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Abstract

The physical-chemical properties of high disperse magnetite and 3d-metal spinel ferrite
phases formed on the Steel-3 surface, when it was contacting with water dispersion medium
and air, were studied by various techniques including X-ray diffraction analysis, X-ray
fluorescence spectroscopy, thermo-gravimetric and differential thermal analysis, scanning
electron microscopy, Fourier transform infrared spectroscopy, electrophoresis, and
magnetometry. The substitution of cobalt, nickel, zinc or copper cations for ferrous iron in the
crystal lattice of magnetite was proposed to inhibit corrosion processes on the steel surface. The
production of the protective 3d-metal spinel ferrite film on the steel surface was found as a
simple way to decrease the corrosion rate, in general, and, hence, enlarge the technical lifetime
of canister and container material used in the geological storages of high active nuclear wastes.

1. Introduction

Despite the fact that the obtaining of iron oxide and iron hydroxide nanoparticles on the
iron or steel surface via electrochemical or corrosion route has been found perspective for the
creation of a new kind of ferrimagnetic nanobiomaterials [1 — 4], corrosion processes on metal
surface, in general, are positioned as the global problem for engineering, environment, building
and construction, etc. [5]. Nowadays the carbon steel [6, 7] as well as phosphorus-doped copper
[8] are widely used to create the durable material for canisters and containers intended for deep
geological repositories of nuclear and high-level vitrified waste. Hence, corrosion of the
containers made of steel and their possible destruction have been a safety issue for human
health and the environment.

At the same time, the formation of nanosized iron oxide mineral particles on the steel
surface is important not only in respect to a fundamental chemical understanding of
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radionuclide behaviour within the Engineered Barrier Systems (EBS) and Geological Disposal
Facility (GDF) [9] and also evolution of the EBS systems with time, but their protective role
against the corrosion processes due to implementation of the long-term safety of high level
waste repositories as well [10]. Moreover, the presence of high disperse iron oxide minerals in
host rocks provides the sorption of radionuclides on their surface. For instance, the migration of
neptunium and plutonium is predominantly controlled by nano- and microsized ferric
oxyhydroxide phases [11].

Also, the modelling of corrosion processes on the Steel 3 samples, which composition is
similar to container materials, helps us to create the optimal physical-chemical conditions to
block the steel surface against chemical oxidation, anodic attack [12] and the following
limitation of radionuclide mass transfer from and to the container surface.

The non-stoichiometric spinel ferrites have been found among various nanosized iron-
bearing mineral phases formed on the steel surface under the rotation-corrosion dispergation
conditions [13]. According to the current study, the corrosion rate of spinel ferrite films is
significantly slow in neutral and alkaline medium and it depends on morphology of the spinel
ferrite particles and kind of 3d-metal cations included into a spinel ferrite lattice [14]. Hence,
the creation of a nanosized spinel ferrite film on the surface of canisters and containers may be
one of the protective means for enhancement of EBS safety.

The purpose of the present work is the physical-chemical characteristic of the
nanodisperse magnetite and spinel ferrites as the products of the corrosion process that takes
place on the surface of carbon Steel-3 contacting with 3d-metal inorganic water salt solutions
under reductive and oxidative conditions.

2. Objects and methods

The modelling of the corrosion process was performed on the surface of the rotating disk
electrode made of iron carbon alloy, in our case Steel-3 (St3), which composition included
carbon (0.14 — 0.22 %), silicium (0.05 — 0.15 %), manganese (0.4 — 0.5 %), chromium (0.3 %),
nickel (0.3 %), phosphorus (0.04 %), sulfur (0.05 %), and nitrogen (0.01 %). The acceleration of
the phase formation process was achieved via alternate contact of the steel surface with
dispersion medium and air. Before every experiment an old oxidized layer was removed from
the steel surface using mechanical and chemical treatment. Concentrated sulfuric acid was
applied for activating procedure. The activated steel electrode was repeatedly rinsed in water
and onwards it was placed into the cell filled with distilled water or 3d-metal water salt
solution. As it was shown in our previous work [15], the optimal conditions for the formation of
spinel ferrite nanoparticles were discovered at the pH value between 4.5 and 6.5, in the
temperature range from 25 to 50 °C, and at the concentration of the heavy metal cations from
100 to 200 mg / dm?3.

Also, to obtain the magnetite particles we used distilled water and ferrous sulfate
solution, whereas the synthesis of other spinel ferrites was performed in the presence of cobalt,
zinc, nickel or copper inorganic salts, namely, sulfates, chlorides, and nitrates. The
concentration of the 3d-metal cations in water solutions was set 100 mg / dm? and pH value
equalled 6.5. In this study the phase formation process on the steel surface lasted 24 h at the
temperatures 20 and 50 °C. The temperature conditions were provided using TS-1/80-SPU
thermostat. When the phase formation process finished, the disk electrode was dried in the
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atmosphere air, and the surface nanostructures were exposed to a comprehensive physical-
chemical investigation.

The phase composition of the structures formed on the steel surface was conducted using
computer-aided X-ray diffractometer (DRON-UM1) equipped with two Soller’s slits and
filtered radiation of cobalt anode CoX,. The rate of recording got 1° / min, and the interfacial
Woolf-Bragg’s angle made up 80°. The coherent scattering region (CSR), characterizing the size
of the primary particles or crystallites, was determined according to the standard Debye-
Scherrer’s formula. To calculate the CSR for magnetite and spinel ferrites we chose the one
hundred percentage XRD-peak corresponded to (311) plane (JCPDS file No 19-0629).

A simultaneous study of thermo-gravimetric and differential thermal properties (TG-
DTA) of the spinel ferrite-containing samples was performed in the static air atmosphere by
derivatograph Q-1500D (Hungary). The record was made using computer data registration. The
parameters of the pattern recording were the following: the quantity of samples (150 mg) was
heated at the rate 10 °C / min from 20 to 1000 °C; the sensitivity was set 20 mg; TG-500, DTG—
500, and DTA-250. The samples were placed into corundum crucible and covered by quartz
beaker to create the equal temperature field.

A scanning electron microscopy (SEM) using JOEL-6700 microscope permitted us to
estimate the morphology of the surface structures. The weight ratio (wt. %) of iron to other 34-
metal (cobalt, copper, nickel or zinc) in the samples was evaluated using an X-ray fluorescence
spectroscopy (XRFS). The measurements were performed in the automatic spectrometer “ElvaX”
equipped with a titanium anode.

The Fourier transform infrared (FTIR) spectra were recorded using Thermo Nicolet FTIR
spectrometer in the wavelength from 4000 to 400 cm™!. The samples were placed on the “mirror
surface” to prevent the chemical interaction of iron-oxide nanoparticles with potassium
bromide.

The magnetic properties of the spinel ferrites were estimated via magnetometry, that
was performed with the help of a magnetometer equipped by Hall sensors.

In order to study electrokinetic properties of the spinel ferrites we applied
microelectrophoresis [16] at the electric potential of 10 V. The calculation was performed with
the help of Smoluchowski formula [17].

3. Results and discussion

3.1. Characteristics of magnetite particles formed on the Steel 3 surface
contacting with water dispersion medium and ferrous sulfate solution

3.1.1. X-ray diffraction analysis

The XRD-patterns of the high-disperse magnetite phases formed on the St3 surface
contacting with distilled water are present in Figure 1. Generally, homogeneity of corrosion
products formed on the iron or steel surface is determined by oxidative conditions in the system.
Whereas free entrance of air oxygen to the steel surface directs the phase formation process by
the way of fast appearance of ferric-ferrous layered double hydroxides (Green Rust) and their
following oxidation products: ex-Green Rust, lepidocrocite y-FeOOH (JCPDS file No 08-0098)
or goethite a-FeOOH (JCPDS file No 17-536) (Figure 1a), the limited oxidation leads to the

7



Comparative study ... of spinel ferrite nanoparticles formed on steel surface in open-air system.

formation of approximately single magnetite phase (Figure 1b). We can clearly see seven
reflexes: 0.4850 (111), 0.2967 (220), 0.2532 (311), 0.2099 (400), 0.1715 (422), 0.1616 (511), and
0.1485 nm (440), corresponding to the interplanar distances of spinel ferrite phase.
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Figure 1. XRD patterns of nanostructures formed on the St3
surface under: a — reductive conditions; b — oxidative conditions.
Numbers correspond to: 1 — Fe(II)-Fe(III) LDH (Green Rust);
2 —lepidocrocite; 3 — magnetite; 4 — goethite; and 5 — iron.

Under limited oxidation both lepidocrocite and goethite phases are present in the sample
as an admixture only. The maximal reflex of lepidocrocite (020) appears on 0.626 nm distance,
whereas the maxima for goethite (110) is pointed on 0.418 nm, but their intensity does not
exceed the detecting limit of the XRD-equipment (< 5 % of total mass). Hence, the pure
magnetite film may be obtained under the preliminary formed ferric oxyhydroxide layer,
simulating reductive conditions on the steel surface.

The peak intensities of ferric oxyhydroxides formed under oxidative conditions are
higher, but they are well below than intensity of magnetite peaks. The size of particles of the
magnetite (CSR) formed under oxidative conditions equals 17.4 nm and its amount for the
magnetite obtained under reductive conditions is insignificantly bigger and it reaches 18.8 nm.

3.1.2. Thermo-gravimetric and differential thermal analysis

The results of thermogravimetry of the magnetite-containing samples formed on the St3
surface contacting with distilled water and ferrous sulfate water solutions are seen in Figure 2.
In both cases two endothermic effects appear on the DTA curves. The first of them is related to
removing of adsorption-bonded water at temperatures 85 and 124 °C, respectively. And the
second endoeffect, corresponded to dehydroxylation of ferric oxyhydroxides’s lattice, is noticed
at 7= 293 °C for magnetite obtained in water, and in the temperature range from 272 to 314 °C
for magnetite formed in ferrous sulfate solution. The phase transformation of magnetite into
maghemite y-Fe20s is fixed at 7= 220 °C for water system and at 7'= 214 °C for ferric sulfate
system. The polymorphic phase transformation of maghemite into hematite o-Fe20Os is carried
out at the temperature close to 330 °C. The loss in the weight for both magnetite-containing

samples equals 3.1 and 6.5 %, respectively.
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Figure 2. TG-DTA curves of magnetite-bearing samples formed on the
St3 surface contacting with: a — distilled water; b — FeSO4 water solution.

3.1.3. Fourier transform infrared spectroscopy

The FTIR spectra of magnetite samples formed on the St3 surface contacting with water
dispersion medium are present in Figure 3. The Curve I describes magnetite formed in the St3
under ferric oxyhydroxide film (reductive conditions). The Curve 2 characterizes magnetite
obtained on the steel surface under oxidative conditions, and the Curve 3is related to magnetite
that was formed when the St3 surface was exposure to ferrous sulfate solution.

%
%

Absorbance,
Absorbance,

3400 2900 2400 1900 1400 900 1000 900 800 700 600 500 400
Wavenumber, cm” Wavenumber, cm™'
Figure 3. IRFT spectra of magnetite formed under: line
1 - oxidative conditions; line 2 — reductive conditions;
line 3 — in the presence of the ferrous sulfate solution.

The broad band in all spectra at 3322 — 3424 cm™!, centred at 3013 cm™, is attributed to
the stretching vibration of hydroxyl groups. The second high intensive band at 1650 cm™
corresponds to deformation vibrations of §-H:O that is typical for water molecules
chemosorbed on the particle surface. The wide absorption shoulder in the range 800 — 880 cm™!
characterizes the deformation vibrations of 3-OH [~(OH)]. The bands at 960 and 883 cm™! point
to the Fe—~OH bonds.

The narrow deep bands at 650, 566 and 428 cm™ point to the linkages of oxygen with
iron cations placed in tetrahedral sites. Whereas the similar deep band at 412 cm™ corresponds
to binding of oxygen and iron cations in octahedral sites. Furthermore, the predominance of the
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Mu—O-Mon linkages can be established by the presence of the band at 628 cm™. Inconsiderable
shift in our spectra of the characteristic magnetite bands at 620, 590 — 580, 560, 480, and 440
cm™ [18, 19] to 650, 601, 566, 485, and 450 cm™, respectively, can be explained by nanoscale of
the particles.

At the same time, the presence of other constituent corrosion species is revealed as the
additional bands in the FTIR spectra. For instance, the bands at 1099, 1022, 740, and 650 cm™!
correspond to lepidocrocite, whereas the bands at 883, 798, and 420 cm™ point to the
appearance of goethite phase.

The residual quantities of basic sulfate or basic carbonate Fe(II) -Fe(III) LDH, generally
Green Rust, may be associated with corresponding anion species. Namely, the bands at 1099
and 1022 cm™ can be related not only to lepidocrocite, but to stretching asymmetric vibration
of the SO+~ inner-sphere complexes as well. In addition, the deep bands at 1430 and 1438 cm™
together with the bands at 820 and 698 cm™! point to the splitting vibration of v-COs. Probably,
they confirm the presence of non-oxidized GR(COs*) or adsorption of carbon dioxide from air
onto iron oxide surface.

1.3.4. Scanning electron microscopy

The morphology of magnetite obtained on the steel surface contacting with distilled
water or ferrous sulfate solutions was observed using scanning electron microscopy (Figure 4).
In both cases, magnetite forms homogenous spherical aggregates with average size from 300 to
500 nm. When the magnetite layer was scaled off from the steel surface, its friable aggregates
may be exposed to disaggregation under the minor mechanical loading.

2

JSM-6700F SEI 150KV X60,000 100nm WD 15.3mm JSM-6700F SEI 150kV X300000 10nm WD 85mm
a b
Figure 4. SEM images of magnetite aggregates formed on the St3 surface
contacting with: a — distilled water; b — the ferrous sulfate water solution.

1.3.5. Electrokinetic measurements

Electrokinetic properties of magnetite aggregates were studied with aid of the functional
connection of zeta-potential from pH. The measurements were carried out at 7 = 25 °C. The
water sodium chloride solution at ionic strength 10 was applied as an indifferent electrolyte.
According to experimental data, the ultimate electrokinetic potential (+ 35 mV) was found at

10
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pH ~ 4. Depending on the specificity of the phase formation process the value of {-potential
varies from (+ 25.6 mV) to (+ 28.8 mV) at pH = 5.3. Whereas the zero point of charge (ZPC) for
magnetite formed on the steel surface contacting with distilled water under reductive
conditions was noticed at pH ~ 7.0, the magnetite obtained under oxidative conditions came up
to ZPC at pH = 7.3. The presence of ferrous cations in dispersion medium led to the increase of
the pH value for ZPC up to 7.5. A charge-exchange phenomenon of magnetite took place in
alkaline medium and zeta-potential was ranged from (- 20.5) to (— 24.9) mV at pH = 9.3.
Minimum of -potential was fixed at pH ~ 11 and varied in the range from (- 34) to (— 36) mV.

1.3.6. Magnetic investigations

To compare the magnetic properties of magnetite nanoparticles formed on the St3
surface under mild reductive and oxidative conditions we took off corresponding magnetization
curves (Figure 5). The absence of remnant magnetization and coercitivity for both samples
permit us to characterize the magnetite as a magnetically soft phase. In addition, the absence of
hysteresis loops point to the superparamagnetic properties of magnetite. Indirectly, such data
confirm the nanometer size of the particles. Saturation magnetization at 300 K for non-oxidized
magnetite equals 35 A - m? / kg, whereas for oxidized magnetite such parameter decreases up to
18.5 A - m?/kg. Probably, this fact tells us about either development of weak (para)magnetic
ferric oxyhydroxide phases, especially lepidocrocite, on the magnetite surface, or the presence
of an oxyhydroxide admixture in the phase composition of the surface corrosion film.

2 40 o
NE I Ll NE 20 4 PLLLLLILIED
< 1 < -~
4204 z
= 10 4
4
i
04 02 0] 02 04 BT 04 02 0 02 04 B.T
N
204
g r
.lll ] ll..lnlll“."20‘
CLTTTL L L LA Ty B
a b

Figure 5. Hysteresis loops of magnetite formed on the St3
surface under: a — reductive conditions; b — oxidative conditions.

