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FABRICATION AND CHARACTERIZATION OF SS316L
—AL203 COMPOSITES FOR WEAR APPLICATIONS

C. Kuforiji, M. Nganbe

University of Ottawa

Department of Mechanical Engineering
Ottawa, Canada

ckufo091@uottawa.ca

Accepted October 19, 2015
Abstract

The low cost and excellent mechanical properties of steel and alumina make them
outstanding candidates for fabricating composites for highly demanding wear applications.
Therefore, SS316L-Al:O3 composites were fabricated using mechanical alloying and powder
metallurgy. The microstructure, hardness and abrasive wear behavior were investigated. The
final composites consisted of 1-3 pm alumina particles homogeneously dispersed in the SS316L
matrix. The porosity, hardness and wear rate were 5.3 vol. %, 1085 HV and 0.004 mm3/ m,
respectively. Compared to SS316L reference steel, the composites showed 9 times increase in
hardness and 7.3 times decrease in wear rate. However, they exhibited 5.7 times higher wear
rate compared to WC-Co due to lower ceramic content and higher porosity. Improved
densification using hot isostatic pressing may result in substantial further improvement. It is
concluded that the addition of Al:Os particles, together with optimized powder metallurgy
processing can produce low cost steel based composites with excellent wear resistance.

1. Introduction

Increasing the wear resistance and the lifespan of wear components would contribute to
reducing maintenance and wear damage costs and ultimately to increasing the equipment
efficiency. Ceramic—metal composites are known as excellent candidates to meet this challenge.
Machines, equipment and other devices that are designed or adopted for activities such as
drilling, cutting, digging, crushing and grinding are subject to harsh application conditions.
They are exposed to direct contact with abrasives that are entrapped between the components
during operation resulting in 50 % of components failing by wear [1 — 4]. As a result, machines,
pumps and other equipment used in such environment can fail prematurely leading to short
lifecycles, increased maintenance and replacement costs in addition to loss of revenue in
downtime. Therefore, mining components must possess high hardness to prevent wear,
excellent hot strength to prevent distortion, sufficient toughness to prevent cracking due to
impact, and fatigue strength to prevent failure due to vibrations.

WC—Co is commonly used as a highly wear resistant material in cutting tools, drilling
and mining equipment because of its exceptional combination of strength, hardness and wear
resistance [5, 6]. However, its toughness and impact resistance are often limited. Therefore,
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steel components are generally preferred for heavy wear applications such as mining due to
their higher toughness and impact resistance.

The presented research focuses on the fabrication of SS316L—-Al20s composites using the
powder metallurgy route. SS316L and Al:Os3 are widely available at low cost making them
viable for potential industrial use.

2. Methodology

SS316L steel and Al:Os composite powders were mechanically alloyed using a custom
made attritor mill. Steel and alumina initial powders were 44 and 27 pm in size, respectively.
The powder-to-powder weight ratio was 1:1 while the ball-to-powder ratio was 10: 1.
Mechanical alloying was performed wet at 720 and 800 rpm milling speeds till a homogeneous
distribution of the reinforcement in the matrix was attained. Ethanol was used as milling aid
and the alloyed powders were dried for 24 h in air. The produced SS316L—-Al:0s composite
powders were uniaxially pressed in a cylindrical die at compaction pressures ranging between
662 and 863 MPa. Pressureless sintering was performed in a vacuum furnace under argon
atmosphere. A heating rate of 12 °C / min was used and the samples were maintained at 1400 °C
for one hour. The sintered samples were furnace cooled. The bulk density was determined
using the Archimedes principle according to ASTM B311-93 and distilled water. The
percentage relative density was obtained by comparing the bulk density to the theoretical
density. Microstructural characterization was carried out using a Clemex optical (OM) and a
Carl Zeiss scanning electron (SEM) microscopy.

Figure 1. Schematic illustration of the pin-on-disk wear test apparatus [7].

Vickers hardness tests were conducted using a Wilson Beuhler machine and the wear
behavior was investigated using a custom made pin-on-disk testing machine as seen in Figure 1
according to ASTM G132. The pin samples were made to slide against a P120 grit SiC abrasive
disk with a linear velocity of 1 m/sand a load of 2 N over a 3000 m distance. The pins were
thoroughly cleaned with alcohol and weighed using an electric scale of accuracy + 0.1 mg to
determine the weight loss. The wear coefficient was calculated using the Archard wear Eq. (1)
[8]:

KW

Q=" (1)
where Q is the volume loss per unit sliding distance, K is the wear coefficient, W is the load
and H is the hardness of the pin.
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3. Results and discussion

Two sets of SS316L-ALl:O3 composites were successfully fabricated as summarized in
Table 1.

Table 1. Summary of fabrication parameters for SS316L—Al203 composites.

Vol. - - . Sinter . Furnace .
. fraction Milling Mllllpg Compaction holding Sinter Sinter heating . Par.tlde
Composites speed duration pressure . temperature Codling size
AlO, ( ) (hrs) (MPa) time C) atmosphere rate (um)
(%) rem. rs 8 (mins) (°Clmin) Hm
SET1 67 720 30 794.4 60 1400 Argon 12 Furnace 1-3
< cooling
SET2 67 800 20 794.4 60 1400 Argon 12 Furnace 1-3
£ cooling

3.1. Microstructure

Figures 2a —d show the microstructural evolution during compaction and sintering.
Overall, SET1 samples showed a finer grain structure as well as a more homogeneous
distribution of AlOs particles in the steel matrix, which altogether are known to result in
composites with improved mechanical properties for low temperature applications [9 — 11].

Meg= 200KX ENT=1500KV WD=125mm Signal A= C2BSD

Signel A = €2 BSD

Diate 25 Jun 2094 Date 9 Jun 2016

Mag= 200KX FENT=1600KV WOD=To3men Signal A= CZ 8BS0

Mag = LOOKX EHNT=1500AV WD« 10.5mm Signal A« CZBSD

Date 25 Jon 2074 Nate 9 dun 2014

Figure 2. Micrographs of SS316L—-Al203 composites: a) SEM micrograph of
a SET1 green; b) SEM micrograph of a SET2 green; ¢) SEM micrograph of
sintered SET1 composite; d) SEM micrograph of sintered SET2 composite.
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3.2. Densification and hardness

Figure 3 shows that as the compaction pressure increases, the green and sinter hardness
first increases and then decreases with the peak hardness achieved at the optimum compaction
pressure of 794.4 MPa. The lower speed milling at 720 rpm together with the longer milling
duration in SET1 produces finer Al:Os particles in the steel matrix. This results in the observed
increased hardness approximately 1.5 times higher than SET2 samples.
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Figure 3. Variation of green and sinter hardness of SS316—A103 composites
as a function of compaction pressure, milling parameters and sinter conditions.

All sintered samples showed a lower porosity than the green compacts, which illustrates
the success of the sinter process. As can be seen in Figure 4, milling at 720 rpm produces the
lowest porosity. Also, the samples compacted at the optimum pressure of 794.4 MPa showed the
lowest sinter porosity of 5.3 %. The porosity decreases up to the peak density due to more
advanced closing of gaps between individual powder particles. Beyond the densification peak,
further increase in pressure leads to cracking resulting in a decrease in density.
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Figure 4. Porosity of green and sintered SS316L—A1203 composites as a
function of compaction pressure, milling speed and sinter conditions.
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3.3. Wear behavior

The SEM images in Figure 5 show scars on composite surfaces following wear testing.
The composite wear primarily takes place by slow micro-cutting (see Figures 5c¢ and d) in
contrast to rapid wear of unreinforced steel as illustrated by the deep grooves in Figures 5a and
b. The higher wear resistance of steel-alumina composites is due to their much higher hardness
that efficiently limits plug-in of the SiC abrasive particles [12]. Figure 5d illustrates occasional
dimples observed on some worn composite surfaces as a result of dislodging of some alumina
particles or inclusion during wear testing.

ENT = 70.00 KV WD = 14.5mm  Sigral A= SE1

a -3
10 =y
i Date 17 Mur 2015

Figure 5. SEM images of worn sample surfaces: a) Fabricated SS316L;
b) Commercial SS316; c¢) SET1 composite; d) SET2 composite.

Figures 6 and 7 show the comparative plot of the wear rates and hardness of the existing
materials and fabricated composites (SET1 and SET2). The SET1 and SET2 composites have
measured hardness values of 1085.2 and 714.3 HV with wear rates of 0.004 and 0.011 mm?3/ m,
respectively, compared to commercial SS316 with a hardness of 140 HV, a wear rate of 0.0195
mm?/m, and unreinforced SS316L with a hardness of 121 HV and a wear rate of 0.0288 mm3/ m
as seen in Figures 6 and 7. The higher wear rates of unreinforced steel (commercial 316 and
fabricated SS316L) are due to their lower hardness compared to the SiC abrasives used for wear
testing with a hardness of 2500 HV. The abrasives can therefore remove materials more rapidly
from the wear surface [11] by deep plug-in and rapid micro-cutting [12]. The substantially
higher wear resistance of the composite is due to the added Al:Os particles and the resulting
higher hardness [13], which limit plug-in and micro-cutting [14]. However, compared to
commercial 90WC-10Co, 5.7 and 15.7 times higher volume loss was measured for SET1 and
SET2 over a sliding distance of 3000 m, respectively. This corresponds to an increase in wear
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rate by 93.6 to 83 % for SET2 and SET1, respectively. This can be rationalized by the two major
differences: First, the used Al2Osparticle content of 50 wt. % is much lower than the 90 wt. %
WC content in 90WC-10Co. Second, the remaining porosity of 5.3 % or higher observed in the
fabricated Al:Os—steel composites is much higher than in conventional WC—-Co composites.
Therefore, it can be expected that more advanced processes such as hot pressing or hot isostatic
pressing may further substantially improve the density, the hardness and the wear resistance of
the Al.Os—steel composites.

