
milling,in which the matrix powders and the CNTs are subjected together to the impact and
friction effects of the milling media [49]. The investigation of 2 wt. % CNT with 98 wt. % Al
powder as starting powder for the production of composite matrix by MA can be given as land
mark paper. In experiments, the mix powders were placed in 125 ml stainless steel jars
containing 25 stainless steel milling balls of 10 mm diameter (giving an initial ball-to-powder
weight ratio (BPR = 10:1). The jars were filled with argon and were then agitated using a
planetary ball mill (Retsch 400 MA) at 200 rpm for varying milling times up to 48 h.

The results given in Figure 10 show that the CNTs could be well dispersed over the
surface of the deformed aluminum powders at the earlier stages of milling and become
embedded in the matrix as cold welding of the deformed powders proceeds. However, as it was
suggested by the authors, due to the overwhelming ductility of Al in the 2 wt. % CNT-Al
composite particles and possible dynamic recovery processes occurring, particle welding may be
more pronounced, and leading to the very large particles observed even after 48 h.

The processability of this composite investigated further by the same group both on the
un-annealed and annealed Al — 2 wt. % CNT composite. It was reported that, ball-milled and
extruded (un-annealed) samples of Al — 2 wt. % CNT demonstrated high notch-sensitivity and
consistently fractured outside thegauge length during tensile testing. In contrast, extruded
samples annealed at 400 and at 500 °C for 10 h prior to testing, exhibited more ductile behavior
and no notch sensitivity. According to investigated processing conditions, it was stated that ball
milling for 3 h followed by hot extrusion and annealing at 500 °C resulted in enhancements of
around 21 % (equivalent to 345 MPa) in tensile strength compared with pure aluminum with
the same process history. In order to overcome the observed problems in previous studies such
as associated strain-hardening effect which effective in dispersing the CNTs and also cold
welding effect to decrease the final size of particles, an increased usage of CNT’s, 5 wt.% CNT in
an Al matrix, was also tested in following paper. In these test the jars were agitated using a
planetary ball mill at 400 rpm for 30min. The milling conditions were selected to promote
shorter milling times to reduce the associated strain-hardening effect. Methanol was added as a
PCA to prevent powder sticking to the balls and the jar walls. It was found that increased
content of CNT’s leads to decreasing of the post-annealing average strength of the samples to
284 MPa. This was attributed to small diameter of used CNTs and to the difficulty of obtaining a
good contrast between the nanotubes and the aluminum matrix.
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Figure 10. 2 wt. % CNT-AI (48 h MA) deformed and fractured
particles, showing individual CNTsembedded in the aluminum
particles after the longest milling time of 48 h [44].

Finally, an ability to tailor the properties of the final composite by selectively reinforced
in localized regions within the microstructure separated by ductile unreinforced matrix, the
processing of single and dual matrix 2.5 wt.% CNT-Aluminum composites viaspark plasma
extrusion, SPE has been tested [47]. In the experiment, the aluminum and aluminum-CNT
powder mixtures SPEX milling (for 60 and 90 min respectively) were conducted under an argon
atmosphere with a ball to powder ratio of 5 : 1 using 1.5 wt. % of methanol as a process control
agent. Both the aluminum and Al-CNT composite powders were then compacted to form a
green compact. These compacts were then spark plasma extruded. It was found that the dual
matrix composites can be spark plasma extruded at considerably lower extrusion pressures than
single matrix composites of the same overall CNT volume fraction due to the presence of softer
outer aluminum matrix, giving rise to improved formability. However, at any given extrusion
onset temperature both compressive strength and hardness were highest for the single matrix
composite followed by the milled aluminum and then the dual matrix composite.

3.3. Synthesis of nanopowders

In this context, mainly two preparation routes have been come forward in practice. One
of them is a milling of single phase powder and controlling the balance point between
fracturing and cold welding, so that particles larger than 100 nm will not be excessively cold
welded; and secondly, producing nanopowders using mechanochemical processes. Professor
Paul McCormick’s groups in the Western Australia University have been very successful in
using this process to produce metallic and ceramic nanopowders. [41].The principle behind this
process is quite simple. The process starts by high-energy milling a mixture of FeCls powder and
Na pieces. The milling induces a reaction between FeCls and Na, forming Fe nanoparticles
mixed with NaCl. The NaCl can be easily leached out from the powder by using water, and Fe
nanopowder is produced.

In many cases, the powders produced by using high-energy mechanical milling are used
directly in powder form. One such example is metal nanopowders, which exhibit unique
chemical and physical properties and are used in powder form for achieving desirable functions.
In most cases, the purpose of high-energy mechanical milling is to produce bulk materials or
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components with desirable mechanical, physical and chemical properties. In these cases,
consolidation of high-energy mechanically milled powder is an essential process for achieving
the final objectives. In a general sense, the mechanically milled powders can be sintered in the
same way as powders produced by other means, such as atomization and chemical vapor
condensation. One of the common ways for the consolidation is the hot pressing of the powder.
However, it should be pointed out that hot pressing does not relate to fully dense
nanostructured material, it was found that the fracture occurred along the original inter-
particle boundaries. This is a typical sign showing that the material is not fully “solid’, as the
particles are not completely bonded together at atomic level. With fully sintered materials, we
should only see grain boundaries, interfaces, pores, and different phases. Therefore, cold
pressing and followed by sintering has also received interest as a preferred way.

3.4. Synthesis of MgB: by high energy ball mill

Superconductivity is a phenomenon occurring in certain materials at extremely low
temperatures characterized by exactly zero electrical resistance and the exclusion of the interior
magnetic field. The electrical resistivity of a metallic conductor decreases gradually as the
temperature is lowered. However, in ordinary conductors such as copper and silver, impurities
and other defects impose a lower limit. Even near absolute zero a real sample of copper shows a
non-zero resistance. The resistance of a superconductor, on the other hand, drops abruptly to
zero when the material is cooled below its “critical temperature” typically 20 K or less [50, 51].
The discovery of the superconductivity of MgB: with a critical temperature of 39 K in 2001, has
offered the promise of important large-scale applications at around 20 K [52]. Specifically, lack
of weak-links at the grain boundaries, relatively high-critical temperature (7c) of 39 K,
improved critical current density (k) and the low cost of the starting materials make MgB: a
promising candidate for wide range of practical applications. Especially the MgB: wires and
coils, have outstanding potential to be integrated into diverse commercial applications, such as,
magnetic resonance imaging, fault current limiters, Josephson junctions and SQUID,
transformers, motors, generators, adiabatic demagnetization refrigerators, magnetic separators,
magnetic levitation applications, energy storage, and high energy physical applications. The
MgB: itself is mechanically hard and brittle and, therefore, not amenable to drawing into the
desired wire and tape geometry. Thus, the powder-in-tube (PIT) technique has received as a
preferred method, which was previously used to make the Y-Ba—Cu—-O oxide superconductor,
has been employed in the fabrication of MgB: wires and tapes. So far, in-situ sintering,
including in-situ PIT, the mixture of magnesium and boron is becoming a major method to
fabricate MgB: superconductors (bulks, wires and tapes). In this routs, it is clear that the
corresponding sintering and milling parameters have a significant influence on the
superconducting properties of MgB2.The sintering process and its mechanism of MgB.
superconductors have recently been well revived by Ma et al., The authors reported that the
phase formation of MgB: during the sintering process proceeds via solid-solid reaction, Mg
melting and, finally, liquid-solid reaction (Figure 11).

According to released DTA data, it was stated that MgB: phase peaks can be recognized
after 550 °C, however, it is limited due to the low atomic diffusion rate in the solid state. When
the sintering temperature reaches 650 °C, the MgB: phase forms on a much larger scale and
becomes primary phase immediately following completion of the melting of Mg. This result
proposed that synthesis of MgB: can be possible at lower temperatures. This attempt was
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expected to help the preventing of the high volatility problem and the oxidizing tendency of
Mg at high temperatures, which pose significant challenges to the fabrication of MgB:
superconductors. Therefore, in literature several reports have been released concerning to
develop a low-temperature sintering process for both undoped and doped MgB: bulk
superconductors. Rogado et al.[54] suggested that the fabrication of superconducting bulk MgB:
samples by conventional solid state sintering is possible at a temperature as low as 550°C.
Nevertheless, this process required a sintering time of 16 hrs to form the complete bulk MgB:
phase, and the samples exhibited inferior superconducting properties than those sintered at
high temperature. Later, Yamamoto et al.[55] found that MgB: bulk superconductors prepared
at 600°C for 240 h exhibited improved critical current densities at 20 K. It was also proposed
that poor crystallinity is found to enhance He, Hir and J in MgB: at high fields, whereas strong
grain connectivity, reduced MgO impurity content and a smaller grain size increases k at low
fields. Goldacker et al.[56] reports the synthesis of thin, steel reinforced MgB2 wires with very
high transport current densities at only 640 °C. These authors suggest that the low-temperature
annealing could lead to a fine grain structure and a superconducting percolation path with very
high associated critical current density. In order to increase the MgB: properties, two-step heat-
treatment has also been developed to fabricate undoped MgB: bulk superconductors [57]. In this
process, short high-temperature sintering at 1100 °C is followed by low-temperature annealing.
Samples prepared by this method exhibit uniquely, well-connected small grains with a high
level of disorder in the MgB: phase which yields an in-field jc of nearly one order of magnitude
higher than for the samples prepared by single-step sintering at high or low temperatures.
However, the applicability of the two-step heat-treatment was found to be difficult in practice.
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Figure 11. Schematic illustration of the solution-reprecipitiation
and growth process of grains during the liquid-solid stage [53].

To summarize, MgB: superconductors synthesized at low temperature were generally
cleaner and denser than the same samples sintered at high temperature due to the reduced
volatility and oxidation of Mg, which could improve the connectivity between MgB: grains.
Moreover, sintering at low temperature can also lead to obtaining of refined MgB: grains which
obviously strengthens the grain-boundary pinning. From this point of view, the low
temperature synthesis might become the most promised and effective method to obtain higher
Je in MgB2 superconductors. In order to understand the mechanism, the recent reports [58, 59]
performed by Ma et al. in kinetics analysis of MgB: phase formation can be considered as
pioneering studies. In these studies, bulk samples of MgB: were prepared by a solid-state
sintering (in the range of 550 — 600 °C) method using amorphous boron powder (99% purity,
25um in size), magnesium powder (99.5% purity, 100 pm size). It was showed that the reaction
between Mg and B is first controlled by the contacting sphere model, a kind of the phase
boundary reaction mechanism. As the reaction prolongs, the one-dimensional diffusion model,
a kind of diffusion-limited mechanism, gradually becomes dominant. It was found that the
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sintering ‘necks’ between individual Mg and B particles occurs at the first stage of the sintering.
Then, the solution active regions are formed within these sintering necks. With prolonging of
the isothermal heating, a few Mg and B atoms in the solution active regions are activated and
react with each other. The activated atoms are limited at this initial stage and,thus, the reaction
rate is slow and mainly determined by the phase boundary reaction mechanism. Meanwhile, an
MgB: phase layer is gradually formed at the sintering necks between Mg and B particles, and
the Mg atoms have to diffuse through the whole MgB: phase layer to reach the reaction
interface. With further prolonging of the reaction, the synthesized MgB: layer becomes thicker
and thicker, and reaching of the Mg atoms to reaction interface through diffusion become more
and more difficult. Finally, the reaction rate is controlled by the diffusion-limited mechanism.
As a result, the reaction rate becomes slower and slower, and it takes a very long time to be
totally completed due to the slow diffusion rate of Mg. The corresponding activation energy
also decreased at first and then increased again during the whole reaction process, as it was
discussed above. This was evaluated as a reason of why the residual Mg is still present even after
holding for 10 h at 575 °C.

Based on above discussion, it can be concluded that low-temperature sintering may be
proposed to overcome the practical problem (rapid drops of Jfwith the increasing of applied
magnetic field) observed for pristine MgB2. However, the lower reaction rate and relatively
lower superconducting properties compared wit hthe high temperature sintering were
recognized as main problems. In these stages some other methods have also been reported to
improve the high field performance of MgBo, like element doping or nanoparticle additions. In
these methods, chemical doping with carbon or carbon containing compounds, such asSiC, B4C,
and carbon nanotubes (CNTs) has been considered as the promising method to enhancement of
the k. Nevertheless, the achievements from this route were also found to be limited because of
decreased superconducting volume, degradation of connectivity, agglomeration of nanosized
doping materials and poor reactivity between boron and carbon [60 — 62].

Except the partial substitution, it was proposed that the mechanical activation method
has also been considered as an effective alternative production way for the production of bulk
form synthesis or as a first step of the wire or thin film productions by several researchers
summarized at Table 1.

A microstructure with the defects of very small size was found to be favorable condition
for the optimum pinning of magnetic flux lines. In MA, the properties of the MgB2 powders
(phase fraction, grain size) depend not onlyon the preparation parameters but also on the
quality of the precursor powders. The influence of the quality of the precursor powders on
MgB: was firstly reported by Ribeiro et al.[63] and Zhou et al. [64]. These reports showed that
the purity of boron precursor powder strongly affected the final product properties. The test
results received on the samples prepared by sealing stoichiometric amounts of Mg (99.9%) and
B into Ta tubes, and placing these tubes into furnaces heated to 950 °C revealed that high purity
reagents are necessary to obtain improved properties [63]. Later, the same conclusion was also
released by Zhou et al. In this study, different precursor powders and procedures were used to
fabricate MgB: superconductor. It was found that the purity of the B powder had strong effects
on the7c and J of MgBe. The /j of the sample made from 90% B powder decreased 40 times at 3
T and 20 K compared with the 99 % B powder samples. The observed suppression on 7¢ and
Jowas attributed to the impurity phases (mainly MgO and B20s) present in the product.
Oxidation of impurities and decrease in the superconductor volume lead to drop of these values.
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On the other hand, for the effect of the size of particles, it was reported that the low purity

boron powders produce lower surface reactivity and particles of larger size in the MgB2than the
high purity boron powder usage related to decreased / value of the product compared with the
MgB: produced from high purity boron powder.Some selected landmark papers performed by
planetary ball mill were presented at Table 1[65 — 71].

Table 1. Selected applications for planetary ball mill.

al.,2003,2006

powder with BPR of 36.
Mechanical alloying was realized in
a planetary mill for 50 h at a
rotation speed of 250 rpm at
ambient temperature.

Procedure Remarks
Gumbel et MA + hot pressing at 973 | The superconducting 7:¢ decreases with
al., 2002, Kamorphous B (99.9 wt. %) and Mg | increasing milling time from 35.9 K for the 20
2003 (99.8 wt. %) powders milled in | h milled powder to about 30.8 K for 100 h
Planetary ball mill with BPR of 36. | milled powder.
Hafiler et High grade Mg and amorphous B | It was reported that the precursor powder

with 20 — 60 nm is highly reactive and tapes
can be prepared at relatively low temperatures
(500 - 600 °C) by the powder-in-tube
technique

Perner et
al.,2004

MA in planetary ball mill + hot
pressing

Maximum pinning force increases first with
increasing milling time, reaching its largest
value of nearly 8 -108 N m2 for the 30 and 50
h milled samples.

Kim, et
al.,2006

MgB: pellets were prepared by an
in situ reaction process. B powders
(99 %) were prepared in different
ball-milling media, such as acetone,
ethanol, and toluene. The ball-
milling process was carried out for 4
h with a rotating speed of 160 rpm
under air. All samples were sintered
at 650 °C for 30 min under high-
purity argon gas.

It was reported that toluene medium was the
most effective of them all for enhancing k. jk
was estimated to be 5 103 A cm? at 8 T and 5
K. This value is much higher than that of pure
MgB: that was not ball milled, by a factor of
20. It was considered that ball milling B using
toluene leads to smaller MgB: grains, resulting
in enhanced / at low operating temperature
and high field.

Lomovsky et
al.,2007

Magnesium (Alfa, 99.8 %, particle
size from 50 to 100 pm) and
amorphous boron (94 %, B 94, A
grade, particle size of < 1 um) were
milled in AGO-2 water-cooled
planetary mill under the centrifugal
acceleration, 600 m / s% 10 g
powder sample; ball load, 180 g;
ball diameter, 5 mm; stainless steel
vials and balls + thermal treatment
up to 640 °C.

The Mg particles in the mechanically
activated powder mixture are covered with a
structureless amorphous layer containing
nuclei of MgBacrystallites 3 — 5 nm in size.
During subsequent heating of the activated
mixture of amorphous MgB: and nuclei of
MgBacrystallites, MgBacrystals grow at a lower
temperature compared to synthesis without

mechanical processing.

Instead of planetary mill, usage of magneto-mill Uni—Ball-Mill 5 under shearing mode
followed by electrical discharge (ED) assisted mechanical alloying (MA) and attrition ball mill

followed by heat treatment in tube furnace were proposed to produce alloyed MgB: with

improving pinning forces. Varin et al., 2004, 2006 [72, 73], reported that the usage of magneto-
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mill may be the suitable tool to pre-nucleation of MgB: to obtain nanocrystalline MgB: after
annealing of the at 630 — 650 °C range for a few hours. Comparing the planetary mills, it was
found that relatively higher milling times required to deduction of sufficient amount of MgB:
phases, subsequent annealing of the 50 h milled powder at 630°C for 1 h leadto form ation of
MgB: with a crystalline size about 23 nm. For the usability of attrition mill, the preliminary
paper was released by Abe et al., 2003 [74]. Obtained results based on the surface morphology
and phase analysis showed that MgB: phase can obviously be identified after annealing at 500°C,
whereas it begins to appear after annealing at 550°C for the powder mixture milled for 5 min.
When heating up to 630°C (near Mg melting point), MgB:is observed as a main phase.

However, they contained no any information about superconducting properties. Lee et
al., 2009 [75] also concerned the usability of attrition mill only modifying the boron powders
before mixing with Mg powder. The mixed powder was than heat treated at 650°C for 30 min
under mixed Ar/H: in a tube furnace. It was found that the semi-crystalline peaks in the ball-
milled boron became broader, when the ball-milling time was further increased, indicating that
the boron powders had lost their crystalline. In addition, the B20s peak appeared in the ball-
milled powders, resulting in an increase in the amount of MgO. However, the sample prepared
from boron that was ball milled for 5 h showed an improvement of critical current density (%),
even with increased MgO phase, under an external magnetic field at 5 and 20 K.

Consequently, although some alternative routes has also been proposed, most of the
researches have been performed with using planetary mill with a relatively higher milling time
and higher ball to powders ratios. In MA, even though the linear velocity of the balls in
planetary type of mill is higher than that of the SPEX mills, the frequency of impacts is much
more in the SPEX mills. Hence, in comparison to SPEX mills, planetary mills can be considered
as lower energy mills. Time intervals required for processing are generally shorter in the SPEX
mills, whereas they are longer in the attritors or planetary mills. Therefore, compared to
planetary mill, it is possible to obtain homogeneous nano sized MgB: in the milling stage with
relatively smaller milling times. The occurred heavy deformation during milling can also be
leads to increasing of the number of grain boundaries with a variety of crystal defects. This
structural defect enhances the diffusivity of solute.

The study performed by Wu et al,, 2007, [76] with using SPEX mill showed that a bulk
form of MgB: with improved magnetization properties could be synthesized in a relatively short
time. It was reported that the highest J, approximately 2.3 - 105 A/cm? (15 K, 3 T), was obtained
for samples milled for 5 h and sintered at 750°C for 1 h. This result was found very
encourageable for the further studies, which concern the synthesis of MgB: by a high-energy
ball milling method at relatively lower temperatures.

Recently, the effect of process variables such as ball to powder ratio, size of the ball,
milling time, and annealing temperature on the synthesis of MgB: by high energy ball mill was
reported by Kurama et al., 2016 [77]. MgB: was synthesized by following in-situ reaction
process. Preparation of the powder was carried out with elemental Mg (99.8 wt. % purity, less
than 45 pm of the size of particles) and relatively lower grade amorphous B (95 wt. % purity,
1 pum size of particles) powders mixed in stoichiometric ratio of MgB2 with 5 wt.%. The milling
was performed on a SPEX 8000D mill for different time intervals of 2, 4 and 6 h. The milling of
the powders was performed at BPR of 3 and 6 with the diameter of a ball of 11.2 mm, 11.2 + 5
mm and 5 mm WC balls. The mechanically cold pellets were then immediately heat-treated
inside a tube furnace under ultra-high purity Ar-atmosphere at near Mg melting temperature of
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630 °C. The MgB:2 phase wt. % was calculated by Rietweld refinemed method. According to
experimental tests results, the authors concluded that the ball to powder mass ratio and the
milling time remarkably affect the MgB: phase wt. % and product size.

4. Conclusions

Mechanical alloying performed with a high energy has proved the method as solid state
processing route for the synthesis of a variety of equilibrium and non-equilibrium phases and
phase mixtures. The powder particles are subjected to undergo repeated cold welding,
fracturing, and re-welding. The transfer of mechanical energy to the powder particles results in
introduction of strain into the powder through generation of dislocations and other
defects,which act as fast diffusion paths. The process was initially invented for the production
of oxide dispersion strengthened (ODS) Ni-base superalloys and later extended to other ODS
alloys. In following years the applications have been directed to the preparation of amorphous
alloys, superconducting materials, rare permanent magnets, superplastic alloys and intermetallic
compounds. Additionally, it has been recognized that this technique can be used to induce
chemical reactions in powder mixtures at room temperature or at much lower temperatures
than normally required to synthesize pure metals. Besides materials synthesis, it has also gain an
interest as a way of modifying the conditions,in which chemical reactions usually take place
either by changing the reactivity of as-milled solids (mechanical activation, increase of reaction
rates, lowering of reaction temperatures of ground powders) or by inducing chemical reactions
during milling.

On the other hand, the considerable affords have been performed as well to overcome
the occurred problems in practice, such as contamination arising from the milling tools or
milling atmosphere and also compaction problem of the MA powders because of the heavily
strained state of the powder, these are still keeping their importance.
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Abstract

Using atomic force microscopy, surface topological images of different type of carbon
layers are obtained. The surface potentials by Kelvin’s probe method are measured for same
samples. A comparative analysis of results is made.

1. Introduction

Nowadays, semiconducting nanostructures are under extensive investigation, since they
have an exceptional importance for application in optoelectronics, solar energy conversion, etc.
[1]. The development of these technologies is closely connected with the miniaturization of the
size of samples. In particular, in case of semiconducting layers the thickness is a critical
parameter. In thin layers some physical characteristics of the material dominate, which should
not be of high importance. Consequently, the surface characteristics are very important in
revealing the physical properties of nanostructures. A NT=MDT Solver AFM microscope was
used to investigate the surface properties of carbon layers grown by Chemical Vapor Deposition
(CVD) method [2] and layers obtained tribologically (tribolayers) [3]. The microscope was used
in semi-contacting mode, which enabled to measure the surface potential of a sample along
with topological characterization.

2. Method description

As it is mentioned in the abstract, semi-contacting mode was used in this study. It
enables one to register the surface potential distribution over the surface of a layer with
sufficient accuracy, which is of a key importance in investigation of complicated surface
(interface). A very important characteristic of nanostructures is so-called work function, which
is the minimum thermodynamic work needed to remove an electron from the layer surface to
“reasonable far” distance. Here “reasonable far” means that the final position of the electron is
far from the layer surface by atomic size but the electron is under the influence of the electric
field formed in vacuum. The latter is described in the following way [4]:

W=—eqp—- E¥,
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where eis the charge of the electron, ¢ is the potential of the electric field in vacuum near the
surface and £¥ is Fermi’s energy. Using Kelvin’s probe method the difference of work functions
is measured. This method is based on registration of the electric field (the gradient of potential)
between the sample under study and the material with known characteristics used as a
microscope probe, which in turn with normalization yields the voltage between the probe and
the sample. In Figure 1 the corresponding energy diagram is shown.

A _ed

Energy

Vacuum

Position

Figure 1. Energy diagram of the
measurement by Kelvin method.

Thus, measuring the voltage we can calculate the difference between the work functions
of the sample and the probe by the following formula:

e AVip= Ws— Wh.

Though only the difference between the work functions is measured by Kelvin’s method,
it enables to calculate the work function of a sample, knowing the corresponding parameters of
the probe material.

The surface potential AV'yp measured in this work along with the surface topology is
measured by AFM, which gives an opportunity to consider the change in surface potential
during surface formation case of CVD and surface transformation in case of tribolayers.

3. Measurements and numerical analysis

Among nanostructured diamond like carbon (DLC) layers, layers obtained by CVD
method are of special importance due to their exceptional physical and chemical properties.
Investigated here DLC layers along with the process of their formation and fractural regularities
are discussed in [5], are obtained by CVD method with the use of ion and magnetron sources.

nm

Figure 2. The topology of the surface of DLC layers
obtained for different deposition time of 20, 30 and 40 min.
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The surface properties at different stages of layer deposition are also important subjects
to study. In Figure 2 the topology of the surface of DLC layers obtained for different deposition
time of 20, 30 and 40 min are shown.