3.2. Characteristics of spinel ferrite nanoparticles formed on the
carbon steel surface contacting with 3d-metal water salt solutions

3.2.1. X-ray diffraction analysis

Generally, the phase composition of the mineral phases formed on the steel surface
contacting with 3d-metal water salt solutions, as it was shown in our experimental study [4],
strongly depends on the anion composition of dispersion medium, oxidative conditions in the

11
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system, and temperature of the phase formation process as well. So, the mono-mineral (pure)
spinel ferrite phase may be formed on the steel surface when we used the 3d-metal(II)-nitrate
salts to prepare the water media. For instance, the contact of the steel surface with air and zinc
(Figure 6a) or nickel (Figure 6b) nitrate solutions within 3 h leads to the formation of spinel
ferrite particles similar to magnetite (Figure 1). The trace ferric oxy-hydroxide peaks related to
lepidocrocite and goethite disappear from the XRD-patterns when the temperature in the
system is raised up to 50 °C (Figure 6c and d). To calculate the CSR of the spinel ferrites
according to Debye-Scherrer’s formula, we chose (311) XRD peak. The particle size of the
spinel ferrites formed at 7'= 20 °C equaled 16 nm for Zn.Fei-xFe204 and 22 nm for Ni-Feq-Fe204.
But when the phase formation process was carried out at 7'= 50 °C the particle size increased to

28 and 26 nm, respectively.
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Figure 6. XRD patterns of the nanostructures formed on the St3

surface contacting with water salt solutions at 7'= 20 °C: a — Zn(NOs)z;
b — Ni(NOs)2 and at 7= 50 °C; ¢ — Zn(NQOs)2; d — Ni(NOs)2. Numbers
correspond to: 1 —lepidocrocite; 2 — magnetite; 3 — goethite.

In the presence of metal(Il)-chloride salt solutions, apart from type of cations, three
iron-oxygen mineral phases, such as spinel ferrite and polymorphic ferric oxy-hydroxides —
lepidocrocite y-FeOOH and goethite a-FeOOH, coexist in the phase composition of the surface
film at 7'= 20 °C (Figure 7a and b). The influence of red-ox conditions on the phase composition
of the surface structures we can see in Figure 7c and d. When the oxygen flow is free, intensity
of the lepidocrocite peaks insignificantly increases, whereas intensity of spinel ferrite peaks
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does not change. Elevation of temperature up to 50 °C leads to the growth of the spinel ferrite
part in the composition of the surface rust film, but the ferric oxy-hydroxide part is significantly
decreased (Figure 7e and f). At the same time, the rise of temperature influences on the degree
of crystallinity of the surface structures. Whereas the mineral phases formed at 7= 20 °C may
be related to weak crystalline structures, the spinel ferrite particles formed in the mentioned
systems at 7'= 50 °C are well crystallized. The particle size of the spinel ferrites averages 22 nm
at 7= 20 °C and 28 nm at 7'= 50 °C in zinc chloride system; ~ 10 nm in both nickel chloride

systems, and ~ 18 nm at all cobalt and copper chloride systems.
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Figure 7. XRD patterns of the nanostructures formed on the St3 surface
contacting with water salt solutions at 7= 20 °C: a — CuClz; b — NiCly;
¢ — CoCl:2 (oxidative conditions); d — CoClz (reductive condition); e — ZnClo,
and at 7=50 °C: f — ZnCl.. Numbers correspond to: 1 — lepidocrocite;
2 — magnetite; 3 — goethite; 4 — 3d-metal(II) —Fe(III)-COs?/Cl- LDH.
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Figure 8. XRD patterns of the nanostructures formed on the St3 surface
contacting with water salt solutions at 7'= 20 °C: a — ZnSO4; b — CoSO4;
¢ — NiSOs4, and at 7=50 °C; d — NiSO4. Numbers correspond to: 1 —
3d-metal(II)-Fe(III)-SO+*- LDH; 2 — lepidocrocite, 3 — goethite; 4 — magnetite.

According to XRD data (Figure 8), four mineral phases are identified in the patterns,
when the St3 surface is contacting with metal(Il)-sulfate solutions: namely, spinel ferrite
(magnetite), lepidocrocite, goethite, and corresponding 3d-metal-ferric layered double
hydroxides (mixed LDH), which have the crystal lattice similar to hydro-honessite-like basic
sulfate Green Rust II (JCPDS file No 41-0014). In all cases the relative quantities of spinel
ferrite and lepidocrocite phases are superior to the part of goethite and mixed LDHs. The
temperature elevation up to 50 °C results in the increase of the degree of crystallinity of both
ferric oxyhydroxides (a-FeOOH and y-FeOOH). Thereat the spinel ferrite part in the phase
composition of the surface structures is growing. The size of particles of spinel ferrites formed
in sulfate-bearing systems in the presence of nickel and copper cations equals 25 nm, but when
cobalt or zinc are added into the solution the particle size is smaller and it get, correspondingly,
16 and 19 nm.

3.2.2. X-ray fluorescence spectroscopy

Analysis of the metal distribution (wt. %) in the spinel ferrite lattice was performed with
the help of X-ray fluorescence spectroscopy. The obtained XRFS data show that the content of
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the 3d-metals (Co, Zn, Ni, or Cu) in the composition of the surface mineral phases does not
correspond to stoichiometric proportion of spinel ferrites and it does not achieve the standard
ferrite ratio — one cation of 3d-metal per two cations of ferrum. Hence, we deal with non-
stoichiometric structures corresponding to a cubic spinel ferrite crystal lattice. In general, the
results point to the fact that the weight distribution of the metals in the composition of the
surface structures is defined by chemical composition of the water dispersion medium
contacting with steel surface, and the temperature of the phase formation process.

So, according to XRFS data in sulfate-bearing systems the content of copper in the
surface structures equals ~ 6 wt.%, and the content of cobalt in the similar structures is 7.7
wt. %. But relatively high concentrations of Ni are fixed in both nickel-containing system. The
weight distribution of Fe to Ni at 7= 20 °C reaches 82 to 18 wt. %, and such value at 7= 50 °C is
86 to 14 wt. %. The content of zinc in the sulfate-bearing systems get 31 and 22 wt. % at the
temperatures 20 and 50 °C, respectively. At that, the concentrations of zinc and nickel in the
mineral phases obtained at 7= 20 °C are higher in comparison with the same phases formed at 7°
=50 °C.

In chloride-bearing systems the weight ratio of ferrum to zinc varies from 82:18 wt. % at
T =20 °C to 78:22 wt. % at 7' = 50 °C. The range of metal distribution is narrow in nickel-
containing systems. So, the weight ratios of ferrum: nickel are 94:6 and 92.4:7.6 wt. % at the
temperatures 20 and 50 °C, respectively. But the part of copper at 7'= 20 °C does not exceed 9
wt. %, and the part of cobalt, correspondingly, 15 wt. %.

In nitrate-bearing systems the weight ratio of ferrum to zinc is the most stable. It get 18
to 82 wt. % at 7=20 °C, and 22 to 78 wt. % at 7'=50 °C. The weight ratio of ferrum to nickel in
the phase composition less depends on the temperature conditions and it exists in the relatively
narrow range 93.3 to 6.7 wt. % at 7'= 20 °C, and 92.1 to 7.9 wt. % at 7'=50 °C, respectively.

Table 1. The characteristic of thermal effects fixed for the spinel ferrite-bearing
samples formed on the St3 surface contacting with 3d-metal water salt solutions.

Water Endoeffects, °C Exoeffects, °C

solutions ) Destruction Phase Phase Total

. Dehydroxylation . .

cor.ltactmg HiOus | of oxyhydroxide of B.d-metal transformation | transformation | Mass

with St3 lattice ferric sulfate of Fe3Os of y-Fe20s loss, %
surface LDHs to y-Fe20s to a-Fe20s
NiClz 113 281 No endoeffect 200 338 4.5

Ni(NOs)2 131 274 - 208 312 4.5
NiSOs4 110 270 622 - 784 238 320 28.2
ZnS0Os 137 272 725 - 822 245 299 30.2
CoSO4 111 274 760 200 326 14.7
CuSOs 106 285, 317 - 200 340 5.4

3.2.3. The thermo-gravimetric and differential thermal analysis
We have chosed six samples to study the thermal behaviour of the spinel ferrite-

containing structures formed on the steel surface contacting with 3d-metal water salt solutions.
The in-depth observation of the samples obtained in the nickel-bearing systems permit us to
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show the role of anions in thermal behaviour of corresponding powders. In addition, sulfate-
containing systems attract our attention because in such case the phase formation process on
the steel surface accompanies by the appearance of the additional mineral phase — mixed 34
metal-ferric / ferrous basic sulfate layered double hydroxides (Figure 8). Usually such type of
the LDH structures may be decomposed at relatively height (enhanced) temperature only [20].
The temperatures of the main thermal effects of our powders are summarized in Table 1.
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Figure 9. TG-DTA curves of the spinel ferrite-bearing samples
formed on the St3 surface contacting with water salt solutions:
a — Ni(NOs)2; b — NiClz; ¢ — NiSOs; d — ZnSOs; e — CoSO4; f — CuSOa.

So, according to the obtained data two endothermic effects are displayed in all DTG
curves (Figure 9). The first minimum fixed in the temperature range from 106 to 137 °C
corresponds to the removing of adsorptive bonded water. The minimal dehydratation
temperature is fixed for copper sulfate system (Figure 9f), whereas the maximal temperature
corresponds to zinc sulfate system (Figure 9d). The second endothermic peak, except for the

16



O. M. Lavrynenko & B. G. Shabalin. Nano Studies, 2017, 15/16, 5-26.

samples obtained in nickel chloride (Figure 9b) and copper sulfate systems appear at the average
temperature 270 — 274 °C. It describes the dehydroxylation of ferric oxyhydroxides and the
beginning of their thermal transformation into iron oxides. It is indicative that the sample
formed in the copper sulfate systems demonstrates the double effect (at ~ 280 and ~ 320 °C)
related to oxyhydroxide dehydroxilation, which proves the presence of their polymorphic
modifications.

Three sulfate-containing samples (Figure 9¢, d, and e), apart from the one formed in the
presence of copper sulfate, show an additional endothermic peak in the temperature range from
622 to 822 °C. Those thermal effects are accompanied by the mass loss of the powders (15 —
30 %) that is clearly seen in the corresponding TG curves. Probably, the appearance of such
reflexes is closely connected with the phase transformation (dehydroxilation) of the mixed LDH
and total destruction of SO+~ species as well.

However, the mass loss of the powders formed in the presence of copper sulfate, nickel
nitrate and chloride solutions do not exceed 4.5 — 5.4 %.

Two bends of the DTA curves point to the oxidation ferrous cations in the spinel ferrite
lattice and phase transformation of magnetite doped by 3d-metals into maghemite y-Fe2Os at
the temperatures 200 — 245 °C and the following polymorphic transformation of y-Fe:0s into
hematite o-Fe20s3 at the temperatures 299 — 340 °C.

3.2.4. Fourier transform infrared spectroscopy

Three samples of the surface structures containing dominant spinel ferrite phases were
chosen for FTIR analysis (Figure 10). The LZine I in the Fourier-transform IR spectra
characterizes the powder of non-stoichiometric spinel ferrite Zn.Feqa-»Fe20s, Line 2 relates to
NiFei-«Fex04, and Line 3 corresponds to CosFei-«Fe2Os. All samples were obtained on the St3
surface contacting with cobalt chloride, zinc and nickel sulfate water solutions when the metal
concentration equalled 100 mg / dm?.
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Figure 10. IRFT spectra of spinel ferrites formed on the St3
surface contacting with corresponding water salt solutions: line 1
— Zn.Fe1Fe:04 line 2 — NixFeirxFe2O4; line 3 — CosFe1-.Fe204.
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Also, the broad band between 3440 — 3212 cm! is present in all spectra due to the
stretching vibration of O-H that corresponds to the surface hydroxyl groups, and it points to
the adsorption of water molecules onto the oxide surface. Simultaneous broadening and
lowering the frequency of this band may point to the appearance of hydrogen bridges.

The strong bands in the range 1650 — 1643 cm™ give the evidence of the H-O-H
bending vibrations of water molecules. Other strong bordering band at 1920 cm™ associates
with adsorbed COz2. The band at 1349 cm™ can point to the presence of carboxylate ions as well
as may be causing deformation vibration of hydroxyl groups. The presence of COs* ions is
confirmed by the bands at 1457 and 898 cm™.

The high intensive band at 1164 cm™ points to the formation of bidentate bridged
complex between sulfo-groups and ferrum [21]. The clear deep band at 1025 cm™ corresponds
to stretching asymmetric vibration of the SO+?- as well it can be associated with lepidocrocite.

Generally, the infrared spectra for non-stoichiometric spinel ferrites are similar to
spectrum for magnetite. The strong band at 601 cm™ with the shoulder at 590 cm™ coupled
with the bands at 485, 478, and 420 cm™ relates to intrinsic vibration of the metal in the
tetrahedral sites (Me—O) and the band at 412 cm™ relates to vibration in octahedral sites (Me—
O) of the spinel ferrites [22]. Very small shoulders around the 713, 667, and 536 cm™! point to
the tetrahedral sites too. Two bands at 562 and 428 cm™! belong to the sub-bands of tetrahedral
sites. The splitting of the main tetrahedral bands may correspond to the shift of some metal
cations from octahedral to tetrahedral sites.

The stretching Me*—O-Fe linkages of the tetrahedral building units in the spinel
structure are characterized by the appearance of the bands at 1349 and 898 cm™'. The weak
shoulder at 590 cm™ coupled with the bands at 485 and 420 cm™ can indicate the presence of
the adsorbed cations. The revealing of clear band near 686 cm™ in (Ni:Fei-)Fe204 spectrum may
be assigned to the formation of oxygenized layer on the particle surface. The band at 659 cm™!
confirms hydration of the samples.

The strong band at 752 cm™ describes the asymmetric vibrations of Fe-O linkage of
ferric oxyhydroxides (a-FeOOH and y-FeOOH), but the couple of bands at 725 and 670 cm™!
confirms the presence of y-Fe20s. The band at 670 cm™ points to Fe—O linkage in y-FeOOH as
well. In addition, the combination of bands at 725, 586, and 435 cm™ can be assigned to micro
porous ferrite structure.

3.2.5. Scanning electron microscopy

The morphology of the spinel ferrite structures formed on the St3 surface is shown in
Figure 11. The spinel ferrite particles formed big aggregates independently on the chemical
composition of dispersion medium contacting with steel surface for the phase formation
process. The shape of individual particles is close to spherical apart from copper-bearing samples
where we can clearly see cubical structures (Figure 1lc). In general, the tendency for
spheroidization is typical for more than ten nanoscale particles due to the enhancing of the part
of edges in their total surface area, while the edges cannot be atomically acicular [23]. The
average size of the particles, when their symmetry is changed, is known as critical size and it
belongs to one of the main characteristics of nanomaterial [24].
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Figure 11. SEM images of spinel ferrites formed on the St3 surface contacting with water
salt solutions: a — CoClz; b — NiClz; ¢ — CuSOs; d — CoSO4; e — Zn(NOs)2; £ — Ni(NOs)a.

3.2.6. Electrokinetic properties

For the assessment of the electrokinetic properties of the spinel ferrites formed on the
St3 surface by exposure to water salt solutions we used the measurement of zeta-potential
depending on pH of dispersion medium. Similar to performing of the electrokinetic study of
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magnetite samples (Subsection 3.1.5) the sodium chloride solution at ionic strength 103 was
chosen as an indifferent electrolyte. The range of pH measurement was set from 3 to 11.

Also, according to our data, all samples demonstrate zero point of charge at pH value
near 7.0 — 7.3. Positive electrokinetic potential is detected in acidic media. For instance, at pH =
3 it equals (+ 30) mV for CosFei-«Fe204 obtained in cobalt chloride system. At pH = 5.3 such
parameter reaches (+ 18) mV for CosFei-Fe:04 (+ 15) mV for NiFei-«Fe:04 obtained in sulfate
system; (+ 14.5) mV for CusFei-xFe20s formed in sulfate system, and (+ 8) mV for Zn.Fei-«Fe20s4
formed in chloride system.