The relationship between the hardness and the wear rate is nonlinear [15]. The wear
resistance depends on both the hardness and the toughness. As an increase in hardness mostly
leads to some reduction in toughness, an optimum balance must be obtained to prevent the
material from either being too soft or too brittle.
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Figure 6. Comparative plot of wear rate of fabricated unreinforced SS316L, commercial
SS316, fabricated SS316L-Al1:0O3 composites (SET1 and SET2) and 90W C—-Co composites.
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Figure 7. Comparative plot of hardness of fabricated unreinforced SS316L, commercial
SS316, fabricated SS316L-Al203 composites (SET1 and SET2) and 90WC—Co composites.
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4. Conclusions

50 wt. % Al203 and 50 wt. % SS316L steel composites are successfully fabricated using
the conventional powder metallurgy technique. The lower milling speed of 720 rpm combined
with a longer milling duration of 30 h is more appropriate for the mechanical alloying of
SS316L-Al:03 composite powder. The compaction pressure of 794.4 MPa yielded the lowest
porosity, highest hardness and wear resistance. The sinter temperature of 1400 °C in an argon
environment produced good densification, hardness and wear resistance. The addition of
50 wt. % alumina particles led to up to 86 % reduction in wear rate resulting in up to 7.3 times
decrease in volume loss compared to unreinforced SS316L. Due to the remaining porosity and
lower ceramic content however, commercial 90WC—Co composites showed about 5.7 times
lower wear rate compared to the best SS316L-Al:Os composite samples fabricated so far.
Therefore, higher Al:Os contents as well as better densification by hot pressing or hot isostatic
pressing are expected to further substantially improve the wear resistance of SS316L—Al0Os
composite properties.
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Abstract

Droplet in microfluidic is applied to lab-on-a-chip devices for biomedical testing and
synthesis, droplets of water—in-oil are produced by flow focusing technique; an obstacle
configuration is used to split the droplet. The finite volume numerical method was applied to
solve the Navier—Stokes equations in conjunction with the Volume of Fluid (VOF) approach for
interface tracking of the commercial code FLUENT. Numerical simulations were carried out for
different flow conditions. The effects of some parameters on the droplet motion were
investigated to find the optimal conditions for droplet breakup. The numerical results show that
the main channel width, the surface tension, the contact angle and the capillary number of
continuous phase play an important role on the droplet generation. The computation also
demonstrates that an obstacle configuration can be used to split droplet, where the latter are
sorted in the end of the main channel. It also demonstrates that the volume of fluid method is
an effective way to simulate the generation of droplets in flow focusing configuration.

Nomenclature
f: frequency (Hz) p: dynamic viscosity (kg / m - s)
u: velocity (m /s) o: phase fraction (%)
uc: continuous phase velocity (m / s) o: the surface tension coefficient (N / m)
ua: dispersed phase velocity (m /s) 7: time (s)
n: unit vector normal to the interface W: width of the main channel
k: curvature of the interface We: width of continuous phase inlet
F: the surface tension force Wa: width of continuous phase inlet
W: width (mm) pc: continuous phase density
p: density (kg / m3) pa: dispersed phase density

1. Introduction
Over the last few decades, modeling immiscible fluids such as oil and water have been a

classical research topic. Droplet-based microfluidics presents a unique platform for mixing,
reaction, separation, dispersion of drops and numerous other functions [1, 2]. Droplet-based
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microfluidics is of great interest for biological research, chemical synthesis, drug delivery and
medical diagnostics.

Droplet-based microfluidics refers to devices and methods for controlling the fluid flows
in length scales smaller than one millimeter. Monodisperse droplets in microfluidic devices
have been generated using different microchannel configurations such as T-junction [3, 4], flow
focusing [5], or co-flowing [6]. In microfluidics, controlling droplet size is a core technique not
only for producing highly monodisperse emulsions [7], but also for using the droplet itself as a
tool for manifold purposes [8, 9]. As for droplet breakup, Link et al. introduced two methods to
reduce droplet size using T-junction or a square obstruction deposited in the center of the
channel [10]. As these methods are passive ways in droplet manipulation, it provides a way of
reducing droplet size in a rapid process with a narrow size distribution. As this is an effective
process to reduce the droplet size, it is worthwhile to get physical insights through numerical
analysis on the relevant droplet flows in microfluidics [11].

In recent studies, unlike relatively simple geometries such as T-junctions [12, 13] or flow
focusing devices [14, 15], novel designs have been developed for improved manipulation of
droplets. Lee et al. [16] presented a one-step method for size control and sorting of droplets in a
modified flow focusing geometry with a moving wall technique operated by pressure inlets.
Also, in a cross-shaped channel, droplet generation by a thread breakup due to pressure inlets at
both sides was shown with a surface treatment technique [17]. Droplet fusion devices were also
proposed using a hydrodynamic trap at a wide cross channel [18, 19], at a tapered channel [20],
at a fluid resistance in straight channels [21], and an array of pillar elements [22]. As mentioned
previously, an obstruction in microchannel can also be utilized to reduce the droplet size [10].
Menech [23] was performed numerical analysis to figure out the droplet breakup process and
optimize the geometry configuration for the process. In which, the author suggested T-junction
channel using a phase-field method to compute droplet breakup, Carlson et al. [24] extended
the phase field method to simulation of droplet motion in a Y-junction channel. Their results
showed that the tip of the junction affected the droplet deformation, and the droplet breakup or
non-breakup regime depended on the capillary number and droplet size. The droplet breakup
by a circular cylinder in a microchannel was computed by Chung et al. [25] using a front
tracking method, in which the droplet shape was represented by the moving front elements.
Their numerical results showed that the split droplets merged in the rear side of the obstacle
when the capillary number was not large.

Although various studies on the generation of droplets in T-junction and flow focusing
devices have been carried out, a fundamental understanding of the flow physics that account
for the effect of the geometry of the devices is still missing. In addition, simulation of two
immiscible phases flow in complex geometry is a challenging work [26].

Computational fluid dynamics (CFD) studies allow for broad parametric variations that
are hard to study experimentally. CFD also provides detailed information on flow details such as
pressures and velocities that are difficult to measure experimentally, and can thus provide
mechanistic insights needed to check various hypotheses. Recently, the volume of fluids
method has been proved to be a powerful method to simulate droplet dynamics [27]. In this
method, the interface is given implicitly by a color function, which is defined as the volume
fraction of one of the fluids within each cell. From this function, a reconstruction of the
interface is made and the interface is then propagated implicitly by updating the color function.
VOF methods are conservative and can deal with topological changes of the interface. However,
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VOF methods cannot accurately compute several important properties, such as curvature and
the normal to the interface. Moreover, a high order of accuracy is hard to achieve because of
the discontinuities in the color function [27].

Motivated by the previous work [26] and [28], using a VOF method, we perform a two-
dimensional numerical CFD study of droplet breakup, splitting and sorting, in the present study
we suggest device that allows droplet breakup in flow focusing configuration, splitting and
sorting. In this microsystem, the effect of main channel size and capillary number on the
droplet dynamics is investigated. In previous numerical works [26, 29, 30], surface tension plays
a significant role on the droplet deformation in confined microchannel flows. In the same
manner, by testing a several values between both phases, we expect that this parameter affects
the droplet dispersion in the microchannel. In which, the effects of inertia and gravity in the
volume does not play an important role with respect to the macroscopic scale. We also study
the droplet breakup as function of the capillary number and the main channel size to find the
optimal conditions for droplet detachment. In our model, we investigate the droplet splitting
and sorting by size in the end of the main channel by the use of an obstacle. The frequency of
droplet generation and droplet sorting is also considered. Finally, we suggest useful ideas for
manipulating droplets in microchannel flows.