As can be noted from Figure 2 during CVD formation of DLC layer isles of thin (about
0.34 nm thick) are formed, which expand with deposition duration and finally spread all over
the sample surface. Now let us to compare these images with corresponding surface potential

(Figure 3).

0 &1 &Y &3 L4 A5 B &Y 08 B K4
MW M0 MM WO 0 EG MG BN WO -

Figure 3. The surface potential of DLC layers obtained
for different deposition time of 20, 30 and 40 min.

As it is seen from Figure 3, with the expansion of thin layer the module of surface
potential increases remaining the negative values though (-140, —165 and —250mV, the last one
for the case, when the surface is almost wholly covered by atomically thin layer), which in turn
means that the layer formed at the surface is a potential well for the whole layer. Actually, at
the surface of DLC studied in this work, an atomically thick layer is formed being the potential
of differs from that of the rest of the layer and can affect the surface properties of the layer.

On the other side, the investigation of the surface of carbon nanostructured tribolayers
also shows the presence of the abovementioned surface layer (Figure 4).

[rpgre

CoRT A T

Figure 4. The AFM images of carbon
tribolayers before and after peeling.

Accordingly, in [3, 5] the process of self-organization in DLC and tribologically obtained
layers are described, in the aftermath of their joint study with the comparison of the results
given in Figures 2 and 4 leads to the conclusion that during two technologically different
procedures similar atomically thick layers are self-organized, and the surface potentials of the
thickness of both match the properties described in [6, 7]. From this point of view it is
interesting the variation of surface properties after surface peeling with scotch tape as given in
[3]. In Figure 4 the AFM images of carbon tribolayers before and after peeling are shown.
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LE i LE

- m

Figure 5. Surface potentials of carbon
tribolayers before and after peeling are shown.

As it is seen from Figure 5, after the removal of the thin surface layer the surface
potential turns to positive values and this testifies for higher conductivity of the removed layer,
in comparison with the layer bulk underneath [8].
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Abstract

Current—voltage characteristics of SnO:2 samples have been investigated in the air at
different temperatures. The samples were prepared by chemical vapor deposition method. In
order to study the influence of doping and morphology on electrical properties current—voltage
curves for pure and doped zero-dimensional SnO: and pure one-dimensional tin (IV) oxide
nanostructures were measured..

1. Introduction

One of the most important characteristics of semiconducting gas sensors is a sensitivity
or sensor signal. The sensitivity is highly dependent on porosity, crystalline size and presence of
additives. It is established that the use of nanostructured materials can increase the sensitivity of
the layers due to the higher surface area for contact with the gas.Considering that the sensing
reaction occurring mainly on the surface of sensitive material, one of the first requirements for
improving the sensitivity of the sensor is control of particle size of semiconducting materials.
Here not only the particles size is important but the morphology of nanostructures as well,
because a great impact does the surface-to-volume ratio, increasing of which leads to significant
changes in the sensitivity of the sensor [1]. From this point of view it is very interesting one-
dimensional morphology of materials, which provides high values of surface-to-volume ratio
while maintaining sufficient chemical and thermal stability with minimum power consumption
and low weight. High values of specific surface area show that most atoms (or molecules) are
concentrated on the surface. Thus, the reaction between the target gas and chemically active
molecules (O, O%*, H*, and OH") are possible even at low temperatures [2].

Also, sensor signal as well as the selectivity of gas sensors semiconductor layers can be
improved by adding various catalytic additives or modifying sensitive surface layers [3 — 6].

Sensor signal of metal-oxide gas detectors can be evaluated due to electrical properties of
sensitive layers. To estimate electrical properties usually current—voltage characteristics (/- V
curves) are used. The aim of this research consists in study and comparisonthe temperature
dependences of current—voltage curves of SnO:znanostructures. The effect of doping and
morphology on the electrical properties will be investigated as well.
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2. Experimental

Measurements of current—voltage characteristics were carried out on test structures of
gas sensors. The schematic diagram of gas sensor structure is shown in Figure 1. It consists of
glass ceramic substrate coated with nickel electrodes and connected with silvered copper wires
covered by teflon.

Finger Ni
glectrodes

Contact
pods

Glassceramic

Silvered Cu
wires

Figure 1.Scheme of gas sensor structure.

SnO: samples were synthesized from tin (II) oxalate by chemical vapor deposition (CVD)
method in inert atmosphere at 1123 K [7, 8]. The doping of SnO: nanostructures was performed
by impregnation with AgNOs solutions of different concentrations [9]. For study of electrical
properties were selected 6 samples (Table 1).

Table 1.0btained SnO2 samples.

Sample
Content
Sample Structure £ Ao O
(dimension) ot e 7o
Sample 1 -
Sample 2 1.2
Sample 3 | Zero-dimensional (0D) 1.7
Sample 4 3.2
Sample 5 6.2
Sample 6 | One-dimensional (1D) | -
2z
f L
a V

PS o +— Sample

J

Figure 2. Block diagram for studying of /-1 characteristics:
1 — power supply, 2 — voltmeter, 3 -model resistance.
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The sensitive layer of tin (IV) oxide was coated on substrate by deposition. Substrate
with electrodes was placed in a container with SnO: suspension in ethanol and kept until
completely dry.

Figure 2 shows the block diagram for studying of electrical properties of gas sensors.

The sample of tin (IV) oxide was placed in tube furnace, and voltage measurements were
performed on the air during heating furnace till 453 K.

3. Results

Figure 3 presents / — V curves of pure and modified zero-dimensional SnO: samples,
measured in air, in the range of initial voltage 5 — 30 V at different temperatures.
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Figure 3.Current-voltage curves of
zero-dimensional tin (IV) oxide samples.

Nearly for all samples current-voltage characteristics are nonlinear throughout the range
of the applied voltage. The exceptions are / — V curves for Sample 4 and Sample 5 at 423
K.Current-voltage characteristics of Samples 1 — 3 at 323 K and 373 K show instability of the
current in the voltage range less than 15 V — the current is constantly decreasing in time almost
to values the measurement of which is limited by the sensitivity of the device.

The values of resistance at 323, 373 and 423 K and at different voltage values, calculated
from obtained data, are presented in Table 2.

The resistance of SnO: samples is decreasing with increase of temperaturepointingat the
semiconducting behavior. At the same time, the absolute values of resistance are decreasing
with increase of initial voltage values. The doping of tin (IV) oxide samples by argentum up to
2%]eads to increasing of the electrical resistance. Further increase of the amount of the modifier
causes a sharp decrease in resistance.

In order to study the influence of morphology on electrical properties 7— V curves for
pure zero-dimensional and pure one-dimensional tin (IV) oxide nanostructures were measured.
Figure 4 shows 7 — V' curves at 323, 373 and 423 K in range of voltage 5-30 V.
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Table 2.Electrical resistance of pure and
doped zero-dimensional SnO:2 samples.

Voltage, V
Sample 5 10 15 20 25 30
T=323K
Sample 1 5546 | 3990 | 2669 | 1970 | 1553 | 1190
Sample 2 12490 | 7133 | 4678 | 3216 | 2394 | 1854
Sample 3 49990 | 14276 | 7490 | 4990 | 2768 | 1865
Sample 4 615 407 296 | 234 | 187 | 157
Sample 5 217 129 | 84 | 64 | 50 | 40
T=373K
Sample 1 1657 | 1240 | 872 | 635 | 500 | 395
Sample 2 3115 | 1842 | 1354 | 942 | 748 | 590
Sample 3 4157 | 2490 | 1240 | 860 | 585 | 438
Sample 4 175 133 | 105 | 85 71 61
Sample 5 49 35 28 22 18 16
T=423K
Sample 1 99 79 62 53 | 46 | 40
Sample 2 407 284 | 217 | 175 | 145 | 123
Sample 3 323 203 | 137 | 102 | 83 69
Sample 4 16 16 14 13 12 12
Sample 5 5 4 4 4 4 4
! Sample 1 —TI=333K 16 Sample 6 —T=323K
o8 Sk M TISEK
12
% 0,6 g 1]
5 04 E 0,61
02 0,41
0,24
0 5 10 15 20 25 30 35 0 5 10 15 20 25 30 35
Voltage (V) Voltage (V)

Figure 4.Current—voltage curves of 0D (Sample 1)
and1D (Sample 6) tin (IV) oxide samples.

As it is seen in figure, the current-voltage dependences of these samples are different.
For OD SnO:2 sample /— V curves are non-Ohmic at all temperature values. While 1D tin (IV)
oxide sample characterized by linear (Ohmic) current—voltage dependences.It is known that the
Ohmic behavior of current—voltage characteristics is very important for the sensory properties
of the material, as the sensitivity is maximal for ohmic semiconductors [10].

The values of resistance at different voltage values, calculated from obtained data, are
presented in Figure 5.
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Figure 5.Temperature dependences of resistivity of
tin (IV) oxide samples:1 — Sample 1 and 2 — Sample 6.

Thus, the presented graphs show that zero-dimensional and one-dimensional tin (IV)
oxide nanostructures differ not only by the size of electrical resistance, but by the nature of its
dependence on temperature as well. The value of the electrical resistance decreases with
increasing of temperature for zero-dimensional SnO2, while the temperature dependence of the
electrical resistance of 1DSnO:2 nanostructures exhibits a maximum with the highest values of
electrical resistance observed at a temperature of 423 K.

4, Discussion

Depending on the type of sensors the current—voltage curves can be linear or nonlinear.
Figure 6 shows /— V curves of typical metal-oxide-based gas sensors [11]. Resistor-type sensors
with ohmic properties show linear I-V curves (Figure 6a). Their conductance (G = d// dV) is
independent of the applied voltage and reversible change as a function of partial pressure of
gaseous species (pl and p2 — two different partial pressures). Partial-pressure-dependent
nonlinear I-V curves are characteristic for diode-type sensors (Figure 6b).
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Figure 6. Current—voltage curves
of typical oxide-based sensors [11].

Talking about differences between the resistor and diode, one should note that a diode is
a type of electrical device that allows the current to move through it in only one direction. A
resistor itself is an electric component that is used to provide resistance to a current in the
circuit. These components are engineered to be able to maintain a stable resistance value[12].

Obtained experiments show that the current-voltage characteristics of zero-dimensional
and one-dimensional SnO2 samples are of different type. It has been found that I-V curves of
zero-dimensional tin (IV) oxide samples are nonlinear, but the nature of curves can be changed
by modifying and increasing the operating temperature. For one-dimensional tin (IV) oxide
samples current-voltage characteristics are Ohmic at all temperatures. It has been revealed that
there are no linear relationships between the magnitude of electrical resistance of SnO2 samples
and the percentage of the modifier. With increasing of the amount of argentum the values of
the resistance for modified tin (IV) oxide come to the maximum.
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As it was mentioned above the sensitivity of gas sensor devices is highest for Ohmic
semiconductor. From this, it can be concluded that electrical characteristics of sensitive layers
can be improved by changing the nanostructure morphology or modifying the surface of the
material. These changes in the nature of 7/ — V characteristics can be explained as by the
presence of acceptor impurities or obtaining a p-type semiconducting SnO: structures (in the
case of doped tin (IV) oxide nanostructures) as by the higher concentration of active atoms (or
molecules) on the surface (as for doped zero-dimensional nanostructures and one-dimensional
morphology materials).

5. Conclusions

The conducted research showed that the electrical properties of tin (IV) oxide
nanostructures depend on the temperature, the amount of added modifier and also on the
morphology of the material. However, there is no linear correspondence between the amount
of the modifier and the nature of /- V characteristics. The difference in current-voltage curves
can be caused by changing of the type of conductivity or increasing the number of free
electrons on the surface. But for deeper understanding of the impact of doping and changes in
morphology on the electrical properties additional studies are needed.
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Abstract

Investigations of dependence of photo spectral characteristic of In / GaP contacts on an
annealing temperature (150 — 350 °C) showed strong photosensitivity in the near infrared
spectrum range related with the formation of a new nanomaterial on GaP surface due to the
interaction between the metallic indium and the semiconductor (GaP) during the annealing. A
possible mechanism of interaction of In and GaP is discussed and a phenomenological model of
the InxGai-N (0 <x< 1) nanomaterial formation on the GaP surface is presented.

1. Introduction

The rapid development of telecommunications leads to the appearance of new directions
of nanoscience, nanotechnology and new realizations of principles of the quantum mechanics
[1 — 3]. An optical telecommunication link comprises a transmitter, a receiver and an optical
fiber cable connecting them. It’s known that the optical signal undergoes attenuation during the
propagation inside the optical fiber. The dependence of the attenuation on the wavelength for a
typical modern silica fiber is shown in Figure 1. The signal loss in the cable limits the signaling
distance with the value of about 100 km [4]. Optical amplifiers allow overcoming this limitation
by means of the attenuated optical signal restitution. The amplifiers operating at the
wavelengths of 1300 and 1550 nm are required in this case. The III-V semiconductors and, in
particular, their complex alloys are well suited for this purpose.

The III-V semiconductor materials have good optical and electrical properties for the use
in photonic and electronic devices of high performance. The density of modification of the
states due to the dimensionality of semiconductor nanostructures [quantum well (QW),
quantum wire (QW) and quantum dots (QDs)] is responsible for the improvement of the
properties of these semiconductors based devices.

The most extensively investigated QD system is the Indium Arsenide (InAs) embedded
in a Gallium Arsenide (GaAs) matrix. The first QDs laser and the semiconductor amplifier were
fabricated using this system.
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As it can be seen from Figurel, the devices for fiber optical communication must operate
at 1.30 and 1.55 pm [4]. The optical quantum networks of the nearest future require the
development of photon sources emitting at the appropriate wavelengths. For this purpose, a low
density QD material based on InP substrates was developed. It was shown that the InP nano
crystals (NCs) are very promising for the telecommunication applications.This material
possesses highly efficient narrow linewidth single photon emission from InAs/AlGalnAs/InP
QDs at the wavelengths above 1.5 pm that are compatible with the standard long-distance fiber
communication.

f Absorption ____
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=) windows
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Figure 1.The attenuation spectrum of silica fibers [4].

The operation principles of semiconductor optical amplifiers (SOA) as well as the
fabrication method and the optical properties of III-V semiconductors based amplifiers were
studied in [5]. Currently, the QD semiconductor optical amplifiers (SOA) have been considered
as ultra wideband polarization insensitive high-power amplifiers and high-speed signal
regenerators for the next-generation communication systems. The basic requirements for the
material and structure of QDs for the broadband amplification are: the emission wavelengths
covering 1.3 — 1.6 ym and the possibility of realization of widely-tunable narrow linewidth
lasers for coherent communication [6]. The fabrication technologies of the InP NCs were
described in [7 — 9]. A different fabrication method of the InP NCs on the GaP surface was
reported in [10] and here a phenomenological model of InP nanomaterial formation is
presented.

2. Experimental

An undoped n-type GaP wafers grown by the Czochralski method with the thickness of
about 200 — 250 pm and the carrier concentration of 2 - 10 — 4 - 107 cm™® were used in our
experiments. The technology of electrochemical deposition of metals on a semiconductor
surface used for the fabrication of the metal/semiconductor contacts with “near-ideal”
photoelectric characteristics is described in [11, 12]. The innovation of this method is that the
semiconductor surface etching and the metal deposition are carried out as a unified
technological process. The semiconductor surface was etched electrochemically just before the
metal deposition. After the electrochemical deposition of the metallic thin film, the GaP wafers
were cut to samples of 2 — 4 mm? area and further annealed in the hydrogen atmosphere during
various time and at various temperatures by means of the equipment described in [13].

242



D.Laperashvili, et al. Nano Studies, 2016, 13, 241-246.

I12l
Bg 2-
o - o 11
1 .
2 14 —
0 - .
g ’K} 15 13 B 6'120

2V

Figure 2. The diagram of the photoresponce measurement device: light
sources (1, 2), lenses (3, 4, 8), light modulator (5), standard photodiode
(6), monochromator (7), diode (14), capacitor (15), switch (16), selective
amplifiers (9, 10), synchronic detector (11), and recorder (12).

The In/GaP contacts were annealed under different conditions: the temperature varied
from 100 to 350 °C, the annealing time changed from 3 to 10 min. The photospectral
characteristic of the In / GaP contacts depending on the annealing conditions was investigated.
In Figure 2 the diagram of the experimental setup is shown. The setup contains a
monochromator, appropriate light sources, filters and measurers. The measurement accuracy is
enhanced by the use of a synchronous detection system.

3. Results and discussion

The measured photospectral characteristic of the In / GaP contact annealed at 290°C in
hydrogen environment is shown in Figure 3. It can be seen that the photospectral characteristic
consists of two separated regions 1.0 —2.2 and 2.6 — 3.0eV.

The photospectral characteristic of In / GaP annealed at 150 — 350 °C during 3 — 10 min
shows strong photosensitivityrelated with the formation of a new material on the GaP surface
via the metal (In) and the semiconductor (GaP) interaction. Similar results were described in
[13], where strong influence of the temperature of droplet epitaxy process on the InP based
nanomaterial formation was found. Moreover, the authors show that the temperature of
deposition is a key parameter for the NCs size control; at higher deposition temperature QDs of
a larger size were obtained due to larger droplets being formed by merging of the small indium
droplets. The uniformity of QDs is optimized at the temperature of deposition of 250 °C.

On the basis of our earlier experimental results [10, 11, 13] and the analysis of the recent
research works [9, 14, 15] we elaborated a phenomenological model of the InP nanoclusters
formation on the GaP surface consisted of the stages illustrated in Figure4.
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Figure 4. Illustration of the InP nano-
clusters formation on the GaP surface.

We can see that the initial GaP surface is covered with a natural oxide thin film of Ga20s.
At the first stage, the electrochemical cleaning of the GaP surface is performed, and then the
electrochemical deposition of a metallic Indium (In) thin film on the freshly cleaned GaP
surface is carried out. After that, the samples were held at 180 °C (150 °C is the melting point of
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In) during 1 — 2 min in the hydrogen or nitrogen atmosphere for the In droplet formation on
the GaP surface. At the last stage the samples annealing in the same system at 100 — 600°C
during 5 — 30 min for interdiffusion of In, Ga and auto diffusion of P from GaP into In droplets
is performed. As a result, InGaP nanoclasters were formed on the GaP surface.

The influence of annealing temperature 100 — 350 °C on the In / GaP contact properties
was investigated. A new region of the strong photosensitivity was detected. The appearance of
this region was related to the formation of a new material on the GaP surface, via the metal and
semiconductor interaction. Although there is no direct confirmation of this assumption, the InP
NCs formation mechanism on the GaP surface is discussed, taking into account the publications
and our results of photospectral measurements. In Figure 3 strong photosensitivity in the 1.75 -
2.05 eV area is shown [10]. On the other hand, according to [15], the photoluminescent peak
between 1.9 and 2 eV is connected with the InP / GaP QDs.

4. Conclusions

The electrochemical deposition of the In thin film and further heating in an inert gas
atmosphere gives rise for the InP NCs formation on the GaP surface due to the interaction
between the metallic indium and the semiconductor (GaP) during the annealing process.

The investigations of photospectral characteristic of the In / GaP contacts versus the
annealing temperature (100 — 350 °C) show strong photosensitivity in the near infrared area.
According to the phenomenological model presented here InGaP nanocrystals were formed on
the GaP surface by interdiffusion of In, Ga and auto diffusion of P from GaP into In droplets
during annealing.
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AwunoTtausa

IIpenioxeH 31eKTPOXUMUYECKUH METO/, IIO3BOIAOMUN (GOPMUPOBATh Ha TIOBEPXHOCTH
IIOJTYIIPOBOJHUKOBBIX KpucTaioB InP mMaccuBsl K1acTepoB MHAWA C pa3MepaMHy, JIEKAIINMU B
HAaHOMETpPOBOM pAuanasoHe. HaHokyiacTepsr mHAMA 00pasyloTcs B pe3ysIbTaTe BOCCTAHOBIEHUS
aTOMapHBIM BOZOPOJOM aTOMOB MHAMA M3 Marepuanaa caMoro IonynpoBogHuka. CpenHuit
pasMep HaHOKJIACTEPOB 3aBUCHUT OT KaTOZHOTO TOKA, IPOTEKAIOIIEro Yepe3 KPUCTAILI, U OOBIYHO
mexutr B guamasonHe 20-70um. [lamHas MeTOmMKA MOXET OBITh KCIIOJAb30BaHA  JIJIsk
dbopMHpOBaHMUA  HAHOKJIACTEPOB HMHAWA And  (PyHJAMEHTAJAbHBIX  HCCIENOBaHUH U
IIPAaKTUYEeCKOTO IIPUMEHEeHU.

HccnenoBanusa MeTalIWYeCKUX HAHOYACTHUIL BeyTCS B HACTOsIlee BpeMsa B BeLyIINX
MUPOBBIX LeHTpax. Eciu pasmep TakuxX 4acTHI, MHOTO MeHbllle JJIMHBI BOJIHBI IIaZjalolero CBeTa,
TO DJIEKTPOHBI BHYTPH YaCTHULBI KOJIEOIIOTCS B ¢ase C II0JIeM DIeKTPOMArHUTHON BOJHBL Ha
JacTOTe pe30HaHCa, OIIpeie/iieMOi pazMepoM 1 GOPMOI JaCTHUIIEL, @ TAKXKe AUDIeKTPUIECKUMHU
CBOICTBAMM OKpYXKaIOllell ee CpeAbl, B YaCTHUIle MOTYT BO30Y>XIAThCA JIOKAJIU30BaHHEIE
IIOBEPXHOCTHBIE IIA3MOHBI — KOJIJIEKTHBHBIE KOJI€OaHUA 3JIeKTPOHHOI ILoTHocTH. Yacrora
IIJIa3MOHA [IJI1 MeTA/TMYECKUX YACTHIL JIEXKHUT, OOBIYHO,B OITHYECKOH MU YIbTPadHUOIETOBOM
obracTax cmekTpa. BaxHO, 4YTO BO30YX/eHHe JIOKAJIM30BAaHHBIX IIIA3MOHOB IIPUBOSUT K
IIOSBJIEHUIO JIOKAJIBHOTO 3JIeKTPOMArHUTHOTO IIOJIA B OJrDKaiimell OKpeCTHOCTH 4YacTHIBL B
pesyJsbTaTe IIOJIe IAJAIOIIel CBETOBOH BOJHBI HAa Pe30HAHCHOM YacTOTe IIJIa3MOHA BOJIM3U
YaCTUIIBI OKa3bIBaeTCA YCUJIEHO, pudeM KO3(PPHUIINeHT yCHIeHHS MOXeT COCTaBJIATH /Ba-TPU
mopaznka. McmonesoBanue oSddekxra ycuIeHHS TONIA  pacCMaTpuUBaeTca KaK — BechbMa
IIEPCIIEKTUBHBIN MeTOoZ, Mg YyBenudeHUs 5(PQPeKTUBHOCTH PabOTBI MHOTHX IIPHOOPOB
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A ... method of formation of metallic nanoparticles on surfaces of A3B’semiconductors.

3JIEKTPOHUKH U ONTO3JIEKTPOHUKH, TAKUX, KaK IIpeoOpa3oBaTesd COTHEYHON DHEPIUH, Fa30BbIe
CEeHCOPHI, CBETOM3IyYalollWe IOJyIPOBOJHUKOBBIE CTPYKTyphI, IUIA3MOHHBIE JIa3epHl,
HAHOBOJHOBOABI U T.A. [1,2]. Ilostomy B Hacrosuiee BpeMsA HMHTEHCHBHO BeLyTCA IIOMCKH
METOAUK, obecnmedyuBaromuXx (HOpPMUPOBaHME aHCAaMOJel MeTaUIMYeCKUX HAHOYACTHII
KOHTPOJIMPYEMOIO pasMepa Ha IIOAJIOKKAX pa3IMYHOM IpUpoAbl. B 3TOM HampaBleHUH
BBIIIOJIHEHA Hara pabora.