Under alkaline condition the spinel ferrite aggregates change their charge and they get
negativity. So, at pH = 9.3 such parameter equals (— 18) mV for CosFei-xFe204; (— 26) mV for
NiFei-xFe:04 (- 23) mV for CudeixFe2Os, and (- 12) mV for Zn.Fei-«Fe:04, respectively.
Whereas the amount of {-potential for CosFei-Fe204 at pH = 11 equals (- 32) mV.

3.2.7. Magnetic properties

The magnetic study shows that the samples obtained in the presence of the zinc and
nickel chloride solutions have not displayed the residual magnetization (Ar) and coercitivity
(Hc). The saturation magnetization (M) of the nickel-bearing sample, formed on the steel
surface at 7' = 50 °C within 24 h, equals 55 A - m? - kg! (Figure 12a). When zinc chloride
solution is used as the dispersion medium the samples formed on the steel surface at 7'= 50 °C
displays the saturation magnetization 40 A - m? - kg™ (Figure 12b). Hence, the powders obtained
at 50 °C in the zinc and nickel chloride system demonstrate superparamagnetic properties and,
generally, they belong to high permeability magnetic materials. As a comparison, a powder,
formed in the presence of nickel sulphate solution and heated at 7 = 450 °C, belongs to
superparamagnetic too and it saturation magnetization equals 32 A - m? - kg!. The magnetic
characteristics of the sample Zn.Fei-xFe20s formed in zinc sulfate solution at the concentration
of Zn?* = 100 mg / dm? and pH = 6.5 are the following: M =52 A-m?-kg?'; M:=6.5 A-m?-kg;
H:=0.03T. Also, in the last case we obtain the ferrimagnetic material.

The magnetic properties of the samples obtained in the presence of the copper sulfate
solution are characterized by the relatively high saturation magnetization that equals 8 — 40
A - m? - kg'l. The increase in the synthesis temperature from 20 to 50 °C causes the duplication
of that parameter from 20 to 40 A - m? - kg! (Figure 12c). In addition, those samples do not
display the residual magnetization and coercitivity. On the contrary, when cobalt sulfate
solutions are used as the dispersion medium, the samples formed on the steel surface at 7 =
20 °C do not display the magnetic properties by themselves. The best magnetic properties
demonstrates the sample formed at 7" = 50 °C. Its parameters are the following: Ms = 25
A-m?-kg!, M:=10 A-m?- kg, and Hc = 0.08 T (Figure 12d). The powder obtained at 7' =
50 °C in the copper sulfate system also shows superparamagnetic properties and, generally, it
belongs to a high permeability magnetic material. Whereas, the powder obtained under similar
conditions in the cobalt sulfate system is typical ferromagnetic, characterized as a hard
magnetic material. Differences in the magnetic properties of the powders formed in the
presence of sulfates can be explained by more significant quantity of the non-magnetic mixed
LDH component in the phase composition of the sample obtained in the CoSOs systems, in
comparison with the sample formed in the CuSOs systems.
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Figure 12. Hysteresis loops of spinel ferrites formed on the St3
surface contacting with: a — NiCl2; b — ZnClz; ¢ — CuSOs; d — CoSOs.

However, the usage of cobalt chloride solutions (Ccouy = 100 mg / dm?) permits us to
obtain the ferrimagnetic structures of Co.Fei-Fe20s. So, when the initial pH value is 4.5 the
magnetic parameters are the following: Ms=32 A - m? - kg!; M:=15A - m?. kg'!, and H.=0.05
T. But such parameters for the sample obtained at pH = 6.5 insignificantly differ: M =
45A -m? - kg, M:=18 A-m? -kg'and H.=0.05T.

3.3. Discussion

According to chemical and electrochemical point of view, the corrosion process in
general, and the nucleation on the surface of iron or iron-bearing alloys, in particular, have
been studied within more than sixty years [25, 26]. So, the Evans model based on the growth of
inner magnetite and outer ferric oxy-hydroxide layers on the steel surface depending on wet or
dry corrosion cycles [27, 28]. The model included the anodic oxidation of iron together with the
cathodic reduction ferric oxy-hydroxide into magnetite under wet conditions, and the oxidation
of magnetite into ferric oxy-hydroxide under dry conditions. Both processes were accompanied
by mass transfer through the iron-bearing layers. The modification of the Evans model
considered the phase transformation of the reduced ferric oxyhydroxide layer into magnetite
one [29, 30]. Hereafter, the mechanism of the formation of corrosion rust on the steel surface
was explained by Misawa [31, 32], where the primary lepidocrocite layer forming via fast
oxidation of FeOH* complexes kept stability in the near neutral medium. However, slightly
acidic medium was found preferable for the goethite formation. When the oxy-hydroxide layer
was completely formed, the oxidation rate decreased, and the new phases, such as Green Rust
and magnetite, appeared on the metal surface under the rust layer. Taking into account high
chemical activity of lepidocrocite, the following development of the rust layer included its
dissolution—re-precipitation to X-ray amorphous substance and finally to goethite [33]. A few
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mineral substances were called as an intermediate phase between lepidocrocite and goethite:
ferric hydroxide [34], ferrihydrite [35], Green Rust [36], etc. The electrochemical study [37]
confirmed that the formation of a primary Green Rust layer on the steel surface via metal
oxidation took place at the potential region between (- 0.75) and (- 0.6) V. The partial chemical
or electrochemical oxidation of ferrous compounds and the following co-precipitation of ferrous
and ferric species in the presence of anions were determined as a possible mechanism of the
Green Rust formation [38, 39]. Though another solid-state mechanism including the oxidation
of Fe? into ferrous hydroxide Fe(OH): and intercalation of COs?** anions into its crystal lattice
was not confirmed. The further oxidation of Green Rust into goethite occurred at the potential
of (- 0.45) V and pH = 9.6 [40], but the result of electrochemical investigation suggested
oxidation of GR into ferrihydrite in the Eh range from (- 0.2) to 0 V) versus Normalized
Hydrogen Electrode. At the same time, ferrihydrite was metastable in respect to other ferric
oxyhydroxides and might be dissolved and re-precipitated into goethite even if the sample was
kept in the solution without polarization.

However, lepidocrocite may reduce into magnetite at the potential (— 0.4) V and it
obtains cathode properties. The further oxidation of magnetite results in the formation of not
only lepidocrocite, but maghemite too. So, lepidocrocite and magnetite layers accelerate the
corrosion process on the steel surface from the electrochemical point of view [41 — 43]. The
protective role of goethite as a thermodynamically stable phase that can be easily reduced lies in
the prevention of iron ionization and appearance of ferrous cations [33]. Finally, a large number
of wet-dry corrosion cycles result in the formation of goethite and maghemite, that are the
main components of the “old rusts” both in the atmospheric corrosion of iron in natural
environments [44, 45] and under laboratory conditions [46, 47].

A so-called protective ability index (PAI) focusing on the correlation between the
composition of the rust layer and corrosion rate was proposed in the work [43] to estimate the
compositional change of the rust formed on the weathering steel. The mass ratio of “alpha” and
“gamma” oxy-hydroxides was found determinative for the formation of a protective rust layer.
When the o / y ratio is more than a certain value, the higher corrosion rate is not observed and
therefore this PA index describes the evaluation of the protectiveness of the rust layer formed
on the weathering steel [48]. In particular, the correlation between “alpha” and “gamma” phases
was analyzed for the samples made for a long period (over 1600 years) to predict the corrosion
behavior of the nuclear waste containers. It was found that the relative quantity of “alpha” was
increased with the age of the samples [49]. However, the authors of [50] relate both goethite
and lepidocrocite to non-protective corrosion products. At that, ancient iron artifacts
considered as analogues of the material long term behavior could bring the key information to
understand the corrosion mechanisms [51, 52].

The consideration of the electrochemical processes at the macro-level shows that the
formation of a rust layer leads to the difference in electrode potentials between the metal that
becomes anode, and oxidized layer corresponding to cathode [53]. Thus, the corrosion process
cannot stop. The role of the interfaces: metal-rust, or inner corrosion film (magnetite)—outer
oxy-hydroxide layer in the corrosion processes was suggested by [43, 53 — 55]. Moreover,
according to [56, 57] oxygen reduction takes place at the oxide—electrolyte interface but not
at the metal—electrolyte interface. The kinetics of the oxygen reduction was described as a
function of the phase composition of the rust layer [58]. Also, the high corrosion rate is
possible in the presence of ferrous iron in the crystal lattice of the surface structures and, in
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general, the electronic structure of the surface mineral phases gives rise to the reduction of
oxygen and determines the corrosion rate as well [56]. So, lepidocrocite, magnetite, and
Green Rust were called as a potential cathodes, but not goethite [43]. However, the mentioned
phases may be dissolved, re-precipitated, oxidized, and reduced via regular wet-dry corrosion
cycles [59, 60].

All suppositions, expressed above, take in no account the micro-level of corrosion
processes. Generally, heterogeneity of the steel composition causes the spontaneous appearance
of space-division anodal and cathodal areas [13] or canals [61] on its surface. Hence, the steel
surface may be present as a system of micro-galvanic couples, where micro-sized ferrites and
ferric oxides play the role of local anodes and the admixture of carbon-bearing components
such as graphite or cementite corresponds to local cathodes [62]. In such a way the corrosion
process may be described as the spatially separated reactions of the anodal dissolution of
ferrum-containing components and cathodal depolarization of oxygen reduced in hydroxyl
anions, accompanied by the change in local pH value [63]. In our previous work [64] we
described the morphology of the surface mineral nanophases according to chemical and
mineralogical point of view that included colloid-chemical mechanism of the particle formation
taking into account local pH on the steel surface. We suppose the solid-state transformation of
pure Green Rust into ex-Green Rust or lepidocrocite in cathodal areas under alkaline conditions
and dissolution—re-precipitation of magnetite or ferric oxy-hydroxides in anodal areas under
acidic conditions. Moreover, the presence of various structural defects and corrosion pittings on
the steel surface makes them “hot points” with very low pH. The latter was confirmed by
scanning electron microscopy images where the aggregates of mineral schwertmannite
characterized by unique morphology [65, 66] were clearly seen. It may be obtained under the
narrow range of pH (2.5 — 4.5) in the presence of ferrous iron and sulfates [67]. The enhanced
concentration of SO4* anions occurred via activation of the steel surface using sulfuric acid and
appearance of gradient of concentration after water flushing of the activated steel surface. The
phase transformation of schwertmannite is tightly connected with anodal dissolution of iron
and is accompanied by the supply of ferrous cations to the outer oxy-hydroxide layer. The high
catalytic activity of ferrous iron in respect to the dissolution of the most stable goethite phase
was shown in [68]. Hence, the local iron dissolution provides the destruction of a “so called”
protective goethite film and leads to predictable consequences.

The better results for the surface protection were obtained when heavy metal species
were present as the alloying elements in the metal structure, as it was shown for copper [69, 70]
and chromium [71]. The latter was collected in the metal-oxide interface as chromium—goethite
and it inhibited the iron ionization. In addition, the presence of transition metal species on the
steel-rust interface provided the appearance of electrically charged surface that played the role
of a barrier to the mass transfer of charged species and supplied the cation-selective
permeability of the iron oxide film [72, 73].

On the other hand, the effective protection of metals can be expected if a high dense
spinel ferrite film, but not magnetite, was formed on its surface. And as was said above, the
corrosion rate of the spinel ferrite films was slower in comparison with a chemically pure
magnetite phase. Usually spinel ferrite films are obtained under electrochemical [74 — 76] or
hydrothermal [77, 78] processes. But the formation of the transition metal spinel ferrite film on
the metal surface via corrosion route was researched by [79 — 81].
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The formation of the non-stoichiometric spinel ferrite on the St3 surface contacting with
corresponding heavy metal salt solutions was confirmed by our recent works [4, 13, 15]. In such
structures ferrous iron can be changed to other heavy metal cations and their crystal lattice
obtains the stability against further oxidation and transformation. Moreover, according to the
results of electrokinetic study, the ZPC of the spinel ferrites at pH close to 7.1 — 7.5 and it is
similar to average pH on the steel surface (from 7 to 9). Hence, spinel ferrite particles may be
easily aggregated into high dense structures that have better protective properties, so, it may
inhibit corrosion processes [82]. Moreover, as it was shown [80], the particle size of the cobalt-
bearing spinel ferrites was smaller in comparison with the pure magnetite obtained under same
conditions. However, taking into account the colloidal dimensions of the spinel ferrite particles
that were far larger than molecular sizes of water and oxygen species, the complete protection
of the steel surface by a physical barrier only was thus questioned [61].

The mixed Me(II)-Fe(III) LDH formed when ferrous iron in the GR lattice was changed
by zinc, cobalt or nickel, may be estimated as another perspective structure for the prevention
of a corrosion process. So, such structures lose the possibility to oxidation and may be
destructed at relatively high temperatures (> 600 °C) only [20, 83, 84].

Also, the contact of the steel surface with metal(II) sulfate solution led to the formation
of both spinel ferrite and mixed LDH structures, whereas the application of the metal(II) nitrate
solution as a dispersion medium resulted in the appearance of a single spinel ferrite phase. We
suppose that preliminary treatment of the metal surface to form a protective spinel ferrite-
bearing layer may be a simple way to enlarge the technical lifetime of canister material used in
the geological storages of high active nuclear wastes.

4. Conclusion

The magnetite particles were formed on the steel 3 surface when it was contacting with
distilled water and ferrous sulphate solution, whereas the non-stoichiometric 3d-metal spinel
ferrites were obtained under the same conditions in the presence on corresponding metal salt
solutions. In all cases the particle size lies in the range from 10 to 30 nm. Both magnetite and
spinel ferrites were characterized by close to spherical shape and formed the relatively large
aggregates, because the particles achieved a zero point of charge at pH = 7.1 — 7.3, which
corresponded to an average pH value on the steel surface. When the 3d-metal cations replaced
ferrous iron in the crystal lattice of magnetite, it obtained the colloidal stability under oxidative
conditions. Hence, the creation of a protective 3d-metal spinel ferrite layer on the steel surface
may decrease its corrosion rate and enlarge the technical lifetime of canister material used in
the geological storages of high active nuclear wastes.
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Abstract

TiB2 is an important transition metal boride having various remarkable properties. Its
covalently bonded structure makes its sintering process difficult. For the monolithically
sintering of TiB2, high relative density and resulting mechanical properties can be provided by
using spark plasma sintering (SPS) instead of conventional sintering methods. Although SPS is
used, higher mechanical properties can be limited due to particle size of the initial powders in
micron scale. In the present study, the spark plasma sintering of nano scale TiB2 powders (self-
propagating high-temperature synthesized (SHS); 200 nm) with micron scale TiB2 powders
(carbothermal synthesized; 6.24 um) were investigated. The highest relative density (96.34 %)
and hardness value (21.48 GPa) was obtained for the SPS experiment, which was conducted
with the addition of 50 wt. % SHS (nano scale) powder at 1600 °C, under a pressure of 50 MPa
for 5 min. The experiment was carried out under Ar atmosphere.

1. Introduction

High hardness, strength, wear resistance, thermal-electrical conductivity and high
durability against chemical substances and molten metal’s are between the most remarkable
properties of titanium diboride (TiB2). Its melting point is about 3225 °C. It has covalently
bonded atomic structure and a hexagonal crystal structure with space group of P6/mmm [1 - 5].
Impact resistant armors, cutting tools, aluminum evaporation crucibles, wear resistant coatings
and aluminum electrolysis cathodes are between the main usage areas of TiB: [1, 2].

Several methods can be employed to synthesize TiB: in laboratory or in industrial scale.
Carbothermal synthesis from titanium oxide and boron oxide by using a carbon based reductant
at high temperatures; metallothermic synthesis (self-propagating high-temperature synthesis,
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SHS) by using a reducing agent such as magnesium or aluminum; mechanical alloying of
titanium and boron oxides through metallothermic route or mechanical alloying of elemental
forms of titanium and boron; sol-gel method and aluminum melt reaction process are among
the most remarkable techniques to synthesize TiB2 [6 — 15].