2. Description of the system and geometries

The physics to be simulated involves droplet breakup by flow focusing technique. Three
sizes of the main channel are evaluated to produce water-in-oil droplet. There are two oil inlets,
one water inlet and one outlet in. All the micro- channels are 5 mm long. The description of the
geometries is presented in Figure 1. Due to the existence of the obstacle, two sub-channels are
formed in the end of main channel.
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Figure 1. (a): Schematic of flow focusing configuration. W. =Wa = 2. An orifice with width
d = 1.2 is placed at a distance H = 0.8 downstream of three coaxial streams. The main channel
width is varied (a): W = 1.2, (b): W =4 and (c): W = 8). W, =0.16, sub-channell: W1 = 0.8, sub-
channel 2:W2 = 0.24. The total length of the configuration is 12. (All the numbers are in mm).
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In our system, the droplet is generated by the flow focusing, which has been widely used
for generating highly spherical droplet [31 —33]. Figure 1 shows the flow focusing geometry
implemented into a microfluidic device. In this structure, the dispersed phase flows in the
middle of the channel, while the continuous phase flows through upper and lower channels.
The continuous phase and dispersed phase penetrate into the downstream channel, and the
continuous phase exerts pressure and stress which force the dispersed phase into a narrow
thread. The dispersed phase breaks inside or downstream of the orifice, then the droplet is
generated at the end of the flow stream where the neck forms.

The surface tension term reflects the interfacial force between the discrete liquid
(droplet) and the continuous liquid. The interaction (attraction or repulsion) between droplets
results from the continuous liquid flow which is affected by the interfacial forces existing at
each droplet surface.

3. Numerical approach

The segregated solver for an unsteady laminar flow was used in CFD, the volume of fluid
method was performed to track the interface between water droplet and the continuous phase.
The VOF model is a surface-tracking technique that is useful when studying the position of the
interface between two immiscible fluids. A single set of momentum equations is shared by the
fluids, and the volume fraction of each of the fluids in each computational cell is tracked
throughout the domain. The VOF model uses phase averaging to define the amount of
continuous and dispersed phase in each cell. A variable, o, was defined as [29, 30]:

o =1 = when the cell is 100 % filled with continuous phase

o =0 = when the cell is 100 % filled with dispersed phase

0 < < 1 = when the cell contains an interface between the two phases

The density p, and viscosity y, for both phases (water and oil) can be calculated using a
linear dependence:

The subscript 1 is chosen for the continuous liquid (primary) phase, while the subscript
2 for the discrete phase (microdrops)

p=pra+p2(l-a), (1)

p=p o+ p2(l-o). (2)

There are several different VOF algorithms with different accuracies and complexities in
CFD. The geometric reconstruction scheme used in this study is based on the work of Youngs
(1982) [33] and further described by Rudman (1997) [34]. This scheme permits a piecewise-
linear approach, which assumes that the interface has a linear slope within each cell, and the
position of the interface is calculated from the volume fraction and their derivatives in the cell.
The solutions of the velocity field and pressure are calculated using a body-force-weighted
discretization scheme for the pressure, the Pressure-Implicit with Splitting of Operators (PISO)
scheme for the pressure velocity.

The body-force-weighted scheme is used since it works well with the VOF model, and
the PISO scheme is chosen to improve the efficiency of the calculation of the momentum
balance after the pressure correction equation is solved. The CFD software was used to simulate
the flow of oil microdrops sorting. The governing equations are the mass conservation equation

for each phase and the momentum equation:
0,C+0VC =0, 3)
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where the velocity is given by u. In addition, a single momentum equation is used for the
mixture of two-phase-fluid.

The momentum equation hence is described by

O,(pu)+V-(puu)+Vu-V[u]=—VP+F, (4)
where F'is the surface tension F =o(X)n force, P is the curvature of the interface and n is a

unit vector normal to the interface. ois the surface tension coefficient.
4. Droplet simulation and parameters

FLUENT 6.3 in CFD software was used to model droplet formation in the microfluidic
by flow focusing configuration (see Figure 1). The volume of fluid (VOF) model in three-
dimensional form was used, which enables capturing and tracking the precise location of the
interface between the fluids. The VOF method operates under the principle that the two or
more fluids are not interpenetrating. The flows are taken to be two-dimensional and laminar. In
the simulations, a constant velocity boundary scheme proposed by Zou & He [32] is imposed on
both water and oil inlet and the pressure of outlet is the same as the atmospheric pressure. At
the position where the fluid meets the solid walls, half-way bounce-back boundary scheme is
applied to achieve the non-slip velocity condition at the solid walls. The viscosities of both
liquids water and gasoil are respectively defined as pw=0.001 and po=0.003kg/m-s. An
equilibrium contact angle 0 =60 ° were prescribed. This contact angle is used to correct the
surface normal in the vicinity of the wall, and therefore adjusts the curvature of the interface
and the surface tension calculation near the wall [35]. The second-order upwind scheme is used
for discretization of the momentum equation. The PISO scheme is taken as the pressure-
velocity coupling scheme, while the PRESTO! is taken as the pressure discretization scheme.
The geometric reconstruction scheme is used for interpolation of the interface geometry. It is
able to form mono-dispersed droplets by this way due to the different surface tensions of two
fluids.

The computations were run for a large number of time steps (10-°) to generate a database
from which statistically converged mean and perturbation flow quantities could be extracted.
The convergence limit was set to a residual sum of 103 for the continuity and velocity
components. These results are discussed in the following sections.

The requirement to successfully follow of droplets behavior leads to very large numbers
of grid cells when uniform meshes are used. Three intervals mesh sizes were tested to obtain
grid independent solutions (4 = 0.06, 0.08 and 0.10 ym). The relative difference of droplet
volumes and interface shapes between successive mesh sizes is observed to be small as the mesh
size decreases. Therefore, our simulations in this study are done with A=1pm to save
computing time without losing the accuracy of the numerical results.

4.1. The main channel width effects

To test whether the confinement of geometry plays an important role in the breakup of
plugs, we first perform computations to investigate the effect of the main channel width on the
droplet flow regime. In the simulations, to single out the geometrical parameter, the inlet flow
velocity of both phases is (ua= uc= 0.2 m/s), the densities of both fluids are p.=830 and pa=
998.2 kg / m3. the results for three configuration are presented in the Figure 2.
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Figure 2. The droplet generation at ua/ uc =1 (ua=uc= 0.2 m/ s) for three
different widths of main channel. (a) W=8mm, b) W=4mm and c) W=1.2mm.

The geometry effect, i.e., the width of the main channel (W) plays an important role in
the flow dispersion in the main channel Figure 2, at the same conditions for large main channel
the flow is observed in thread regime due to the accumulation of generated droplets, which are
flew with low velocity Figures 2a and b, where droplet emerging is occurred. For the smallest
model Figure 2¢, no emerging is observed, because droplets flow with high velocities. Therefore,
the flow pattern is clearly observed with high dispersion. For the next sections, we use the
smallest model with main channel width = 1.2 mm.

4.2. Surface tension effect

For two phase flows in microchannels, the surface tension forces play an important role
in determining the dynamics of droplets, whereas gravitational forces are generally less
important, we investigate the influence of surface tension coefficient on the droplet flow
regime.

In this subsection, we use water as the dispersed phase and oil as the continuous phase,
and observe flow regime, which depends on the surface tension coefficient. The densities of the
continuous and dispersed phase are assumed respectively pc= 830 and pa = 998.2 kg / m3. The
channel surface is hydrophobic, i.e., the contact angle between dispersed phase and the channel
surface is 0 = 0°. It is shown in Figure 3 that for capillary numbers which define flows in the
jetting to dripping regime through numerical simulations, and quantify the results in terms of
the “stable” droplet formation regime in a microchannel. for a given inlet velocity of both
phases (u = 0.2 m/s) As shown in Figure 3, three typical flow patterns are identified for
different surface tension at a fixed capillary number (Ca = 3.43 - 10-2). For low o, thread regime
of dispersed phase is clearly observed, as we increase o, the thread becomes unstable after a
distance of laminar flow o =0.01 N/ m, for higher surface tension o =20 N/ m, droplet are
formed with high dispersion due to the squeezing mechanism. For the next simulations, we use
0=20N/m to generate mono dispersed droplet.
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Figure 3. Droplet flow regimes as a function of the surface
tension (o) for uc/ ua=1 (uc=ud = 0.2 m/ s) for the small model.

4.3. Contact angle effect

Wetting properties are usually characterized by the contact angle on a surface. Young’s
law provides the relation between interfacial tensions and contact angle. For a water droplet on

a surface, surrounded by oil, the equilibrium contact angle is [36]:
COS(e): O-Oil.Wall—Gwater_Wa”.

Ooil.water—
where ooiiwan is the interfacial tension of oil with the wall surface, water, wall is the interfacial

tension of water with the wall surface, and Ooilwater is the interfacial tension of the oil with water.
a) @=0°

T ]
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Figure 4. Droplet (water-in-oil) flow pattern as a function of contact
angle at Ca =0.053 (uc=0.5m/sand ue=0.3m/s)and o =10 N/ m.
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A constant contact angle associated to a non slip condition was imposed at the contact
point between the gas-liquid interface and the walls defining our structure. The corresponding
numerical procedure is described in detail in Dupont and Legendre [20]. The result of the
droplet flow pattern as function of contact angle is presented in the Figure 4.