[ns dbopMupoBaHUS MeTaUIMYeCKUX HAHOYACTHIL CYIIECTBYeT HECKOJIBKO CIIOCOOOB,
CpeIy KOTOPHIX HamOOJIblIee PacIpOCTPaHEHNe NUMEIOT TePMHYEeCKOe BAKyYMHOe HaIlbIEHHE C
IIOC/IEeYIOUM OTXXHUTOM U JIa3epHOe [UCIeprupoBaHue (masepHas a6manus) [3]. Msr
pa3paboTasy aJIbTEPHATHUBHBIM 3JIEKTPOXMMHUYECKHH MeTOZ, B KOTOPOM MeTa//IMYecKue
HAaHOYACTUIBl (OPMHUPYIOTCA Ha IIOBEPXHOCTH IIOJTYIPOBOAHUKOBOM (A3B°) mommoxku wus3
aTOMOB MeTa/I/Ia TpeTheil TPYIIbI, BXOAALIETO B COCTaB CaMOrO IIOJYIPOBOJHMKA. JDTUM
METOZIOM, B YaCTHOCTH, MOXHO (pOPMHPOBATh HAHOYACTHUIBI MHAVSA HA IIOBEPXHOCTU WHAWM —
comepxamux monynpoBoizHukoB A3B> — InP u InAs [4]. ®opmupoBanue Hanovactui In Ha
noBepxHocTH (001) mpomcxomuT B pesysbraTe IIOC/IENOBATETBPHOCTY XUMHUYECKHX PEAKIUH B
9JIEKTPOXUMUYECKOil sdueiike co crmabokuciasiM (pH ~ 5) BomusiM pactBopom NHiCl. Korza
OTpUIIATeJIbHOE CMellleHHWe IPUKJIAAbIBaeTCa K Kpucrawry InP, momemeHHOMYy B pacTBOp M
ABJAIOIMIEMYCS KAaTOAOM, HAXOJAIIMeCsi B SJIEKTPOJIMTe THApATHpOBaHHBIe INporoHbl H3O*
BOCCTaHABIMBAIOTCA HAa IIOBEPXHOCTHM KPUCTA/IA [0 AaKTUBHOTO aTOMapHOro Bogopoza H*
corsacHo peakuuu (1):

HsO + e= H20 + H". (1)

OcHOBHasA YacTh BOCCTAHOBJIEHHBIX aTOMOB OBICTPO PeKOMOMHUpYeT ¢ 0Opa3oBaHHEM
aTOMHOTO BOJOpOJia, KOTOPHIH BBIFENAETCA M3 pacTBOpa. B To e BpeMsa HeOoOJbIIasg YacTh
aTOMOB BO30YXXZEHHOTO BOZOpOJa pearupyeT ¢ KpucraioM InP Ha unTepdeiice xpucramr /
9JIEKTPOJIUT, COTJIACHO peakiu (2):

InP + 3H* = In + PHsT. 2)

Kak BugHO, B pesyinsrare peakuuu (2) Ha nmoBepxHocTd InP BoccTaHAaBIMBAIOTCS aTOMBI
WHAWUA, aAcopOupylomuecs IOBEPXHOCTBIO KpPHUCTA/UIA. OTH afAaTOMBl MUTPHUPYIOT IO
IIOBEPXHOCTH Y (OPMUPYIOT HAHOYACTUIBI — HAHOKJIACTephl. Pa3mepsl dopMupyomuxcs
HAHOKJIACTEPOB 3aBUCAT OT BEJWYMHBI IUIOTHOCTH TOKA, IIPOTEKAIONET0 B ILENU, U
InuTenbHOCTH 0OpaboTku. /lpyroit mpozykt peakumuu (2) — rasoobpasusiii ¢ochun PHs,
HCIIapseTcs U3 pacTBopa. B HammMx sKclleprMeHTaX HaHOKJIACTEPHI HHAUA (GOPMUPOBAINUCH IIPU
(bUKCUPOBAaHHOM IUIOTHOCTH TOKa, KoTropas cocraBmsa 20 MA / cm?  [nrurenbsHOCTH
3JIEKTPOXUMUYECKON 00paboTKM MeHAnach B mpefenax 12 — 18 mmu. B stmx ycinoBuax Ha
noBepxHOCTH InP o6Gpa3oBeIBamuck HaHOKIACTepsl In, cpenHue pasMepsl KOTOPBIX JIEXKAIU B
npezgenax 30-60 nm.

Coopmuposanusie Ha noBepxHocTy (001)InAs wHAMEBBIE HAHOKJIACTEPHI M3yYaINCh C
IIOMOIIBIO CKaHMpYyIomel anexkTpoHHON Mukpockonuu (COM). Ha Pucynke 1 mokasano COM
n300pakeHre HAHOKJIACTEPOB, IIONYYEHHBIX B pe3yJbTaTe DJIeKTPOXHMMHYECKOH 0OpaboTKH B
tTeyeHue 14 muH. Ha pucyHKe SCHO BUIHBI HAaHOKJIACTEPHI, PacIIpesieIeHHbIE II0 IOBEPXHOCTH
IIO/IJIOKKY CITy4aiHBIM oOpasoM. HekoTopsle 13 HaHOKJIACTEPOB MMEIOT PA3IUIUMYIO OTPAHKY.
Pasmep HaHOKJIAacTepOB HEOZHOPOZEH, 4YTO, IO-BUAUMOMY, CBA3aHO C HEOJHOPOJHOCTBIO
IIPOTEKAaHH TOKA Yepe3 MOBEPXHOCTH MoAI0XKU. O popMe HaHOKIACTEPOB In MOXXHO ITOTyYUTh
IomonHUTeNbHYI0 uHpopmanuio u3 COM wm300paxeHHs, IOJYYEeHHOTO IIPU HAKJIOHHOM
Ia/leHUH 3JIeKTPOHHOTO ITyYKa — cM. PucyHok 2.
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— 100nm JEOL 04/07/10
15.0kV SEI GB LOW WD 10.1mm

Pucynox 1. COM n3obpakeHre HaHOKJIACTEPOB
MHIYS, CGOPMUPOBAHHBIXHA IOBEPXHOCTH

(001) xpucrana InAs (Buz cBepxy).

— 100nm JEOL 04/23/10
5.0kV SEI SEM WD 10.0mm

Pucynok 2. COM usobpakeHre HAHOKJIACTEPOB
uHuA,chopMupoBaHHsx Ha noBepxHoctu (001)
kpucrauia InAs. 3o6pakeHue noxyueHo npu
HAKJIOHHOM IIaJIeHUH 3JIeKTPOHHOTO ITy4Ka.
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A ... method of formation of metallic nanoparticles on surfaces of A3B’semiconductors.

Kax BuzHO u3 PucyHka 2, HeKOTOpble HAHOKJIACTEPHl MHAUA MMEIOT KPUCTALIHIEeCKYIO
OrpaHKy. fIMKM IOz HaHOKJIAcTepaMHM WHAWSA OOpasyIOTCS BCJIEACTBUE YyAAJNeHUS aTOMOB
dochopa u uHAMA, U3 KOTOPOTO B JanbHeinieM (GpopMUPYIOTCS HaHOKJIAcTepsl. PaspaboranHHas
5JIEKTPOXUMUYECKas METOJUKA MOXKET OBITh MCIOIB30BaHA I (GOPMHUPOBAaHUA HAHOKJIACTEPOB
MHUA 1A QyHAAMeHTaIbHBIX UCCIeTOBAHUH U MTPAKTUYeCKUX TPHUMEeHEeHMI.
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Abstract

Graphene is one of the forms of carbon. Like diamonds and graphite, the forms (or
‘allotropes') of carbon have different crystal structures, and this gives them different properties.
Graphene is the basic 2D (two dimensional) form of a number of 3D allotropes, such as graphite,
charcoal, fullerene and carbon nanotubes. Potential graphene applications include lightweight,
thin, flexible, yet durable display screens, electric / photonics circuits, solar cells, and various
medical, chemical and industrial processes enhanced or enabled by the use of new graphene
materials.The detection of biologically active molecules is of critical importance from a
biomedical, environmental, and security point of view. Such detection can be carried out by
biosensor or by bioanalytical protocols. A chemical sensor is a device that quantitatively or
semiquantitatively converts information about the presence of a chemical species to an
analytically useful signal. Sensors consist of two elements: a receptor and a transducer. A
receptor can be any organic or inorganic material with (preferably) a specific interaction with
one analyte or group of analytes. In the case of biosensors, the recognition element is a
biomolecule. The second key element of the sensing platform is the transducer, which converts
chemical information into a measurable signal. In this article we represent our practical work
conducted in West Pomeranian University of Technology, Szczecin, Poland on graphene-based
biosensor for medical diagnosis (glucose detection)with Dmytro Kotov from National Technical
University of Ukraine “Kyiv Polytechnic Institute”.

1. Introduction

In the paper we represent our practical work conducted in West Pomeranian University
of Technology, Szczecin, Poland on graphene-based biosensor for medical diagnosis (glucose
detection)with Dmytro Kotov from National Technical University of Ukraine “Kyiv
Polytechnic Institute” [1].

Graphene (GN), a single layer two-dimensional structure nanomaterial, exhibits
exceptional physical, electrical and chemical properties that lead to many applications from
electronics to biomedicine. The unique parameters of GN, notably its considerable electron
mobility, thermal conductivity, high surface area and electrical conductivity, are bringing
heightened attention into biomedical applications [2].
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The graphene-biosensor consists of a receptor layer, which consists of a biomolecule (e.g.,
DNA or protein), and a transducer, which is a graphene-based material. Field-effect transistors
(FET) have received a great deal of interest in the area of biosensing as they can provide full
electronic detection that is fully integrated into the electronic chips produced by semiconductor
companies. Therefore, it is not only academia that is fascinated by these devices, but there is a
high interest (and investment) rate from industry as well. FET-based biosensors rely on
biorecognition events between molecules at the gate of the FET. Upon biorecognition between
the probe and target biomolecules, the electric charge distribution changes the charge carrier
density at the biorecognition layer and thus, the conductivity of the channel between the
source and drain. Graphene is an ideal material for the construction of FET biosensors because
it is a zero-band gap semiconductor, and the band gap can be tuned by surface modification [3].

2. Experiment

In West Pomeranian University of Technology, Electrical Faculty, we work on
electrodes included dispersing on nanomaterial (rGO+Pd/Pt) and glucose-sensitive enzyme,
putting it on the electrode and drying. Dispersed material was either pipetted by hand or
sprayed multiple times with aerograph. For dispersion in glycol, drying of electrodes was
necessary. Electrodes were dried either at 150 °C for 5 min, or at normal temperature in vacuum
for2-4h [4].

Sensor.’The sensor is formed on a corundum ceramic base. Onto this surface two
interdigitated structures of electrodes are applied. The electrodes are made of Platinum-Gold
alloy in standard product CC1.WS. There is a contact at the end of the sensor connected with
the active part by the silver conducting path covered by a dielectric protection layer. A bio-
chemically active substance is put on the working electrode of the sensor — see Figure 1 [5].
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Structure of sensor [5].
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Physical parameters Dimensions [5]:
Weight: 04g

Length: 25.40 mm
Width: 7.26 mm
Thickness: 0.63 mm

Structure of the Circuit : In Figure 2 the diagram of our circuitis presented. Here we
have a 20 MQ load, while the resistance of sensor changes with time. We measure voltage drop
between the source and drain and 20 MQ resistor [1].

R

Figure 2. Diagram of circuit [1].

Measuring devices:
Multimeters: Digital bench-type true RMS multimeter model UT803 (Figure 3).

Figure 3. Multimetermodel UT803 [6, 7].

Power supply: Model DF1723003DC (Figure 4).

2] MOOEL
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|
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BP9 999 9%

+

Figure 4. Power supply model DF1723003DC [6, 7].

Test method : For measurements being carried out we dropped different concentration
of glucose ion PBS on each electrode and then measured V: and Via. We use two methods for
measuring: first applying constant Vai(power supply) and then drop different concentration of
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glucose ion PBS and write Vi and Via. This is one type of measuring, while the second type
consists in applying different Vasand then write Vi and Viafor plotting the data because it is
known that Vi= k4 Rand R=20MQ. So we can calculate £-aby this equation and then draw V&
or Vid to the £da. We got some problem in this measurement, namely the bad connection
between the sensor and the base connector, as to it was not fitted for this type of sensor. We just
used our last measurement because it is more reliable than others [1].

3.Results

Here is presented our last measurement, when we tried to control the connection
(Figures 5 — 7). It should be noted here that each sensor has different structure properties. And
the interest is arising to that we try to measure the resistivity of our sensor and it is not stable
going up and down maybe because of interactions in molecular scalesin the sensors. Another
problem we need to care of is that the enzyme decomposes at high temperatures [1].

5,00E-07
4,50E-07
4,00E-07
3,50E-07
3,00E-07
2,50E-07
2,00E-07
1,50E-07 pbsO
1,00E-07 —@—pbsl2
5,00E-08

0,00E+00

Is-d

—@— pbs8

Vs-d
Figure 5. Results of voltammetry for £« and Via [1].

5.00E-07
4.50E-07
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3.50E-07
3.00E-07
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1.50E-07

1.00E-07 /
5.00E-08 .
0.00E+00
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phs12

Vs, volts

Figure 6. Results of voltammetry [1].
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5,00E-07
4,50E-07
4,00E-07
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3,00E-07

2,50E-07 ®—pbs8

—o—dry

Current, A

2,00E-07

1,50E-07 o pbs0

1,00E-07 —pbs12

5,00E-08
0,00E+00

Vs, volts

Figure 7. Results of voltammetry with including dry test in
tan a= I/ V=1/R. So for more o« we have more tan aand
more 1/R and thus we have less R and better conductivity[1].

4. Discussion and conclusion

Here are presented some notes concerningto our Lab works and some difficulties we

faced during measurements [1]:

1.

First problem: after adding different PBS we need to wash the sensor in order to add
then another PBS drop. Thus,this washing causesremovalof some ink from our sensor
that leads to changes in the structure and conductivity of our sensor and mades
problemsfor measurements.Here one of our measurementsis presented showing this issue.
It can be seen that the trend line of PBS 8 is more than PBS 0 and PBS 0 itself ismore
than PBS 12. It seems to be an illogical but it can be understood, when we notice that we
start with PBS 8 and then 0 and only then comes 12. So, after each measurement due to
washing the sensor loses some ink and this causesthe changes in the conductivity.
Another problem is related to the connection,because we pull the sensor for washing
and then push it back at each measurement,so we have different connection due to
hands error.

One more problem consists in instability of the measured voltage. It is going up and
down, for example: for V:for PBS 12 and Vaa=6V firstly we see 5.78 and then it starts to
decreasedepending on time up to 5.72, while V5 starts increasing from 0.28 to 0.31.When
we were measuring the resistance of the sensor, we saw that the resistance of the sensor
is not stable — it is goes up and then goes down. Thus, due to it we get different numbers.
And the last problem is in the uniquenessof the structure of each sensor for different
graphene ink and, thus, we can’t generalize our measurements for all sensors.

Suggested solution [1]: In order to overcome these difficulties were peresent some

suggestions for future measurements:

1.

As to the resistance of our sensor changes depending on time our traditional way of
measuring the voltage is not accountable. We need some devices that can be connected
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o

to the computer and the specific software that can collect data depending on time. For
example: for Rs=r1 we have Vi= Vu and for Rs=r2 we have V: = Va. So we have the
function like V:i=f{Rs(¢)) and for Vstoo.

Washing of the sensor makes problem for the graphen ink, so we need to find some way
to eliminate this washing as well as the stable and fit base connector for our sensors.

As to each sensor has different ink and structure we need to use the statistical approach
to interpretation of our results.
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Abstract

The results of examinations of the relaxation processes in a crystalline lattice at thermal
and ultrasonic processing on the temperature spectrum of internal friction and elastic module
(directional surface of inelastic—elastic body) of SiO:, alloys are presented. The determination
method of the distributing function of microcracks orientation is developed from data of the
azimuthal measuring of velocities of elastic waves. The software “KERN-DP” is developed for
the automated system of analysis of anisotropy parameters. The automated system of the
anisotropy ultrasound measuring data treatment of velocities is built on windows principle. The
structure of database is developed on language of mySQLinformation. Special procedures of
management of physical properties data are developed.

1. Introduction

The anharmonic effects are studied on measuring of elastic characteristics descriptions of
crystals, because elastic constants Ci are determined through the second derived quantity from
the energy of co-operation between the atoms of crystalline grate at the deformation. As the
variation of these effects is small, it is necessary to choose the high-fidelity measuring methods,
which will allow the reveal of these changes [1 — 5]. Annealing of structure defects SiO:bends
out of shape the type of internal friction (IF) Q'(7) temperature spectrum. At annealing
admixtures, vacancies go out. IF maximums Q'm, appearing in point defects, it is possible to
look after the subject to the condition heating of specimen with speed V = AT /At > 0.1 K/s.
Influence of deformationéon a phonon spectrum is described by means of Gruneisen’s constant
y. The changing of Gruneisen’s constant y shows up in the anharmonicity phenomena. The
research of anisotropy of V velocities of elastic waves presents the considerable interest
together with the development of three-component 3D azimuth methods.

2. Experiment

For determination of mechanical characteristics: static elastic module £, elastic limit oz,
effective fluidity limit o#, strength limit at compression ox, strength limit at compression o« by
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means of the construction of diagram of strain—deformation ¢ = € (F /S — Al /1) atto

the brief monaxonic circulating compression — extension the modernized setting of ALA-TOO
(IMASH-20-75) was utilized. The static elastic module £, elastic limit oz, effective fluidity limit
on, strength limit at compression o after the value of tg a — the linear slope angle of loading —
unloading curves were defined. Two curves of loading — unloading cycle were written down at
the construction of diagram of strain — deformation o — & The front panel of control of setting
of ALA-TOO device (IMASH-20-75) is represented in Figure 1.

Figure 1.Front panel of control of setting of ALA-TOO device (IMASH-
20-75). 1 — the vacuum-gauge, 2 — organs of management and control
of the power of mercury-quartz lamp DRSH-250 of microscope module,
3 — the thermopair switch, 4 — the clock, 5 — the annunciator panel, 6 — the
microscope, 7 — the nest for connecting of electrode welding thermopair,
8 — the reflection device, 9 — the moving handle of protective glass.

For measuring the elastic module E(T) and internal friction (IF) Q' (7) the methods of
complete piezoelectric oscillator on frequency f = 117 kHz and resonance vibrations on
frequency £~ 2 kHz during alternative deformation €= 10 in vacuum P = 103 Pa were used.
The measuring error of internal friction (IF) measuring was AQ ™' /Q~' = 10 % and the elastic
module relative changing was AE/E = 0.1% [6 — 8]. Modernizing ultrasound (US) device
USMV-KSU measuring by the echo-impulse method on frequency A =~ 1.67 MGz and
vh = 5 MGz is represented in Figure 2. The measured velocity error is equal AV /V =
0.5-1.5 %.

Figure 2. Modernizing ultrasound device USMV-KSU measuring by
the echo-impulse method on frequency A = 1.67 MGz and £ = 5 MGz.
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The US computer device KERN-4 measuring velocities consists of measuring block and
computer with operation system “Windows XP” both are represented in Figure 3. The program
KERN—4 ensures the management of measured block basic subsystems, the reflection of
receiving signal in digital oscilloscope regime being remembered, and the calculation of
ultrasound velocity and indication of its size on indicators. The measuring block consists of
generator, force magnifier, management—-1 module, management—2 module, receiver, power
module. The management block consists of the generator created pair impulses selection
scheme, followed with clock rate, the standard and measuring impulses forming scheme and
synchronization scheme of deflection. The frequency range ' = 0.3 -2 MGz [7, 8].

Figure 3. The window illustration of data treatment of elastic waves velocities
measuring by the echo-impulse method on frequency £ = 1.11 MGz,
£i = 0.43 MGz and appearance of ultrasound computer device KERN—4.

3. Experimental results and discussion

The account of dispersion of elastic mechanical vibrations energy of SiO2+Si plate on the
structure defects results in expression for frequency of free vibrations of disk [1]

2 —1 2
1) Db ZzZLQ—J , (1)

Nkt T
where cylindrical inflexibility of the plate
ER’
D=———,
12(1- )

determined through the elastic module £, plate thickness h and Poisson’s coefficient x4, fis a
dimensionless coefficient, the value of which depends on the number of key circumferences, p
is the specific density of plate, R is the disk radius, Q'is the IF, and 7is the disk vibrations
period. The Poisson’s coefficient uis equal to ratio of relative transversal compression to relative
longitudinal lengthening and equal [2]:

g 1 1
== 1—|—— . 2
# & 2( 1_V||2/V¢2] ( )

Debye’s temperature ¢b was determined by the formula [2]:
1/3 1/3
h (9N, 1 2
b= 22| |+ (3)
ky\ 47A Vi Vg
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where ksis the Boltzmann’s constant, /4 is the Plank’s constant, Nais the Avogadro’s number, A
is the mean molecular mass, p is the density, V; is the longitudinal US velocity, V_ and is the
transversal US velocity. The atomic force microscopy (AFM) microstructure of Si pores on Si

(100), the microstructure of SiO2 + TiO2 + ZrO2 + Auoos film with thickness A2 = 200 nm on Si
(100) are represented in Figures 4 and 5.

Figure 4. AFM microstructure of Si pores on
Si (100) (15 x 15 x 103 nm; 1 x 1 x 10° nm).

Figure 5. Microstructure of SiOz + TiO2 + ZrOz + Auo.s
film with thickness A= 200 nm on Si (100).

The oscilloscopegramma of impulses with longitudinally polarization Vj in piezoceramic
CTS-19 (PbTiOs-PbZrOs3) — titanium-zirconium-lead is represented in Figure 6.

A, s
150
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-50
-100
-150

0 tx10, nsec

Figure 6.0Oscilloscopegramma of impulses with
longitudinal polarization V| in piezoceramic CTS-19.

The quasilongitudinal US velocity was determined from the oscilloscopegramma in
Figure 6 V||=4127 m /s, elastic module
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Il 1

The oscilloscopegramma of impulses with transversal “rapid” Vi1 polarization, which are
reflected in piezoelectric CTS-19, is represented in Figure 7.
A, sa.
80
60

220 500 1000 00 3000 3500 4000 tx10, nsec

Figure 7.0scilloscopegramma of impulses with transversal “rapid”
Vi1 polarization, which are reflected in piezoelectric CTS-19.

The oscilloscopegramma of impulses with “slowly” transversal polarization Vizin
piezoceramic CTS-19 is represented in Figure 8.
A, sa.
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Figure 8.0scilloscopegramma of impulses with “slowly”
transversal polarization V12 in piezoceramic CTS-19.

4, Discussion

The quasitransversal “rapid” US velocity was determined from the oscilloscopegramma
in Figure 7 Vi1 = 1745 m / s, the “slowly” quasitransversal velocity was determined from the
oscilloscopegramma in Figure 8 Vi» = 1623 m / s, shear module G = pV_> = 22.69 GPa, after
this the Poisson’s coefficient iz = 0.3911, Debye’s temperature b = 111.9 K of piezoceramic
CTS-19 were determined.

These parameters for different materials are shown in Tables 1 and 2.
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Table 1. The Poisson’s coefficient i of materials.

Material Vi,m/s|Vi,m /s| u
Ti (VT1-0) 6210 | 3201 |0.3191
Al 6260 | 3080 |0.3403
D16 6471 3064 |0.3555
Fe 6070 | 3230 |0.3025
Fess 5899 3275 10.2772
Cu 4730 | 2298 |0.3455
Pb 2160 700 ]0.4413
Cuo7Znos3 4430 | 2120 |0.3515
SiO: 5600 3500 |0.1795
SiOxp100] 5122 2740 10.2996
PiezoceramicCTS-19| 4127 | 1745 |0.3911
Teflon—4 1365 | 617 |0.3716
Teflon-3M 1815 893 |0.3403

Table 2. Debye’s temperature ¢b of materials.

Material Vi> m/s| Vi, m/s|p, kg /m3| A, kg /mol |6, K
Ti(VT1-0) 6210 | 3201 | 4420 0.0479 |407.2
Al 6260 | 3080 | 2700 |0.02698154|403.6
D16 6290 | 3024 | 2700 |0.02698154(396.8
Fe 6070 | 3230 | 7800 | 0.055847 |470.7
Fess 5899 | 3275 | 7800 | 0.055847 |475.8
Cu 4730 | 2298 | 8930 | 0.063546 |337.5
Pb 2160 700 | 11400 0.2072 |76.2
Cuo7Znos3 4430 | 2120 | 8100 | 0.064102 |300.8
SiO: 5600 | 3500 | 2650 |0.0600843 |462.7
SiOxp100] 5122 | 2740 | 2510 |0.0600843 267.0
Piezoceramic CTS-19| 4127 | 1745 | 7450 | 0.649498 |111.9
Teflon—4 1365 | 617 | 2190 | 0.012011 |99.2
Teflon-3M 1815 | 893 | 2190 | 0.012011 |143,0

Figure 9. Temperature—pressure dependence (directional

surface of elastic body) of elastic module Eo0:1SiO.
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Temperature—pressure dependence (directional surface of elastic body) of elastic module
E001SiOz2 is represented in Figure 9.

Figure 10. Temperature dependence of internal friction Q*(7) and elastic
module £{7) (directional surface of inelastic-elastic body) and 2D, 3D AFM
microstructure of Ti(VT3) alloy after mechanical and thermal treatment.