Self-propagating high-temperature synthesis (SHS) is a sub-group of metallothermic
synthesis (combustion synthesis) with volume combustion synthesis (VCS). SHS reactions are
highly exothermic and their specific heat value is above 2250 ] / g. Reactions can propagate in a
self-sustaining mode without any additional heat or energy. Thus, SHS processes are faster than
carbothermal processes and it makes the reaction products much finer (in nano scale), when we
compare them to carbothermal processes for the same products. SHS reactions can be utilized
for the synthesis of borides (TiB2, ZrBz2, MgBz, etc.); carbides (BsC, TiC, cemented carbides, etc.),
nitrides (SisNs, etc.) and silicides (MoSi2, etc.). Metallothermic reactions were discovered and
explained by Beketov (1865) and Goldschmidt (1895). But, Merzhanov, et al. combined the
metallothermic reactions with flame propagation theories, and they carried out the first SHS
experiments in the middle of 1960s [16 — 19].

Spark plasma sintering (SPS) is the most modern and remarkable technology for the
sintering. Apart from the conventional sintering techniques such as hot pressing and hot
isostatic sintering, an internal heating is provided in SPS by the formation of sparks between
powder grains. Direct current electricity discharge generates the sparks in question. The
remarkable properties of the technique are shorter sintering durations and relatively lower
sintering temperatures. Die system (usually graphite), electrodes, pressure mechanism, process
chamber, pyrometers, water cooling unit, DC generator and data-logger are the main units of a
SPS system [20, 21].

In this study, effects of initial powder grain size on the SPS of TiB: were investigated.
TiB2 powders in nano scale (synthesized by SHS) and TiB2 powders in micron scale
(carbothermally synthesized) were mixed in various proportions. Powder mixtures were
sintered by using SPS and, sintered compacts were characterized in terms of density, hardness,
micro-, and phase-structure. The relationship between the use of nano scale TiB2 powders and
the mechanical properties of the sintered compacts were investigated.

2. Experimental

Experimental studies were conducted to understand the spark plasma sintering
performance of nano scale TiB: powders, which were synthesized via SHS. The experiments
were monolithically carried out. It means that any additives or dopants were not used.

SHS TiB: powders were synthesized in the research laboratories of Metallurgical and
Materials Engineering Department at Istanbul Technical University. The synthesis parameters
were previously reported [22]. SHS TiB2 powders have a specific surface area of 6.42 m? / g,
average grain size of about 200 nm and their Mg content is 0.81 % by wt. Carbothermal
synthesized TiB: powders were commercial grade (H. C. Starck-Grade D). They have an average
grain size of 6.24 ym and their specific surface area is 1.06 m?/ g.

Three experiments were done by using spark plasma sintering system (SPS, SPS Syntex
7.40) with increasing nano scale TiB: proportions. The schematic sketch of the SPS system
which was used for the experiments was given in Figure 1 and the detailed information about
the system can be found elsewhere [23].
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Figure 1. Schematic sketch of the SPS system [23].

The constant experimental parameters for the SPS experiments are shown in Table 1.
The parameters in question were previously determined by Turan, et al. in 2014 [23]. In the
experiments, proportions of SHS TiB: from 0 to 50 % by wt. were mixed with carbothermally
synthesized TiB2 to prepare the green mixtures for sintering by using SPS. In the first
experiment, green mixture only contained 100 % of carbothermal synthesized TiB: by weight.
In the second experiment, a green mixture, containing 25 % of SHS synthesized and 75 %
carbothermal synthesized TiB2, was sintered. The ratio of SHS TiB2 was 50 % by wt. in the last
experiment.

Table 1. Constant parameters of SPS experiments.

Pressure Atmosphere Duration Temperature
50 MPa Ar 5 min 1600 °C
Carbothermal TiB: SHS TiB2
average grain size | average grain size
150 °C / min | 12 : 2 (3.3 ms each) 6.24 ym 200 nm

Heating rate | DC pulse sequence

SHS TiB: and carbothermal TiB: powders were mixed in ethanol media. TiB:-ethanol
suspension was dried and obtained powders were granulated. SPS experiments were conducted
in a cylindrical graphite die having an inner diameter of 50 mm.

Sintered compacts were cut and polished for the mechanical, semi-quantitative and
qualitative tests and characterizations. The compacts were characterized by using Archimedes
density measurement (ASTM C373), Vickers indentation micro-hardness technique (Leica VH-
e MOT, load of 2000 g), scanning electron microscopy (SEM; JEOL JSM 7000F), energy-
dispersive spectroscopy (EDS) and X-ray diffraction (XRD; Rigaku Miniflex, Cu—K«) techniques.

29



Spark plasma sintering of self-propagating high-temperature synthesized TiB:z ceramics.

3. Results and discussion

The change of relative density and hardness values with the increase in SHS TiB2 amount
in the green mixtures are given in Figure 2 and Table 2. It is clear to see the use of SHS nano
scale TiB2 was positively affecting on the mechanical properties of the compacts, which were
sintered by using SPS. The highest relative density and hardness values were measured as
96.34 % and 21.48 GPa from the experiment conducted with 50 % SHS synthesized TiB:
addition.
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Figure 2. Change of relative density and hardness
values on spark plasma sintered compacts
with increasing wt. % of SHS nano scale TiB2.

Table 2. Relative density and hardness values of compacts,
which were sintered using SPS with increasing wt. % of SHS TiB..

Property Proportion of SHS Synthesized TiB2
0% | +0|25% | +0 |50% | t o

Relative density, % | 76.75 83.75 96.34

Hardness, GPa 5.41 {0.19|13.49 | 1.68 | 21.48 | 1.40

Polished and fractured surface SEM micrographs of the spark plasma sintered compacts
are shown in Figure 3. Micrographs coded with the A letters refer to the compacts, which were
sintered from only carbothermal synthesized TiB: powders, B contained 25 % SHS TiB2 and C
50 % SHS TiB2 by wt. The decrease in terms of porosities, with increasing amount of SHS TiB2,
indicates and supports the high relative density results. EDS results of the 25 and 50 % SHS
TiB:-containing sintered compacts were given in Table 3. 0.42 % Mg content was determined
for the sample sintered with 50 % SHS TiB.. That Mg content is acceptable for the boride
powders which are synthesized via SHS. When the Mg content (0.81 %) of the SHS TiB2, used
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for the initial mixtures, is considered, it can be easily understood that Mg content was diluted
nearly by half due to the use of SHS TiB2 by 50 wt. %. An increase in the oxygen amounts of the
sintering compacts was realized with the increase in the use of SHS TiB: powders. The
attraction of boron compounds to oxygen is a well-known phenomenon. Powders in nano scale
have a specific surface area much more than that of micron size powders. Thus, the use of nano
scale TiB2 powders with increasing proportions increased the oxygen amounts in the sintered

compacts.

Figure 3. Polished and fractured surface SEM
micrographs of sintered compacts which contain
various proportions of SHS and carbothermal
synthesized TiB: by wt. (A: 0, B: 25, C: 50 % SHS).
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Table 3. EDS analysis results of the spark plasma sintered
compacts with increasing wt. % of SHS TiB2 (wt. %).

Sample Ti B O | Mg
50 % SHS TiB: | 62.86 | 34.27 | 2.45 | 0.42
25 % SHS TiB2 | 65.30 | 32.44 | 1.98 | 0.28

XRD patterns of the sintered compacts with the increasing amount of SHS TiB: support
the EDS results (Figure 4). The structures consist of TiB2. A slight amount of MgO phase, which
was arisen from SHS TiB:, was particularly observed on the XRD pattern of the sintered
compact by using 50 wt. % SHS TiBo..

300

50% SHS TiB)
A

Al 25% SHS TiB)

Intensity

|A: TiBy B: MgO|

10 15 20 23 30 35 40 45 0 35 60 65 75 80 8% 90
20

Figure 4. XRD patterns of sintered compacts,
which contain various proportions of
SHS and carbothermal synthesized TiB2.

4, Conclusions

In the present study, spark plasma sintering of monolithical TiB: powders was
investigated for the various proportions of SHS and carbothermal synthesized powders. SHS
TiB2 powders were in nano scale and their average particle size was about 200 nm.
Carbothermally synthesized TiB: powders were commercial grade (6.24 pm average particle
size). Three experiments were conducted. In the first experiment, the green mixture consisted
of only carbothermally synthesized TiB2. In the second experiment 25 wt. % SHS TiB2 was used.
50 wt. % SHS TiB: was employed in the green mixture of the last experiment. Constant SPS
parameters were employed such as sintering temperature of 1600 °C, soaking time of 5 min and
sintering pressure of 50 MPa. All experiments were conducted under Ar atmosphere. The
highest relative density value was measured as 96.34 % in the compact, which was sintered
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from 50% SHS TiB: containing green mixture. Its hardness value was 21.48 GPa, which was the

highest hardness value during the experiments. It is clear to see that the use of nano scale SHS
TiB2 powders cause to have better mechanical properties on spark plasma sintering than that of
micron scale TiB2 powders.
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Awnnorarua

B pa6ore ObLI M3y4eH BOIPOC HEUTPOHHOTO OOTydeHUs OHOIOTUYECKHUX MATEpPUAIOB U
CTaH/IapPTOB CPaBHEHMA B Pa3HBIX KaHaJaX AZ€PHOTO PeaKTOpa, B TOM YHCJEe B HEOXJIAXKAeMBIX
(0OGBIYHBIX) KaHAJAX M OBUIO YCTAaHOBJEHO BJIMSIHUE YCJIOBUI OOJydyeHHd Ha COZep:KaHue B
MCCIeyeMbIX MaTepHualaX XUMUYeCKHX d1eMeHTOB. JIyma 5Toi menu GBI MCIIONIB30BAaH METO[,
HMHCTPYMEHTaJIbHOTO HEHTPOHHOTO aKTUBAI[MOHHOTO aHAaJIH3a.

Merton MHCTPyMeHTaIbHOTO HeMTPOHHOTO akTuBanuoHHoro anamusa (MHAA) mupoxo
IIpUMEHAETCS AJIA KOJIUYIECTBEHHOI'O OIIpeAeIeHNA XUMHUIECKUX DJIEMEHTOB B PA3HBIX MEITHKO-
6I/IO]IOFI/I‘IeCKI/IX HccjienoBaHUAX. ,ZL)I}E[ IIOJIy49€HH A BBICOKHX IIOTOKOB HefITpOHOB HCIIOJTB3YIOTCS
anepHble peakTopsl (AP) m Taxke — HeHTpPOHHBIE Pa3MHOXHTEIU C MEHBUIMMH IIOTOKAMHU
HEWTPOHOB. B Hamux wucciemoBaHUAX ObUIM IIPOAHAJIM3UPOBAHBI pa3Hble OHOIOTHYECKUE
Mmarepuansl (BM): menbHas KpoBb YelOBeKa M )KMBOTHBIX, TKAHYM Pa3HBIX OPTAHOB XXHMBOTHBIX U
BBIZI€JIEHHBIE M3 HHUX CY6K)IeTO‘IHI)Ie KOMIIOHEHTBL: AJpd, MHTOXOHAPHH, MHUKPOCOMEI,
IIMTOILIa3Ma. B Apyrux omeITax GBI MCCIIEZOBAHBL CIeAYIOIe OOBEKTHI: CealIUuIIHbIe HEPBBI
OIYXOJIEBBIX KpPBIC; OBUIO BBIACHEHO BiaugHUe audochoHaTa OKCHMITHIUIeHIU(OCHOHOBOMH
kuciaorst (OD/I®) na pasButue capkombl M-1 y OGenbix OeCIOPOZHBIX KpBIC; ObLIN
IIPOaHAIU3NPOBAHBI YeJOBeYeCKHe BOJIOCH], a TaKKe OOBeKTHI OKPY Kaloleil cpe/bl, HAIIpUMep,
pasHble MUHepaIbHble BoAbl I pysuu u T.7.

Kparko ommmewm meromuueckyio cropory WMHAA: Gbin MCIIONIB30BaH CpaBHUTEIBHBIH
METOJ, KOTZia C UCCIefyeMbIM OOBEKTOM ITIOTOKOM HEHTPOHOB 00JIydYaeTcs CTAaHAAPT CPaBHEHUA
(3TAZOH), ¢ M3BECTHBIM KOJMWYECTBOM XHMUYECKHX 3JIeMeHTOB. KonnuecTBO oIpezesieMOro

3JIeMEeHTa BBIYUCIIAeTCA 1o popmyre:

IZle Mx ¥ Mer— KOJIMYeCTBa UCCIeAyeMOro djeMeHTa B 00paslie U CTaHJapTe CpaBHEHHUd, T, Ax u

Acr — KOTMYeCTBa pacnazaiomuxcs aaep, pacnag, / ¢, a Mk u Me — Maccst oOpasiia U CTaHgapTa, T.
B mameMm ciyyae IIONB30BaJNUCh MHOTODJIEMEHTHBIMU CTaHAApPTaMU CpaBHEHMS,

IIPUTOTOBJIEHHBIMY Ha OCHOBe deHoxdpopmanberuauoit cmoiust (POC) [1].
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Tabnmua 1. Pacnpesenenve XuMu4ecKux 371eMeHTOB B INO(IIIBHO
BBICYNIEHHBIX 00pa3lax IeJTbHON YeJ0BedYeCKOil KPOBU B
3aBHCHMOCTH OT YCJIOBUI 06TydeHus (MKT / T CyXOil MacChl 06pasiia).

YcnoBus 06ydeHna o6pasuoB B KaHanax SIP
II2K
Ilocne
pacTBOpeHwUs
DIeMeHT HTEK HTEK * BOK_1 Bes oGpasma u
Pazpymenus CTaHzapTa
o6pasma — 1 CpaBHEHUS
B CMeCH
KHCJIOT — 2
Fe 2200 (120) 2260 (100) 2290 (130) 3200 (300) 2123 (140)
Zn 24 (1) 24 (1) 24 (1) 36 (4) 24 (2)
Br 18 (1) 17 (0.7) 16 (1) 15 (2) -
Rb 6 (0.4) 6 (0.5) 6(0.5) 9 (0.8) 5(0.7)
Se 0.57 (0.07) 0.58 (0.09) 0.58 (0.09) 0.31 (0.10) -
Ba 0.48 (0.06) 0.47 (0.06) 0.47 (0.07) 0.32 (0.06) 0.15 (0.03)
Cr 0.20 (0.03) 0.21 (0.02) 021 (0.02) 0.25 (0.07) 0.18 (0.04)
Ag 0.057 (0.01) 0.058 (0.09) 0.058 (0.09) 0.064 (0.011) | 0.028 (0.008)
Hg 0.045 (0.006) 0.043 (0.008) 0.030 (0.003) - -
Cs 0.021 (0.005) 0.023 (0.005) 0.023 (0.006) | 0.030 (0.009) | 0.020 (0.009)
Sb 0.020 (0.007) 0.022 (0.006) 0.022 (0.006) | 0.016 (0.009) | 0.040 (0.009)
Co 0.006 (0.001) 0.007 (0.001) 0.007 (0.001) | 0.009 (0.003) | 0.005 (0.0009)
Sc 0.001 (0.0006) | 0.002 (0.0006) | 0.002 (0.0006) | 0.003 (0.0009) | 0.002 (0.0009)
Au 0.0006 (0.0001) | 0.0008 (0.0001) | 0.0008 (0.0001) | 0.002 (0.0009) -

ITpuBemeHo cpenHee 3HaUYeHMe ( CpeIHEKBAZPATUYHOE OTKIOHEHNE ) U3 6 SKCIIepIMEHTOB.

* obnydyeHue 00pasLoB OBLIO IPOBEJEHO C OOLYyBOM Tra3000pasHBIM TelueM KOMHATHOM
TeMIIepaTypBL.

1 — B pacyeTax MCIIOIB30BaHA Macca 0Opa3LoB U CTAHAAPTOB CPABHEHUA [0 OOTydIeHH.

2 — B pacyeTax HMCIIOJIb30BaHA Macca 0OpasIoB M CTAHAAPTOB CPABHEHUA IIOC/Ie OOy IeHH.