The wetting properties of the fluids relative to the channel walls, more specifically the
contact angle, have also been shown to affect the two-phase flow patterns in microchannels
[41]. In order to determine the influence of the contact angles on droplet shape, different values
of the contact angles (® = 0, 60, 90, 120 and 180 °) are tested by keeping the same conditions to
find the optimum contact angle to obtain spherical form of droplet. It is clearly observed that
the droplet takes a shape for each contact angle. For ® = 0°, elongated droplet are observed
with low production frequency, whereas the rest of contact angle the geometrical form is
smaller. For ® =90°, the droplet takes uniform rectangular shape with high production
frequency compared of ® = 0 °. For both ® =120 ° and ® = 180 ° droplets take concaved shape
in its extremity. The contact angle of 60 ° is the optimum condition for droplet flow pattern;
which is used for the next sections. The droplet are taken uniform spherical shape.

5. Droplet splitting and sorting

Numerical simulations of droplet breakup and splitting are performed using VOF
method, droplet of water-in-oil are generated by flow focusing configuration, The simplest
droplet sorting techniques require no detection or switching mechanisms, but instead rely on
creative device geometry that allows the separation of droplets by size. By simply creating an
obstacle geometry in which the daughter channels had different widths, droplets were induced
to sort into one of the channels (Figure 5). The split daughter droplets pass the sub-channels,
while the bigger split daughter droplets pass the sub-channels 2. When a droplet collides with
the obstacle, it splits into the obstacle-wall gaps (or sub-channels). The split portions of droplet

leave out the sub-channels to the outlet of microsystem.
a)

=5.952x107s =6.153x107s =6262x107s

b)

— —
t=4534x107s

=4506x 107 s =4.561x107s

Figure 5. Droplet breakup, splitting and sorting for two different capillary numbers:
a)uc=lm/s,ua=0.1m/s,Ca=5.36-102and b) uc=05m/s,ua=03m/s, Ca=6.64-102

Figure 5 shows the droplet motion. A convergence test for grid resolutions is first
conducted for droplet breakup by the use of a quadrate obstacle. Water-in-oil droplet are
generated by flow focusing configuration, splitting of droplet is performed by thinner obstacle
at the end of the main channel, for both capillary numbers (Ca = 5.36-102 and 6.64-102). We
observe for in three successive moments that the split daughter droplets pass the sub-channels
without re-merging unlike; our numerical simulations are in good agreement with previous
works of [2] and [37]. It is also seen from Figure 5b that the droplet volume fraction is higher
for higher capillary number Figure 4b, as we demonstrated in the previous section. Due to
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difference of both sub-channel widths, the bigger split daughter droplets pass the sub-channels
1, while the smaller split daughter droplets pass the sub-channels 2.

The present computations demonstrate that an inclined obstacle can be used as an
effective method for droplet splitting with even-sized daughter droplets.

6. Conclusions

Droplet generation in flow focusing configuration, splitting and sorting were
investigated numerically by using the VOF method of the commercial code FLUENT. Various
parameters which affect the generation of the droplets, including capillary number, geometry of
configuration, surface tension and contact angle are systematically analyzed. It shows that the
droplet breakup depends on fluid properties such as capillary number, surface tension and the
main channel width. We also find that the flow focusing configuration with the smaller main
channel width likely to generate stable droplet. The capillary number is an important
parameter to define the droplet length and droplet generation frequency. The increase of this
parameter leads to the increase of droplet frequency, while it conducts to small droplet length.
The numerical simulations of droplet breakup also showed that the obstacle configuration is
effective for droplet splitting and sorting, where, daughter split droplet are sorted into smaller
droplet that passed through small sub-channel and the bigger passed the bigger sub-channel.
We hope this numerical study helps understanding the underlying physics on the droplet
dynamics as well as designing the complicated flows in future microfluidic applications.
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Abstract

Boron crystallizes in complex structures containing several non-equivalent atomic sites
with different coordination numbers. Shifting of the electron density towards to the highly-
coordinated atoms yields the palpable polarization of all-boron lattices, in general unexpected
in elemental crystals. Same effect has to be inherent of boron clusters as well. We have
experimental evidences that boron vapor consists of small clusters B, which are known to
exhibit (quasi)planar structures (for number of boron atoms N not more than ~ 15). For all
ground-state isomers of them we have estimated effective atomic charges and for asymmetric
species — dipole moment as well. Binding energies per atom of (quasi)planar boron clusters,
theoretically determined from the B-B interatomic pair potential, have been refined taking into
account the obtained polarity of a part of B-B bonds.

Instead of introduction — An overeview

The role of boron in forming of the various structural phases, it is incommensurable of
its abundance great. Understanding of the diversity of boron structures reduces to the electronic
structure of an isolated boron atom. In multi-atomic networks, by the adding an electron the
valence shell configuration peculiar to the free B atom 2s22p transforms at first in the
energetically more favorable configuration 2s5?2p?2, which then tends to most stable one 2s2p3.
Thus, boron is distinct electron-acceptor and, consequently, all-boron structures have to be
electron-deficient. It is a reason why all the boron crystalline modifications exhibit complex —
clustered structures. For them, the icosahedron Bi2 with 12 boron atoms at vertices serves as a
main structural motif.
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Since carbon nanosystems were discovered, it has triggered interest in other materials,
including bare boron, which may also exhibit nanostructures. Boron-based nanomaterials are
both of great academic and technological interests [1]. Due to its rich chemistry, boron is a
natural choice for constructing nanosystems like the clusters, nanotubes, nanowires, etc.
Relatively recently they were actually synthesized.

A boron atom of the given icosahedron is bonded with 5 neighboring atoms and, usually,
is linked with an atom of the neighboring icosahedron. It explains why the average
coordination number of atomic sites in all the solid-state forms of boron is almost 6. But, a free
regular icosahedron Bi2 still remains electron-deficient: it needs 2 extra electrons to fill all the
MOs (molecular orbitals). In boron crystals and amorphous boron, electron-deficiency is
compensated by the presence of intrinsic point defects and / or certain impurity atoms in very
high concentrations. In addition to solid-state modifications, constructed from full and fused
icosahedra, elemental boron forms diboron molecule B2 and molecular clusters B, n > 2. At
relatively low n these clusters are (quasi)planar, but at sufficiently high n they can take
polyhedral, nearly spherical, cage-like shapes and, in particular, icosahedral shape if dangling
bonds at boron atoms are saturated by hydrogen or other foreign atoms. Thus, most boron
atoms should be surrounded by 6 nearest neighbors, i.e. have 5 intra- plus 1 inter-icosahedral
bonds. Alternatively, this circumstance leads to the possibility of synthesizing the fragments of
(quasi)planar nanosheets in form of surfaces with triangular 6-coordinzted 2D lattices, which
can be wrapped into nanotubes. Present ‘Introduction’ might be considered as a brief overview
of the last decades’ achievements in an important field of nano-structured boron — boron
clusters.

As it is known, clusters as systems of a finite number of bound atoms are physical objects
occupying an intermediate position between atomic particles (atoms and molecules) and
macroscopic atomic systems (solids and liquids). One of the most interesting features of
elemental boron is the occurrence of highly symmetric icosahedral clusters. However, the
5-fold symmetry does not lend Bi2 clusters to construct ideal 3D periodic frameworks, and
various degrees of compromise in the pattern of icosahedral linkage give rise to the observed
proliferation of boron polymorphs. Then, in bare boron structures most of the atoms usually are
members of almost regular atomic triangles. This circumstance leads to possibility of the boron-
based nanomaterials in form of (quasi)planar or convex boron surfaces with triangular 2D
lattices. The rich chemistry of boron also is dominated by 3D cage structures. Consequently, it
is important to gain deep insight in boron clusters — “building blocks” of nanoboron.

According to the mass-spectrometric analysis [2] of the boron cluster ions from the high-
purity (99.99995 % B) target-source in process of growing of amorphous boron films, there are
some peaks corresponding to the interval from B>* to Bs*.

Let start with diboron molecule B2, the simplest boron cluster. The Douglas—Herzberg
transition, observed [3] in the optical absorption spectrum of B, indicated that its ground
electronic state is of X-type. In the other hand, the molecule B2 was not observed via ESR
(electron spin resonance), what was interpreted as support for the 3% ground state rather than
Y4 favored by ab initio calculations. Further more accurate CI (configuration interaction)
calculation established [4] that the ground electronic state of B2 indeed is of 3%, symmetry, and
Douglas—Herzberg emission system is due to the transitions from the second 3X. state to the
X3%s. Hyperfine coupling constants for the ground electronic state 3%, of the B2 molecule were
computed [5] using correlation procedures based on spin-unrestricted wave functions. As for
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the potential curves, transition energies, and spectroscopic constants of several low-lying
electronic states of the molecular ion B> and part of doubly excited states of B2 were given in
[6]. At the first time, a theoretical study of the IPs (ionization potentials) of the B2 molecule was
performed in [7]. An ab initio MO-study [8] of B2 and B:* determined the dissociation energy of
the 3Xs ground state of B2 as 2.71 eV, and the adiabatic IPs to states 2X¢" and 2II. of B2* as 8.99
and 9.27 eV, respectively. The singlet, triplet, and quintet states of B2 below about 45000 cm™!
were studied at the multi-reference CI level of the theory in an atomic natural orbital basis set
[9]. The dissociation energy for the X% state was computed to be 2.78 eV and estimated as
2.85eV in the complete-CI limit. Calculations of excitation energies utilizing the standard
coupled cluster hierarchy were presented [10] up to the quadruple excitation level for the open
shell B2 molecule using an excited closed shell state as a reference one.