Temperature dependence of internal friction Q'(7) and elastic module £{7) (directional
of inelastic-elastic body) and 2D, 3DAFM microstructure of Ti(VT3) alloy after mechanical and
thermal treatment is represented in Figure 10.
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Figure 11. Correlated dependence of SiO: defect of internal friction AQY/ Q"
from the open porosity coefficient Kro: 1 — before, 2 — after saturation.
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The quasilongitudinal US velocity Vjuoy = 5270 m/ s was determined from the

oscilloscopegramma; elastic module E, = ,()Vﬁ[om]2 = 75.26 GPa, the US “fast” quasitransversal

velocity was determined Vi1 = 2740m/ se, shear module Gloozpvc,[wo]2 = 18.84 GPa, after this

Poisson’s coefficient i = 0.2996, Debye’s temperature ¢b = 267.0 K of SiO2(100 were determined.
The correlated dependence of SiO: defect of internal friction AQY/ Q! from the open porosity
coefficient Kro are represented in Figure 11.

=, MIIa
0,16
0,15
0,14
0,13
0,12
0,11
0,10
0,08
0,08
0,07
0,06
0,05
0,04

0,03

0,01

0,01

0,00

0 45 exll

Figure 12. Diagram of strain—deformation o— ¢ of
radiation sutured hydrogel + 10 % (C2HO)(1B).

The static elastic module £ =~ 147.3 KPa at compression, £ ~ 105.3 KPa at extension;
elastic limit or = 38 + 5 KPa, effective fluidity limit on ~ 82 + 5 KPa; strength limit at
compression s ~ 145 + 5 KPa for the radiation sewn together hydrogel + 10 % polyvinyl spirit
(C2H40O)x (1B) in Figure 12.

=, MIIa
0,18
017
0,16
0,15
014
0,13
0,12
0,11
0,10
0,00
0,08
0,07
0,06
0,05
0,04
0,03
0,02

0,01

0,00
(1]

55 =l

Figure 13. Diagram of strain—deformation o— ¢ of
radiation sutured hydrogel + 5 % (C2H40)x(4B).

The static elastic module £ =~ 231.7 KPa at compression, £ ~ 272.3 KPa at extension;
elastic limit or = 73 + 5KPa, effective fluidity limit oz =~ 108 + 5 KPa; strength limit at
compression gx=~ 135 + 5 KPa for radiation sutured hydrogel + 5 % polyvinyl spirit (C2H4O)(4B)
in Figure 13.
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Figuré 14. Concentration dependence of static elastic
module £'radiation sutured hydrogel + % (C2H4O)x.
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Figure 17. Concentration dependence of effective fluidity
limit onradiation sutured hydrogel + % (C2H4O)x.
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Concentration dependence of static elastic module £; strength limit at compression 0,
elastic limit oz effective fluidity limit os radiation sutured hydrogel + % (C:H4O). are
represented in Figures 14 — 17in consequence of the formation of the nanoclusters of the
polyvinyl spirit molecules.

5. Conclusions

1. The correlation between elastic module £, pressure P and temperature 7" may be
presented as the surface (“directional surface of elasticity body”) before and after satiation,
which gives additional information about dynamics of structural defects in SiO2, alloys; about
influence of the saturation of solution.

2. The measurement of internal friction background (! after different heat, mechanical,
radiation treatments applies the information about the changing of the thermoelastic strains
fields oiin SiO2, CaO.

3. The growth of heights IF maximums Qu testifies the growth of the concentration of
structural defects, and the broadening of IF maximums AQu™! here represents the relaxation
process of structural defects of new types in SiOz, CaO.

4. The optimum concentration C' =5 % of polyvinyl spirit (C2H4O)» radiation sutured
hydrogel with the maximal absolute values of the static module £ at compression, at extension;
elastic limit oz; effective fluidity limit o strength limit at compression owin consequence of the
formation of the nanoclusters of the polyvinyl spirit molecules.
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Abstract

An electro-optic light modulator, based on planar surface plasmon resonance, is
investigated. We studied a new six layers-based planar coupler structure andcompared it to the
conventional structure. The six layers are: prism, metal, electro-optic modulator, metal,
graphene, and bending layer. The electro-optic modulator isimplemented by using nonlinear
optical polymer material. The optical parameters, namely the thickness, dielectric constant, and
nonlinearity coefficient of modulator, are investigated for an incident light wave with a
632.8nmwavelength. Hence, in order to increase the quality factor and detection accuracy of
the proposed structure, a graphene layer is added on the top of the metal surface.
Opticalproperties and sensitivity of the electro-optic light modulator are investigated
anddiscussed.

1. Introduction

Surface plasmon polariton (SPP) waves are surface electromagnetic excitations at a
metal-dielectric interface [1 — 4]; due to their high sensitivity to minute changes in the
dielectric properties of the constituting materials theyattract increasing attention as future
highly integrated photonic devices. SPP waves propagate along the interface between a metal
and a dielectric (due to the difference of the dispersion relation for SPPs and of the light), it is
only possible to couple light into an SPP wave on a smooth surface byusing a matching device,
such as a grating, or a prism placed at the interface.

Many novel device applications were recentlydeveloped based on surface plasmon
resonance (SPR). The list includes: sensors and biosensors [5 — 10], surface plasmon microscopy
(SPM) [10 — 17] and spatial light modulators (SLMs) [18 — 23]. In these devicesthe optical-active
material was either a LC [21] or an electro-optic polymer [23].

The principle behind the modulator is based onelectrically varying refractive index of
the EO polymer and, hence, controlling theefficiency of coupling the incident TM light beam
onto the surface plasmons. This type of device has been theoretically described first [24] and
later experimentally demonstratedwith different advancements [25 — 27].
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Recently, it has been proven that the EO(electro-optic) thin film light modulator based
on surface plasmon resonance (SPR) possesses superior propertiessuch as large bandwidth and
being suitable forlarge aperture application [28 — 31]. In addition, it also possesses some unusual
characteristics, namely higher efficiency, compact structure, and an inferior construction cost.

Therefore, the EO thin film light modulator isbecoming a promising solution for
thedevelopment of light modulator devices. It hasbeen demonstrated that a surface plasmon
excited by waveguide structures travels over alonger distance than that of a surface plasmon
excited by the traditional attenuated total reflection (ATR) method [32].

In this paper, a coupled plasmon waveguide resonance structure has been analyzed
theoretically with an EO polymer modulator as waveguide material, and by electricallyvarying
the degree of the coupling of theincident light beam to a waveguide-coupled surface plasmon
(WCSPR). With an additional graphene sheet, placed on the top surface of (WCSPR), we
enhance the efficiency of the waveguide EO polymer modulator. The graphene sheet has been
recently used as thebio-molecular recognition element (BRE) in SPR sensors. The device is
shown to havea greater degree of modulation with lessapplied voltage required due to its
muchnarrower spectrum dip in comparison to othertypes of light modulators.

2. Theoretical models

The schematic diagram of the proposedelectro-optic modulator is shown in Figure 1.The
WCSPR structure has two thin metal layersof silver of 30 and 25 nm thickness, respectively,
and a waveguide layer (electro-optic modulator, 1000 nm) placed between them. The entire
structure is depositedon the glass prism with high refractive index (0 = 1.964), with the air
(nn = 1.0) being an external environment. The reflectivity of thestructure for p-polarized light
can be calculatedthrough theoretical analysis of the plane-waveradiation interacting with N

stratified layers.
Incidentlight Reflected light

Silver
E-O modulator
silver

' Transmitted licht

Figure 1. Schematic diagram of the electrooptic
modulator based on a conventional SPR.

In this section we report briefly thecalculations of the complex reflection
andtransmission coefficients R and 7 in terms ofthe matrix elements MU‘(J', =1, 2) of the
totalmatrix Mrer of the entire system for p-polarized light (we use the notation of Abdulhalim et
al.).Figure 1 shows the structure of an SPR sensor based EO modulator layer.

The constants characterizing optical propertiesof each layer are:the dielectric constant
fx = ”zk, where ™k is the refractive index, magnetic permeability #xand thickness dr, All the
layers are stacked along the z-direction.

Mpg: = H‘,f;__.i M, : (1)
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0
where Mr is the well known Ables matrix [25]; Hyx and Esx are amplitudes of the magnetic
and the electric field at the entrance of each layer-; are connected to the corresponding
amplitudes v« (2) and E«r(2) inside the layer-k (%x = Z = Zx+1) through Abeles matrices:

HE H,.(2)
_Eg ]: M; —E).‘:k(z }
xk , (2)
where
cosfly  sinfi,/qx
e,
—qsinfy, cosfy (3)
9 = (€, —-nuzsinza]l-;:, (4)
By = dy (2 /)€, — ngtsin?6) 12 i (5)

Mo is the refractive index of the prism, & is the angleof incidence of light with the normal to
theinterface. The complex reflection and transmission coefficients » and '» for p-polarizedl

light are given by
o= E _ 'fﬂ"f‘.:"'n"f‘.:‘qj\'?-QD‘[*"’::"‘:"I::-Q.\‘::
P H;F: (Mys +M12.gN)-GoF (Mga + M2z aN) , (6)
and
_ HJEX _ 2G¢
Popl (Mt MiaN) ot (MzgMazan) , (7)

ine "er . . - o 0. .
where 5" and #v " are the amplitudes of incident and reflected magnetic fields and Hyx is the
amplitude of transmitted magnetic field and simultaneously the amplitude at the lastinterface.

The reflectivity of V-1 layer modelfor p-polarized light is:
R=|r, |£_ (8)
The field enhancement is given by the ratio of the field intensity at the last interface at
the analytic side, given by oy divided by H™ the incoming field intensity in the prism
medium, for p-polarization light [30]:

| H;:~:| :
=03
i

= |t
e I -
The angle corresponding to minimumreflectivity (&min), called resonance angle(&ks), is
determined from the plot ofreflectivity as a function of incident angle €. The resonance angle
changes with the changein the refractive index of the sensing medium.The larger is the change
the better is the performance of the SPR sensor. The angular sensitivity isdefined as the change
in resonance angle A corresponding with the change inrefractive index An:

5= (1) (10)

3. Results and discussion

In the present study, simulations have beencarried out by using the parameters from Ref.
[40] for the wavelength A = 653.2 nm of the light source: a prism material with refractive index
no= 1.964, a thin silver film withrefractive index and thickness of nas = 0.2231+ 3.2939 7, and
d =30 nm.

Figure 2 shows the reflectivity curves obtainedby numerical simulations for a
conventional SPR for 15, 30, and 40nm silver metalfilms. Each curve showed a well-defined
sharpcorner at the critical angle (& = 30.66 °) describing the total internal reflectivity (TIR).
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Figure 2.SPR reflectivity curve of different
silver thicknesses as incidence angle variation.

The value of @i for each curve is defined bythe corresponding values of the prism index
and analyte index. Beyond this angle totalreflectance was expected. At some criticalangle called
the resonance angle, thereflectance falls to zero at an angle of Gp-= 32.92 °, with a registered
silver film with the thicknessof d= 30 nm.
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Figure 3.Resonance angular positions forfour-
layered system: pr / Ag / EO waveguide layer /
air, for different EO modulator film thicknesses.

Once the conventional SPR structure is optimized, simulation is carried with an
additional EO modulator layer as waveguide film. The inclusion of the additional waveguide
layer induces the waveguideresonance mode. Figure 3 depicts the simulated resonance curves
for the EO waveguide layer (z = 1.6) in a SPR structure with different film thicknesses of
500nm and 1000 nm. It is evident from these two curvesthat, when we increase the thickness of
the EO waveguide layer, the number of resonance dipsalso increases and presents
repetitivecharacteristics; the structure with an EO waveguide thickness of 1000 nm provides
the highest coupling efficiency.
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Figure 4. Reflectivity curves for five-layered system: pr / Ag / EO
waveguide layer / Ag / air, for different thicknesses of silver
electrode, with1000 nm-thick EO modulator layer.

Next, we study the effects of a change in thethickness of the silver film electrode. Figure
4shows the results of different silver thicknesses from 5 to 35 nm for the case of a 1000 nm
thick EO modulator layer. The results showthat the silver thickness of 25 nm provides
thehighest coupling efficiency.
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Figure 5. Reflectivity curves for five-layered system:

pr/ Ag/ EO waveguide layer / Ag / air, for silver
electrode d =25 nm and 1000 nm- thick EO modulator layer.

Figure 5 shows the results for an EO modulation film with 1000nm thickness and thin
25 nm silver layer. This reflectivity dip is observed as SPR, WCR, and WCSPR modes. Besides
the usual SPR dip located at an incident angle of 66.47 °, a dip with a much steeper slope is
evident at an angle of 31.78°.This dip is associated with the WCSP Resonance mode. The four
remaining dips are all WCR mode resonances located at an incident angle of 18.90, 37.18, 46.11,
and 52.38 °; while their positions coincide with the position matched with the waveguide mode.

Based on the results explained in the previoussection (Figure 3), we can conclude from
Figure 5 that the reflectivity dip in the WCSPR mode is much narrower than the disassociated
with the traditional SPR or WCR spectrums. Consequently, the optimal working angle of the
modulator is specified to be closeto the resonance angle of the WCSPR mode, rather than to the
angle of either the SPR or WCR modes.
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Figure 6. Reflectivity curves for five-layered system: pr / Ag / EO modulator
/ Ag/ air, for a different EO modulator refractive index. The thickness
of EO modulator layer and thesilver film are fixed to 1000 and 25 nm.

In our work, the working point of the EO light modulator is then specified as an incident
angle of WCSPR mode at 31.66°. Figure 6 displaysthe reflected light from the EO waveguide
coupled SPR structure, with an EO modulator refractive indexes variation from 1.6 to 1.7.
Changing the refractive index of the EO film, the wave vector of SPW will change and the
resonance condition is then satisfied in a newresonance angle; and, the light being reflected off
the silver film can be electrically modulated in intensity.
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Figure 7. Reflectivity curves for six-layered system: pr/ Ag/ EO
modulator / Ag / graphene / air, for a different EO modulator
refractive index, for one (a) and ten (a) graphene layers.

In order to enhance the modulation efficiency of EO light modulators, the present study
proposes an additional thin film graphene layer on the topsurface of silver cathode. Figure 5
representsthe reflectivity curves for the six-layered system: pr / Ag / EO waveguide layer / Ag /
air, for a different EO modulator refractive index, and for the system: pr / Ag / EO wave guide
layer / Ag/ graphene / air, different graphene sheets. A clear shift in the resonance angles
isobserved for both structures given in Figure 7.The maximum shift was found for the high EO
modulator refractive index.

With different graphene layers on the of the
numericalsimulations have been made and compared to the SPR modulator system without

topsurface silver layer,

graphene sheet.
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Figure 8. Reflectivity curves vs.
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In Figure 8, there is shown the minimum reflectivity on the ATR spectrum changes with
the variationof the refractive index of the EO thin film, for four structures of EO modulator
based SPR. The reflectivity is almost linearlyproportional to the refractive index of EO
modulator and, thus, to the applied voltage across EO thin film. Then, the light reflectivity can
be modulated by changing the EO refraction index change around linear portion of thecurve.
An important enhancement on thereflectivity intensity is observed for the structure of SPR
based modulator for (10L) and (20L) graphene sheets.
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Figure 9. Variation of the angular sensitivity as a
Function of refractive index of EO modulator film.

The angular sensitivity (S¢) given by the Eq. (10) is evaluated from the slopes of the
straightlines for the structure: SPR / modulator / Ag / (1L) graphene / air, SPR / modulator / Ag /
(10L) graphene / air, and for SPR / modulator / Ag / (20L) graphene / air. The results given by
Figure 9 show a clear dependence of variation the sensitivity on the refractive index of the EO
modulation. The curve indicated that the angularsensitivity is elevated for the structure with
(1L) graphene sheet.
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4. Conclusions

In conclusion, a new structure of a conventional SPR coupled EO modulator with an
additional graphene layers on the top surface of EO modulator has been
numericallydemonstrated using the transfer matricessimulation.

In this new configuration, the graphene sheets deposited on the top surface of EO
enhance the reflectivity intensity, when increasing therefractive index (so, the external voltage
applied) of EO modulator also improve thesensitivity to changes in the index change of
anexternal medium.
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Abstract

A novel ampere-metric biosensor based on corrugated polypyrrole (PPy) deposited on a
Pt modified ITO (indium tin oxide) conducting glass substrate and their performances are
described. We have presented a method of developing a highly sensitive and low-cost nano-
biosensor for blood glucose measurements. The fabrication method proposed significantly
decreases the cost of production as the amount of noble metals used is minimized. A nano-
corrugated PPy substrate was developed through pulsed electrochemical deposition. The
sensitivity achieved was 325 mA / Mcm? and the linear range of the developed sensor was 50 —
60 mmol / 1. Then the application of the electrophoresis helps the glucose oxidase (GOx) on the
PPy substrate. The main reason behind this high enzyme loading is the high electric field
applied across the sensor surface (working electrode) and the counter electrode pushing the
nano-scale enzyme particles floating in the phosphate buffer solution towards the substrate.
The novel technique used has provided an extremely high sensitivities and very high linear
ranges for enzyme (GOx) and therefore can be concluded that this is a very good technique to
load enzyme onto the conducting polymer substrates.

1. Introduction

The commencement of 2Ist century have witnessed the advanced visual
communication-orientedsociety, which is beginning more and more complicated leading to the
emergence so-called “ubiquitous” network. In order to meet the demands of such a visual
communication-oriented society, it is essential torealize the functional diversity and the
functional integration based on the hyperfine processing. However,the techno-scientific
innovation in the semiconductor electronics seems to exhibit a downfall owing to thereachable
physical limits.

Organic materials are quite fascinating due to availability of many metastable states,
which isconsidered to play a pivotal role for the next-generation electronics [1]. Especially,
“Organic Iontronics” dealing with the devices and applications using functions of
ions,etc.attracts the most attention [2]. The word “lontronics” is still unfamiliar word and has
beencreated by the fusion of two words “Ion” and “Electronics”. Though it may be said that
“lontronics” is the discipline, which deals with phenomena and device applications based on the
behavior of the electron and the ion, most people may feel like there is something a little off
with in comparison with words infiltrating tothe general public widely so-called “Electronics”.
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However, the most familiar area biotechnology, whichis based on amicable use of unique
biological functions towards betterment of human life and environmental conservation, cannot
deny the important role played by the ions. “lontronics” does notmean to simply mimic
electronics but it is intended to create possible novel and precise features assistedby ions. In
order to realize the molecular devices such as functional element of the next-
generationelectronics, a thought of “Iontronics” will be indispensable.

In this paper, the problems that should solve the characteristic improvement such as
theperformance of the biosensor, which is one of the bio-related “lontronics” devices, are
introducedconcretely. The biosensor is the measurement device, which can be used or imitated
by the high materialrecognition function to have of the bio-material. Since Clark & Lyons
proposed the glucose biosensorfor the first time in 1962, by putting together with various signal
conversion devices and bio-elements,those have been developed and their applications are
expected in many fields such as medical care, food,and environment [3].

Figure 1 shows a basic principle of biosensor and their application fields [4]. The
biosensor is constructed in the substrate recognition region called the receptor, which
recognizesa substrate (measurement target material), and in the signal conversion region called
the transducer, whichcauses a chemical change at that place and finally converts the change
into an electrical signal. In thesubstrate recognition department, an enzyme, an antibody, a cell,
a microbe and others are used and in thesignal conversion region, an electrode detecting
substances change, thermistor detecting a heat change, piezoelectric elements detecting a
weight change, and others are employed. The current biosensor ismainly constructed with the
enzyme electrode consisting of an enzyme as the substrate recognition region,and the electrode
as the signal conversion region.

= Secuarity,
= Bioterrorism

= Health,
* Medical care

Immabiliration layer
_Immabilization matriv.~ Immaobikiza tion methad

Substances to be detected
Figure 1.Basic principle of biosensorand their application fields.

The most popular enzyme used in the glucose biosensors is glucose oxidase (GOx).
Variousimmobilization approaches such as physical adsorption, covalent binding, crosslinking,
and coentrapment,have been developed for immobilizing GOx[5, 6]. As one ofeffective methods
of fabricating glucose biosensors, a combined procedure of physical adsorption and
coentrapment of GOx in conductive polymer matrics may become important [7, 8].

To date, various conductive polymers have been synthesized, but polypyrrole (PPy), the
molecularstructure of which is shown in Figure 2, is the most stable after doping and is one of
the most attractivematerials, together with polyaniline (PAn), because of their good
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environmental stability and relativelyhigh electrical conductivity. Then, to develop nerve
stimulation electrodes of the inside of the body burialtype, PPy of biocompatibility was mainly
evaluated in the present study [9].

Uj_\'l}
{?k {00 yO-~O), .(M}

Pulypyrrule, PPy Polyaniline (emeraldine base), PAn Poly(3,4-ethylenedioxythiophene), PEDOT

Figure 2. Molecular structures of polypyrrole (PPy), polyaniline
(PAn), andpoly(3, 4-ethylenedioxythiophene) (PEDOT).

The sensitivity of a biosensor mainly depends on the amount of enzyme loaded onto the
reactingsurface and the ability to collect the electrons released by the reaction.
Therefore,increased effectivereacting area is one way to obtain a higher sensitivity. Different
research groups apply many differenttechniques to increase the effective surface area including
the use of materials like carbon nanotubes andprocesses like nano-templating[7, 10 — 14]. In this
research, we have investigated developing a nano-scale corrugatedconductive polymer surface
suitable for immobilizing glucose oxidase (GOx) for the development of alow-cost nano-
biosensor. That is, traditional biosensors use noble metals for their electrodes andthey
contribute to a significant portion of their production cost. In contrast, conductive polymer
basedbiosensors use minimum amount of noble metals and, thus, reduce the cost of production.
Further, thefabrication process involved with this novel nano-biosensor is comparatively simple
and low-cost.

2.Electrolytic polymerization technique
2.1. Electrolytic polymerization condition

In general, electrolytic polymerization technique is performed with the electrolytic
polymerization equipment shown in Figure 3 [15]. If the aromatization compound monomer
that is to be polymerized is dissolved into a solvent containing a suitable supporting electrolyte
and an appropriate voltage is applied to the electrode pair immersed into this solution, the
monomer is oxidized or reduced on the surface of the anode or cathode, respectively, and it
polymerizes in the form of a powder or a film and at times may show arborization. The case in
which the monomer is oxidized and polymerized on the anode surface is called electrolytic
oxidation polymerization.

Hmacﬁf:'r:isﬁ
MEETSHTEMEN mSslfem
e i
HEV_100 (Hokuso Denlo

_@ R[.:_-!g-@gﬂ CE-Pt plate
; m

pelvprerals
BIy

Figure 3. Equipment for the electrolytic polymerization.
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On the other hand, the case in which the monomer is reduced and polymerized on the
surface of thecathode is called electrolytic reduction polymerization. The reference electrode
might be immersed in thesolution if necessary.

In order to obtain good-quality conductive polymer films by the electrolytic
polymerizationtechnique, it is necessary to examine the above predominant factors in detail and
to understand theoptimal electrolytic polymerization condition. Moreover, the conductive
polymer can be reversiblyelectrochemically doped and dedoped and the dopant concentration
can be widely adjusted by limiting thevoltage, enabling a film that has an arbitrary electric
conductivity to be obtained.

2.2. Mechanism of the electrolytic polymerization reaction

The reaction mechanism of conductive polymer synthesis by electrolytic polymerization
has notbeen clarified, because various factors, such as the composition of the electrolyte and the
electrolyticconditions, interact very complexly with the electrode reaction. Therefore, the
polymerization reactioncondition differs for each individual conductive polymer and the
optimum conditions are determinedthrough trial and error. However, qualitatively, the
following reaction mechanisms are accepted in general.

The dynamic movement of the molecule, which takes part in the monomer, and the
electrolytic ionformed by the transfer of an electron from the solvent, are caused at the
interface between the electrodeand the electrolyte in the electrolytic polymerization technique.
Usually, 2 — 2.5 electrons are consumed inthe electrolytic polymerization reaction, and
ultimately, two pieces of electrons are used in thepolymerization reaction and the remainder is
used in the doping. As a result, the same number of protons(H*) that as the number of electrons
used for the polymerization will accumulate in the polymerization liquid. Therefore, the
polymerization reaction occurs as a result of the removal of the electron from themonomer, and
the coupling reaction, in which the generated radical cation (positive ion) is assumed to bethe
activated species, and the deprotonation reaction are thought to progress repeatedly.
Thepolymerization reaction is thought to be either reaction 1, the parent electron substitution
couplingreaction, or reaction 2, the radical coupling reaction (Here, M indicates a monomer), as

shown in Figure 4.
u G 4

/

& --].‘al o 40, .
'E_-,v’:\[_},_'[. —_ 5[-3,137':_3_5:.[_:\1 —eeews polymer

~_H H/

Reaction 1 : eléctrophilic ":iulzcrituti_g"-n coupling reaction

radical

Jorms ALAf —==ees Polymer

Reaction 1 : radical coupling reaction
M : monomer

Figure 4.Mechanism of the electrolytic polymerization reaction.