B panHO#i paboTe KOCHEMCS TOJBKO BOIPOCA BBIACHEHUA BIUAHUA YCIOBUM
HEUTPOHHOTO OOJIy4YeHMs JUO(IIBHO BBICYLUIEHHBIX OOpa3lioB LeJBHOI KPOBU dYeJOBeKa B
pasHbIX KaHatax fP u ompezeneHusa B HUX COAepKaHUI XUMUYECKUX 3JIeMeHTOB. Paccmorpum
pa3IuYHble aCIIeKThl MCC/IeOBAaHUA HEOXJIAKJAeMOro M HusKoreMmueparypHoro (Hmwxke 0 °C)
o6ryuenus BM. HMccremyemsie o6pasupl ¥ CTaHZapThl cpaBHeHus Ha ocHoBe PPC Gpuin
06y4eHsl B TeuyeHHe OK0JIO 70 4 C IOCTOSHHBIM KOHTPOJEM TEMIIEpATyphl Ha ITOBEPXHOCTHU
TPAaHCIOPTHOTO KOHTeHHepa C IIOMOILIBIO MeJb—KOHCTAHTAHOBBIX M XPOMeJI—KOIleJIeBhIX
TepMoIap. PesypraThl IIpOBeJeHHBIX DKCIIEPUMEHTOB IIpUBeZeHBI B Tabmune 1, B KOTOpOii
HazBaHMA KaHanoB P pacmudpomeIBaroTca Tak: CIENHANbHO CKOHCTPYMPOBAaHHBIH
HU3KOTeMIlepaTypHbIi Ouonornyeckuil kaHai, T.H. HTBK, B koropom oxyaxgeHune oOpasmos

36




N. E. Kuchava. Nano Studies, 2017, 15/16, 35-38.

IpU OOJIy4YeHUU OCYLIECTBJIAETCS LUPKYIAMed B 3aMHYTOH CHCTeMe ra3o00pa3sHOrO TeJusd,
MMEIOIeT0 TeMIepaTtypy >kuakoro asora ([2—4]. Ilpu Takux yCIOBHAX TNPaKTUYECKU
WCKJIIOYaeTcs JecTpyKuus Tabnaerok BM u craHzapToB cpaBHeHHA [5], M3MeHeHHMe UX MacCChI,
yJIeTy4YnBaHHe HEKOTOPBIX XMMHYECKUX DJIEMEHTOB, a TaKXXe B OZHOM HCCIefyeMoM oOpasie
BO3MOXXHO OJHOBpeMeHHOe oOIlpefieleHne 14 XUMHU4YeCKUX DOJIeMEeHTOB, IIPUBEJIEHHBIX B
Ta6aume 1.

Bo Bropom crombue Ta6muupr 1 mokasaHO cofepXaHWe XHMHYECKUX 3JIEMEHTOB B
IIeJIBHOM 4YeJIoBeYeCKOW KpOBU, IOJy4YeHHBIE C IIOMOIIBIO OOJydYeHHd B BBIIIEYKA3aHHBIX
ycroBuax. [losToMy cumTaeM, 4YTO yKasaHHbIe pe3yJbTaThl Oojee OIM3KM K HCTUHHOMY
3HAYEHUIO COZEpKaHWSI XUMHUYECKUX 3JIEMEHTOB B oOpasuax KpoBu. VmeHTwunsle 06pasiisi
6pu1u o0y4ens! B kKaHase HTBEK ™ B ;pyrom remMmepaTypHOM pe)xuMe: B KaHaJIe IUPKYIHPOBA
ra3oo0pasHbIii TeJWii KOMHATHOH TeMmmepaTypsl. B maHHOM cirydae TeMmIieparypa oOpasIoB
cocraBuna 80 —85°C mpu momuoctu AP B 3 MBrT. DTOMy 3KCIIEpHMEHTY COOTBETCTBYIOT
IlaHHble, IpUBeJeHHbIe B TpeTheM cTosbue Tabnuusr 1. Hamo ormernts, 4TO BO BCex CTOIOLAX,
32 MCKJIIOUYeHHeM IIpeJIoCIeflHeTo, IIPUBeJIeHO COJiepXXaHHe XUMHYEeCKHX DJIeMEeHTOB B
mepecyeTe IO Macce g0 obimyueHus BM u craHmapToB CpaBHEHHdA, T.K. HCIOJIB30BAHHE B
pacyeTax Macc 0OpasIoB U CTAHZAPTOB CPaBHEHUA IIOCJIe OOTyueHUs IMIPUBOSUT K 3aBBIIIEHUIO
3Ha4Y€eHUA COAEPKaHHNA XMMHUYIECKHUX 3JIEMEHTOB M3-3d YMEHBIIEHNA MdCC BO BpeM:A O6)Iy‘-leHI/IH
IIPH IOBBINIEHHBIX TeMIepaTypax. /11 sKcIeprMeHTOB OBLT MCIIOIB30BaH TaK)Ke HAIlOJTHEHHBIH
Bogoii kaHan — BOK-1 (BepTukanpHBIN 5KCIIEPUMEHTAIbHBIM KaHa), B KOTOPOM TeMIlepaTypa
ob6ryyenus obpasuoB mpu MmomuHoctH SIP B 3 MBt cocraBiser 100 - 150 °C (uerBepTsIit
cronben). Kax BupHO, ymeHsmmanucs cogmepxanus tompko Br m Hg ma 10 u 30 %,
COOTBETCTBEHHO. B 1ByX mocmegHUMX CTONOIAX IIPUBENEHBI COMAEPKAHUA XHUMHYEeCKHX
5JIEMEHTOB, IIOAYYeHHBIX C IOMOWbI0 oOnxydeHus o6pasumoB B LIDK (umeHTpanpHbIi
SKCIIePUMEHTATbHBI KaHal) Ipu TeMmmneparype oOpasua okono 300 °C. Awxanussl ObLIH
mpoBeseHsl B ofHOM ciydae (1) Ge3 paspymeHus oOpaslioB M CTaHJAPTOB CPaBHEHHHA, a BO
BTOPOM (2) — C IOMOIIBIO PacTBOpeHUs 0Opa3liOB U CTaHAAPTOB CPaBHEHUS B CMECH KHCJIOT. B
IIepBOM CJIy4Yae B pacyeTaxX MCIIOJIb30BaHBI MacChl IIOCTIe OOIydeHUsd, a BO BTOPOM — O
o6ydyenus. Jlanusre cton6uos 3, 4 1 6 6GIM3KK K JaHHBIM CTONIOLA 2, a JaHHBIE, TPUBeeHHBIE
B CTOJIOIE 5 — 3aBBIIIEHBI U OTO 3aBBIIIEHNE TEM 3aMeTHee, YeM OOJIblile yMeHBbIIeHU Maccsl bM,
KOTOpBI€ IIPOMCXOJAT IIO-BUJUMOMY, 32 CYeT OOe3BOXXMBAHHA JIHOGUIBHO BBICYIIEHHBIX
00pasIoB.

3acy)KuBaeT BHHMAaHUA TOT (GakT, 4TO cojepxaHue ceneHa (Se) mpu TeMmmepaType
ob6ryyenus 300 °C ymeHbIIaeTcs B ZBa pasa IO CpaBHEHHUIO C 00pasmaMu, OOTy4YeHHBIMHU B
OXJIAKIEHHBIX YCJIOBUAX, a cofep>kanue Br ymensmaerca Ha 17 %. Onpezenenune copep:xaHus
Hg e 6pU10 IIpOBeieHO M3-3a ee IIOTEPU U3 CTAHJAPTOB cpaBHeHMA. Kak BUIHO M3 IOC/IeHETO
cronbua Tabmuusl, cogepxanus Fe, Zn, Rb, Sb u Sc mano ornmuaiorcs or maHHBIX BTOpOTrO
cron6ua. Pacxoxzpenue B cogepxkanusx Cs, Cr u Co cocrasnser 29, 25 u 17 %, coOTBETCTBEHHO.
Br, Se u Hg B mpucyTcTBUM KHCJIOT yJIeTy4HMBAIOTCA KaK M3 OOpasIoB, TaK U CO CTAaHZAPTOB
cpaBHeHMA. Ba u Ag B IPHUCYTCTBUM KUCJIOT YJIETYYMBAIOTCA M3 OOpaslloB, a B CTaHJAApTax
CpaBHEHUA OHHN COXPAaHAIOTCA. OTUM MOXKHO O6’I>E[CHI/ITI> 3aHMKE€HHBbI€ 3HAY€HUA YKd3daHHBIX
3JIEMEHTOB B TIIOCJefZHeM crToaOue Tabnumpl. IlomydeHHBIEe pe3ysnbTaThl IIOATBEPXKTAIOTCI
9KCIIePUMeHTaMU, IIPOBeZIeHBIMU ITI0 M3yYeHHIO TePMUYEeCKHUX II0TePh XUMHUYECKHUX DJIeMEeHTOB
13 61M000pa3LoB U CTAHAAPTOB CPAaBHEHM, C IOMOIIBIO OTXKUTA IIPH PAa3HBIX TEMIIepaTypax [0 U
mmocjie 06Iy9eHHs B yCIOBUAX XOJIO/A.
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MoxxHO ¢ GOJIBIION YBEPEHHOCTHIO CHeJaTh 3aKII0YeHHe O TOM, 4To obiayueHue BM u
CTaHZAPTOB CPaBHEHUsA B HEOXJIAXJAeMbIX YCIOBHAX B KaHanax SIP, B 3aBucuMOCTH OT ero
MOIIHOCTH M BpeMeHM OOJIyd4eHHs, NMPUBOAZUT K YMEHBIIEHUIO Macchl BM u yieTy4mBaHUIO
HEKOTOPBIX XMMUYECKUX 3JIEMEHTOB: OPOMa, ceJleHa, PTYTH, YTO CIIOCOOCTBYeT UX OMIKNOOTHOMY
onpenenuuio B bM; czenaHa BO3MOXHas OIleHKAa CBA3AHHOTO C BBINIEYKAa3aHHBIM HM3MeHEHHeM
coflepKaHUA IPYTUX XUMHUIECKUX DJIEMEHTOB, TOXKe BXOAAIIUX B cocTaB bM.
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AORNSIBNIAN d353MLBO3ISOL 330)S560)IZINR(O FOLORD

6. 3. 95053599, 3. 3. ©3MOB5IZ30¢O

9. 56M™bB035930¢0L Lob. ZoHozol 0bLEGHOGHMEO
0. %535b00300l Lsb. Mdoolols Lobgerdfozm MboggMLoEgEo
d0obo, LodoOmM3gem

300gdMos 2017 ferols 27 beagddg®ls

bmBo309

50054 3H0O0 259mbboggdol 8dmsbmgddguo dsbowrs doMomso 3ma3mbgb@gdols —
39000030l 5obaol, BdMEMOL  39MBOEOL, M3I0boL  Hobgaols s  BHYz00L  Lyrxgoob
59539000 990393l dsDoGHOL d™F3mb, HOL godma 3900d0w9dol 5630L, deaMolb 35MHdOOL,
63060 75630U, Gyz00L bEr30OLS s BB EOL dMF3ML Aol T95MYds FoBoEsdo
995009966 1:1:1:10:1.

3900330935 396939036935 FoLosmI3MmEBbYMBdLL, 39MdM, ToLogrgdl, GMIEdO3
3980m09g4qbgds doMmm3M 399603580, 13gdBHOMIYGHO0580, MDB0IYGHM05d0, 3MEMA05T0
@5 Ubgs. 3bmdowos Bsboergdo, Bogsoms©, 3MIBOG0, 35058060, 3HY305, fyswo,
OmIwgdog  godmoygbgds  bgo@Bmmbgdol s  Ubbgs  ®yosgBorido  godmlbboggdols
d8msbmnddgegdo 695dBHMM9d0L 59393 dmfymdowmdgddo, Bgo@®mbgdols
2005065393 9dd0, 0BMmEGHM3MO [gomrmgddo s bbgs.

0050  BgImBsImm3womo  sboggdo B0 96T YMO0s  Too
399396053 MMgdbg s  bollosmgds Lodgogom, o3 80mMgdgEos  9JuG®M9dse Mo
306)13900B5M30L, M505300L [goHrMadol BHMIBL3MOEH0MgdOLS s Fomo bsbYMA 0350
d9b5b30L50.

59605, 9JBHIOLMM05 B0 GH0O0 [YomHrmgdolomgzol sboswro ddmsbomddgero
sbogngdol  dgddbs, GM@Imgdosz  0d69ds  09MIMIAMS©O,  d949b03mGs 833039,
30335JGNMH0 s IMLobgMbgdgwo. sbgmo dsbos Mbs Jmsbmdszgl sdrols 89wgas©
2399mlbogqder  6go@Mmm™Mbgdl,  93MmM39, SRS~  ¥9BS-, O 293s-258mbb0ggdgdL.
2080bb0gq0s 096 g3zl 5EHMIBOOMZJdOL TS, 00 Ho®Bmoddbgds sligzg bgoGHO™bgdols
MO00YONJI)IO000 9393 JMOLEHMWJ30900056 s F9936M9B0MGdgo  obogrgdols
306569390m9b6.  dsboems  Mbs  oyml  dacso 900 °C 3H9d39MsdMsdg  (bsbdMols
39939M5G9), S3Mgm3g, 399o603MMs© 933039, BobLOIZMNNOYGOOM, GHMBLIMEMEH0MYdOL
903560 0.
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Material for absorption of radioactive radiation.

505300L ddMsbmddger Fobows sMRIMWos 3MIZMDBOE0s, OMIgEroi 99ygds
005 LYBMs JodoMo 9argdgbEgdoLsysd (39dowdo, dmMo, M30bs, GY30s), 9539 Fo00
535629990900l, 35Md0IdOLs s LI B0YIOLHYD, 3MbB3MYEBHMWIE, 350T0ol 5sbgol
©5 0mOOL  35MBOEOL, ®3060L  sbgols s  3HY300lL L BoOLLYSD, GMIEYdo3
boboomgds  @bmdoL  dsmowo  3Hgd3gMo@Mom, 900 — 2350 °C-ol  GoMyengddo.
3033mBoEos  89033L, 9369039, d5DowBHOL  doxgol  FsdmbsFMgol, Gomsg  Folos,
30bLAEHON300L LBodEBI0EOL 2sBMEOL FoBbom, WOL3IOLOMMOE SMOL sOGI0MYOMEO.
30330mBo0oL s1gmo G995 96Mds F9BLEBOZOWWOs 080m, MM 350T0T0 J5FMOMBY3S
LoMdMMO ByoBMMbYdOL FMbMJdol Towsero Mbsom, Gog Mol 20000 d-b s
90560 dogl 6goGHO™MbgdL , HMIgwms gbghos < 0.4 93-by.

0MO0 56 458m0MB9g35 LOMdIMOO BgoEM®MbYdOL FNbMJIoL sligmo Fos®swo 339mom.
15353090Mm© 969MHR00L BoOMM EO535HBMbBIo (< 100 93) dolo 339ms Fgoagbl 4000 d-U.
5303™3 dMEM0 TG00 TMNbMJogl LoMdMG s MGHOMBIBLME Byo@O™MbYdL. M30bs
SLEOMgOL 45836930l MWL S Y390 9dbg300 FoLswro 9bgMAo0L bgodMmbgdo
29005993L Bo3argdo 96900l 96980, Lowsa obobo 9x839dGHMMs© F05060ddgds Jodordobs
Q5 dMoL BOMMZ900L F0YO. 585-25dMb03gd0L FJMbMJIgeos EHY305, berm SEgs- S
09BHo-250mlb03gds 10300035 Wb  FME0bMJIGds  ©sd3930  3MBLEHOUYJ300L
dsbosdo.

3bmdowos, GMI 256033910 Lsbol  doOm™M3MEo  459mbboggdol  dmsboddol
9%39JGMIOMds  ©9M30EIOE0s  FdMsbmgdgmro  gargdgbBgdol  Mromgbmdsby,  9.0.
d0msbnddgeo 936560l Lobdgbg. 93696700l  Lolgol  godmmazws  ©sd3s30  dsbverols
90399990 3m330mb696¢3)900Lsm30L Fglodergdgwos bgo@dMmmbgdols Imsbmddol gog@mcmol
239m3w0m g Lsdobbggodo (1, 2].

3900053599390 d056d0ddgaro Foboerol 3md3mbgbEHgdol — CdO, B4C, PbSOs o
Fex03 — 1509336039900, 99Lodsdobo, d9opqbl 7.5, 1.7, 8.5, 5.5 g / LI3-L, bmwm dsmo
93605606 gd0l Lobdggdos 0.56, 2, 5 s 120 83. gOHPMIWOMdsdo obobo »YOOHMb3garymaqb
690@H®™bgd0L ~ 10° BgoGMmbo / d2-0b GHmwo Bszsol LOme 936M960MmYISL.