Optimum geometries and harmonic spectra were obtained theoretically [11] for a
number of different states of Bs cluster. Bs is found to be an equilateral triangle in its 24"
ground state. Estimated dissociation energy is 197.9 kcal / mole. From a statistical thermo-
dynamical analysis, Bs should be stable against dissociation to B2 and B up to very high
temperatures. Ab initio electronic structure calculations on several low-lying valence states of
Bs were also carried out using correlation-consistent polarized valence basis sets and SCF (self-
consistent-field) treatments [12]. Stable triangular structures, linear structures, and Jahn—Teller
unstable structures were also observed. The ground state of Bs was predicted to have an
equilateral triangular structure and to be of 24'1 symmetry in the Dss point group. By carrying
out a systematic basis set and electron correlation investigation, it was determined accurately
the isotropic and anisotropic parts of the hyperfine coupling tensor of the Bs molecule using the
multi-CI SCF restricted—unrestricted method [13]. The spin polarization of the 1s-orbital on
each B atom was found to be very small. This implies that in Bs the isotropic hyperfine coupling
is dominated by valence-orbital contributions rather than by 1s-orbital contributions.

The PES (potential energy surface) of Bs cluster was ab initio studied using extended
basis sets and coupled cluster methods [14]. The ground state 'Ai, is the singlet square that
undergoes pseudo Jahn-Teller distortion to a rhombic structure !4, but the energy gain is too
small. Total atomization energies of B2, Bs, and B4 clusters were computed as 62.2, 189.1 — 192.6,
and 312.2 kcal / mole, respectively. The two small boron clusters Bs and B4 in their neutral and
anionic forms were studied by photoelectron spectroscopy and ab initio calculations [15].
Vibrationally resolved photoelectron spectra were observed for Bs~ at 355, 266, and 193 nm, and
the EA (electron affinity) of Bs was measured to be 2.82 eV. An unusually intense peak due to
two-electron transitions was observed in the 193 nm-spectrum of Bs~ at 4.55eV. It was
confirmed that both Bs~ and Bs are of Ds» symmetry. The photoelectron spectra of B4~ were also
obtained at the three photon energies, but much broader spectra were observed. The Bs~ anion
was found to have the lowest electron detachment energy, 1.6 eV, among all boron clusters
with more than three atoms, consistent with its extremely weak mass-signals. The neutral B«
cluster was found to have a s rhombus structure, which is only slightly distorted from a
perfect square. For B+, it was identified computationally two low-lying isomers 25i. and 2A,,
both of D:» symmetry, with the slightly more stable 2 Biu state.

The electronic structure and chemical bonding of boron clusters Bs and Bs~ were
investigated [16] using anion photoelectron spectroscopy and ab initio calculations. Extensive
searches were carried out for global minimum of Bs, which was found to have a planar
structure with a closed-shell ground-state. Excellent agreement was observed between ab initio
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detachment energies and the experimental spectra. A bonding orbital was found to be
completely delocalized over all 5 atoms in the Bs". Such bonding makes Bs more rigid towards
butterfly out-of-plane distortions. The structure and stability of Bs, Bs* and Bs~ clusters were
investigated theoretically also in [17]. Eight Bs, seven Bs*, and seven Bs~ isomers were identified.
The planar 5-membered ring structures, Bs and Bs*, were found to be the most stable on the
neutral and cationic PES, respectively. The most stable Bs~ isomer has an arrangement of atoms
similar to the neutral. Natural bond orbital analysis suggests that there are 3-centered bonds in
both the neutral and anionic structures, as well as the multi-centered centripetal bond in the
cationic structure.

The electronic structure and chemical bonding of Bs and Bs clusters were investigated
using anion photoelectron spectroscopy and ab initio calculation [18]. The global minimum of
Bs™ has a doublet ground state. The corresponding ground-state structure of Be is planar. The
chemical bonding in Bs can be interpreted in terms of linear combinations of MOs of two B3~
fragments. The antiaromatic nature of chemical bonding was established for both Bs and Be*".
Electronic structure, isomerism, and chemical bonding in B7 and B clusters were studied in
[19]. The structures of Bs, Bio and Biz boron clusters were studied [20] using the FP (full-
potential) LMTO (linear-muffin-tin-orbitals) MD (molecular dynamics) method. Seven stable
structures for Bs and fifteen for Bio were obtained. Car—Buo is the most stable among the 15
structures, but C»~Bio is not stable. For Bis, three degenerate ground-state structures were
found. The potential surface near C2—B7 (ground state) and [x+By is very flat. As a fundamental
unit in constructing bigger clusters, (2~B7 will change its form easily. The most stable
structures for B7, Bio and Bis clusters are two-dimensional (quasi)planar clusters, rather than the
three-dimensional ones.

Probes of bonding in small boron clusters B:s* performed by the measurements of
threshold energies and fragmentation patterns for collision-induced dissociation showed [21]
that primary fragmentation channel is loss of B+ in all cases and Bs* is a particularly abundant
cluster in the distribution produced. The stabilities of Bx clusters with 4<n <8 based on the
vibrational analysis were investigated by ab initio MO-calculations in [22]. It was found that
there exist two types of stable clusters: a low-symmetry, structurally “soft”, species with lower
frequencies and lower geometrical change barriers and a high-symmetry, structurally “hard”,
species with higher frequencies. By means of ab initio techniques, the equilibrium geometries,
total, binding and fragmentation energies of clusters B,, with N =2-8 were calculated both in
the neutral and cationic states in [23]. The experimental and theoretical evidence that 8- and 9-
atom boron clusters are perfectly planar molecular wheels, with a hepta- or octa-coordinated
central boron atom, respectively, were reported in [24]. DFT (density functional theory)
calculations using a PW (plane wave) basis set and a PP (pseudopotential) were employed [25]
to investigate the structure, vibrational characteristics, and energetics of small (up to 10 atoms)
boron clusters. Comparison with other studies revealed a great deal of consensus about the most
stable structures for Bz, Bs, B4, B7, and Bs, and maybe Bs as well. Additionally, all studies agree
about the existence of two stable Bs isomers.

Geometries, electronic structures and energies of the neutral and cationic clusters Bz-12
and B>-12" were investigated by the ab initio MO method [26]. The geometries of boron-cluster
cations Bs-12" are essentially the same as those of the neutral clusters — the (pseudo)planar cyclic
structures. Clusters of 8-11 atoms characteristically have the most stable structure of a cyclic
form with 1 atom in the middle. The capped pentagonal Bs, B; and B:;" and the trigonal

32



R. Becker & L. Chkhartishvili. Nano Studies, 2015, 11, 29-48.

bipyramidal Bi2 and Bi2" seem to be the exceptions. The electronic and geometric structures,
total and binding energies, harmonic frequencies, point symmetries, and HOMO-LUMO
(highest occupied MO-lowest unoccupied MO) gaps of small neutral boron B, clusters
(n=2-12) were investigated in [27] using DFT. Linear, (quasi)planar, open- and 3D-cage
structures were found. None of the lowest energy structures and their isomers has an inner
atom. Within the size range, the (quasi)planar, i.e. convex, structures have the lowest energies.

It is expedient to consider boron icosahedron Bi separately from other boron clusters.
At the first time, the electron structure of a regular icosahedron of boron atoms was
investigated [28] theoretically by the method of MOs. It was found that 30 bonding orbitals are
available for holding the icosahedron together, besides the 12 outward-pointed equivalent
orbitals of the separated atoms. In [29], the energy spectrum of a real boron icosahedron — unit
cell of the a-rhombohedral boron crystal — was studied using MO-LCAO (linear-combinations-
of-atomic-orbitals) method. It is an electron-deficient structure. Besides, in distorted in
crystalline field icosahedron the bond lengths are different and now there is no 5-fold
symmetry axis. It was found that molecular levels placed at -9.35 eV should be half-filled,
while all lower energy levels should be filled. Using a PW expansion, it was performed [30] ab
initio calculations of the energy bands, equilibrium structural parameters, atomic positions, and
cohesive energy of boron icosahedron Bi2. As for the calculated charge-density contour plots,
they revealed strong intra-icosahedral bonding. Based on the group properties of a regular
icosahedron, its normal vibrational modes were pictured [31]. There are 8 distinct frequencies
for the 30 normal modes with 1-, 3-, 4-, and 5-fold degeneracies. Icosahedral oscillations can be
pictured in terms of three equilibrium descriptions: the first involves 2 parallel regular
pentagons and 2 polar atoms; the second has 2 polar triangles and 1 equatorial puckered
hexagon; while the third consists of 6 pairs of atoms on opposite faces of a cube. It was shown
[32] that by the interaction between electron and pair of phonons, which are the slightly
modified 2 breathing modes of the isolated icosahedron Bi2, an electron trapping level generates
in icosahedral boron-rich solids. The polar vibrations for the Biz icosahedron were
demonstrated [33] within the harmonic approximation by using the shell model. The tensor
nature of dynamical effective charges was emphasized. It was shown that the effective charge of
the regular B2 is very small (~ 0.01e ), while that of a-rhombohedral boron unit cell is enhanced
by the deformation. The covalent-to-metallic bonding conversion in boron icosahedral cluster
solids was discussed [34] in relation to the occupation by an atom the center of this cluster. The
corresponding change in the electron localization was quantitatively estimated by using ELI
(electron localization indicator). Namely, the distributions of the ELI were compared for the
pair of clusters Bi2" and Bis™. This comparison revealed that the bonding conversion from
covalent to metallic one involves a decrease in both the electron-density and ELI between
boron atoms.