However, the structural analysis of the obtained polymer is difficult because the polymer
isnonfusible and nonsoluble. Then, the polymerization reaction mechanism itself becomes very
complexand a united opinion is not obtained, because the electrolytic polymerization is a
reaction of a nonuniformsystem that progresses in a limited area in the neighborhood of the
electrode, and it is necessary toconsider the supply of monomers and electrolytic ions to that
area. That is, the electrolytic polymerizationis thought to begin with the oxidizing or reducing
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reaction of the monomer in the electrolyte upon applying potential, followed by the generation
of the radical cation or the radical anion in the aromaticcompounds, and subsequently, the
polymerization progresses repeated the coupling and the deprotonation reaction. It is necessary
to prevent the solvent from undergoing the electrolytic reaction with the monomerat a low
voltage, because the effects of the various factors such as the type of solvent, the supporting
electrolyte, the polymerization voltage, and the polymerization temperature, on the electrolytic
polymerization reaction are not yet fully clarified [16].

3. Experimental

Polymerizing a nano-corrugated conductive polymer substrate matching the size of the
enzyme sizeis not an easy task. In the past we have done this through nano-templating using
nano-porous alminatemplates [7]. However, the cost involved with the nano-porous alumina
templatewas a significant factor in the cost of production. Therefore, in this research we try to
develop a differenttechnology to produce a matching conductive polymer surface for the
enzyme immobilizing.

3.1. Materials

Glucose oxidase (E.C.1.1.3.4., 210 U / mg, GOx) from Aspergillusniger, pyrrole
monomer, ascorbicacid, uric acid and sodium tetrafluorophosphate were purchased from Wako,
Japan. a-D glucose wasobtained from Sigma—Aldrich. Pyrrole monomer was distille D and
sodium tetrafluorophosphate solutionwas freshly prepared before use. A 0.05 mol /1 phosphate
buffer solution (PBS) was freshly prepared using KH2POs (potassium dihtdrogenphosphate) and
Na:HPO:s (disodium hydrogenphosphate) at pH 6.5. The pH values of the buffer solutions were
adjusted using a cyberscan pH 100/RS232 portable meter. A stocksolution of 1 mol/l glucose was
prepared and allowed anomers to reach equilibrium at aqueous state,before use. That is, glucose
solutions made from a-D glucose were allowed to stabilize for more than 12h before use. All
the chemicals were of analytical grade and throughout the experiment temperaturewas
maintained at 25 + 2 °C unless otherwise stated.ITO (indium tin oxide) electrodes were Pt
coated by plasma sputtering using JEOL quick coater (JFC 1,500). Hokuto Denko automatically
polarization system (HSV-100) was used to perform allelectrochemical studies including
polymerization and current response measurement.

3.2. Electrolytic polymerization equipment

In general, as shown in Figure 3, a conventional three-electrode cell consisting of a
working electrode (Pt coated ITO), a platinum counter electrode and an Ag / AgCl reference
electrode was used for electrochemical synthesis and measurements. A magnetic stirrer was
used during the amperometric measurements to ensure convective transport. However, the
schematic experimental setup we used for our work is shown in Figure 5. The ITO electrode
was modified by plasma vacuum deposition of a 50 nm thick Pt layer on the ITO surface using
JEOL quick auto coater. This electrode was placed on one contact terminal of the test ring and a
Pt electrode was placed on the other contact terminal where the Pt / ITO surface facing the Pt
counter electrode. The gap between them was 1 mm and the common area between them was
1 cm? The test rig was positioned to have the electrodes horizontal and an adequate amount of
0.05 mol / 1 aqueous pyrrole solution doped with 0.1 mol / 1 NaPFs was carefully injected in
between the electrodes.
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Figure 5. Schematic diagram of
the sensor fabrication arrangement.

3.3. Fabrication of nano-porous PPyelectrodes

Normally, the sensitivity of a biosensor is determined by several factors such as the
match betweensurface porosity and physical dimensions of target enzyme, effective surface area
and charge collectingbackbone material on the substrate etc. Therefore, it is very important to
increase the effective surface arein order to obtain a good sensor. However, the surface
roughness of the artificial porosity should matchwith the physical dimensions of the target
enzyme [6].

When a PPy layer is electrodeposited on a planar electrode, polymerizing starts with
random nuclei and keeps on growing out of them as long as the polymerization current
continues. However, if the polymerization current is interrupted instantaneously, there is no
guarantee that it will restart from the same point it stopped before and most probably will start
from a different physical location on the working electrode, where there is a low contact
resistance. We have effectively utilized this random polymerization phenomenon to develop an
artificially porous conductive polymer surface for our working electrode to entrap GOx. The
physical dimensions of the porosity can be controlled with the applied voltage, mark to space
ratio and pulse width of the polymerization potential. In this research we have tested various
pulse timing and mark to space ratios and optimized our sensor performance with 1 s pulse time
with 1 : 1 mark to space ratio of 1 V polymerization potential. Figure 6 shows a schematic
experimental diagram of the pulsed electrolytic polymerization system.
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Figure 6. Schematic experimental diagram of

the pulsed electrolytic polymerization system.
3.4. Surface morphology of PPy electrodes

Different pulse timing and pulse voltages were used to optimize the above parameters.
Figures 7a and b shows the nano-scale morphological changes of the PPy substrates
electrochemical under pulsedvoltage and constant voltage respectively from these trials. Pulse
voltage was 1 V and deposition wascarried out for 1 s and turned of for the next 1 s period. This
was repeated for 175 cycles. Pt modified ITOsubstrates were used for all experiments. As shown
in Figures 7a and b, clearly, these surfacemorphologies of these PPy electrodes are greatly
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different each other. That is, the surface area of pulseddeposition PPy electrode (a) is larger
than that of constant voltage deposited PPy electrode (b).

- ™
(a) pulse-deposited PPy(b) DC voltage deposited PPy
Figure 7. Photographs of scanning electron microscope of polypyrrole (PPy)
electrodes. (a) Pulse voltage was 1 V and deposition was carried out for
1 s and turned off for the next one second period. This was repeated for

175 cycles.(b) DC voltage was 1 V and deposition was carried out for 3 min.

3.5. Immobilization of GOx on the PPyelectrode

One NaPFs doped pyrrole monomer is in place, twenty 1 V pulses of 1 s were applied to
theterminals, where the Pt / ITO acted as the working electrode and Pt as the counter
electrode. Afterpolymerization the remaining pyrrole monomer was removed and both the
electrodes were carefullywashed in pH 6.5 phosphate buffer solutions (PBS). Then the electrode
assembly was positioned again tohave the electrodes horizontally and a little less than adequate
amount of GOx solution was injected inbetween the electrodes.

]:’EQ Electrophoretic deposition

Figure 8. Immobilization of GOx on the PPy
electrode and electrophoretic electrodeposition.

An aliquot of glutaraldehyde was injected to the same chamber to mix with GOx and a
potential of 1 V was applied to the system for 20 min constantly. This provides the environment
for the GOx toget deposited under a high electric field of 1 kV / m. This electrophoretic
deposition helps the GOx deposition on the PPy electrode (Figure 8) [17]. After the period the
sensor and thecounter electrode were carefully washed in pH 6.5 PBS.

3.6. Biosensor fabrication

The sensor assembly was mounted vertically for the testing where the open end of the
electrodesfacing downwards (Figure 9). The sensor electrode and counter electrode were gently
submersed in a slowly steadystirring PBS of pH 6.5 up until the 1 cm x 1 cm area was covered
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by PBS. Fabricated sensor (as workingelectrode) and the Pt counter electrodes were connected
to Hokuto Denko HSV-100 electrochemicalsystem in a three-electrode configuration where the
reference electrode was Ag / AgCl. The system wasapplied a potential of 0.38 V and was
allowed to settle down before the testing started. When the systemreached stability, a known
concentration of glucose was added to the system and allowed to settle. Thiswas repeated for
different glucose concentrations and all data were logged.

Electrochemical
NPEaInEme] INIH

ﬁgf"f'ﬁ .m Benko)

NN
5 mmolT of ghicose .-

coenirapment

H
polypyrrole, FPy /

PES (0.05 molT KH,PO,, Na,HPO,)
pH 650 0, Na, 4

Figure 9. Experimental systems of the
biosensor performance evaluation.

In the next round of testing the system was applied a potential of 0.38 V and was allowed
to settledown before the testing started. When the system reached stability, 5 mmol / 1 of
glucose was added to thesolution at constant time intervals and the response of the system was
continuously recorded through the HSV-1000.

The sensitivity of a sensing electrode is represented by the following.

Current response

Sensitivity =
Concentration of glucose x Initial area of the electrode

All sensors, PBS, and GOx were kept at 4 °C while being in storage and were allowed to
settle to theroom temperature before the experiments.

3.7. Equipment which assists experiments

Electrochemical impedance spectroscopy (EIS) measurements system (Hokuto Denko
Co., Ltd.,HZ-5000) was used to confirm the surface modification under GOx deposition stage.
That is, two EISmeasurements, one before and one after GOx deposition were carried out to
make sure an effective GOxdeposition was taken place. If the enzyme was loaded on to the PPy
electrode, it should modify thenanoscale morphology of the sensor substrate and hence the
contact impedance. The changes in real and imaginary impedance show that the enzyme
deposition has taken place successfully. However, EISmeasurement in our experiment is only
adhesion confirmation of GOx onto the PPy electrode.

The details of the EIS measurement based on the electrophoretic electrodeposition of
GOx will bereported somewhere in the near future.
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4. Results and discussion

This research revealed that the developed novel hydrogen peroxide sensor has
comparatively a highsensitivity and a very good linear range for this class of a nano-biosensor.
This was achieved through thenovel technique of electrophoretic enzyme deposition. Same
sensor substrate deposited with glucoseoxidase, again with the same electrophoretic enzyme
deposition resulted in a very high sensitivity and agood linear range. Both these tests revealed
that the new enzyme deposition technique has a very highimpact on the amount of enzyme
loaded on to a unit linear surface area.

4.1.Optimization of biosensor’s sensitivity

Our purpose of using nano porous corrugated PPy as our base electrode was to retain its
originalnano porosity until PPy polymerization stage allowing PPy film to be porous artificially.
Therefore,controlling the thickness of PPy by optimizing the polymerization time (i.e.,
application time of thepulsed voltage, in other words, the charge passed during polymerization)
was crucial in this regard. WithGOx enzyme having particles around 10 — 100 nm in size an

adequate size of pores for GOx entrapment wasalso regarded to be in a closer range.
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Figure 10 shows good performances around a polymerizing time (application time of the
pulsedvoltage t (s)) of around 1 s giving evidence for ideal pore size to serve our purpose. The
SEM image inFigure 7 provides clear clues of this PPy growth. The efficiency of immobilization
of the enzyme isinfluenced by this changed effective surface area available due to nano-pores.

4.2. Time response of the sensor for different glucose concentrations

The sensor was tested for its time response under known different glucose
concentration. It displayed very similar and consistent time responses for different glucose
concentrations. Results revealed that the sensor reaches its stable state in about 40 s, which is
little longer than normal value for aglucose biosensor but still acceptable for a low-cost
biosensor.

The current-time curves shown in Figure 11 shows that the GOx / pulse-deposited
PPy / Pt electrodes have a response and high sensitivity to glucose. At a polarization potential of
0.38 V vs. Ag / AgCl and in an air-saturated sensing solution, the anodic current increased
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dramatically and reached a steady state within 40 s as seen the inset in Figure 11 after the
injection of a certain amount of a glucose solution.

Figure 11 response of the fabricated sensor against increase of glucose concentration by
5 mmol /1 at a step. The system was allowed to settle for extensive amount of time in order to
minimize background noise from the PBS, but it can be used with much less stabilization if
appropriate noise filtering is employed.
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Figure 11. Response of the pulse-deposited PPy glucose
biosensor against addition of 5 mmol / 1 glucose in steps.

Current (mA/cm?)

The current response of a PPy film polymerized by constant voltage on a Pt coated ITO
electrode isshown in Figure 11 for similar concentration of glucose. It has been revealed that
only a little amount of GOx is entrapped in the PPy film deposited by constant voltage on the
Pt / ITO electrode without a porousstructure compared to the highly porous new pulse-
deposited PPy electrode.
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Figure 12. Sensitivity of the developed nano-
biosensor against glucose concentrations.
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The results illustrated in Figure 11 reveal that the sensor has a very high sensitivity and a
high linearrange. Figure 12 was derived from Figure 11 data and showing that the linear range
spans from Oto 60 mmpl/l, which is more than double the range of a blood glucose sensor.
Further, thesensitivity value calculated from Figure 11 for this sensor is 325 mA / Mcm?. This is
a very highsensitivity and it enables designing of low sensitivity front-end electronics otherwise
needed very highsensitivity measuring circuits [18, 19].

As it can be seen from the Figure 11, the response current tends to be fluctuating at
higher glucose concentrations. This can be due to the physical arrangement of the sensor
electrodes with only 1 mm apartfrom each other, not allowing a homogeneous mixture of
glucose to enter the nature gap at higher concentrations. At the same time, the reaction product
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is not removed at a linear rate due to narrowopening and surface tension of the liquid. Both
these factors contribute at higher glucose concentrations toproduce a fluctuating current. This
can be overcome by introducing a planar geometry, but will have to scarify the sensitivity at the
same time.

Though the sensor responded for even higher glucose concentrations, the sensitivity has
a higherstandard deviation beyond 55 mmol / 1 and the linear range ends nearly at 60 mmol /1
of glucoseconcentration. The extraordinary sensitivity and the very high resulted by the pulsed
deposition of PPyfilm suggests that this newly developed biosensor can be applied in industrial
applications as well.

5. Conclusions

The nano-biosensor fabricated shows excellent performance with the optimized
polymerizationparameters. These results show a cost effective way of developing a highly
effective nano-structuredworking electrode surface for nano-biosensor application. This
method can be used to develop different nano-biosensor working electrodes by fine-tuning the
electrochemical deposition parameters such as timeinterval, mark to space ratio and pulse
shape,etc., to adjust the PPy cavity sizes to suit the chosen enzyme.

The electrochemical deposition of pyrrole under pulsed electric field has created many
differentPPy islands on the planar Pt modified ITO surface otherwise it would have been a
linear growth from theoriginal nuclei. Eventually, this produced an artificially corrugated
nanostructure for the newly formedPPy substrate. From these results, it can be concluded that
the PPy layer electrodeposited on the planarsurface of Pt modified ITO has got suitable size of
nano-cavities to hold the GOx enzyme molecules.

The ITO glass electrode, which is one of the most planar conductive surfaces, was used
to performthe experiments in order to eliminate the inherent surface roughness of the initial
substrate. The resultsshow that a simple and low-cost fabrication method produces a highly
sensitive and low-cost glucosenano-biosensor for blood glucose measurements. The higher
sensitivity obtained helps developing a lesscomplex front-end electronics reducing the total
system cost further.

If this sensor is industrially produced the manufacturing cost will be a fraction of the
cost of thepresent commercially available glucose biosensor strips. Therefore, this type of
glucose biosensors can beused for rural health monitoring systems to reduce the number of
potential diabetic patients in the future.
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«Hu B xaKoii fpyroit 06;1acTU TapMOHUS PU3UIECKUX
3aKOHOMEPHOCTeli He 3BYYUT B CTOJb IIOJTHBIX
U OOoraThIX AaKKOpJaX, KaK B KPUCTALIO(PHU3HKE».

Bonpgemap Poxr

YacTs mepBas
I

T'osoc 3a xagpom:

«Bce HaumHaeTca c mOpAAKA, UM Ke KOHYAeTCA M C HerO HAYMHAeTCA BHOBB, COIJIACHO
3aKOHO/ATETIO TOPAAKA U MUCTUIECKOI MaTeMaTUKe HeGeCHOTO ropoa»

Ha sxpane:

MOABJIAIOTCA MaJleHbKHe MIaphl, COOPYy>Kasd KPUCTAINYECKYIO PelleTKy, II0Ka BeCh SKpaH
He 3aII0JIHUTCA — B Havajle BUAUM IIOCKOCTHYIO KapTHUHY, Cpasy e IepeXOAAIlyIo B 00beMHYIO.
3aTeM Bce CTHpaeTCs ¥ HAUMHAETCA C Hadasla, ¥ TakK JJINTCA Ha MIPOTKeHUU BCETO TEKCTa.

T'osioc 3a KaaApoM IPOAOIKAETCS:

PeanpHBINM KPUCTAJUI OTIMYAETCA OT DTOH HeaTbHOM CXeMbI — IOPALOK He abcomtoreH. B
KpHCTaJllIe UMeeloTcs AedeKTsI CTPYKTYpPHI, Hapyuraromue mopAgoK. CBOMCTBa Teja 3aBUCAT He
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CTOJIBKO OT IIPaBUJIBHOTO €r0 CTPOEHHUs, CKOJBKO OT HapylUleHHsS IPaBUIBHOCTH, OT
MHOroo6pasus feheKToB.

Hawub6osee nmpocroii Tun fedeKToB, Ha3BaHHBIX TOU€YHBIMU, COCTOUT B OTCYTCTBHH aTOMa
B y3jle pelleTku (CBOOOZHAsA BAaKAHCHUA) WJIM B 3aMeHe «IIPaBUJIBHOTO» aroMa B Yy3Ie
YyXXepOAHBIMU (aTOMaM{ IIpUMeCH), BO BHEJPEHUU JIMIIHETO aroMa B MeXy3eJIbHOe
IIPOCTPAHCTBO.

BerBator cryvau, Korza TodeuHble AedeKThl BIMAIOT €llle M Ha OKPAcKy KpHCTasUIa:
KpucTasuiel Tuna kameHHo# conu (NaCl) 06bI9HO ITPO3payHsb! g BUJUMOTO CBeTa — B HUX HeET
CBOOOJHBIX D3JIEKTPOHOB, KOTOpble B MeTa/UlaX IIOTJIOWIAIOT, a 3aTeM WM3JIy4aioT OOpaTHO
O0JIBIIYIO YaCTh NMAJAIOIIEr0 Ha HUX CBeTa, Oy1arojapsa 4eMy MeTaJUIbl HEeIIPO3PAuHbI U OJIECTAIIN.
B mpospayHBbIX )Xe KpUCTaIaX B IIpoliecce Iepexoja IOPAAO0K-0ecIopAZOK, HAaIpUMep, IpH
OOJlydeHUM KPHUCTA/UIOB B ANEPHOM peaKTope, IPOUCXOZHUT Ilepe3apsAfKa aTOMOB W
CTPYKTYpPHBIX HapyLIeHW# — BBICBOOOXKZEHHBIE C OCHOBHOIO «3aKPEIJIEHHOTO» COCTOSHUS
5JIEKTPOHBI JIOKAIU3YIOTCA Ha PafiMallMOHHBIX fedekTaX. B HOBOM IOIOXXEHUY DIEKTPOHBI yKe
IIOTJIONIAIOT ~ OIIpeZie/ieHHble KBAHTBI ~BUAMMOIO CBeTa UM  KPUCTA/UIBI  IPUHUMAIOT
COOTBEeTCTBYIOIIYI0 OKpacky. Ilpocreiimum kpacamum pedexrom spiaferca F-umentp (oT
HeMenKoro ciosa Farbzentrum) — 51eKkTpoH, 3axBauyeHHBINl BaKaHCHEH Trajouza
(oTpunaTtenpHOro moHa). Kpucrasnbl KaMeHHO# conxu 1Iociae OOIydYeHHS B peakTope
IIPUHUMAIOT JKeJITYI0 OKPacKy, KPUCTa/UIbl GTOPUA JIUTHS JKEITYIO WIK TeMHO-KOPUYHEBYIO, B
3aBHCHMOCTH OT ITOTOKa HEHTPOHOB.

Bce peaspHBIE KPUCTALIBL COZEPIKAT TAaKXKe pacIpefieleHHble AedeKThl, T.e. HApyUIeHUs
IIPaBUJIBHOTO PACIIOJIOKEHUA aTOMOB, KOTOpBIE IIPOCTHPAIOTCA HAa PACCTOSHUA 3HAUUTEIBHO
OosplIve, 4YeM MeXAaTOMHbIe pacCTOsHUA B pemeTke. HawmbGosee HaraagHBIM IIPUMEPOM
pacipejieleHHOTO fedeKTa ABIAETCS BHEIIHAS IIOBEPXHOCTb, Ha KOTOPOH IIPeKpaTHUJICI POCT
TBepmoit aszpr. OueHb BaXHBIM BUIOM pacIpefie/IeHHBIX Ae(deKTOB SBISLIOTCA JUCIOKAIIUU.
Ecnu B mpaBMIBHOM yIOPAZOYEHHOM CTPOIO aTOMHBIX IIOCKOCTEH OKaXeTCs, YTO OfHA (MM
HECKOJIBKO) IIJIOCKOCTeHl OOpBIBAIOTCA BHYTPH KPUCTaJLIA, TO Kpall «IHIIHEH» IJIOCKOCTH
obpasyeT B KpUCTaJlIe AUCIOKAIIMIO — BOKPYT Hee ILUIOCKOCTH PEeIIeTKH M30THYTHI M CO3ZAIOT
CHJIbHble HapyuleHus. llpexcraBieHue O AMCIOKALMAX ABIAIOCH IIOTHOCTBIO IIPOLYKTOM
HAay4YHOTO BOOOpP@KEHUdA, IPEAIIPUHATOTO C IIeJbI0 OOBACHEHHI «KPHUCTAINYECKOTO
IapaZioKca» - pasUTeIbHOIO KOHTPACTa MEXY TEOPETUYEeCKON M IeNCTBUTEIbHOM IIPOYHOCTHIO
KPUCTA/UINYECKUX MaTepuajoB, B TOM YMCIe W i CTaau. MeHbIIas IIPOYHOCTh OOJIBIIMX
KPUCTAJUIOB (KPHCTAJUIBI, BRIpallleHHBle B (GOpMe TOHKUX «yCOB», OO0JIQZIAlOT IIPOYHOCTHIO
O6IM3KOM K pacyeTHOH) OOBACHIETCA HAJIU4YMeM B KPUCTA/UIAX IUCIOKAIMI, KOTOpBIE IIPU
nedpopManuy Tejaa AIOT aTOMHBIM IUIOCKOCTSAM BO3MOXXHOCTH CKOJIB3UTBH APYT OTHOCHTEIBHO
IpyTa Jjlerde, 4eM B HZeaJbHOM KPHCTa/Lle, TaK KaK IPHJIOXKEHHOe YCHJIHEe, IPOTaJIKUBAsd
JIMLTHIOIO aTOMHYIO ITOJIYIUIOCKOCTS (M JVC/IOKAIINIO) Yepe3 KPUCTAJLI, pa3phIBaeT CBA3H PAZ, 32
PAOM, a He BCe CBA3M Cpa3y BIOJb IIOCKOCTH CKOJBXeHHs. VITIOCTpPaTHBHO STOT IIPOIeCcC
MOXXHO yIIOZOOUTHCS IIepeMellleHUI0 CKIafKU 110 KOBpy. [lycTs HaM HY)XHO CABHUHYTH GOJIBUION
TsDKeJIBIH KoBep. Eciu mombiTaThes CABUHYTH BeCh KOBep II€JIMKOM, TO COIPOTHUBIeHUe Oyzer
caumkoM GonbmuM. Ho MOXXHO chemaTh Ha KOBpe CKJIQAKy M Iepensurartb ee. Ckiazka
IepeMelaeTcs Jerde, yeM KoBep B LIeJIOM, a B Pe3yJIbTaTe BeCh KOBEP OKAXKETCA CABUHYTBIM.

OKCIlepUMeHTaJIbHOe OOHAapyXXKeHue U HUCCIefOBaHHE AUCIOKAIUH — [e0 IOCIeIHUX
mecaTuiaeTuii. JIume B mocIesHee BpeMs ITOSBMINCH 3JIEKTPOHHbIE MUKPOCKOIIBI, II03BOJLAIONIYIE
pa3peunTs OObEKTHl Pa3MepPOM B HECKOJIBKO aHICTPEM.
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II

Ora yHUKanpHaA ¢ororpadus — KOJUIEKTHUBHBIE JAHCIOKAIIUM B pelleTKe —
SKCIIepUMEeHTAIBHBIN pe3ynbraT, noxydeHHbId B UHCcTHTYTe dusuku AH I'CCP, ykpamraer VIII
toM bBonpmoit CoBerckoit Juiukmonenuu. OZWH U3 BBIJAIOIUXCA CIEIUATUCTOB (UUKU
TBepzoro Tesa, riaaBHbI pexmaktop xypHama PTT, akamemux C. H. JKypxop ckaszam «3a
nocnenuue 20 et 1 60Jee IPKOTO SKCIIEPUMEHTAIBHOTO HAOIIOAEeHNS He BUE».