3996mwmyo0MMo©  Ambobgdbgdgwos  30m33mBoiool ImIBsgds  F98gy0
995356M©9000: 10 : 10 : 10 : 100 9. 53 900b3935d0 M35 3mI3MbIBEH0560 Fslisgrols 936560
99500996L 200 — 205 33-U. 535l gdoBHgds 3oBIdo dsbowGHob dogzgol 2 — 8 33 LogMdoL
B59mb5 30900, HMIgems Hmbomo oo 895wp9bL dogero dstiols 5 — 12 %-U.

doboeol odbogdol BHgdbmermaos 899ga0s: 3m33mbybEgdo CdO, B4C, PbSOs,
Fex03 @5 05353900 05Doe@ol Bodmbs3gdo dslwemo 99xgségoom 1 :1:1:10: 1
09393905 d0MM390006 {oldzowdo 5 — 6 bLo-ob gobsgEmdsdo, MOl T9IRsRS3 F0WIONIE
a3b360wl 5396056096 s 5m13Lgdgb 39MTgBH M FMOIFgdo, MM BHIbo BIdIMS©
239bsforql. 24 — 30 Lor-ob 999y BH9b0sb0 BB3boOLLYE 10 @ / 13? §bgz00 5g5e0dgd9b
Lo FoMHM BMOIoL dEM3gOL sbs Fodob A3l F6Fganls.

©58m{jdgdsbo
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VdoRBI6S®O Spirulina platensis 3333553 35®3IMT0 HSB30HN IR0 Cr-0L
003RI6S B056(MJS5IBIANOL dOMBSLOL FIFSIRBIIER (M350 SAELISINRO
Lb3o J030IGO INIFIEBISOL — Zn-OU, Cu-0bs RS Mg-0L FIIC3IN(MdS DI

6. 3993935

9. 56M™bB035330¢0L Lob. ZoHozol 0blGHoGHMEO

0. %535b00300l Lsb. Mdoolol Lobgerdfozm MboggMLoEgEo
0oL, BodsGmngzgerm

e.kuchava@mail.ru

800gdm@os 2017 ferols 30 beagddgels

3bm@o305

d9LHogwoos  (3096MmdsJBHgMo0l  Spirulina platensis 9339053 Zarrouk-go6mgdmdo
Bo@zommvemo Jodom®o gangdgb@ol Jomdol (Cr) Bgaogwgbs 53 fyswdigbstols ddGmocn
00m35L5d0 5OLYIYO MO0l (Zn), L3oErgbdols (Cu) s dogbomdols (Mg) 999339 mdsBY.
2393990900900 ©sl33bs: Spirulina platensis-ols 9339053 o®9dmdo Cr(VI)-ob bos@Gz00mm30Lsl
50bodbmero  JodowmGo  gwgdgh@gdol  3mb3gb@®mosos 89030 gdEos  dsm  0d
360036905056 Fgs6gd0om, GrMEaLsi 03039 8339053 oM9dmdo Bs@zommwwos Cr(III).

33GMOM0 1YFOOMO MIWOL M93330039s© HoMmMOEYOBML MsMGmglis Tm3ary
dodmboergs  Spirulina  platensis-olb  ©o5md0LS @S  Jodod  gugdgbGHgdmsb  dobo

©5dM30009099c 900l Tgbobgd.

3bmdowos, MM 50bodbmwo gswdEgbsdg dEMsgz5eabEMOZ 459Mmygbhgdsls 3mEmdl
3o6MT53MMY0530, goEobsls s Lmgwol  dgmembgmdsdo  GmymemE  Ls3MObswm
LodM5EYdS, HMIJEOE 0MEs© SLOM30LYdYE0s ddMAHM3sODs MEYRBOBIoL dogm. dobo
90m-90mo 3603369emz560 30900 MEbIE MOY60BTGdTo bogmogmgdsms 330l
dmfgleoggds.  4oBLOgMMEGOME  0bGHYMILL  0f393L  Lo33wg30  30sbMdsdBHIMHOoOL
©5dM300090999ds OHMAMOE 3030, s1939 — J530M9wgdgbEJOMb, M5dos 30HdMbrgdom
00 596530 go9Mm33093000 S P53MJ39Y69de0 FsLBOEP0m, Mo Mb3sss FoMdmygbowro
Lo893b0gO™ WOEIMSGHWMEMST0. IM3egE 9395900 DMA0gMH FomBU.

d03MHmgdb@gdom sd8oGqdmwo Spirulina platensis-ob d0mdsLol  Jogds
§om3mpqboos 6mMdsdo [1], Losa 90bodbM0s, HMI ELIHYWGOMWO (3056MdEHJM0s
39bobogds 08 803MMMEOYRB0BTsE, GMIOL  QoxIM0s  30@SFobgdom, 3bodM3560
05539000, 8939-35OMm@0bom, 5806MTg5390000 ©s 5.9. 9dM0Ygbgds  5sTosbols s
3HM390ms 1533900L 36083690356 BTG S.

d6m3sdo [2] dgLfagarowos s 99sMgdos 8030M9wgdgb@gdol: Fe-ol, Cu-ob,
Zn-obs @5 Mo-ob 999339wmds §ysed39bstrqddo Spirulina platensis s Clorella o
©oLAmMos  Bsgombo  5@T0sbol, Mgz,  bMZgwms 1533900l A9B30MIMGIOL
3900394303900l Tglobgd.  Fyowdigbstgoms AsBMEs TGPy Zarrouk go6M9dmdo,
6Omdgwoi 8936 Jodom®  9wgdgb@l goEegl  M9sdGHo3900l MMM, FHYILOMS,
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K2Cr2(SO4)4-0b, ZnSOs-0l,, CuSO+-0bs s MgSO4+-0b Lbgoolibgs Momgbmdol §yswmsb
BogMmol Lobom. d03MMgEgdgbBHgool 9339w mds LI gdM  god3gbadggddo
99LHogwow0s 5@MINMHO VLMOBdG0Mo b3gdBHOMmIgE®mool (Flame and Electrothermal)
39960300 go9mygbgdoom.

96mdsdo  [3] s0bodbmos, M™I  d3gbsgoms  Fg@HedMmEIG  3GMEILYdLS s
AB0GH®MLobmgbdo 4903399 330 gdgdL  0f393L  MYOP0gOMNJIgEgds olgo  ddody
WomMbgdmMb, MmamMoiss Zn, Cd, Pb, Cr, Fe, Mn, Mg s bbggdo. mbws 0mdzsl, G:md
009m0s  (Zn) oMoy gbl 930w gdger  30360M9wgdgb@lL  9;39bsMgms  MXMYdT0
0080065605 R0BoMmwmyomMo 3OHMEILYdoLsmM30L, MMIEddoi ol BJoMms s35dMBIL
3935 0DsGHMOOL OHMEL. Lolmxem-1539MMHbgm bossygddo Mmmos (Zn) L dgmy
5Q30bBY Y39oHBY OO MoMmIbMdOL JodomMmo gargdgbBol — ®30boL (Fe) d90gy.
9000 xax0 9dodg wommbgdols — Zn, Mn s Mg — 3slvboldaqgdgaos 839bscggddo
965350 BOBOMWMP0NMHo  3OHMEgLol  B00@OobsMIYMISDBY @O BomBs  Fo@ods
306396353050 Tg0degds godmofjzoml d3gbstrgms BOOL TgBgMgds. SMLYdIMdL Lbls
X29580 Jodom@mo gawgdgb@gdols — Cd, Pb o Hg, HmIgeoms 3306y Mom@gbmdss 30
1530560b0s  9(39696990d0  BODOMEMAOMMHO  3OHMEILYOdOL  TYuohgMdEs©.  SbodbYE
399m33w935d0 9396560l 583580 gobbowrmwos s 9Ju3gm0dg6EJd0 Bodo®mgdmeros
Zarrouk 206M9dmdo 25°C  3H98396sGHMol  3060Hmdgddo  gobBM©OOwo  305b6MdsdGHIM00l
Spirulina platensis 30mdobobyY.

960590 [4] 5095H300090ME05 YMMOEEYds 00 BoJBJdbY, OmI Spirulina platensis-ols
2090yg9gbgds  glodegdgeros 33990l 0bMLE®MO0sdo, 1939 3MLAgE0350E, M6 ol
39033938 9936 Jodom® gegdgbAL. ol ML 6FH0356396MmA9bMwo, s6G0TozMMdMWO,
363G 0mgdlosbEo s 53539 OOML — 03MbMLE0TMWsEHMMHO B0gm0gMgds.

0936 LodgEbogmm IMMBsdo Fomdmygbowros dmbs39dgdo bbgsolibgs 306MmMd9dd0
20BO©oo Spirulina platensis-ols d0mdsbsdo 3MmEbowo MmMsboHTGdOL sOBYOdMdOLIMZOL
393 LoFomm Jodom®mo 9wgdgb@Hgool 999339 mdol Tglobgd. dogoswoms, dOmdsdo [5]
50b0dbmros, ®md EL Khadra ¢dob {ysedo asb®owo Spirulina platensis-ols d0mdsbo,
dog Gog bbgs Jo8om® 9egdnb@gdmsb gomo, 8go3sgL: 16 ppm Zn, 1 ppm Cu, 0.04 ppm
Mg 5 0.9 ppm Cr.

d6m09gddo  [6,7] 0bLEH®MIBGHMo  byo@®mmbmwo  5J@H03530900  9bsEoBol
39000l 498mygbgdom Spirulina platensis-ol 396w d0omAsbydo dgbfagarowos JodorMo
993963 900l:  Zn-ol, Mg-obs ©@s Cu-ol 099339w™ds.  bgoGHMmbgdol  fystrm
399myg9gbgdmo  oym 9. $bM™b03sd300l  Lob.  BoBozol obLbEHoGHWMGdo dmddgwo
690@H®M™bMo 3969M5G™M0, 39030350 M sObdo bsgsom 2.3 - 10 ¢ bgoGemmbo / 10? {)0.

Spirulina platensis-ols 8096 Cr(III)-ob d0sbmddol 3OmEqLgdol d9dsboBdol Jqlfogars
93999905 d6MIsdo [8].

363590 [9] 0O YMMOEEGds JIMdS s30mMbL Jodom®o gwgdgb@ol Jemdol (Cr)
3096MdsJBHYM0bsb  Spirulina platensis +9HM0)OMNJIGGOOL Tgbobgd. @odmyqbgdmeos
dobo  ™mMo  yg4z9wsby Moo  bogMmo, Tglododolo, Cr(III)-obs o Cr(VI)-ob
9993390 M00m. 50603605, MM FomsQ90 MROM 253039 gdwos Cr(III). Mog dggbgds
Cr(VI)-b, ob §o60moagbl JOHmdol GHmJuogzmed 5m®masL, GMMIJGoE 9©30ws© 93l
3MEbI xXOJF0 s ofigal 396396 ©IME3)3)BL-

§obodgdstg 330930l dobsbos Tglfogerow 0dbsl (3096MdogdEHgeools  Spirulina
platensis 9339053 Zarrouk-go693m8o Bos@gzommyo  Cr-ob  Hgyogwgbs  90b0dbryero
095008396sG0L FIGse doMTdoLsdo sMLYdIMEo Jodoo gegdgb@gdol — Zn-ob, Cu-obs s
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Mg-ob 8993390™d5Dg s BoBom@gl dgliodsdol gMoa303w9 g59mbobvEgdsms sbsgrobo,
5369039, dgLHogwoe 0dbsl Logombo 39339053 90gdmdo hsGzommmwo Cr-ol mGo
(Cr(III)-0bs s Cr(III)-ols) 659600 gogargbol dglobgd s0bodbwyero Jodor®o gargdgb@gdols
390339 ™dsbY.

9. 96MM™b035d30 0L Lob. BoBO3oL BLEHOGMEHT0 331093700 BsGotms IPPAS B-256
Ao30b O x-0(35069 §9yowdzgbo®ol  Spirulina platensis-ol d0omIsLOL  BsdwsEgdOm,
Hmdgeoi Joegde 0dbs Mmlgmol 3936090 gdsms 53509dool 3. 5. GH0FoMm0sHY30L Lob.
939650905 BoBoMmEM™mao0ol 0bLEOGHMEG0L. 3wI0350 0Ym 3o 9JudgModgb@ol
99000920 300Mmdgd0: pH > 8, 3500 g asbsmgds, 30 —34 °C $H9d39©mHo@EHcs s “9hy39G0
05605G0MGdS. 53609039 b (30900 0M©S F03OMUIZM3E0 3MBEHOMEO. 58 35651369 s
55033039 ©mO Spirulina platensis-ob dgLogwrowo MRMHIWOIO0 (F0GHMMMYPOMSQ 56
2961b35309g0MS Bo3MBEMMEMSYSB.

Spirulina  platensis-ols 09339053 Zarrouk-go0gdmdo Cr(Ill) Bs@godomer  odbs
d0oMmdxs3>  JOmdob, Cr(VI) 3o - 300mdol  d0dHmdsGol  Lobom.  asbmdzgddo
3L MO0 5GHMINMO SBLMOdZ0Mwo 13gdGHO™AgEGMoOL JgoMmPOom. FoPIGdYIEO

090093900 fo03mgb0wos 3bMHowdo 1.

3bM0o 1. 3056mdsgd@gM00l Spirulina platensis-ol 0G0
00m3sLoL 9935090 Md5do sOLYdMo JodowGmo gagdgbEgool
999339035 (833 / 3), HM©9Ls3 8339053 3oM9dmdo gHmbsotmo
6500 96Mmd0mss (39 / @) Bs@zotmwero Cr (IIT) s Cr(VI).

0339053 39g0mdo | 9339053 3oMgdmdo 0339053 356Mgdmdo
60dm8o |  Bs@30mmmmo | Bs@zomhommmos Cr(Ill) | Bs@zomorvmmos Cr(VI)

Cr-ols Gom©gbmds | Zn Cu Mg Zn Cu Mg
1 15.0 16.2 | 164 | 2210 9.0 6.0 | 2345
2 12.5 135 | 86 | 1694 | 108 | 7.1 | 1144
3 10.0 126 | 9.1 | 2088 | 12.0 | 9.4 | 1538
4 7.5 153 | 8.0 | 2250 | 11.0 | 4.6 | 1163
5 5.0 14.4 8.7 1772 13.3 6.9 1455
6 3.8 133 | 7.1 1830 | 124 | 6.4 | 1634
7 25 152 | 86 | 1380 | 126 | 6.7 | 1448
8 1.3 126 | 9.6 - 126 | 6.8 | 1946
9 1.0 144 | 77 1698 | 144 | 6.0 | 1551
10 0.5 126 | 82 | 2234 | 11.7 | 6.8 | 1243
11 0.3 126 | 94 | 2526 | 144 | 6.2 894

d9b600365. Mg-ob 9993390 mdol  360dzbgwmds  99-8  Bodmdolomgzol  ghom
d900b393530 56 43593L 39J60396 Jobgbms Qodm.

MmEd 0330003 30Mgdmdo  Bs@Gzodomyeros  Cr(Ill), omommgmeo  Jodon®o
99896@0LsM30L  BogmbE®MmME ™ Mom©gbmdgdo d9dwgaos (83y / @) ooymos — 13.1,
b3oggbdo - 2.73 s 8sabomdo - 1624. Cr(VI)-ob 89dobggzsdo bmMdob slgom
3600369 ™d9gdmsb 33543L bogdg: ¥Mmos — 12.1, L3ogrgbdo — 4.4 s spabodo — 1804.
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35¢B5B0bMYdOLIM30L LoFoMm© 0465 BsmM3w oo JOHmdol mMogg bsgHmolsmgzols

3058303990 Lobom Fs6Imqbowoym mmmmgmwo Jodomeo gargdgb@ol 999339 mdol
9600369 mdoms 99o6190s.
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aliist'];h:i a.\ﬁ:;]ﬂrr'&i ﬁo{ﬂjﬂnﬁu_wﬂwn "}F‘['l;]ﬂl: 6}.::‘1;3:]5(%&31 Hd(_-:

bm©s00 1. 0o 1 9ggledsdgds Imool 899(339wmdsl Spirulina platensis-ob
99650 B0MIsLsdo, HMEILSE 9339093 3969Imdo Bo@zoMmmEos Cr(III). 6o 2
999L5058905 IEAMIMIMBISL, HMEIBSE 339093 39M9IMTo Po@zoMmmmeos Cr(VI).