Bonding of small boron cluster cations from B:" to Bi3* was examined [35, 36] by
measurements of appearance potentials and fragmentations patterns for collision-induced
dissociation. Cluster stabilities were generally found to increase with increasing size. The lowest
energy fragmentation channel for all size cluster ions is loss of a single B atom. Clusters, smaller
than 6 atoms, preferentially lose B+ ion, while for larger clusters the charge remains on the Ba1*
fragment. Electronic and geometric isomers of Bis clusters were calculated within the LDA
(local density approximation) [37]. The filled icosahedral structure was found unstable. While
heating and slow cooling lead to a considerably more stable (by 0.68 eV) structure with high
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symmetry (C3v) and coordination. The remarkable stability of this isomer may explain the
measured high survival of Bis* clusters on collision and its relatively low reactivity. Analogous
problem was considered [38] for the neutral and cationic clusters Bizand Bis. Several planar and
non-planar stationary structures were optimized for neutrals and cations of each cluster size. A
characteristic cyclic form with 1 atom in the middle was found to be stable for each cluster,
while the icosahedral Bi2" was found to be the most stable. The triplet icosahedral state was
found to be stable, but energetically unfavorable than the cyclic Bi2. The structures and energies
of Bis", observed experimentally to be an unusually abundant species among cationic boron
clusters, were studied systematically with DFT in [39]. The most thermodynamically stable Bi>"
and Bis" clusters are confirmed to have (quasi)planar rather than globular structures. However,
the computed dissociation energies of the 3D Bis" clusters are much closer to the experimental
values than those of the (quasi)planar structures. Hence, planar and 3D Bis" may both exist. The
curiously stable cationic Bis" cluster and its neutral and anionic counterparts were examined in
[40] though the use of DFT. While no minima that corresponded to the filled icosahedron could
be found for the cluster, an intriguing atom-in-cage structure was found that is a local
minimum on the cationic, neutral, and anionic surfaces. In the structure found for the Bis~
anionic cluster, the 12 external boron atoms are arranged as 3 of 6-membered rings back-to-
back. The (quasi)planar structures are seen to be more stable than 3D isomers, but their
ordering by stability changes depending on the charge state. It was found that planar structures
benefit from 7-delocalization and in the case of the global minimum of the Bis" cationic cluster
this delocalization is reminiscent of aromaticity. As it was postulated, the lowest-energy Bis*
isomer proved to be highly aromatic. The topological resonance energy of this cationic boron
cluster is positive in sign and very large in magnitude. This constitutes the definitive reason
why Bis* is kinetically stable and (quasi)planar in geometry [41]. The electron-deficient and
multivalent character of boron is responsible for the high aromaticity of this cluster. In addition,
its minimum bond resonance energy is not too small. Some of thermo-chemical parameters of a
set of small-sized neutral B» and anionic Bs boron clusters, with N =5-13, were determined
using coupled-cluster theory calculations [42]. Enthalpies of formation, adiabatic electron EAs
were evaluated in good agreement with experiments (values are given in eV): Bs (2.29 —2.48
and 2.33), Bs (2.59 —3.23 and 3.01), B7 (2.62 — 2.67 and 2.55), Bs (3.02 — 3.11 and 3.02), By (3.03
and 3.39), Bio (2.85 and 2.88), Bi: (3.48 and 3.43), B1i2 (2.33 and 2.21), and Bis (3.62 and 3.78).
The calculated adiabatic detachment energies to the excited states of Bs, which have geometries
similar to the state of B¢, are 2.93 and 3.06 eV, in excellent agreement with experiment. Based
on the ab initio QC (quantum chemical) methods, fragmentation channels, IPs, and the
Coulomb explosion of multi-charged boron clusters B (N =2-13), were determined [43]. The
electron-deficient boron clusters sustain more stability and hardly fragment when they are
negatively charged. Stability of boron clusters decreases with increasing ionization. Only by the
first ionization the odd-size clusters are more stable than the even-size clusters. Further
ionizations cause the repulsive Coulomb force between the constituent atoms to get stronger,
and lead first to metastable states, then to the Coulomb explosion of clusters. None of the
cationic boron clusters studied remains stable after 6 times ionization. The critical charge for
metastability was estimated as Q,, <n/2 for even-size clusters, and Q, <(n—1)/2 for odd-size

clusters. In addition, the critical charge for the Coulomb explosion is found to be Q, <n/2+1

and Q, <(n+1)/2, respectively. Several dissociation channels of B and Bi3? isomers with the
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lowest fragmentation energies were presented. All of the vibrational frequencies were found
positive indicating that no transition state is possible for the clusters studied.

The structures of Bis+ and B4~ in octahedral symmetry were investigated by ab initio
calculations [44]. The geometrical structures and properties of small cationic boron clusters Ba*
(n=2-14) were determined [45] using the LSD formalism. Most of the final structures of the
cationic boron clusters prefer (quasi)planar arrangements and can be considered as fragments of
a planar surface or as segments of a sphere. The calculated adiabatic IPs of B. exhibit features
similar to those of measured IPs. Most of the calculated normal modes of the cationic clusters
have frequencies around 1000 cm™ and strong IR (infrared) intensities. A linear search for
minima on PESs based on analytical gradient methods and the determination of binding
energies of small boron clusters B» (N =2—14) were conducted using the ab initio HF (Hartree—
Fock), and SCF CI and QC methods, as well as by means of DFT at the levels of LSD and non-
local corrections to the exchange-correlation functional [46,47]. The final optimized HF-
topologies of the neutral boron clusters are identical with those derived with the LSD
approximation. The most stable boron clusters have convex or (quasi)planar structures and the
convex clusters seem to be segments of the surface of a sphere. The geometries of B," clusters
for n<14 were optimized in [48] applying DFT. The calculation suggested that the
experimental results for the B." — B" + B,1 fragmentation energies are too small, while
experimental B:"— B+ Bui" fragmentation energies for B4+', Bs", and Bis" are too large. Then,
the fragmentation energies were calibrated based on coupling cluster theory. Overall corrected
fragmentation energies are found to be in reasonable agreement with experiment. The most
stable structure for each cluster was found to be (quasi)planar. The larger clusters are derived
from fusing 6- and / or 7-membered atomic rings, which share 4 atoms for the 6 - 6 and 6 -7
rings and 5 atoms for the 7 -7 rings. Based on ab initio DFT and QC methods, accurate
calculations on small boron clusters B, (N =2-14) were carried out in [49 —51] to determine
their electronic and geometric structures. Most of these final structures with n>9 are
composed of two fundamental units: either of hexagonal or pentagonal pyramids different from
the classical forms of crystalline boron. Using “Aufbau principle”, one can easily construct
various very stable boron species. The resulting (quasi)planar and convex structures can be
considered as fragments of planar surfaces and segments of nanotubes or hollow spheres,
respectively.

Above a certain size, boron clusters prefer a cylindrical arrangement over a planar one.
Experimental determination of the collision cross section combined with DFT calculations
showed [52] that the transition to cylindrical structures takes place at Bis*. The structure and
chemical bonding of Bis~ were studied [53] using ab initio calculations and photoelectron
spectroscopy. Its global minimum is found to be a (quasi)planar and elongated Cis-structure.
Addition of an electron to Bis™ resulted in a perfectly planar and closed shell Bis? (Dzs).

Photoelectron spectroscopy reveals a relatively simple spectrum for Bis-, with a high
electron-binding energy [54]. Theoretical calculations show that the global minimum of Bis-is a
nearly circular planar structure with a central Bs pentagonal unit bonded to an outer Bis ring.

Experimental studies and computational simulations revealed [55] that boron clusters,
which favor 2D structures up to 18 atoms, prefer 3D structures beginning at 20 atoms. Using
global optimization methods, it was found that the B2o neutral cluster has a double-ring tubular
structure with diameter of ~5.2 A. For the B~ anion, the tubular structure is shown to be
isoenergetic to 2D structures, which were observed and confirmed by photoelectron
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spectroscopy. The 2D-to-3D structural transition observed at B2o suggests that it may be
considered as the embryo of the thinnest single-walled boron nanotubes. B» cluster anions
were produced by laser vaporization of a target made of enriched '°B isotope in the presence of
the He carrier gas and analyzed with TOF (time-of-flight) mass-spectrometer. High-level ab
initio MO methods were employed [56] to determine the relative stability among four neutral
and anionic B isomers, particularly, the double-ring tubular isomer versus three low-lying
planar isomers. They also suggest that the planar-to-tubular structural transition starts at Bzo for
neutral clusters but should occur beyond the size of Ba~ for the anion clusters. In order to
elaborate a direct experimental method available for structural determination of boron clusters,
photoelectron spectroscopy of size-selected cluster anions was combined with quantum
calculations to probe the atomic and electronic structures and chemical bonding of small boron
clusters up to 20 atoms [57]. Based on this method the experimental and theoretical evidences
were presented showing that small boron clusters prefer planar structures and exhibit
aromaticity and antiaromaticity according to the Huckel rules. Aromatic boron clusters possess
more circular shapes whereas antiaromatic ones are elongated. It was found that for neutral
boron clusters the planar-to-3D structural transition occurs at Bz, which possesses a double-
ring structure, even though the B2~ anion remains planar.