3119K'I’POHHO'MKKPOCKOHK‘IGCKOE
H306Pa)l(eHHe KOJUIEKTUBHOM JUCIOKAIIUH.

JeictBurensHO, 5Ta (poTorpadus Moriaa OBl CIYXUTh XOpolueii sMOieMoil (pusuKu
TBepmoro Tena B I'pysuu. 3mech MHTepec K JTOH HayKe 3apomuiics eie 1o BoiHbI. Pusnke
TBEPAOTO TejJa IIOCBATHJI CBOIO KAaHAUATCKYIO puccepramuio O.JI. AHApOHMKamBHIH,
BIIOCJIEZICTBUY, B IATUAECATHIX rojax, oyzyum mupektopom Mucruryra ¢umsuxu AH I'CCP,
IABIIWM MAarucTpaJbHOe HAaIllpaBJIeHHe 3TOH HayKe, OTBedas BEAHHIO BPEMEHHM U CBOUM
HAyYHBIM HHTEpecaM.

II1

«MHe He HpaBUTCH 3Ta PU3MKA TBEPAOTO TeJA ... XOTA A CaM C 3TOTO HAYMHAJ» —CKa3aj
Bemukuii Ilaynam, pasgpaxeHHBIH TOrja OTCYTCTBHEM B TeOopuM GU3MKK TBEpJOrO Tesa
MaTeMaTH49eCKOM CTPOTOCTH U JIOTHYeCcKo# momHOTH. Eciu mMor 6biTh Bropoii [layniu—on 651 He
pasfienny HENpHA3Hb IIEPBOrO, TaK Kak Ojarojaps eMmy, IIepBOMY, yAAIOCh aBTOMATUYECKU
JIUKBUAUPOBATh MHOTHE TPYAHOCTU CTAapol Teopuu, U (PU3MKa TBEpOro Teja IpeBpaTUIaCh B
OBICTPO pasBUBAIOILyIOCsA OTpacib 3HaHuA. Ha ceroguamunit neus PTT craso menom xu3HU 115
IIOJIOBUHEI BceX Gu3nKoB Mupa. [Jlaa macmrabos ['pysun sTa mponopius eciu U HapylleHa, TO
tonpko B 1oy OTT. Buyrpu camoit OTT ocoGoe mecto 3aHsma paguarnuonHas (usmka
TBEpPZAOTro Tesa. BoblIoil HaZeXx ol M pafoCThIO AJIA TPY3SUHCKUX TBEPAOTEIBIINKOB ObLI ITyCK
AafepHOTO peakropa B 1959 rozsy — aTOro coBpeMeHHOrO anmapaTa BO3/IeiCTBUA Ha TBep/ble Teja,
JAIOIer0 BO3MOXKHOCTb PeryIHpyeMOro BBeJeHHA B BeleCTBO PasJIMYHOTO BHIA JedeKTOoB
CTPYKTyphl, BHOCAIIUX W3MEHEHMS B KOMIIIEKC CBOHCTB TBepgoro Tema. K pazoctu
IIpUMelIaach U TPYCTh OCO3HAHMSA TOTO, YTO BMeCTe C HUMU He OBLIO YesI0BeKa, 0 00PHUBIIETO
UJeI0 IPY3HHCKOTO PeaKTopa — ye He ObLIO B >kuBbIX akagemuka M. B. Kypuarosa.
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v

/laB IpaBHIIBHOE HallpaBJIeHHe SKCIIepUMeHTaJIbHOMY IOHCKY, . JI. AHApOHMKaIIBIIIN
CIyCTS ZBa roZa Iocie 3amycka peaktopa (1962 r.) yke OOKIafbIBajg pe3ysIbTaThl IEPBBIX
uccirenosanuil Ha Mexaynapogaom Cumnosuyme B Bere.

1959
Collection ofEAIPh

AxazeMuk DsneBrep AHZPOHUKAIIBHIIH.

OcHoBHBIE TTOJIO)KEHUS 9TUX paboT, HeOXKUJAaHHbBIE U He 10 KOHIA IIOHATHBIE B TO BpeMH,
C K2XABIM JHEM HaxXOZAT BCe HOBOE IIOATBEPKIEHNE B HAYYHOM OOIECTBEHHOCTH U IIOHBIHE
SABIAIOTCSA IIPeMETOM HayYHBIX ZUCKYCCHI U cropoB. Cpeiu TeX IEepBBIX Pe3yJIbTaTOB ObLIM
IIepBbIe DKCIIepUMEHTAIbHBIE JAHHbIe, HApaBHE C JAHHBIMH XapyeIbCKUX GU3UKOB (AHIINL), O
BO3MOXXHOCTHY PaZUallMOHHOTO OOpa30oBaHUA AUCIOKAIWHA B TBEPZBIX TejaX: IIPU JJIUTETBHOMN
HeHTPOHHOI 60MOapAVpPOBKEe IIPONCXONUT IepechilleHre KPUCTalla TOYeYHBIMU AedeKTaMu U
WX KOHJIEHCAIUA — «TOYeuHble fe(eKThl KOHBePTUPYIOTCSA B AUCIOKanuu». KoHJeHCalmOHHbIH
MeXaHU3M, KaK HauboJiee BEPOSTHBIN MEeXaHM3M PaAHAIlMOHHOM reHepanuy AMCIOKAIUi, B Te
rozsl 611 mpeasokeH D. JI. Augponukamsuin. C TexX ITOp Bce IOTyYeHHbIE HOBBIE Pe3YJIbTaThl
yZaercs OOBACHUTH C IIOMOILIBIO IIPEJCTABIEHUA O KOHIEHCAIlUM TOYEYHBIX He(eKTOB —
MeXXy3eJIbHBIX U BaKAaHCHUOHHBIX. I'py3sMHCKMMH (pu3MKaMu ObLI Takke OOHApPY)XeH CJIOXHBIH,
HEeMOHOTOHHBIH XapaKTep HAaKOIUJIEHUA CTPYKTYPHBIX HapyIIeHWH B pPelleTKe IIPU OOJIydeHU! B
peakTtope. TeopeTmuyeckue BBIYMCIEHUA IOATBEPAUWIN IIPAaBUIBHOCTh OCHOBHBIX BBIBOZIOB
SKCIIepUMEHTAIBHBIX pe3yiabTaToB. Korza skcliepuMeHTaysbHBIE Pe3yJIbTaThl OCMBICJIEHBI
TeOpUell U CTAHOBATCA IapaMeTpaMU CTPOTMX YPaBHEHHUH HJIU Ke, KOTJla TeOpud HaXOJUT CBOE
OIlpaBJiaHIe B KCIIepUMeHTe — 3T0 TopKecTBO dusnku. Pusuka u Bmecre ¢ Heit OTT eme He pas
OyzAyT TOp>kecTBOBaTh B I'pysumnl!

v

Te e TOJbI ABIAIOTCA TOJaMU CTAHOBJIEHUA U IIEPBBIX YCIIEXOB PAAUAIMOHHON QUMK
TBepZoro Tesna. MOXXHO YCIIOKOMTbCA M pa3BuTh ycmex. Ho Hayka — 9TO IO3HaHMe HOBOTO U
CIIOKOMCTBMEe B HEM PaBHOCUJIBHO CTOSHMIO Ha MecTe. Pa3BUTh ycllex He 3HAUYUT UATHU TOJIBKO B
IJIy0b OTKPBITOTO CETOAHSA SABJIEHUA, B INIyOb YaCTHOTO, — 4Yepe3 3TO fABJIEHWe HAL0 UATH K
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IOPYTUM SBJIEHHAM B TTy0b MUPO3ZAHUA; Pa3BUTHE ycCIlexXa i OeCIIOKOMHBIX MY»XKell HayKu —
5TO HOBBIE 337auu, mO0 rosops ciaoBamu Horawna bBepHysim, «HUYTO ¢ Takod CHION He
mo0y’KJaeT BBICOKME YMBI K paboTe Haf oboraiieHueM 3HaHUA, KaK IOCTAHOBKA TPYJLHOH U, B
TOXKe BpeMs, II0JIE3HOM 3a7aum».

Te >xe rompl ABIAIOTCA OJAMHU CTAHOBJIEHHSI U IIEPBBIX YCIIEXOB ... KAOMHET JUPeKTOpa
Nucruryra pusuxku AH I'CCP. D. JI. AugporHuKamsuIy BeI3siBal k cebe Mononbrx! OnbITHBIX,
CTapIINX TOBApHUIIEH He CTOWJIO MCKATh — MX IPOCTO He ObL10. TO, 9TO 3amyMarn AUPEKTOp, B
Coto3ze eme HUKTO He genan. Hazmo 6pU10 HaUMHATE C HyIA. B Mupe OBLIM OAMH-IBA YCIEIIHBIX
clydasd, HO OBLIM M CIy4Yau C aBAapUUHBIMHM B3pBIBAMU. JIMpeKTOp 3aZyMas KaueCTBEHHO
M3MEHUTh YCJIOBUA OOJyYeHUs KPUCTAUIOB — IIOJIYYUTHB aKTHBHOI 30He peaKTopa HU3KHe
temmeparypsl (umesnock B Bumy 200 rpazycoB Hmpke HyJIf), M IMOPYYUThH 3TO €0 MOJIOJBIM;
MOJIOZBIM, K60 MOJIOZOCTb OTIMYAETCSA SHTY3Ma3MOM U HECTAHJAPTHOCTHIO MBINIJIEHUA.

Peaxrop UucruryTa dusuku AH I'pysun: pusmaeckuit 3an 1 BepxHas
IUTOIAAKA (MAeT 3aTpy3Ka B HU3KOTEMIIEPAaTypPHbIE BePTHKAIbHEIE KAHAJIBI).

JleficTBUTEIPHO, IO UCTEYEHUIO HEMHOTHM OoJlee ITOJYToja 3Ta 3afadya ObLia pelleHa.
HuskoremnepaTypHas TmeTyia TPy3SHHCKUX (U3UKOB, BCTABJAIONIAACA B PEaKTOp dYepes
TOPH3OHTAJIBHBIM KaHal, ObLIA K TOMy >XKe 0e30IIacHOM — XJIaZlOHOCHTesleM ObLI BhIOpaH,
OXJIQKJIEHHBIM /0 TeMIIepaTypsl XXUAKOTO a3oTa, ra3 renuil. Heckompko mosxe k aToMy ke
pelleHuIo IPUIIIU MOCKOBCKMe Konern — ¢usuku Mucruryra Aromuoit Duepruun AH CCCP
uMm. Y. B. Kypuarosa.

Oty (aKTBl CTIM STalHBIMH B Pa3BUTHU (PU3UKM TBEpPAOTO Teja B Halleld CTpaHe:
oedeKTsl CTPYKTYpPBl KPHUCTA/UIMYECKOH pelleTKH B3aUMOJEHCTBYIOT JAPYr C JpPYTOM,
IIPOMCXOJUT UX aHHUTUJIANUA (B3aMMOYHUUYTOXEHHe) WU e IIpeBpalleHre B 0ojiee CIOKHEIE
ob6pazoBaHuA. C TIIOBBIIIEHHEM TEMIIEPATYphl OOMyYeHUA YOBICTPAIOTCA 3TH IIPOIECCHl M
paguanuonHble 5(dexTsl 3aMeTHO ocrabngiorca. IlosToMy, IOHIDKeHHEe TeMIepaTyphl
o6IydeHHS U HCCIeJOBaHHe KpHUCTAIIOB IIPU OSTUX TeMIIepaTypax oOorauaeT CIIEKTp
M3ydaeMbIX JedeKTOB, TeM CaMbIM OOOTalllaeT CBOMCTBA BEIIECTB M €T BO3MOXKHOCTH BBIIBUTH
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HOBble SBJIEHUS B IPUPOJZEe KOHJEHCUPOBaHHBIX cucreM. (CaMo CyliecTBOBaHME 3PbI
KOCMMYECKHUX KCCIeOBAaHUN U PpEaKTOPHON OHEepreTHKH HATaJKUBaeT Ha MbICIb U 00
OTPOMHOM IIPaKTH4YeCKOM BBIXOZe 3THX 3ajad. CerofHs MHTepBal pabOYMX TEeMIEPaTyp B
KaHajaX TPY3HHCKOTO peakTopa AOBeZeH BIUIOTHYIO [0 TeMiepatyp abcomtorHoro Hyna (7 K).
OTO IIOKAa eJWHCTBEHHBI M3BEeCTHBIH M 3HAYMMBIM pe3ysjrbTaT B CTpaHe, 3aHUMAIOIIMI
IOCTOMHOE MeCTO Cpeiyl TeX eJUHUYHBIX CIydaeB, KOTOpPbIE U3BECTHHI B MUDE.

VI

ITpaBuibHasA OpHeHTAlusA U CBOEBPEMEHHOCTh IIOCTABJIEHHBIX 33/la4, OPUTMHAIBHBII
IOAXOZ K WX pelleHHWIo, XOpollas OSKCIIepUMeHTajbHasd 0asa —  peakTop C
HU3KOTEMIIEPaTypHBIMU TOYKAMU B aKTHBHOI 30He M YCTaHOBKH, IIO3BOJIAIONIME IIPOBOJUTH
SKCIIEPUMEHTHl HEIIOCPEJCTBEHHO II0J, OOJIy4eHHeM, HAMCTAHIMOHHO, Jaau BO3MOXHOCTH
TPYy3MHCKUM (U3MKaM IIOJYyYUTh KAYeCTBEHHO HOBBIE Ppe3yJIbTAThl, BBI3BIBAIONIME YHCTO
Hay4YHbBIe MHTEPeChl U MMeIolIye IPUKIAZHOe 3HaYeHue. Bce 3TO BBIBEJIO UX B II€PBBIE PAMBI B
Cotoze — MHCTUTYT OU3UKK CTAI TOJOBHBIM MHCTUTYTOM IIO PafMAlIMOHHON (U3UKEe TBEPAOTO
tena. Jupekrop Mucruryra akamemuxk AH I'CCP. 3. JI. AHppoHMKamBUIKN - TIpefcenaTeb
npo6iemuoro Coseta 1mo paguanuoHHoi ¢pusuke TBepgoro tena AH CCCP.

OTo 37aHue CHeUAIbHO IIOCTPOEHO (C yueToM TpeGoBaHwMiA
(bU3NYeCKUX SKCIepUMEeHTOB) AaA MHcTuTyTa DUsHKH
AH I'pysuu B 1960 r. (apxurexTop Kaxa Jl>xaBaxumsunm).
Kpome HayuHEIX 1aGopaTOpHii Ha KOXKZOM STaXe —
OOIIMpPHEIE XOJIBI, CTEHBI KOTOPHIX OBLIM OKpalleHEI
o 3ckm3aM 3HaMeHuTOoro Comuxo Bupcamazze.

VII

Xopouro ObITh IepBbIM, HO He enuHCTBeHHBIM! Kosrextus WHcTuTyTa Qusuku u ero
[JIaBHBIM mMTa0 IO pafMaliOHHOW (U3WKe TBEPAOTO Teja — OTAe]l HU3KOTEeMIePaTypHOTO
MaTepuajoBeZleHUs — [eJaloT CBOHM OIBIT JocTrogHueM Apyrux. Kpome HemocpezncTBeHHOI
IIPAaKTUYEeCKON IIOMOINM, 3ZeCh IOYTU KAXKABIM TOJ, OPraHU3YIOTCSA COBEIIAHMA Ha Pa3HBIX
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YPOBHAX IO PafUAllMOHHON (QU3MKe TBepAOTO Teua. Pe3ynpraTsl 3TUX MEPONPHUATUH
YYBCTBYIOTCS Be3Jie, Tl 3aHIMMAIOTCSA PAUAIlOHHON (U3UKOH TBEPAOTO TeJa.

Nwmes BBuny mocrikenus rpysuHckux ¢usukos, AH CCCP u I'ocymapcrBennsiit Komurer mo
ucnionp3oBanuio aromHoil sHepruum CCCP mopgepxkanu wuzero D. JI. AHZpOHMKaumIBUIN
OpraHu3oBaTh B I'py3sum MeXAyHapOAHYIO BCTpPeYy BUIHBIX yYEHBIX — CIIELIMAIUCTOB IIO
PaZMANVOHHBIM U APYTUM fAedeKTaM B TBEPIBIX TejaX. l1akasd BCTpeda-IIKOJIA BIEpBbIe OBLIA
opranusoBaHa eme B 1965 roxy B TeaBu u Bropuyno B 1973 romy B Tomwtucu.

October, 1965
Colleetion of EAIPh
Processed by L. Zamtaradze

YuacTHUKY TenaBcKoii mkois! ¢pusukos: A. H. Opios,
B. JI. UupentoMm, B. M. Arpanosud, Y. M. JIudmumn,
B xonne IO. M. Karan u Jlx. Bunsapg (G. Vineyard).

OTH IIKOJABI OKa3aJdH 3aMeTHOe BIMAHHE Ha pasBUTHE HOBBIX HAIpaBlIeHUN (GU3NKU
peasbHBIX KPUCTA/UIOB M IIOHBIHE CTUMYJIHUPYIOT MHOTHE MCCIeloOBaHUA, BeAylluecs B
pasIuYHBIX Hay4uHBIX IeHTpax CoBeTckoro Corosa. B aTux dpopymax mpuHUMaNIM y4acThe TaKue
aBropurersl Hayku, kKak M. M. Jlupmmun, 1O. M. Karan, 3. JI. AnzpoHMKamBwmIH,
I'. P. Xymumsuiu, Y. b. Jlymuk u ap. V3 3apyOexHbIX CIEI[MATHUCTOB AOCTATOYHO HA3BaTh
nmena /Ix. Bunbapga, A. [lamacka, M. Tommncona, [Ix. Kennepa — y4eHBIX,0fHUMHU U3 II€PBBIX
CHCTeMaTU3MPOBABIINX BeCh TOT OIPOMHBIN MaTepHajl, KOTOPBIA HAKOIIMJICA C II€PBBIX JHEN
CYILIeCTBOBAaHUSA PafUALMIOHHOM (GU3UKU TBEPJOTO Tea.

VIII

«Pusuka — 310 CcBOEro poja ABynuKuN fAHyc». DTH cnoBa akagemuka JILA. ApuumoBuda
GoJtble BCero MOAXOAAT K (U3MKe TBEPAOTO Tejla — «C OJHOMN CTOPOHBI — TO HAYKa C TOPSIIIM
B30pOM, KOTOpas CTPEMHUTCA IPOHUKHYTHh B ITy0b BEJIMKUX 3aKOHOB MaTepuasbHOTO Mupa. C
IPYTOil CTOPOHBI — 3TO (QyHZAMEHT HOBOHM TEXHUKH, MACTEPCKAas CMEJIBIX TeXHHYEeCKUX HAeH,
IOBIDKYINAs CHJIa HEIPepBIBHOTO WHIYCTPUAIBHOTO IIporpecca». [locTaTo4HO cKas3aThk, 4YTO
HayyHOe OOOCHOBaHHe IIOJeTa YejJoBeKa B KocMoc yke gaHo B «Hauamax» Hsiorona, HO
JeJI0BeYeCTBO HECKOJIBKO CTOJIETHH KJAN0 OCYIIeCTBIeHHUA 3TOH Bo3MoxHOCTH. KocMuueckas
TeXHUKa, TaK)XXe, KaK U aTOMHAasA SHepreTHKa, 5JIeKTPOHUKA, CKOPOCTHOM TPaHCIOPT, ILIaBydue
71a60paTOpuU aKyCTUKOB U TeO(U3UKOB — BCEM MM HYXXHBI MaTe€pHAaJbl IIPOYHbBIE M B TOXE
BpeMs [OCTaTOYHO IIJIACTUYHBIE, CTOWKHE IIPOTUB KOPPO3UU U He OOAIIMecs BBICOKHX UM HU3KHUX
TeMIIepaTyp, CIIOCOOHEBIe paboTaTh B ITyO0oKoM BakyyMe. IloaToMy B dusmke TBepAOTro Tea IIeb
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HAay4YHBIX MCCIeZOBAHNI HEIPepPBIBHO IEPeXOIUT B IOCJIeJ0BAaTeIbHOCTh TeXHOJOTMYECKUX U
KOHCTPYKTHBHBIX Ppa3pabOTOK; TeM CaMbIM 3Ta HayKa pafiMKaJIbHO BJIMIET HA YPOBEHb
COBPEMEHHOM JKM3HHU Y BOUCTUHY ABJIAETCA PEryJIaTOPOM IIPOTrpecca Ha CeTONHANIHUN JeHb.

IX

OzuuM u3 SpPKUX IPUMEPOB IIpeBpAllleHUs BYEPAUIHUX pe3yJIbTaTOB HAYYHBIX
WCC/IeZIOBAaHUM B CETOAHSNIHION IIPOMBINIIEHHYIO TEXHOJIOTHUIO sABIfeTCI (akT paspaboTKu
Impolecca THUIPOSKCTPY3MM — BBIZABIMBAHME Marepuajga depe3 MaTpUILy M3 KOHTeiiHepa
KUAKOCTBIO BBICOKOTO  gIaBieHus (PU3MKM BBIHY)XIEeHBI OBIIM  CO3J4aTh  MAIIMHBI,
BBIZIEP)KMBAIOIIME [aBiIeHHe B HECKOIBKO [eciaTKoB atMocdep). Mmes ruzposkcTpysuu
pozuiack Ha Gase pesysnbpTaToB Jsaypeara HoGenesckoit nmpemun I1. Bpumxmena u coBeTCKOTo
yueHoro,akagemuka JI. BepemjaruHa, COriacHO KOTOPBIM IIOZ BCECTOPOHHUM [aBleHUEM
IIJIACTUYHOCTD — CIIOCOOHOCTD TeJla MOJ, AeHCTBUEM NPUIOKEHHBIX K HEMY CHUJI U3MEHATH CBOIO
dopMy He pa3pylIasfch — Y BCEX BElleCTB CYLIECTBEHHO IOBBIIIAETCA. DTUM METOZOM YZAAIOoCh
IIepeBecTH MeTa/UIMYeCKHe CIIJIaBbl M3 XPYIKOTO COCTOSHUA B IIJIACTUYHOE, 3aTeM B STOM
CoCTOsHUM ZedopMHUpOBaTh — B IIPOLieCCe BBIAABIMBAHME Yepe3 MATPHUILy, B MIPHHIIKUIIE,MOKHO
MIOJIyYUTh JeTanu JTI000i (HOpMbI. DTO IIO3BOJIMIO YCIIENIHO 0OpabaThIBaTh caMble XPYIKHeE,
caMble TpyAHOZePOpPMUpPYeMble MaTepHAIbL — MOJIUOLeH, BOIbGPaM, OepPUILINiL, XPOM U MHOTHE
apyrue. Ilocie ruppompeccoBaHusA CBOMCTBAa MaTepHaa OKa3bIBAIOTCA HEM3MEPUMO JIydlle, YeM
mocyie 06pabOTKM IO OOBIYHOM TeXHOJIOTMU. Tak, HaIpuMep, IPOYHOCTh MOJIUOIeHa IOCyIe
TH/IPOIIPECCOBAHUA TIOBBIIIAETCS B 2 — 3 pasa, MIACTUYHOCTH B 5 — 6 pas, a yapHas BI3KOCTh B

10 - 20 pas.

PyxoBogurens oTfiela HU3KOTEMIIEPaTyPHOTO MaTepHaIOBefeHUs
npod. Vnea Hackugamswnu B 1abopatopuu Bragumupa IIlaxuasaposa.

B Towmucu, 8 Uucturyre dusuku AH I'CCP, B aTOT mepumon ydeHBle MHTEHCUBHO
M3yJaay BINAHME pafMalliy Ha IPOYHOCTHO-IIJIACTUYeCKHe CBOMCTBA TBepAbIx Teia. M Bot
37lech CKpeCTWJINCh Hay4YHble MHTepechl KOJJIeKTHBa MHCTUTyTa QU3MKU BBICOKOTO JaBIeHUS
AH CCCP Bo rnase ¢ akagemuxoMm JI. Bepemarunsmv u Uacturytrom ¢pusuku AH I'CCP — kak
M3MEHAIOTCA CBOMCTBA BEIECTB NP PEaKTOPHBIM OOJyd4eHHeM, eCIIM HX IpeJBapUTEIBHO
IIOABEPTHYTH TUAPOIKCTPY3UN?!