OymO3 bm©smosd 1 Bsbl, Spirulina platensis-ob 896 domdslsdo momddol
g39ws 603193obosm30lL 010000l MomEgbmds Cr(III)-ob RsG3z00Mm30Lsl sHOL d93Msw dgGo,
3000609 02039 35M93mdo Cr(VI)-ob Bs@Gzommgzolsb.
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9330003 390380 do Rs@zotmmmo  Jomdal Gampabods, Bafgg

195070 2. 3OO 1 Tgglsdsdgds B3owrgbdol 999339 mdsls Spirulina platensis-ob
99650 B0MIsLsdo, HMEILSE 9339093 3909gdmdo Bo@zoMmmEos Cr(III). 3o 2
999L5058905 IEAMIMIMBISL, HMEIBSE 339093 39MGIMTo Po@zoMmmmeos Cr(VI).

OHMO3 BM©s00©sb 2 Rsbl, Ldowgbdol J3g3ol 05301939Mgd0L Jglfogarolsl,
d0MOMOPO, 39MMEY0s 03039 3EYMTMYMdS, MMYMMOE 33Jmbs Mmool 89dmbggzsdo:

44



N. Kuchava. Nano Studies, 2017, 15/16, 41-46.

Spirulina platensis-ob 996Goq 30mdsboydo yz9ws Bodwmdolsmgzol B3orgbdol Momgbmds

Cr(IIT)-ob  B5BH30MmM30L5L  sMOL  RM™  dgBo, 3069 00539 @sMgdmdo Cr(VI)-ob
BoG300m30LsL.

. o 26004 1
i =
;—{cé"* 2400 - TI .
2 |
33,2: 2200] % » m 2
€T '. JSo-
g g 2000 l' S //
5% ] \ ]
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10004 |
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r ! ‘7T !5r rr~r~rrrrrro
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8‘1,3325.53 a.)ﬁ:]ﬁman ﬁa(%;gntﬁm‘:]c_gn jtﬁmﬂuh ﬁ‘mg\e;iﬁmaa, :(']?),"JLT

b©s00 3. 0o 1 Tgglisdsdgds dsgbomdols 890339wmdsl Spirulina platensis-ob
Mo 00MIsbd0, MMEILSE 8339053 FoMgdmdo BsGzommveros Cr(IlI). dGwoo 2
9999050905 IYMIMIYMBIL, MMEILS3 8339093 FoMgdmdo BsBz0mmeos Cr(VI).

OmO3  bYEsmoEsd 3 BsbL, JOHmdolb  m®mozg  BogOmolsmzol  dspabomdols
3993390 0d0L 3603369 Mdsms FmEOL 4563390 583500 Tgladhbgzos bodwmdgdl 4 — 15
GmOOL. 50539 @OML, ogbowdol wWRG™M  dgBHo  MIMmEIbMdss  Tguodhbgzo  Lsfyobo
60393900Lsm30L53, OMOYLSE 8339093 256M9dmTo Bos@zommvyeros Cr(III).

5133606 Loboo Fga30d¢0s 3004350, OMO Spirulina platensis-ol 8339053 Zarrouk-
239093mdo Cr(VI)-ob Bos@300m30L58 ool (Zn), L3owrgbdols (Cu) s Fopbomdols (Mg)
650963900 F9d306M90os 3s00 360936900 MdGOMD Fgocmgdom, 08 Tgdmbggzsdo,
gLz 09039 9339053 39M9dmdo bo@zommvyeos Cr(III).

333MM0  BobosdM3bm  FMZsWgMds©  M3WOL, MMI  FSEEIMOS  A9IHBIML
3323000 X3:9BoL  bgErddegabyarl o. 0. BILMIMBOLIOL, s3MINZY: XyIBOL §a3OIBL:
9. 306GHMOLS @5 5. boBsbodz0wl, OHMIGdMb  ghmosg  dmbsfforgmds  bgdmom
50bodbmero 9Ju3gMmodgbEHgddo, bmwm s, M®BgM0dzoml — 5GMIMNOO  SOLMEOD30MEO
1399dGO™IYEHO 0L FgMEOm F0MYOME0 F90gR00L Homdm©ygbolismzol.
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Pb(II) R Cu(Il) KOOMB0S 30650GIR0 LOLBIZOL dS3RI6S
B056(M353BIAO0 Spirulina platensis 06B&SIBIA IXAHIRIdDI

9. ©9®vYA5330¢0, b. B5¢0535d9, 5. MBYME0dz0w0

9. 96MHMb0358300b Lob. Bobozol 0bLEHOEGHWMEGO
0. X53550830¢0b Lsb. MdoEoLOL Lobgwdfoxzm Mbogzgdlodgdo
d0obo, LodoOmM3gem

800gdmos 2017 fenols 7 ©0g39939ML
bmEo30s

d9LHogwow 0dbs 3096mdogdBHgdools (fgoad39gbotg) Spirulina platensis ob@oddm®
Mx9090b9 Pb(II) s Cu(ll) wommbms ombgdol as3argbs in vitro s Pb(II) ombgdol
5370995300l 6560 L3oEgbdol 0MblBdOL MsbsMBOLOL s Job 2509dg, MHMgLLE Bs33900
2390900 OG30MHMME0s 50bodbmwo ombgdom in vivo. b5B3969d0s, GMI BHyYz00Ls S
1B30gbdol  d0bsreo  LobGHgdol dmddggds ®s30L0  9xgdEIOMdOom  JoBLb3s3WYdS
dbmmE 39300l 293wgboboysb Spirulina platensis-0g, Go 0305360905 GMmyMEE FdMSWwO
dsbol fmbol, oy — pH-ob (33wowgdom. 535Lmsb, B30 gbdol 0mbgdo bgwl MHgmdl
3Y300L 0mbgdol Fgm30L9dsL Spirulina platensis-ols Jog6.

WoMmbms 06930l BHMJLO3MBIMTSIMWMPOMMHO @S domGHMbMMmo  dmddggds
MmO560D3bg OIS IMI0IIMWO  FoMO  MBMMOYJOMRS3gbol  F9Jsb0BTGdBY,
HMIggdo3 gy MEbmdos. 5359 93Y39egdl 9b5dgMH™M3g 930YTOMEMYOMMO

3900330939903 §Y30H0o 293w gbs  goblogmm®mgdom  9R9JBHMM0s 356 30bLMbOL
Q©5535Q0900LsL.  OoMMbMs  MOMOYOMRSZGbs O ML sdsdMdL  ©bd-ol

6930353008 @5 GHMbLIMOGE00L  3OMEgLYddo,  dgbmE  FMEsE0sd0,  LgblmO e
300600b530580 s 5.8. 8d0dg @OomMMbYdOL  MOPOYOMPS3gbs  dodBHYM0gODY
©90mdd9gqoololl  Mdmegzmgbos  FgEBHOOMWOHO  ©IAMJLOISEo0LSL.  DBMYsI© 30,
MO009ON3D3MM96300 59BN 396Gl 1539390, MMYMOE MK MJOM356, 0y
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On group velocity of wave propagation on water surface.
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Awunoranusa

Paspa60TaHa TE€XHOJIOTHU A IIpPUTOTOBJIE€HUI TOHKHX KPpUCTAJLINIECKUX IIJIEHOK
JIUAaHTUMOHMJA TaJOJIHMHHUA MeTOZOM JHCKPEeTHOTO BaKyyMHO-TEPMHYECKOTO MCIapeHUI
IIpe/IBAPUTENPHO CHHTE3MPOBAHHOTO O0O0BeMHOro Marepuana. [loanmoxkaMu — ABJIAIHCH
IJIaBJIeHHBINA KBapll, CHUTAUI, MOHOKPHUCTAIIMYECKHil KpeMHuil u canpup. VccremoBans
MexXaHHWYeCKHe CBOMCTBa IIPUTOTOBJIE€HHBIX IIEHOK — OTHOCHUTE/IbHASI ME€XdaHNYIE€CKdd IIPOIHOCTD
U MHKpOTBepzocTh. IlokasaHo, UTO MaTepHas IIOAJIOXKKHM OKasbIBaeT CYLIECTBeHHOe BIUSHUE
KaK Hd IIPOYHOCTH, TAK U Hda MUKPOTBEPAOCTD INIEHOK JUAHTHUMOHM /A TaTOJTMHUA.

CoenuHenus peznxoseMenbHBIX dieMeHOB (P3D) maBHO mpuBiIeKaloT BHUMAaHUE
ucciefoBaresieli Kak C IMPAaKTUYECKOH, TaK M C TeopeTHdecKoi Touek 3peHus [1 — 7]. Ommu
ABIAIOTCA YAOOHBIMH OOBEKTaMHU IJIA H3ydeHUA pAfa (QyHJAMEeHTATbHBIX (DHU3HYECKUX U
XUMHYHCKUX SABJIeHHI B TBepAbIx Tesax. OgHAKO He Bce COeUHEHM 3TOTO KJIACCA M3Y4YeHBI
ZOCTaTOYHO IIOJTHO. DTO OCOO@HHO OTHOCHUTS K UX TOHKOIJIEHOYHBIM CTPYKTypaM.

W3BecTHO, 4TO K YMUCIy MaTepHasOB, ONpeesIAIOI[UX IPOTPecC COBpEMEHHOH HAayKHU U
TEeXHUKH, OTHOCATCA IUIEHKM, IIOJydaeMble KOHJeHcanueill B BakyymMe. OmHuM u3 BechbMa
WHTEPECHBIX U MaJOUCCIeJOBAaHHBIX CBOMCTB IIJIEHOK fABJIAIOTCA UX MEXaHUYeCKUKHe CBOMCTBA,
B YaCTHOCTM IIPOYHOCTh, MHKPOTBEPJOCTh U T.7. BMmecTe c 3TuMM OOIIeNpU3HAHHO, YTO
IpuOIMKeHrue 3HAYeHWH PpeaJbHBIX MeXaHWYeCKMX IIapaMeTpPOB K TeOpeTHYeCKUM,
PAcCCYMTAaHHBIM HA OCHOBE ydeTa CHJI MEXAaTOMHOIO B3aHUMOJEHCTBUS, OTHOCUTCI K UUCITY
aKTyaJbHeHIINX Ipo6yieM COBpeMeHHOH GU3NKH TBEPZOTro TeJa.

Llensro mamHOW pabOTHI ABIANACH Pa3pabOTKA TEXHOJOTUU IIPUTOTOBIEHHA TOHKHUX
Kpucrauindeckux IutleHOK GdSb: u m3yueHme uX MeXaHMYECKHUX CBOWCTB, B YaCTHOCTH,
OTHOCHUTEIBHOM MEXaHWYEeCKOM IIPOYHOCTM M MHKPOTBEPAOCTH, IIOCKOJIBKY B Hay4YHON
JIUTEpaType HeT JaHHBIX 00 3THX CBOICTBAX.
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Mechanical properties of gadolinium diantimonide thin films.

IInenxkn GdSb: momydyeHBI MeTOZOM BaKyyMHOTO TEPMHYECKOTO IHCKPETHOTO
WCIIApeHHs IIpe/IBAPUTENPHO CHHTe3MPOBAaHHOTO 00beMHOr0 MaTepHasa. B KauecTBe IOZJIOXEK
KICIIOJIb30BATH IUTACTUHBI, UMelolye GOopMy IIPAMOYTOJIBHOTO IapajUlesiellniesia ¢ pa3MepaMu
15 x 8 x 1 MM, M3rOTOBJIEHHBIE W3 IIJIABJIEHHOTO KBaplia, MOHOKPHUCTAJUIMYECKOTO KPEMHUA C
opuenTaruei wiockoctu (111), curanna u neiikocandupa.

ITpu mpuroroBleHMM IUIEHOK TeMIlepaTypa HcmapuTens cocraBaana 2460 K,
TemIiepatypa nognoxku — 1195 K, paccrosnue ot ucnapurens 1o moanoxku — 70 MM, CKOpOCTb
HambiTeHusa — 65 — 72 A / c. Tlpu HambUIeHUM TIIEHOK BaKyyM B paGouell KaMepe COCTABIIAT
~10® mMm. pr. cT. MHOrounCIeHHbIe SKCIIEPUMEHTHI ITOKA3aIM, YTO ONTHMAJIbHBIM pasMepoM
HcIapsAeMbIX YacTul aagerca 115 — 130 Mxm.

®aszoBbIil COCTaB M  KPUCTALIMYHOCTh IPUTOTOBJIEHHBIX IUIEHOK  H3ydasluCh
peHreHONZU(PAKIMOHHBIMU M  3JIeKTpoHOorpadudeckumu Merogamu. JIudpaxTorpammsr
cHuManuch Ha ycraHoBke JIPOH-2 mpu moHOxpomarnyeckoM usnydeHuu Cu K, ¢ HUKeIeBbIM
GbuIBPTPOM B peXXHMe HeIPephIBHOH 3amucu co ckopocTteio 1 K / MuH. DrekTpoHOrpaMMBI
CHUMAJIHM Ha yCTaHOBKe Mapku Y OMB Ha B pexxume OTpakeHHA IIPH YCKOPAIOUIEM HAIIPLKeHUH
B (75 - 100) - 10® B. [ToBepXHOCTP IIOTyYeHHBIX IUIEHOK H3Yy4YaJay BO BTOPUIHBIX PEHTT€HOBCKUX
mydyax Ha ycraHoBke Camebax—Microbeam. CocTaB mIeHOK OIpefensii C IOMOILIBIO
PEHTTeHOBCKOTO MHUKPO3OHJIOBOTO aHAJIHM3a HAa TOH JKe YCTaHOBKe C HCIOJIb30BaHMeM OBM
PDP-11/73, a Taxxe — Metomom Oxe-crekrpomerpuu Ha ycraHoBke LAS-200 dupwmsr Riber.

CorjlacHO PpEeHTreHOBCKOMY MMKpoaHanu3dy, cocraB IuteHok GdSbz coorBercTByer
coornomrenuio: 33.2 + 0.1 ar. % Gd u 66.7 + 0.1 ar. % Sb. Ha Pucynxe 1 npusesena tTunuyHas
peHTreHOAU(PaKTOrpaMMa IJIEHKH HAIIbIGHHON Ha callUPOBYIO ITOIOXKKY .
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Pucynoxk 1. Penrrenoaudpaxrorpamma mwieHku GdSbe.

Ilo pesynbrataM aHamM3a pPeHTTeHOAMGPAKTOIPAMMBI U 3JIEKTPOHOTPAaMMBI ILIEHKU
GdSb: umenu pombuyeckyio cTpyKTypy THma SmSb2 ¢ mapamerpamu a = 6.15 + 0.04, 5=5.93 +
0.05 u c=17.69 + 0.06 A. DT BeMUMHbI IS BCEX IUIEHOK XOPOIIO COTJIACYIOTCA C AAHHBIMU
06peMHBIX 06pa3uoB [8].

COTJIaCHO CHUMKaM l'IOBerHOCTI/I HpI/II'OTOBJIeHHBIX IIJIEHOK, CHATBIX BO BTOPI/I‘IHBIX
peHTreHOBCKUX Ty4ax (Pucynok 2) Gd u Sb pacnpezmeneHs! 70cTaTOYHO paBHOMEPHO.

A 1o Oxe-ciektpam (Pucynok 3), coctaB Bcex IUI€HOK IO TOJIIMHE B IIpeZieslaX OIIUOKU
skcnepumenTa (+ 0.03 aT. %) ABIIETCA TOCTOSHHBIM.
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Pucynoxk 2. M3o6paxenue pacnpegenenus Gd (ciesa) u Sb (cupasa)
Ha 1oBepxHOCTH IUIeHKH GdSb2 BO BTOPUYHBIX pEHTT€HOBCKUX Jydax.

% -Gd  Gd
A
Gd g
0 100 200 300 400 500 600

KuHeTnueckan 3Heprus, 3B
Pucynoxk 3. Dnexrponnsrii Oxe-crexrp wieHku GdSbe.