Based on a series of ab initio studies [58] had pointed out the remarkable structural
stability quasi-planar boron clusters, and postulated the existence of novel layered boron solids
built from elemental subunits. The equilibrium geometries and the systematics of bonding in
various isomers of a 24-atom boron cluster was investigated [59] using Born—-Oppenheimer MD
within the framework of DFT. The B2 isomers studied were the rings, convex and (quasi)planar
structures, the tubes, and closed structures. A staggered double ring is found to be the most
stable structure among these isomers. Using ab initio QC methods, different structures of Bz
clusters was investigated in [60]. The most stable isomers have (quasi)planar or tubular
structures often containing dove-tailed hexagonal pyramids. In contrast, hollow spheres are less
stable. Their stability can be understood as a competition between a curvature strain (favoring
(quasi)planar clusters) and elimination of dangling bonds (favoring tubular and cage structures).

The boron clusters B, N =2-52, formed by laser ablation of hexagonal boron nitride
were discovered with a TOF mass-spectrometer [61]. Using ab initio QC and DFT methods, it
was investigated the structural transition from planar 2D boron clusters into 3D double-ring
system and then into triple-ring system [62]. The first structural transition occurs at Bis and B2o
clusters, while the second transition occurs between Bs: and Bss clusters. The effect of the
repulsive Coulomb forces in boron clusters when they are multi-ionized also was studied. A
mass spectrometric study of boron cluster anions Bs~, N =755, produced by laser vaporization
from two different types of boron-containing sample rods: boron-rich boride and pure boron,
was reported in [63]. In mass spectra recorded from the boride sample, a repeating intensity
pattern of boron cluster anions having local maxima at (Bi37)(Bi2)o23 as well as at Bas~ was
observed. Similar phenomena were not observed with a pure boron sample. These facts were
attributed to the structural differences between the two materials, in particular, (Bi2)(Bi2)i2
super-icosahedral structure characteristic of the crystalline boron-rich borides.

And finally, let refer to some studies considering the issue of boron clusters. Some
symmetrical clusters of boron, and carbon as well, were discussed [64] by introducing the
concept of conjugate polyhedra. It was concluded that if a polyhedron of carbon is given, its
conjugate polyhedron of boron can be obtained and the conjugate polyhedron should be of
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same symmetry. Based on ab initio QC and HF approximations, and DFT and LMTO methods
within the ASA (atomic-sphere-approximation) in [65] the geometric and electronic structures
of some atomic-scaled boron clusters were determined. In [66], there were reported
experimental and theoretical evidences that small boron clusters prefer planar structures and
exhibit aromaticity and antiaromaticity according to the Huckel rules. The planarity of the
species was further elucidated on the basis of multiple aromaticity and antiaromaticity, and
conflicting aromaticity. The major aims of the current research in field of boron clusters, which
are developing, simulating, modeling, and predicting new boron structures to build pre-selected,
uniform nanostructural materials with specific properties, e.g. superhardness, superconductivity,
superlightness, and propellance, were formulated in the review [67]. According to these and
other results obtained by Boustani and co-workers, one can conclude that most structures of
boron clusters can be classified into four groups: (quasi)planar, tubular, convex, and spherical
clusters. The transition of the (quasi)planar surfaces into tubules may be pictured by rolling the
surfaces and forming cylinders. The closure of boron (quasi)planar surfaces into tubules goes
through an energy barrier path. Small boron clusters as individual species in the gas phase were
reviewed in [68]. Free boron clusters were characterized using photoelectron spectroscopy and
ab initio calculations, which have established the (quasi)planar shapes of small boron clusters
for the first time.

Recently, it was experimentally detected [69] the highly stable quasi-planar boron
cluster Bss of hexagonal shape with the central hexagonal hole.

Boron vapor — Experimental part

There are evidences [70 —72] that liquid boron consists not of icosahedra, but mainly
(quasi)planar clusters. Ab initio MD simulations of the liquid boron structure yields that at
short length scales icosahedra B2, a main structural motif of boron crystals and boron-rich
compounds, are destroyed upon melting although atoms form an open packing with still 6-
coordination, i.e., the structure of liquid boron is similar to the boron non-icosahedral forms.
According to measurements of the structure factor and the pair distribution function, process of
melting is associated with relatively small changes in short-range order of the system. Results of
a comprehensive study of liquid boron atomic structure with X-ray measurements coupled with
ab initio MD simulations also show that there is no evidence of survival of the icosahedral
arrangements into the liquid, but many atoms appear to adopt a geometry corresponding to the
quasi-planar pyramids.

We can conclude that, during melting of boron it takes place the boron clusters emission
and thus boron vapor formed have to consist of mainly from boron clusters.

We developed [73] a method of generating substantially pure boron cluster-ions by a
heating within a suitable temperature range the boron-rich material electrode, which induces
its controlled thermal decomposition in a stoichiometrically favorable manner — providing
boron vapor and all other species not in the vapor state. Magnetic confinement of the released
electrons causes collisions resulting in ionization of the vapor to the plasma state. This plasma
may then be extracted and accelerated at the suitable energy, e.g. toward a work-piece for use
as a plasma-process feed gas.

Such a method of coating by boron has a variety of applications, including surface
chemical and wear protection, neutron absorption, prevention of impurity emission from
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heated filaments and ion beams, elimination of metal dust from vacuum systems, boridizing,
reactive chemistry, etc.

Using the method of plasma spray, boron can be deposited onto most metals and a wide
variety of ceramics and insulators including boron nitride BN and quartz. Adhesion of boron
coatings to these materials is particularly strong. In this work, a high electric current (of 75 A)
has been drawn between two graphite electrodes connected by an electrically conductive
boron-rich boride powder (the thickness of powder separating the electrodes has been up to 2.5
cm) while in vacuum. The powder was observed to melt and begin emitting boron vapor, which
was used to coat a glass slide test sample. A high coating rate of over 0.003 in. / min at a distance
of 2 in. from the evaporation source was observed.

Counts
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Figure 1. EDAX Measurement of coating produced onto a glass slide.

Figure 1 shows an EDAX analysis (energy dispersive analysis by X-ray) of the resultant
coating material. The peak at the far left is due to boron coating. The other peaks are from the
glass substrate. As is known, EDAX is low-sensitive to light elements, such as boron. It is a
reason why the boron peak observed in the mass spectrum appears unnaturally small compared
to the background elements from the glass slide substrate.

In the process of melting and evaporation of a boron-rich material with the nitrogen
source in form of high-purity pressed boron nitride rods, the shell structures of chemical
composition BNx with boron excess (X <<1) contaminated with carbon has been synthesized
[74]. The obtained material is conductive despite the fact that all the boron nitrides of
stoichiometric chemical composition BN are insulators. “Metallic” boron nitride is modeled as a
mixture of structural modifications of semiconducting boron and boron carbide heavily doped
with nitrogen [75].

Previously, we reported (see [63]) a mass spectrometric study of boron cluster anions B,
Nn=7-55, including the heavier species containing Bi2-icosahedra, which were produced by
laser vaporization both from pure boron (i.e. homogeneous) and boride (i.e. heterogeneous)
target rods. While at lower masses these spectra were similar, at higher masses the boride
spectrum exhibited a completely different pattern: in addition to the local maximum at Bis-,
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characteristic of the pure boron spectrum as well, a repeating intensity pattern having two
additional local maxima were observed. These observations can be attributed to the structural
differences between the two target materials. Further, we had demonstrated [76] that created
boron clusters can be self-assembled into nanostructures.

Bis Bis

Bis

J

Figure 2. Mass spectra of boron cluster cations generated
by the thermal vaporization of: a boron-rich material.

From the mass spectra of small boron cluster anions generated by the laser vaporization,
one can see that main maximum is placed within the range Bi1 — B3 (see [63]). The mass
spectrum of small boron cluster cations generated by the thermal vaporization in present work
is shown in Figure 2. The spectrum shape is similar, unless main maximum is shifted in the
range Bis — Bs.

Binding energy taking into account atomic
charges and dipole moment — Teorizing

From the review given into Introduction, we can assume that, at the sufficiently low
number of atoms N formation of the 3D clusters are not preferable kinetically, even that is
preferable energetically, i.e. because of higher binding energy per atom. The 2D — (quasi)planar
— structures built up from boron atoms, seem to be preferable because they are open for further
adding of atoms to realize B atoms’ ability to bound up to 6 other boron atoms in the cluster’s
plane.