Kak noxkasanu usmMepeHUs TPY3SMHCKUX (PU3UKOB, IPOYHOCTh TAKOTO MATKOTO MaTepHala,
KaK «KpBUIATBHIA MeTaJI/I» JIIOMUHUH, II0CJIe TUPOIIPECCOBAHUA C IIOCIENYIOUUM 00IydYeHuEM B
IATh pa3 IPEeBOCXOAUT IIPOYHOCTH OOJIYYEeHHOTO, HO He IIOZBEPTaBLIETOCS IIpeABapUTEIBHO
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TUAPOSKCTPY3UH, aNIOMUHUA. YeMm Ooiblle yBeJIHYeHHME IIPOYHOCTH, TeM Oosblre
BO3MOXXHOCTEI yMEHBIIUTh BeC AaBHMAIMOHHBIX M PAKETHBIX KOHCTPYKIUH. 3apyOexHbIe
CIIeLIMAJIUCThI IIPUCTAIBHO CIEeAAT 3a pe3ysIbTaTaMH STUX MHOTOOOeIAoIUX HCCIeJOBaHUN —
CBUJIETETBCTBO TOMY Te 3aIpockl, Kortopsle noxydens! B Mucturyre dusuku AH I'CCP ot paga
BeyIIUX KalIUTAIUCTUIECKUX CTPaH.

Collcton of EAIPh 4
Processed by L. Zamtaradze

I'pynma coTpyZHHMKOB OTAeIa H3KOTEMIIEPATyPHOTO
MaTepHaJOBeZieHHA ITOCIe O9ePeSHOTO yCIexa.

X

B pasnmyHBIX 3jeMeHTaX AZepHOTO peaKTOpa MCIIOIb3YIOTCA CHIOKHBIe MaTepHasbl. 3a
BpeMs CBOeil pabOThI OHU ITOABEPraloTCSA OTPOMHBIM [03aM CJIOXKHOTO M3JIydeHUd. BO3HHKAIOT
MHOTO00OpasHble U CJIOKHBIE MaTepHaJIoBeLuecKye IIPoGIeMbl pafMalliOHHON YCTONYMBOCTY U
PaAuAIMOHHBIX M3MEHEHWH B KOHCTPYKTHBHBIX MaTepuanaX U SAEePHOM TOpIOYeM, BKJIIOYas
IpoGIeMbl COBMECTMMOCTH MaTepuaynoB. Il03TOMy dYpe3BBIYaifHO BaKHBIM U aKTyaJbHBIM
ABJIAETCA JJIA PasBUTHUA fAJIe€PHOI MHAYCTPUHU UCCIeOBaHME PaAUAllMOHHOM CTOMKOCTH TaKUX
TYTOILUIAaBKMX KOHCTPYKTHBHBIX MAaTEepHajIOB, KaKUMH SBJIAIOTCA OOpUIABI M KapOHABIL. OTH
MaTepuaJbl, CO3aHHble KoleKTuBoM MHcruryTa npo6iaem marepuanosegenus AH YCCP nog
pykoBozactBoMm Bune-npesusenta AH YCCP Tpedwunosa, mpoxomaTr memsli KOMILIEKC
WCIIBITAaHUI B JTabopaTtopusix rpy3uHckux ¢usukon. Okazanaock, uyTo, Hanmpumep, TiB2, koTopsIit
BBISABJISET 3aBUAHYIO PafMallIOHHYIO CTOMKOCTh IIPM OOBIYHBIX PEAKTOPHBIX TeMIlepaTypax
06Iy4ueHU s, IPYU MTOHIKEHNUN TEMIIepaTyphl 00Iy4eHUsA CTAaHOBUTCSA YK€ OYeHb IOJATIUBBIM K
pazuanyy — pesko MeHAIOTCS «3allparpaMHUpOBaHHbIe» B HEM CBOMCTBA.

Kak mpu OOBIYHBIX, PEaKTOPHBIX, TaK U IIPU HU3KUX TeMIlepaTypax oOIydeHMs ITOKa3aj
BBICOKYIO PafuaIOHHYIO YCTOMYHMBOCTD u IIOATBEPAYI CBOIO peryTanuio
BBICOKOKAQYeCTBEHHOTO KOHCTPYKTHBHOTO MaTepuaja HOBBIM THUII CTaad, CO3ZAHHBIN
I'PY3UWHCKUMU YYeHBIMU-MeTaLTypPraMu.

XI

Havano ceMuzmecsaTsIX TOZOB IPUHECIO HOBBIH yCIeX PafUualliOHHOHN (PHU3UKU TBEPAOTO
tena B ['pysum. I'pysumHCKMX GU3UKOB 3aWHTepecOBaJl OXWH W3 CaMBIX IIOPa3UTEIBHBIX
pasuanvoHHBIX 5((eKTOB — TOTeps 3JIaCTUYHOCTU 0OsydyeHHOro BemecTBa. OO6rydeHue
KPUCTAJUIOB IIOTOKAMU HEHTPOHOB yBEIWYMBAET MX IIPOYHOCTh—PafHalMOHHbIe 3(QeKTHI
IPUBOZAAT K TOMY, YTO IUIOCKOCTH CKOJBXEHUS B KPUCTAJLIe OKA3bIBAIOTCA OJIOKMPOBAaHHBIMU —
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Iepe/iBIDKEHNE AVICIOKAIIUH 3aTOPMOXKEHO. B HECKOIBKO Pa3 yBeIMYHBAs MIPOYHOCTH BEllEeCTBA
pasuanysg, BMeCTe C TeM, ZejaeT ero XpymkuM. D(pQeKT M3MeHeHMS IIACTUYECKUX CBOHCTB
MaTepuasa HarjadgHO JeMOHCTPUpOBajca Ha BhicTaBKe «ATomMHad oHeprus B CIIA»,
nokasaHHO# B JKeneBe. «Kazple HECKOJBKO CEeKyHJ, — OIIMCBIBaeT 3TOT (aKT Jaypear
HoGenesckoit mpemun BurHep — jerkuii umapuk momepeMeHHO Gpocaay TOB OLWH, TO B JPYTOit
Memusrii nuanHAp. O6a MUIMHIpa BHEIIHEe BHITIALEIN OAMHAKOBO, HO OTJIWYAINCH TEM, YTO
OONVH W3 HHUX OBLI INOABeprHyT oOiydeHuio HedTpoHamu B Ox—PumxckoMm peaxTope.
HopmanbHbIl DMIHHADP IPU yape O Hero MIapuKa He M3jaBaj HUKAKOIO 3ByKa, B TO BpeMs,KakK
OGTy4eHHBIH «Ilesl», Kak KaMepToH. Hukakas xonozHas o6paboTKa Mesu He Moria ObI IPUAAThH
el TakoM >KeCTKOCTH, Kakasd Oblma y oOiydeHHOro oOpasua». Ho, yBemuduBas >KeCTKOCTSH
Marepuasa, KaK CIeJaTh TaK, YTOObI YIYYUINTh MU XOTA OBl COXPAaHUTH €T0 ITaCTHYHOCTH? O.JL.
AHIPOHUKANIBIIN IPeJJIOXWI HUHTEPECHYIO HAeI0 — 00JydYaTh KPUCTAJUIBI B MeXaHUYECKU
HaIPsSKeHHOM COCTOSHUU.

Liana Zamtaradze's
Personal Collection

Ortzen ¢pusuku TBepporo reaa. B nentpe
pyxoBogurens oraeina — Huxanop Ilomuros.

OzHO MexaHHYeCcKOoe HarpykeHuve (B TedYeHHe HECKOJIBKUX MeCSIeB) yBeIUIHBAET
mpezenbHyio medopmanuio (rwactueHOocTh) Ha 60 %, a 0OrydeHMe yBelIMYMBAeT IIPOYHOCTH,
XOTS M yXyAlLlaeT IJacTUYecKue cBoicTBa Tesna. COBMECTHOE K€ BO3ZeHCTBHE MeXaHUIeCKOTO
HarpyXeHHUs M OOJydYeHUsA HOJDKHO OBLIO IPHUBECTH K HOBOMY MaTepHaly C YIy4lIeHHBIMHU,
KOMIUIEKCHBIMM CBOMCTBamMu. JleiCcTBUTENBHO, OOJIydYeHHMe KpPUCTA/UIOB B MEXaHUYECKH
HAIPsHKEHHOM COTOSHUM 00€eCIIeYnyIo IOBBIMIeHYe IIpeieIbHOM nedopmanuu (IIaCTUYHOCTH) B
Tpu pasa (IO CpaBHEHUIO — C oOpasiamu, O0JIydaeMbIMH B CBOOOJHOM COCTOSHUH, 0e3
IIPWIOKEHUs MEeXaHHYeCKOTO HAIPDKEeHUs) IPU OJHOBPEMEHHOM yBeIWYEeHUU IIPOYHOCTH B
nBa pasza. Kak IOKasaaum HCCIefOBaHUS, OTO pe3yJabTaT yMEHBIIEHUS «Xaoca» B
nedeKTooO0pasoBaHUM — B HANPDKEHHOM KpPUCTa/Ule II0f HEeHTPOHHOM 6GoMGapAupOBKOiM
o6pasyiorcs fedeKThl OlpefieIeHHOTO THIIA, KOTOPbIe PACIIOIATaloTCs YIOPSL0YeHHO. V3meHss
CTeIleHb YIOPSILOYeHNs PafUaAlMOHHBIX Ae(deKTOB, MOXKHO ITONYyYUTh MATE€PHUAIbl C Pa3HbIMU
3a/@aHHBIMKM CBOMcTBaMu. Ilostomy kypHan «IIpupoma», coobmas 06 5TOM OTKDBITHH,
KJIACU(HUIPOBAJ €r0 KaK «IIyTh IOTyYeHUs HOBbIX MAaT€PHAIOB».
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XII

Oco0b1ii mMHTepec y TPY3MHCKUX (GU3UKOB IIPOABIAETCA K TUIPUZAM IIePeXOIHBIX
MeTaJUIOB — COeJUHEHMIO MeTalyla C BOZOPOJOM. Peryiampys KoaudecTBO BOZOPOZA B HUX,
MOXXHO Pe3KO U II0 Pa3HOMY M3MEHATh CBOMCTBA STUX BellecTB. IIpuMeuaTenpHO elle U TO, YTO
comepxanue Bogopoma B ZrH, wnHampumep, w™oxHO goBectu mo 7°10%2cm3, Te.
CKOHIIEHTPHPOBaTh B OJHOM CM®> IMPKOHHUA OOJbllle BOZOPOZAA, Y€M B OJHOM CM> BOABI U
IIOJyYXUTh OTJWYHBIM MaTepuay IIOIJIOTUTENS WU OTpaXkaTels HEUTPOHOB IJis PeaKTOPHOI
TeXHUKH, OTIMYHBII MaTepHas A PaKeTHOTO TOIINBA U T.J.

B xakoM ke COCTOSHMM HaXOAUTCS BOZOPOZ B KpucTasute? Kak okas3asiock, BOJOPOJ He
BCTpamBaeTCs B PAABl MeTAUIMYeCKOM (MaTpUYHOI) pelleTKH, KaK OOBIYHAs INpUMeCh, a
BBICTPaMBaeT CBOIO COOCTBeHyIO mozpeuretky. [Ipu «HexBaTKe» BOZOpOZA IYCTYIOI[WE Y3JIBI
(BakaHCHM) OTOH IIOPELIeTKH TOXe CO3JAI0T CBOIO CTPYKTYPY — YHUKAJIBHBINA CiIydail
COBMECTUMOCTH TpeX IIOAPeIIeTOK B OHOM KPUCTALINYeCKOM BeuecTBe. B MHcTHTYyTE Dusuku
6bUT0 ycTaHOBIeHO (azoBoe mpeBpamieHue B ZrH mpu HM3KHX TeMIepaTypax — CTPYKTypa
BOJOPOJHOM IOZpEeIIeTKH OKa3ajach JIETKO M3MEHAIOUeHCca IpU IOHIKEHHU TeMIIepaTypHl.
Bruto HaOMIOMEHO HECKOJIBKO HOBBIX (DAa30BBIX CTPYKTYp BOJOPOAHOM cuTeMbl. M BoT
OOHApYXWUJIOCh, YTO SANEPHBIM H3JIy4eHHMEeM MOXXHO YIPaBIATh IapaMeTpaMU 3THUX
IIpeBpalleHUH — MOXXKHO «IZUKTOBaTh» IIPAaBHJIA IIOBEIEHUS B MeTaljle STOMY CaAMOMY JIETKOMY
5JIEMEHTY OKPY>KalOIlero MUpA.

OTKpsITh HOBble (ha30BbIE IIpeBpalleHUsA CETONHSI — PaBHOCHJIBHO OTKPBITHUIO HOBOTO
MaTepuka, HO (UMK TBEPAOTENbIIUKM HAXOATCSI B Oojiee BBITOJHOM IIOJIOKEHUU, YeM
Hacenuuku Konymba; — onn (OTT) He TOMBKO M3y4aioT eCTeCTBEHHBIE BEIeCTBA, HO M CaMH
ABJIAIOTCA TBOPLAMH HOBBIX COeZVHEHUI, HOBBIX BEIIECTB M T€M CAMbIM SABJIAIOTCA TBOPILAMU
HOBBIX fIBJIeHMI!

XIII

TBepmoe Temo, Ha TepBBIA B3IJIAZ, OJIUIETBOPEHHE CTATUYHOCTH M IIOKOS, OOyazaer
OOJIBIIMM BHYTPEHHHUM AMHAMU3MOM — HAaXOZAIIMECA B y3JIaX PeIIeTKU aTOMBI, CBSI3aHHBIE
YIPYTHMU CHJIAMH, COBEPLIAIOT HeIlpephIBHbIE KOJeOaHUA BO3JIe CBOUX ITOJIOKEHUN PaBHOBECH.
OTO TeIIOBOe [BIDKeHMEe O0O0yciaaBauBaeT OOBIYHYIO Auddysuio — TIpolecc IepeHoca
IIPUMEeCHBIX aTOMOB MJIM aTOMOB OCHOBHOro BemiecTBa. CkopocTs auddysuu c pocToM
TEMIIepaTypsl Pe3KO BO3PACTaeT IO OJKCIIOHEHIIMAJIBHOMY 3aKOHy. TakuMm o6pa3oM, BOIM3H
abCOJIIOTHOTO HYJIA, KOTZA TEIUIOBOe IBIDKEHUE aTOMOB B KPUCTaJIe CIUIBHO OcCiabigercs,
CKOpocTh AuGOY3UU CTpeMHUTCA K HYJIIO, U fABieHue AUPOY3HUM He JODKHO HAOIIONATHCA.
OpHako, B IOCJIeJHHUE TOABI, TEOPETUKM IIPeACKA3alM, YTO IIPH aOCOJIOTHOM HYyJEe MOXET
MOABUTBCA  crenuduyeckas «kBaHTOBaA guddysua», npu KOTOpod aAubdy3nOHHBIE
ImepeMelleHus TONYUHAIOTCS WHBIM, He «KJIAaCCHYeCKHUM», MeXaHMU3MaM U 3aKOHOMEPHOCTSM.
Oguoit U3 cucreM, AnA KOTOPOH IIpe[CKa3bIBalach KBaHTOBasA AuGbQy3us, ABIIETCI BOLOPOZ,
PAaCTBOPEHHBII B METAJIJIaX — T€ JKe TUAPUIBL.

TepMuH u camo fgBIeHMe KBAaHTOBOH Audpdysuu morydmwio rpaxzaaHcrtso B MHcruryre
¢usuxku AH I'CCP noutu cpasy ke nociie osiBjieHHs Ha cBeT. [lepBsie clrenasbHble CEMUHAPSI,
OpraHM30BaHHbIe U pyKoBozuMsle O. JI. AHZPOHMKANIBIIN, BeAyllue K IIOCTAHOBKe U SACHOMY
IIpe/ICTaBJIeHUIO SKCIIEPMEHTAIBHBIX 33/la4 — NPUOOIIeHNe K 3TOMYy HOBOMY HAIIPaBJI€HUIO B
bu3uKe TBepHOrO Teja. 3a PEeKOpPAHBIE CPOKU COOPYXKAIOTCA HOBBIE ODKCIIEPUMEHTAIBHBIE
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YCTaHOBKM ... U BeChb JTOT IIOPBIB TaK CBOEBpPEMEH M TaK IIOATOTOBJIEH BCeH IpeAbIAyIlei
paboToii, YTO IPUBOIUT K ellle ogHOMY TpuyMdy dusuku B I'pysumn!

CBOeBpeMeHHOCTh BKJIIOYAeT 37leCh He TOJIBKO aKTyaJbHOCTh HAYYHOI'O BOIIPOCA, HO
BO3MOXKHOCTU VHCTHTyTa B IIeJIOM M TOTO KOJIJIEKTHBA, II€pPBBIE )K€ DKCIEePUMEHTHI KOTOPOTO
IIPUBEIH K OTKPBITHIO — HAOJIOAAIOCh PE30HAHCHOE TIOTJIOLIeHNe U IOCIeAyIoliee U3TydeHre
3ByKOBOM SHEPTUU B HHOOUU, cozepxKaluieM Bogopoy. Iloxyuen addekT 3BykoBoro j1asepa — npu
IIOTJIONIeHNY (3allaCeHUU) OIpeJIeHHOH yIpyroil SHEpruM BeleCTBOM CTHUMYJIHUPYETCS ee
TeHepUpOBaHME IJIM YCHJIEHWe, W HApyXy BBICBEYHBAETCA OHEPrus eue OoJbLIeH
WHTEHCUBHOCTU. be3 KBaHTOBOM MUTpanuy BOZOPOJA B MeTasUle, IIPU TeMIlepaType >XKUIKOTO
renus, He 66110 651 3TOTO 3D PekTa.

XIV

Kaxzmoe oTkpbITOe sfBJIeHUe IIPUBOAUT K PasMBIIUIEHUAM Yy4eHBIX-IIPAKTHUKOB — Kak
CZIeJIaTh ero KM3HEHHO HeOOXOLUMBIM JIJI YeIOBeYeCTBa, YaCThI0 MHAYCTPHUAIBHOTO IIPOrpecca.
Taxoke 1 3TOT, OOHAPY>XEHHBIN T'PY3SHHCKUMH (GU3NKaM¥, d3PDeKT OyJOpaXHUT IpaKTUIeCKHe
MBI KaK y Hac, TaK U 3a pyGeXxoM, a ucciefoBaTeabcKas paboTa IpoJonKaercs, GU3NKN CTaBIT
BCe HOBbIe ¥ HOBBIE SKCIIEPHUMEHTHI, KOO

«MHOTO0 BOIIPOCOB ellle OCTaeTCs ¥ MHOTOe HaJi0 BBIACHUTS,
eXeIu MBI K OYeBHUAHOCTHM IIOJTHOM CTPeMHMCS».

Jlyxpenuii
XV

OBM B HaureM BeKe CBHIIPaIX PEBOTIOLMOHHYIO POJIb BO MHOTHX O0JIACTAX YeJI0BEYeCKOH
nesaTenbHOCTH.OHM OKazanuch 3GGEKTUBHBIMU M AJIA pelleHUA HEKOTOPBIX CJIOXKHBIX 3a7ad
TeOpur (U3MKKU TBEPAOTO Tejd, OCOOEHHO BOIIPOCOB, KACAIOUIMXCSA TEOPHUU PaLUAIMOHHBIX
HapylleHWi. TUNWYHBIM IPUMEPOM pAaJHAIIIOHHOTO BO3JEHUCTBUA sABIEeTCA OOIydeHUe
KPHCTaJJIa IIOTOKOM OBICTPBIX HEHTPOHOB B peakrTope. HelTpoH, paccemBasich Ha OJHOM U3
aTOMOB KPHUCTAJIa, IlepefjaeT eMy YacTh KHMHETUYEeCKOH SHEePTMH U KOJIWYeCTBA [BIDKEHUS.
Bo30y>XmeHHBIN aTOM IIPOPBIBAETCA CKBO3b PEIIETKY, BHITAJKHUBAA JPYyrHe aTOMBI C UX MeCT U
oCTaBJIAA 3a cO00# 06yacTh moBpexzaeHus. C TeOpeTHYeCKOW TOYKH 3peHUs TaKOH IIpolecc
HAZI0 pacCMaTpUBaTh KaK CJIOKHYIO IIpoOIeMy MHOTHUX Tel. AHaJIUTHYeCKHe MeTOHbI 37eCh
HempurogHel. CeromHsa  HCIOMB3YIOTCA  YHCJIOBBIE CIIOCOOBI  pacdyeTa C  IIOMOIIEBIO
OBICTPOZECTBYIOIIMX CYETHBIX MAIIWH. 1eM CaMbIM, YJaeTci CMOJEINpPOBaTh HEKOTOpBIE
IIPOIIECCHI, IPOUCXOZAIIYEe B KPUCTAJIe HA aTOMHOM YPOBHe.

Ha sTux Kazpax mporecc pagualMOHHOTO IIOBPeXAeHUs HaYMHAeTCsI C MOMEHTa, KOrja
BCe aTOMBI HAXOJATCA HAa CBOMX HOPMAJbHBIX INTO3UIUAX B pelIeTKe M BCe, KPOMe OJHOTO,
HaXOJATCA B IIOKOe. DTOMY €JUHCTBEHHOMY aTOMy COOOILIAeTCS TO WMJIU HHOe KOJIHUYeCTBO
SHEPruy B BBIOPAaHHOM HAIIpaBJIeHUU — UIMUTHUPYETCA CTOIKHOBEHUE JAaHHOTO aTOMA C YacCTHIeH
M3Ty4YeHHA. J3aTeM HaCTylaeT BpeMs OBICTpoAeHCTByIomeii cuyeTHOM MmamwuHbl. OHa
MHTeTpUpPyeT KJIACCUYeCcKOe YpaBHEHUE MOBIDKEHHS [JI1 COBOKYIHOCTH aTOMOB W
ITOKA3bIBAEeT,KaK IlepeflaeTcs SHEPTUs OT IEePBUYHOTO BO30OYXKIEHHOTO aTOMa K eTr0 COCeHsM,
KaKMMM IIyTAMH PpasBHBAaeTCA [ABIDKEHHEe M KaK, HAKOHeI[, OHO 3aTyXaeT, 3aCTaBJAA aTOMBI
IIPUUTH B COCTOSHUE IIOKOsS, 00pa3oBaB HOBYIO KOH(MUTYPAIUIO IOBpEXAEHUs. JTO KaJphl U3
dunsma mpodeccopa [Ix. BunpApma — pe3ysnbraThl IIepBBIX MOJEIBHBIX IIpeACTaBIEHUM,
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IIPOUCXOAAMNX B KPUCTAIE PAAUAIlMOHHBIX HapyIIeHWH Ha OCHOBAaHWH BbhrunciaeHuir DBM B
BpyxxeiiBeHCKO# HannoHaIpHOU maboparopuu (CIIA).

B mecrupmecarsix rogax B Wucturyre dmsmku AH TI'CCP ypmamocs cMmozmenmpoBaTh
HEKOTOphle creluduiecKue IPOILECChl, IPOUCXOAAIIMe B KpHUCTa/Ule IO obnydeHumeMm. B
paboTax, KOTOpble ObUIM NPU3BaHbI IIMOHEPCKUMHU B OTEYECTBEHHOI HayKe, HCCIEIOBAaHO
pasuaioHHOe 00pa3oBaHNe BAKAHCHOHHBIX KOMILIEKCOB, B3aUMOIEHCTBHE 3TUX KOMIIJIEKCOB C
IpyruMu gedeKTaMU, UX POCT U IIpeBpalleHue B Oojee CIOXKHBIE AedeKThI, KOTOPHIE YXKe
MOXHO  HCCJIeNOBaTh  ODKCIIEPUMEHTAJIbHO. OTH  BBIYMCJIEHUS  IIOMOTJIHM  TOYHee
WHTEPIIPETUPOBATH LIEJIbIi P S9KCIIEPUMEHTAIBHbIX Pe3yIbTaTOB.

XVI

37ech MBI OCTAaHOBIJIMCH Ha HEKOTOPBIX MOMEHTAaX YCIIeLIHOTO Pa3BUTHA PafgUallMOHHON
dusuku TBepmoro Tena B I'pysum 3a mouru 20-JIeTHIOI0 MCTOpUIO CyllecTBoBaHuA. Kakmbrit
yCIlex — 3TO BeHell TeX UCKAaHUH, COMHeHUH, eCJIM XOTUTe, MyUUTeIbHbIX pasAyMUil, HUCKOJIBKO
He yCTyNaIOmUX AAHTEBCKUM; BeHell, MHOI/A KaXYUIUXCA MHMOJETHBIMHU, YJAad ... , KOTOpbIe
COITyTCTBYIOT KaXZOMY HCCIefoBaTenio. Kaxzasiii ycmex — 9TO YHOpHBIN TPyZ OOJIBLIOTO
kostekTuBa. K sTomy Hazmo moGaButh eme cioBa akagemuka I[I.JI. Kamuusr «Ilpu 6ompuroit
KOJUIEKTUBHO paboTe pexuccep cTaja HeobxoxuMm u B Hayke. Kakue TpeGoBaHHSA MBI CTaBUM
nepen, HuM? [71aBHOe TpeGoBaHME TO, YTO €r0 POJIb JOJDKHA OBITH TBOPYECKOH ..., OH JOJDKEH
IIOHUMATh CMBICII M IIeJIb pelleHWH HayYHOH pabOThl U [OJDKEH IIPaBHJIBHO OIIeHUBATh
TBOpYECKHe BO3MOXXHOCTHU HCIIOJIHUTeNeH, pacupezienaTh POJM II0 TAJIaHTIMBOCTH MU TakK
PacCTaBUTh CUJIBI, YTOOBI BCe CTOPOHBI pelIaeMoi IIpo6IeMbl Pa3BUBAINCh TAPMOHUYHOY.