B macrosmeit paGore MeTOZOM IIOJIHOTO MCCTHPAHHUA OIpeZieleHa OTHOCHUTeIbHAsd
MexaHudeckas mpouyHocts (OMII) mpuroropnenHsIx miaeHoOK. CyIIHOCTP MeTOJa M3MepeHUd
OMII zakroyaercs B TOM, YTO O MEXaHUYECKOU MPOYHOCTH IIEHKU U CTEIIeHU ee NPIINNAHUA
K IOJJIOKKe MOXXHO CYJUTh IIO TOHl paboTe, KOTOPYIO HYXXHO 3aTPaTUTh [IJII TOTO, YTOOBI
IIOJTHOCTBIO CTepeTh IJIEHKY C MoBepxHOCTH noaytoxku [9]. Ha Pucynxe 4 mpezncrasieHa cxema
ycTraHOBKU Ajia usmeperus OMIIL.
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Pucynok 4. Cxema ycTaHOBKY M3MepeHUA
OTHOCHUTEJIFHOM MeXaHUYEeCKOH MPOYHOCTH ILJI€HOK.

MaccuBras 1wmra (1), Ha KOTOpylo KpemuTca HcCClIenyeMsbiii  obpaser (2),
ay1eKTpoMOTOpoM (7) IIPUBOAUTCA B MeZJIEHHOE NBIDKEHUeE B33/ U BIepex. B cepesuHe IIUTHI B
[1-o6pa3Hoii cToiike (3) mepeMelaeTcs cTep>keHb (6), Ha KOHIle KOTOPOI 3aKpeIieHa 3aMIleBast
Ipocyoiika ¢ TonuuHoi He Gonee 1 mm. Ilpocioiika urpaer posp crupalomero siaemMeHTa. Ha
IIPOC/IOMKY IepHOAMYeCKr HAaHOCUTCA ajJMa3Has macta. Ha BepxHeil 4acTH CTEPXKHS KPEIUTCA
zuck (5), Ha KOTOPBIi YKJIaAbIBAETCA TPY3 COOTBETCTBYIOLIETO Beca. MeXIy QHCKOM M CTOMKOM
IoMellleHa TpyXuHa (4), mapaMeTpsl KOTOPO#l IOZOMPAIOTCA TaKUM 00pasoM, YTO CTep>KeHb
COIpHKacaeTcs C IUIEHKOW, HO He JaBUT Ha Hee, KOIZa CTepXeHb He HarpyxeH. [Ipa
aymeKTpourynaaeia (8) obecreymBaloT M3MeHeHMe HAIpaBIeHHUSA [IBIDKEHUS HCCIeLyeMOTO
o6pasua. B xopob6xke (9) cMoHTHpOBaHA cXeMa 3JIeKTPONUTAHUS IPUGOpa.

TakuMm 00pa3oM TIPOYHOCTh IUIEHKM IIPU IIOCTOSHHOHM HArpyske IPaKTU4YeCKU
M3MepsAeTCA YHCIOM IIPOXOXKIEHHH, KOTOpoe TpeOyeTcs A HMOJTHOTO MCCTUPAHUSA IIEHKU C
HOJIOKKH. IIOCKOIBKY [JI ONMMCAHHON METOAWKH pellaiomuM (GaKTOpOM ABJISETCS TOILIMHA
IUIEHKH, BCe MCCIeyeMble HaMU IUIEHKH MMeIH OZMHAKOBYIO TOMMUHY — 1.2 MKM, a Harpyska
TakXe ObLIa omuHaKoBa, coctosaaa 300 r.

Ta6nuua 1. PesynpraTs! n3aMepeHMiI OTHOCHTETBHON MeXaHIYeCKOH
npoyHOCTH IIeHOK GdSb2 Ha pasjIMYHBIX MOJIOXKKAX.

Yncsro MpoXoZ0B AAJIA MOMTHOTO MCCTUPAHUS
Cocras Marepuas moayI0XKKu

wieHKY | [Lmarennsni | MoHOKpHCTA/LIIMYECKITH
KBapIf, KPEMHUMH
GdSb2 18 - 22 32-35 40-45 | 52 -56

Curawr | Candup
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Hy’xHO OTMeTHTH,4TO MeXaHHWYeCKas IPOYHOCTh IVIEHKH COCTOMT U3 CAaMOM IIPOYHOCTH
IUIEHKY ¥ IPOYHOCTY IPWIMIIAHUA IUIEHKU K MOJJIOXKKe. DTH ABe BeJTUINHbI B3aUMOCBS3aHBI U
MX He BCerja yAaeTca pasgenuTs Apyr or gpyra. B TabGmume 1 mpuBemeHBI pesysrbTaThl
TIPOBEIEHHBIX U3MEPEHUN.

Kak Buzno u3 Ta6muusr 1, OMII mieHKM CHJIBHO 3aBUCHAT OT MaTepHasa IOJJIOXKH.
Haumensmyro OMII mmeloT meHKH, HaIbLIEHHBIe HA IOJJIOXKY M3 IUIABI€HHOTO KBaplia,
HaMGOJIBIIYI0O — HA CAI(UPOBYIO IOIJIOKKY. [IpoMexyTouHble 3HaUYeHMS HAGMIOJAIOTCA [JIA
IUIEHOK, HAIBIJIEHHBIX HAa MOHOKPHUCTAIMYECKOM KPEeMHUEBOM M CHUTAJIOBOI ITOAJIOXKKAaX.
OpHa M3 BO3MOXXHBIX IIPUYUH TAKOTO Pa3IUYUA MOXKET OBITH CBS3aHA C PAa3sHOCTBHIO 3HAUYEHMIT
ko3¢ dumuentos rermwiosoro pacmupenus (KTP) marepuanos nmiaenku u nopnoxku (Ta6muma 2).

Tabmuna 2. 3navenus koabdureHTa TEIIOBOrO
pacIIupeHUs MaTEPHUAJIOB IIEHKU U IOZJIOXKEK.

Cpennee
3HaYEHHE
koaddumuenTa | Temmeparyprsiit
Marepuan Ccsutku
TEILIOBOTO unTepsat, K
pacipeHus
106/K

GdSb2 12.8 300 — 890 [10]
ITnaBnenHsIit KBapI] 0.055 320 - 600 [11]
MOHOKprCTaJIqueCKnﬁ 954 300 — 1050 [11]
KPEeMHHUM
Curann 4.1 298 —573 [11
Candup 8.1 298 —573 [11

Kax BuzHO w3 TabGmuusl, HamGosbmas pasHocTs Mexay KTP GdSb: m mommoxxku
HabTIoaeTcs /1A IUIaBI€HHOTO KBaplia, a HauMeHsblIas — candupa. [To-sugumomy, yem Gossire
pasHocTh B 3HaueHuAX KTP mreHKu u mopmoxXku, TeM OoJbllee MeXaHWYeCKOe HaIpsKeHUe
BO3HHKAeT B IUIEHKe IIPU ee OXJIAKJEeHWHM OT TeMIepaTyphl HambLIeHWA A0 KOMHATHOM.
Bonpmue mMexaHmYeckme HampsDKeHHSA MOTYT OBITh IPUYMHON BO3HMKHOBEHMSA B IUIEHKE KaK
TOYEYHBIX, TaK W JIMHEHHBIX M OOBeMHBIX [edeKTOB, KOTOpBIE, pa3yMeeTcs, BIUSIOT Ha
IIPOYHOCTH MaTepHaa.

H3zyuenne KuHeTHYeCKOW MHUKPOTBEPJOCTH IIPOBEJIEHO HA YIBTPAaMHUKPOTBEpAOMEpe
DUH-211S B pexume Harpy3KH—pasrpy3kH B guamasoHe Harpy3ok 1 — 1500 mH mmzenTOpoM
Buxkepca. Bpems 3amep>xku Ha MaKCUMyMe Harpysku cocrasiano 10, a B KoHIle pasrpysku — 5 c.

TOJI]J.LI/IHa HNCCII€NOBAHHBIX IUIEHOK, IIPHUI'OTOBJIE€HHBIX Hd Pa3/IMYHBIX ITOAJIOXKKAX, KakK
OBLIO OTMEYHO BbINIe, ObUIa OZWMHAKOM M cocraBmsia 1.2 mxMm. MakcumanbHas rayGuHA
IIPOHUKHOBEHHA MHIEHTOpa cocTaBia 1 MkM. TakuM o6pa3oM Ipu BAABIMBAHUU HHJEHTOPA
B IUIEHKy OH He BBIXOJWJI 3d PaMKH IUIEHKH. TOYHOCTh H3MEPeHHH MHUKPOTBEPAOCTHU
cocraosysna ~ 3 %.

Ha ©Pucynke 5 mpexcTaBnreHa 3aBUCMMOCTb MHKPOTBEPAOCTH OT  IJIyOHHEI
MHJeHTUpOBaHUA IUIeHOK GdSb2, mMpuroTroBreHHBIX Ha IOJJIOKKAX M3 ILIABIEHHOTO KBapla,
CHUTaJIa, MOHOKPUCTAJUIMYECKOTO KPeMHUA U candupa.
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Pucynok 5. 3aBCHMOCTS MUKPOTBEPOCTH
meHoK GdSb:, HaTBIIEHHBIX HA Pa3TUIHBIX
IOJJTOXKKAX OT TIyOUHBI MHAEHTUPOBAHUA: A —
candup, 0 — KpeMHUIA, ® — KBapL, ¥ O — CUTAJLIL.

W3 mnpuBeseHHBIX JAHHBIX BHUJHO, 4YTO MHUKDOTBEPJOCTh IJIEHOK C yBeJIWYeHHeM
ITyOWHBI WH/IEHTUPOBAHUA yBeJUYUBAETCA. JTO yBeIWdeHHe OCOOEHHO 3aMeTHO I IIJIEHOK,
HaHEeCeHHBIX Ha IIOJJIOKKY U3 camdupa, 3aTeM g IUIEHOK Ha KPeMHHEeBOH IOMJIOXKKe, a I
IUIEHOK, IIPUTOTOBI€HHBIX HAa CHUTALIOBOMI M  KBapleBOH IOJJIOXKAX yBeJIUYeHUS
MUKPOTBEPAOCTH OGJIU3KYU APYT K APYTY.

Ta6muua 3. 3HaueHMe TBepZOCTH
MaTepUaIoB IJIEHKH U TIOJJIOKEK.

3HaveHUe
Marepuan MUKpOTBepzocTH, | CchuIKu
10° ITa

IInaBneunsIi 3.8 (15]
KBapIj,

MOHOKprCTaJIJII/I‘-IECIG/II';I 11.0 (16]
KpeMHui1

Currayn 8.60 [17]
Candup 19.4 [18]
GdSb: 2.57 [10]
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Hab6mromaercst 3aBHCHMOCTh MHKPOTBEPAOCTH IIIEHKM OT MaTepuasa ITOJIOXKKH.
AnajornyHas 3aBUCHMOCTH ObLIa OOHAapy’KeHa [ IIEHOK MeJU Ha KPeMHHeBOH ITOJJIOXKKe
[12], pis mIeHOK alMIOMWHUSA Ha CTEKIIHHOOH M KPeMHMeBOH mMomaioXxkax [13] u gy mieHoOk
cepebpa Ha KpeMHUeBO# noatokke [14]. JlanHble Kak HacTos1eil paboThI, TaK U pa6oT [12 — 14]
KacaloTca Caydas ‘MATKOW IUIEHKW Ha TBEPAOH IOJJIOXKKe, KOTZa TBEPAOCTh MaTepuasa
IUIEHKH HIDKe TBephocTy noztoxku (Ta6muma 3).

TakuM 06pasoM SKCIIEPUMEHTAIBHO [JOKA3aHO, YTO B CHUCTeMe ‘MATKOM IUIEHKH Ha
“TBépHOI” IOAJIOXXKKE MHUKPOTBEPAOCTh IIEHKM CYIIECTBEHHO 3aBUCUT OT PasHOCTH
MUKPOTBEPAOCTEH IIJIEHKM ¥ IOJJIOKKH: dYeM OOJblie MHUKPOTBEPJOCTh IOAJIOXKH IIO
OTHOLIEHWIO K MHKDOTBEPZOCTH IUIEHKH, TeM OoJiblilee BIMSHUE OKa3bIBaeT IMOJJIOKKA Ha
3HaYeHWe MHUKPOTBEPAOCTH ILIEHKU.
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Abstract

A process was developed in the 1950s in Linz by the Austrian steel company VOEST by
blowing oxygen together with powdered CaO into the molten bath by means of a lance. Due to
the high temperature in the converter some iron vaporized and immediately oxidized outside
the converter forming a thick cloud of red fumes of iron oxide nano particles. The dust problem
was solved later by introducing electrostatic precipitators.

The bessemer process

The pneumatic process for steelmaking was invented by Henry Bessemer (1813 — 1878)
(Figure 1) in England and independently by William C. Kelly (1811 — 1888) in America [1]. The
concept of blowing air through the molten pig iron as described by Bessemer in his
autobiography was a revolutionary step.

Za N
£

{ iy 3

0

CHARGING BLOWING POURING

Figure 1. Henry Figure 2. Sequence of
Bessemer (1813 — 1878). operations in converter.

The converter was charged with molten metal while in the horizontal position. The air
blast was then turned on while the converter was in this position. As the converter was rotated
into the vertical position, the air blast passed through the molten metal. Air pressure used was
100 — 200 kPa which was just enough to prevent the metal from entering the nozzles. Higher
pressure could not be used because the metal will be ejected out of the vessel. When the
reaction was complete, the converter was tilted to empty its contents, and the process was
repeated (Figure 2). Figure 3 shows a converter during the blowing period.
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Nano iron oxide fumes.

Figure 3. Converter
during blowing period.

Oxygen in steelmaking

Bessemer recognized the possibility of using oxygen in the converter but the cost of
oxygen at that time was prohibitive. The nozzles will also be attacked heavily due to high
temperature when oxygen is used. However, the production of low cost oxygen later made
possible its widespread use. Its use in steelmaking was introduced on hundred years later to
solve the problem of the presence of large amounts of scrap after the World War II which had
to be cheaply melted and converted to steel. Since temperature of 2000 — 2500 °C at the refining
zone can be easily achieved when oxygen is used, large amounts of scrap can be charged.

VOEST plant

The process developed in the 1950s in Linz (Figure 4) by the Austrian steel company
VOEST is a top oxygen blowing process in which oxygen together with powdered CaO are
introduced to the molten bath by means of a lance. VOEST stands for Vereinigte
Osterreichischer Eisen- und Stahlwerke. Before World War II it was built by the Germans and
originally named the Hermann Goring Works; after the war, it was considered a German
property and was confiscated by the occupying forces, later became an Austrian nationalized
industry. A half year later the steel works in Donawitz followed suit when it began producing
steel in the same process. Figure 5 shows the converters used.

- Donawitz
Salzburg

nns k
‘l bruc Graz g

@ Klagenfurt

Figure 4. Location of Linz and Donawiz in Austria.
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Figure 5. Top blowing converter in period 1955 — 1980.

The process was named originally LD process which stands for Linzer Diisenverfahren,
i.e., the Linz lance process. The name was rather complicated for foreigners and therefore the
first two letters of the two locations, Linz and Donawitz, became the new name of the
technology. A stamp issued in 1961 in Austria celebrating 15 years LD process showing pouring
of iron in the converter (Figure 6).

UNTERNEHMUNGEN 5.4

SIJAHREVERSTAAT

TEISENHUTTENTAG 1992

1o

REPUBLIK OSTERREIC,

REPUBLIK
Figure 6. Stamp issued in Austria Figure 7. Celebrating
celebrating 15 years LD process 40 years LD at VOEST.

In 1992 another stamp was issued celebrating 40 years LD steelmaking and showing the
converter and the LD plant (Figure 7).

Nano iron oxide

Due to the high temperature in the converter some iron vaporised and immediately
oxidized outside the converter forming a thick cloud of red fumes of extremely finely divided
iron oxide (Figure 8). Because of their extremely small particle size (0.5 — 1 um), they are
difficult to remove from the stack gas causing environmental pollution. Approximately iron
losses was 0.8 % of the charge in form of fumes. Eventually the dust problem was solved by
introducing electrostatic precipitators.
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Nano iron oxide fumes.

Figure 8. Red clouds of nano ferric oxide produced
when oxygen was introduced in converter.

The process was replaced in the 1980 by the bottom blown process using a small amount
of natural gas to protect the nozzles from high temperature fusion.
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