Yacrs BTOpas
I

®usuka TBEpPZOrO Tesa 3TO He TOJMBKO Gu3uKa HedeKTOB PeasbHBIX KPHUCTAUIOB. OJTa
HayKa COJEPXKMT ellle Takue (yHAAMeHTaJbHBIE IJIaBbl, Kak (U3MKa (POHOHOB M MArHOHOB,
¢r3MKa IIa3MOHOB U IOJISPOHOB, (PU3MKA SKCUTOHOB. DTH BOJILIEOHbIE YAaCTHUIIBI OJIULETBOPSIOT
OJHY U3 OCHOBHBIX KOHIIENIIIUH COBPEeMEeHHOH (GU3UKH — Ayaanu3M BOJIH U YaCTHI] ... .

CoBpemenHas ¢u3mKa, Ha3BaHHAsA Ha 3ape HAIIero CTOJIETUsA KBAHTOBOH MeXaHWKOH,
BBIABJIAS HOBBIE YAaCTHUIIBI B KPUCTA/LJIAX, PACKPBLIA ellle TaKKe CBOMCTBA 3JIeMeHTaPHBIX YaCTHUII,
KOTOpbIe HellpeICTaBUMBI B KaccuuecKoi pusuke. KBanToBas MexaHuKa OTKpbLIa CIIvH!

K cepenune nBasuaTeix rofoB B pU3MKe HAKOMMJIOCh MHOXXECTBO CTPAaHHBIX (AaKTOB, IJII
pasraiki KOTOPBIX TPeOOBaIOCh HEYTO HOBOE. 3aTPyJHEHUE yCTPAHAIOCH, IIPUIIKCAB IEKTPOHY
0coboe CBOMCTBO, HEM3MEHHO IIPHUCYIee €My B TaKOH JXe CTeleHW, KaK 3apsaj M Macca. JTO
CBOMCTBO COCTOSIJIO B TOM, YTO 3JIEKTPOH 00yafiaeT COOCTBEHHBIM MOMEHTOM KOJHUYECTBa
IBIDKEHUS — CIIMHOM U MarHUTHBIM MOMEHTOM, T.e. BeZleT ceOs Kak BOJTYOK M MarHuT. Kak
OKa3aJIOCh IIOTOM, DTU CBOMCTBA He SBJIAIOTCA HCKIIOYHTENBHON OCOOEHHOCTBIO DJIEKTPOHOB.
Hapsany c smekTpoHaMu, CIMHOM M MarHUTHBIM MOMEHTOM OOJIa[JalOT TaKxKe U IIPOTOHBI U JaKe
HEUTPOHBI, COBCEM He HMeollue 3apAga. TakuM oOpa3oM, CBOMCTBA CIMHA U MarHUTHOTO
MOMEHTa NIPUCYILHU U AaTOMHOMY AAPY.

Kaxzprit atom mpezcraBisgeT co00i MaJeHbKUM aHCAMOJIb CIIMHOB H, B 3aBUCHUMOCTH OT
KOJINYeCTBA M PACIOJIOXKEHHUA CIIMHOB, aTOMbl WMEIOT MM He WMEIOT pe3yJbTUPYIOMMi
MarHUTHBI MOMEHT. BemrecTBa, COCTOSIIME TOJIBKO W3 TaKUX aTOMOB, KOTOpble HE HMEIOT

299



Some aspects of development of solid state physics in Georgia.

pe3yIbTUPYIOLIero MarHUTHOTO MOMEHTA, JUAMarHUTHBL. B ImapaMarHUTHBIX BellleCTBaX aTOMBI
006JI1aJaI0T ITOCTOSHHBIM MarHUTHBIM MOMEHTOM, HO B OTCYTCTBHU BHENTHETO MAarHUTHOTO IIOJIA
S5TH MOMEHTBI OOBIYHO OpPHEHTHPOBAaHBl XAaOTHYEeCKHM II0 BCEM HANpaBIeHUAM U
MaKpOCKOIIMYeCKas HAaMarHWYEeHHOCTh OTCYTCTByeT. HekoTopble BemecTBa 006JaZaioT
IIOCTOSHHOM HAaMarHUYeHHOCTBIO, Ja)ke B OTCYTCTBHM BHEIIHero MarHuTHoro mnond. OHu
Ha3bIBAIOTCA (heppoMarHeTUKaMHU.

B mMarneTusMe cerofHa pa3jNYaloOT «AJePHBII MarHEeTU3M» U «3JIeKTPOHHBII MarHeTU3M».
B mepBoM ciryuae KpHCTamT IpeACTaBIAeTCA KaK aHCaMOJb, COCTOAMMK M3 OOJBIIOTO YHCIIA
aTOMHBIX AJiep M M3y4aloTCA MX KOJUIeKTMBHBIE MaKpOCKOIMYeCKHe MarHUTHBIe cBoiicTBa. B
TAKOM JX€ acCIleKTe «dJIeKTPOHHBIN MarHeTHU3M» IIpefHa3HAadeH [ aHcaMOyell 3JIeKTPOHOB.
Ydenue o MarHeTusMe CyMeJIO CBA3aTh IIOBeJeHHE AZePHBIX M DJIeKTPOHHBIX MOMEHTOB CO
MHOTMMU TOHKMMU XapaKTepUCTUKaMHU BellleCcTBa. biarosaps atoMy, HcciesoBaHle MarHUTHOM
penakcanuy, MarHUTHOTO pe3OHaHCa M AJepHOM OpHeHTalluu B TBepABIX TejlaxX [aloT
BO3MOXKHOCTh IIOJIYYUTh CBeZeHHs O CTPYKType Tel, O MarHUTHOH CTPyKType ¢eppo- u
aHTU(hEPpPOMAarHeTUKOB, O BHYTPUKPUCTALINYECKHX IIOJIX, O (a30BBIX IIepexofax, o0
3JIEKTPOHHOH CTPYKType AedekToB pemeTku. C Apyroit CTOPOHEI, IIOTyYeHNe ITOIIPHU30BaHHbIX
AlepHBIX MOMEHTOB IIpe/iCTaBIgeT UHTepecC Aad GUUKH A7pa U GUSHKH dJIeMeHTapHbBIX YaCTHII.

II

CamsbIit BBICOKHIH YpOBeHb PaboOT II0 MarHeTU3My, TpoBoAuMbIX B MHcTHTYyTe dhuzuku AH
I'CCP, o6ycnoBieH B IepBYyIO OUYepesb OPUTHHAIBHBIMU Pe3yIbTaTaMU WIeHa-KOPPECIIOHEeHTa
AH I'CCP npodeccopa I'.P. Xynuursumnn.

ITpodeccop I'meu Xynmumsmam.

I'' P. Xynumsunu dABigeTcs OAHUM U3 IIepPBBIX, KTO IIPETBOPHJI B TEOPHIO HEI0
nuddysun AmepHOro CIMHA A IIOJHOTO IIpeACTaBIeHMSA IIPOIECCOB fANEePHONH MarHUTHOM
peJlaKkcalyiy ¥ BBIHYXXJIeHHOM JUHAMWYeCKOM IIOJIApU3ALUHU AJep.

B HavanbHBIE MOMEHT BpeMeHM Ha o0pasel; (HeMeTa/UIMYeCKHIH AuaMarHUTHBII
KPHUCTaJUI, COZEp>KallUii MarHUTHYIO IIPUMeCh) HAJIOXKEHO BHENIHee IIOCTOSHHOEe IIoje — B
obpasiie MMeeTCs OAWHAKOBOE YHCJIO ANEPHBIX CIIMHOB, HANPaBIeHHBIX BIOJIb U IIPOTHUB
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BHEIIHEro IIOJII WM, KaK TOBOPAT (GU3WKW, CIWHOBAsA TeMIlepaTypa OeckoHeyHa. Bpems
BO3BpallleHHA A4pa B PaBHOBeCHME C pelleTKoN (BpeMsA peJakcanuu), OOYyCIOBIEHHOE
MarHUTHBIMU MOHAMH, IIPOIOPIIMOHAIBHO IIeCTOI CTeIIeHH PacCTOSHUA OT MarHUTHOTO HMOHA;
A/lpa, PacHOJIOXKeHHbIe BOJM3M STUX IPHUMECHBIX HMOHOB, OBICTPO IIPUXOAAT B paBHOBECHE C
pemrerkoii. C 5TUM CBA3aHO IOABIEHUE TPaJUeHTa CIIMHOBOM TeMIlepaTypsl (BOIM3H MarHUTHBIX
MOHOB TeMIIepaTypa CIIMHOB paBHA TeMIIepaType pelleTKH, BAAIU OT MOHOB OHAa OECKOHEYHa),
YTO U BBI3BbIBAET AU(PPY3UIO AMEPHBIX CIIMHOB: aHTUIIApa/UIeTbHbIe BHENIHEMY IIOJIO sA/lepHBIe
cnuHbl 7uQYHIUPYIOT K MarHUTHBIM MOHAM, IOOMAA OGIM3KO K MarHUTHBIM HOHAaM, 4acTb
AEPHBIX CIIMHOB U3MeHJeT CBOe HallpaBjieHue Ha obGparHoe. TakuM o0pa3oM, paBHOBeCHasd
AflepHasd HAMarHUYeHHOCTh IlepejaeTca K JaJleKUM fApaM M YCTaHaBJIMBAaeTCA PaBHOBeCHe
CIIMHOB BO BCceM o6pasiie. fpa oCHOBHOM pemeTky mpHu AuddYy3UM CIIMHOB He IlepeBUTalOTCA
— nudyHaupyeT TUIb U3OBITOK IIPOEKIUY CIIMHA A/pa.

AHaNIOrUYHO OOCTOUT ZHel0 B Ciydae BBIHYXXKJEHHON NWHAMHYECKOH IOJIAPU3AIUU —
A7lpa, PaCIOJIOKeHHBbIe BOMM3M MAaTrHUTHBIX HOHOB, OYeHBb OBICTPO IIOJIAPHU3YIOTCA IIOCIIE
HaJOXeHus Ha oOpasel], MUKPOBOJHOBOTO IIOJII M M3-32 BO3HUKIIETO TpafiieHTa CIMHOBOM
TeMIIepPaTyphl 3Ta MOJIAPU3ALUA PACIPOCTPAHAETCA K JAJEKUM fApaM, Ha BeCh oOpasel. YdyeT
CIMHOBOH Audy3Uu COBEpUIEHHO MeHsSeT pe3yJIbTaThl, Kacalolluecs AJepHOM MarHUTHOM
peslaKCcaluy U sAZepHOM mosgpusanuu. MsHavanpHO 3azava 6s11a penrena I'.P. Xyiumsunu 6e3
ydera T.H. nubdy3sHoHHOTO Oapbepa, IO3Ke 3Ta TeopHusA ObIIa MM Ke YCOBepIIeHCTBOBAHA HA
crydait guddysuonnoro 6apsepa. B sroit rubkocTu Teopuu I'.P. Xymumsuiauy, BKIIOYaoomei B
ce6Gs CIIOCOOHOCTh K YCOBEPUIEHCTBOBAHHIO — M CHJIA €e, TaK KaK «TeopHsd, KOTOPYIO Hesb3d
yCOBEpUIEHCTBOBATh, OKAXXeTCs ITOJTHOCTHIO HECOCTOATENIBHOI IIPU ITepBOH e HeyZade».

Kpome «BHyTpeHHeEro COBepIIEHCTBAa» TEOpHUS [JOJDKHA IIPOBEPATHCA «BHEUTHUMH
HMOATBEPXXAeHUAMN» (DiHIITeHH): moxyderHsie I. P. Xynumsuiu pe3ypTaTsl TeMIepaTypHOH,
II0JIeBOM M KOHIIeTPAIlMOHHOM 3aBUCHMOCTU BpeMeHU pejlaKCalluU fAfep MOJIYYMIN IMUPOKUH
OTKJIMK ¥ SBJISIOTCS OCHOBOIIOJIATAIOIUMH IIPY MHTEPIPETALIY SKCIIEPUMEHTAIbHbIX JaHHBIX.

II1

OynmamenTtanpHocTs pemraemsix [.P. XyuumBuau 3asad 110 MarHWTHOM peslaKCalU
A7lep U IO AlepHOI IOIAPU3AIIUY CleIaly eT0 OJHUM U3 KPYIHeHIINX yIeHBIX B 9TOH 001acTH
Hayku: ['. P. XynumBuiu aBageTcsa ofHUM M3 aBTOPOB MeTO/a MOJIAPU3ALNHN (PeppOMarHUTHBIX
atomoB. COIJIaCHO S5TOMY MeTOAY, JMJd IOJApU3aLUU ALep MAOCTaTOYHO IIPWIOXKUTh K
OXJIAKJIEHHOMY [0 CBEePXHU3KHMX TeMIlepaTyp (eppoMarHeTUKy IIOje, IIpeBBINIaiolee IIOJIe
HaCBIIeHUA.

B 1965 ropzy I'.P. Xynumsmim ¢ y4yeHUKaMH IIOKa3al, 9YTO B IIOJIyMeTajUle B CHJIBHBIX
MaTrHUTHBIX IIOJIAX BEPOATHOCTH PeIaKCAllH Apa ABJIAeTCA OCHVUINPYIoleil GyHKIIe M.

Eme B Hauase IeCTHAECATHIX TOAOB B IIPeJUCIOBUU K PYCCKOMY H3IAHUIO CBOeit
MOHOrpadUy BBIJAIOIUICA CIIEIUAIUCT II0 MarHeTU3My (paHITy3cKuil mpodeccop A. AGparam
nucanr: «Her HeoOXOZMMOCTH HAaIOMWHATH COBETCKUM YMTATEIM O BAXKHOM BKJIAJle COBETCKUX
y4eHBIX B [leJI0 U3yYeHUs MaTHUTHOTO Pe30HAHCca ... IpeBocxomHbie pabotsr A. M. ITpoxoposa u
I'. H. BacoBa o KBaHTOBBIM yCHJIUTEJIIM U reHeparopaM, Teoperudeckue paborsr M. f. Asbens
u Y. M. JIudmunia mo MarHUTHOMY Pe30HaHCY B MeTasiax, I'. P. Xymumswuim mmo perakcamuy —
M3BECTHHI BceM (pU3UKaM, pabOTAIOUIVM B 00JIACTH MarHUTHOTO PE30HAHCA».
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- £ T w0522
j \ r = " (ollection of EAIPR
Munuctp @paruuu o HayKe, aTOMHO} SHEPTHM B OCBOEHHI KOCMOCA
rocrioguH Po6ep I'amneit (Robert Galley) B icTuryTe Qusuku.

«fImepHBI#I MarHeTHM3M» U «2JIEKTPOHHBIM MarHeTHU3M» O3TO OypHO pa3BUBAIOIIUECS
obGracT HayKu (U3MKU TBEPAOTO Teja, M, 4TOOBI OBITH Ha IlepefHEM Kpaio, KpoMe BcCeX
IOCTOWHCTB (pU3MKa-TEOpeTHKa, HAJNO ellle WMEeTh CTPEMUTEIbHYIO OPHUEHTAIMI0 U TEMII B
pabote. Ceromus 37ech, KaK HUTZIe, MHOTO CJIy4aeB, KOTa OLUH U TOT XXe 3G (eKT OTKPHIBAETCA
B pasHBIX (U3MYECKHX I[eHTPaX OIHOBPEMEHHO; IPHYMHA JTOMY B OJHOH u3 Hauboiee
3aMedvaTe/JbHOM OCOOEHHOCTM MarHeTW3Ma — TECHOM CBSI3M TEOPUM U DKCIEPUMEHTa, «He
OCTaBJIAIONIE}l MecTa KaK JJIT TeOPUH, KOTOpas He MOXKEeT OBITh IIPOBepeHa COOTBETCTBYIOIIUM
SKCIIEPUMEHTOM, TaK U DKCIIEPUMEHTAa, He MMEIOIIEero XOpOouo 0GO0CHOBAHHON TeOpeTHYecKOoil
WHTEPIIPeTaIuN».

v

Opun dakT comeiicTBUA TeOPUHU SKIIEPUMEHTY, a B UTOTe JOCTIDKeHNe HayYHO UCTHUHBL.

B yuuBepcureTckoii maboparopuu, pykosogumoi wieH-koppecnongenrom AH I'CCP T.
Canazze, 6511 OOHApy»XeH HOBBIH 5(PQeKT — BO3[eHCTBYA HMITYJIbCHBIM 3JI€KTPOMArHUTHBIM
II0JIeMHA IIpeJBAPUTEIBHO YIIOPAZOYeHHbIe IIOCTOSHHBIM IIOJIeM DSJIeKTPOHHBIe CIIMHBI, B
CIIeKTpe IIOTJIOUIeHHOH 3HepPruM, HapAAy C OJHUMOXKHUJAeMBIM IIPOBAJIOM, COIIYTCTBYIOIIUM
HMITYJIBCY — IIOCJI€ CHATHUS UMITYJIbCAHAOII0IaI0Ch HECKOJIBKO HOBBIX IIPOBAJIOB.

Axagemuxu Jlesan Bynmsunuu Tenrus Camapge.

3aKOHOMapHOCTh JTOTO sABIeHUS Oblla OOBACHEHa U TeOopeTUYeCcKH OOOCHOBaHA
I P. XynmumBuiau — PpacKpsUIOCh crenuduYHOe B3aMMOJEWCTBHE DJIEKTPOHOB C
ompefieNeHHBIMM  sAApaMu. JleiiCTBUTENBHO, «TeOpUs — OOasgTeabHAA MaTh TSKEIOTO
sKcIeprMeHTa». C IIOMOIIBIO TEOPUHU IIPOUCXOAUT BBeJeHUE HOBBIX (PAaKTOB B CIIOXXHBUIYIOCS
paHee eIUHYIO KAPTUHY IIPUPOJBL.
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v

Ceromusa HapsALy cO 3HAaMEHUTBIMM IIKOJIAMU TPY3MHCKHUX MaTeMaTHKOB, IICHXOJIOTOB,
($U3M0JI0TOB — MOXXHO TOBOPUTH U O IPYy3MHCKOH IIKOJIe (PU3UKOB. 3aJI0T TOMY YCTaHOBUBIIHUICS
yCIlex B HayYHO# 00lLIeCTBeHHOCTH (PyHIAMEHTAaIbHBIX HCCaenoBaHui O. JI. AHIpOHMKAaMBUIN
U ero Yy4YeHUKOB, (QYyHJaMeHTaJIbHOCTb M IIPUBJIEKAaTeIbHAsA CTPOTOCTh TeOPeTUIeCKUX
ycranoBok I. P. XymumBuiam u ero y4eHUKOB .. . ['pysuHckad mKkosa (PUKUKOB
MHTepHAIIMOHAIbHA (MHTePHAIIMOHAIU3M He TOJIBKO ITOJTUTHYECKOe M COLMAIBHOE KpeZo, HO U
rapaHTUs Hay4dHoOro mporpecca. CBHUZETENbCTBO TOMY — IIOpasuUTeJIbHBIEe TOJABI CO3JAHUA
KBaHTOBOM MeXaHMKH!); eJWHAa B CBOeM IIOHCKe; OJEpPXXMMAa B «IIHUKOBBIX» CHUTYaIlUIX;
brerMaTMYHa B Pa3myMHUU; 3a0ZHO TeHEpUPYeT TOT CBOEOOpasHBIA IOMOp, KOTOPBIH Tak
XapaKTepeH JJI1 BceX (PU3MKOB MUpa.

1976 r.
Copoxk set crrycra

Agtop momxeH npusHathes, 410 B TO Bpems OTT 8 Uncturyre dusuku AH I'pysuu Gputa
IIpeicTaBIeHa OoJlee pa3HOCTOPOHHO, YeM 3TO OTPKEHO B «ClieHapuu». KpoMe orzenoB pusuku
TBEpJIOTO Teja X HU3KOTEeMIIepaTypHOTO MaTepHaloBe/leHHsd, pPa3IUdYHble CBOMCTBA TBEPOTO
TejJa YCIEeNIHO MCCIefOBAJINCh B OTAeNaX TeopeTUYecKOoW (U3MKM, MAarHUTHOTO Pe30HAHCa,
bU3NKY HU3KUX TEMIIEPATyp U IPUKIASHON ANePHOH PUUKH.

Hcropudeckre mpeoOpakeHHS B IIOJIUTUYECKOH M COIMATBHOM >KM3HM OOIIeCTBA Ha
rpaHu 20-ro u 21-T0 BEKOB pe3KO YXYZIIHJIOCOCTOSIHYE HAayKW BO MHOTHX CTPaHaX, B TOM YHCJIe
u B I'pysun.YMeHBIIMIOCH YMCIO BeLyUIVX CIEIVAJNCTOB M CY3HJICA QPOHT HCCIeIZOBaHUM.
Craso HeoOGXOLUMBIM CIIACEHUEe OCTAaBLIETOCS MHTEJJIEKTa U ero coxpaHeHue. [IpesacraBurenn
OTT u3 ykasaHHBIX OTZEJIOB cerofHs o0benuHeHsl B OTaen GUsHKYU KOHAEHCUPOBAHHBIX CpeJ
(pyxoBomutens — akagemuk ['ua [Ixanmapuase) Mucturyra dmsuky um. O. JI. AHZPOHUKANIBIIN
(EAIPh). Kanuran sTUX y4eHBIX - COJIMAHBIN BO3PACT U Pe3YJIbTAaThl He3aypPAIHBIX M3BICKAHUM.
OHM MaKCHMaJbHO MOOMIM3YIOT CBOM CHJIBI M,Ha 0Oa3e OeCIleHHOTO OIIBITAa, CTapaloTCA B
CErOJHAIIHUX yCJIOBUAX BECTH AKTUBHYIO U ILieJIeHAIIPaBJIe€HHYIO HCC/IeJ0BATeIbCKYI0 paboTy
u kak utor — EAIPh Bce eme purypupyeT B IpecTIXHBIX HAyIHBIX U3JAHUIX. .. .

Hanomuum, uyro MHcTuUTYyT B CBOM Jy4iine rozsl OBIT MOJOZBIM. «AJjibMa Marep»
IIO/IaBIAIOMETO00NBIIMHCTBA ~ y4YeHbIX  Obul  usmyeckuit  daxynprer  TOMIHCKOTO
l'ocymapcTrBenHOrO yHUHBepcureTa. besycioBHO, Bospoxzaenue u ycrnex EAIPh momxen 6biTh
CBA3aH C ITOSBJI€HHeM HOBOTO MOJIOJIOTO IIOKOJIeHUA (PU3HKOB B €T0 JTJaO0PaTOPHAX.

2016 .

P.S. B mepmoz moAroTroBKu K IyOJMKALMU JAAaHHOM CTAThU OBLIO PelIeHO ITOMECTUTH B TEKCT
WITIIOCTPAaTUBHBII Marepras. BrimonHeHue 3TOH paboThI BMecTe ¢ OOIIMM IU3aifHOM, B3sjIa Ha
cebs, kak u mpexze (cMm. my6nukanuu B Nano Studies, 2014, 9, 163-168 u 2015, 11, 225-228)
rocnoxka Jlma 3aMrapazze, 4YTO OYeHb IIOMOIJIO aBTOPY M 3HAYMUTEIBHO OOOTAaTHIIO
IIpeiCTaBIeHHBIH MaTepuai. B mpoiecce or6opa TuiaTe1bHO 00pabaThIBaICS KaXK bl CHUMOK, B
pe3yJIbTaTe Yero OHHU IpHoOpeTr HOBYIO XU3Hb.

He o6ourocsk Takxe 6€3 OCTPHIX SUCKYCCHH, IPeLOCTABIAIONINX, B PAZie CIydaeB, aBTOPY
BO3MOXXHOCTH B3IJIIHYTH Ha Belllb C MHOTO paKypca ... .

I'my6okas 6;1arojapHOCT STOMY HEYyTOMUMOMY YeJIOBEeKY3a OeCKOPBICTHBIHA TPY,.
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