However, small boron clusters would be quasi-planar, not ideally planar. Due to clusters’
finite sizes: atoms at the periphery have fewer neighboring atoms, i.e. possess lower
coordination numbers, than their counterparts placed at the central part. It leads to the
formation of bonds with unequal lengths and then distortion of a structure consisting of only
regular triangles with B atoms at the vertices. This is a reason why small boron clusters are not
ideally planar, but buckled and / or puckered.

When number of atoms n becomes sufficiently high, the saturation of all the 6
potentially possible bonds of a boron atom can be achieved by the alternative way — by
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wrapping of the plane into a cylinder (i.e. boron nanotube) or sphere (i.e. boron fullerene). But,
these processes result in formation of 3D structures. The cluster B2: serves for the embryo of
small boron nanotubes. Thus, here we consider boron (quasi)planar clusters with number of
constituting atoms up to ~15. The clusters with high n possess several isomers. We will
analyze only one of them — most stable, usually, with highest number of B-B bonds and
symmetric.

On the basis of quasi-classical theory of substance [77], the B-B interatomic pair
potential was constructed [78,79] within the initial quasi-classical approximation. This
potential was successfully exploited in calculations of binding energies of all-boron
nanostructures [80 — 83], as well as some boron-isotopic effects in boron-rich solids [84 — 88].
According to the quasi-classical B-B pair potential, the binding energy of & ~2.80 eV
corresponds the equilibrium interatomic distance (B-B pair bond length) of I, ~1.78 A. Below

these values are used for estimating binding energy of small boron clusters.
For further consideration we also need to introduce atomic units (a.u.) of energy, length
~0.52918A and p, , ~2.5417

Dy. And finally, let’s N =1,...,n numbers atoms constituting the (quasi)planar boron cluster Ba,

and electric dipole moment respectively, E, , =27.212¢V, |

a.u.

C, is the coordination number of the corresponding boron atom in this structure, and Vv is the

atoms’ valence — number of the valence electrons. As is known, for boron atom V= 3. In the
Table 1 shown below, boron atoms constituting small cluster are denoted as N[C,,].

Effective atomic charges and dipole moment

In average, an atom utilizes V/C, electrons per bond for bounding with nearest

neighbors (because boron clusters like other all-boron structures are electron-deficient,
effective numbers of bounding electrons mostly could be fractions, lesser than 1). The N -atom
in average a half of these electrons, v/2C, , transfers to each of neighboring atoms. It is clear

that, for any atom in average the total number of transferred electrons is same, vV/2. From their
side, neighboring atoms transfer a part of their valence electrons to the N -atom. Net number
of transferred and received electrons determines the effective charge number for each atom
constituting a cluster.

Atoms of the central part are highly-coordinated. Thus, they receive more electron
charge than transfer, and could be charged negatively. On contrary, atoms at the periphery
receive lesser electrons than transfer, and could be charged positively.

When a cluster shapes itself asymmetrically, it possesses a non-zero dipole moment,
value of which can be calculated from the standard relation

p:e‘ZEjZNFN (1)

where I}, denote radius-vectors of atomic sites in the cluster, and Z, is the effective charge

number of the N -atom. When calculating T, we can neglect by the changes in bond length

assuming it being same as in non-distorted ideally planar structure. As mentioned, within the
quasi-classical approximation |, ~1.78 A and, consequently, el, ~ 8.55DDy.

Planar images of the clusters considered and their calculated dipole moment are shown
below in the Table 1.
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Table 1. Structure, dipole moment and binding energy of small boron clusters.

Binding energy Dipole moment
B. | Structure E,, eV /atom p, Dy
Formula Value | Formula | Value
B: ® 0 0 0 0
B2 *—e % 1.40 0 0
Bs Fal &, 2.80 0 0
oS¢, 3,
B: | & Se | 50 0 0
Te, T3¢ J3el
B —+——= 1577 | ¥X=b | 185
° M 5 ' 320 3
3g, 9,
—L+
Bs & > T3 6.48 0 0
B L6 15 | 607 | 0 0
R e
13g, 729¢,
+—
Bs m St 1639 |0 0
16s, 35e,
Bo E o ' oss 5.96 0 0
19¢, Te,
Buo % 10 80 6.03 0 0
B 205, 1197¢,
YK |2 | o | o
23g, Tg J3el
B o : N | 185
3¢,
B3 % 2¢, 416 6.32 0 0
13
Bis 26,42 | 57y | Y3eh | g5
896 8
Bis A 28,1 5.94 0 0
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Relative stability

To estimate relative probabilities of formation of (quasi) planar boron clusters B,
n=123,..., we need to start from the estimation of their relative stabilities, i.e. binding
energies per atom.

Initially, binding energy per atom can be estimated in a “tight-binding” approximation,
i.e. taking into account only interactions between nearest neighboring atoms:

N=n
Ep =23 Cy, )
2n o
where &, /2 is the binding energy per a B atom bounded with another B-atom. As mentioned,
in the quasi-classical approximation, the numerical value of the parameter &, is about 2.80 eV.

The N -atom’s binding energy correction related to the its electrostatic (Coulomb)
interaction with neighboring N'-atom with effective charge number of Z,, in eV equals to
—ZyZy&, 12, where g, =E, ||, , /], is the energy parameter inversely proportional to the bond
length. Here, we again can neglect by the changes in bond length assuming |, to be of 1.78 A
within the initial quasi-classical approximation. It means that ¢, #8.09eV. By the introducing
the factor 2 in the numerator, we take into account that same correction should be attributed to
the counterpart N'-atom as well. Thus, correction to the binding energy per atom related to
the effective atomic charges is

s N=n N'=Cy
E.=—22>7, D> Z. 3)
2n \o N

When Z,Z,, <0, the pair of atoms are attracted each by other and binding energy increases.
But, when Z,Z,, >0, they are repulsed and binding energy decreased.

Now we can find final expression of the corrected binding energy per atom:

1 N=n N'=Cy
Eb = EbO + Ee :2—2[8ch _geZN ZZN/J. (4)
NNz N

Calculated binding energies for ground-state isomers are presented in the Table 1.
Theoretically obtained E, —n dependence, in general, correlates with experimental

cluster-ion intensity dependences form its mass. However main maximum is slightly shifted
toward smaller clusters. Such discrepancies may be related to clusters charge — we have
calculated binding energy per atom for neutral species, not positive ions as in experiment
presented in Figure 2 .

Conclusions

Studying the boron vapor has shown that, it mainly consists of small (quasi)planar
clusters. Boron atoms in nonequivalent sites possess different effective charges. It leads to the
nonzero dipole moment for asymmetric species. Binding energy per atom for small boron
(quasi)planar clusters are calculated based on quasi-classical B-B interatomic pair potential and
taking into account the corrections related to electrostatic interactions between effective atomic
charges. This value is found to be correlated with clusters formation probabilities.
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Abstract

Poly(glycerol-succinate) oligoesters, PGS oligoester, were synthesized and characterized
by nuclear magnetic resonance and liquid chromatography mass spectrometer. The objectives of
this work are to observe the detailed characterization of PGS’s structure and to optimize the
conditions. The influence of PGS and chitosan concentration on the physical stability of
emulsion was studied in 0.25-5wt. % range by visual inspection and microstructural
techniques.

1. Introduction

PGSs resulting from the one pot synthesis of glycerol and succinic acid were expected to
be branched [1]. Dendrimers, hyperbranched, highly branched and branched polymers have
attracted a considerable attention in recent years because of their singular characteristics in the
field of macromolecules and were defined the chemical structure as depicted in the Figure 1.
They have the hydrophilic structure and could be further grafted with fatty alkyl chains leading
to amphiphilic structures [2]. In our work, we using rice bran oil (RBO) grafted onto PGS to
promote fully synthesized bio-sourced surfactant. The synthesized surfactants were applied into
the applications of microencapsulation to develop a drug delivery system and test of stability in
the mixing of water and oil.

OH
HO\’)\/O
T
0
0 0 o) o Lua o OH
o\]\ /i\ 0 0\)VOH
HO 0 > - o/ﬁﬂ ;
o) D 0 OH o

Ty OH

Figure 1. Chemical structure of PGSs, with terminal units (Tx, Ta, Tg), linear units
(Lao, Log) and the dendritic unit (D). R = CH>-COOH when Tx is a succinyl, K= H
when Tx is non-grafted and R = (CH2)»—CHs3 when Tx is a acyl group of fatty acid.
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2. Methods

2.1. One-pot synthesis of non-grafted and grafted
poly(glycerol-succinate) oligoester (PGSs)

PG15S: 0.3 mmol of succinic acid and 0.45 mmol of glycerol were mixed and equipped
with a Dean-Stark apparatus. Staring time of reaction was taken when temperature reached
120 °C for 24 h to obtain a brown gel. Grafted PGS oligoester was synthesized following the
same procedure as above mentioned with the formulations are described in Table 1.

Table 1. Composition of the various molar ratios of functional groups used to synthesis.

Molar ratios of functional groups

PGSs Alkyl chains Abbreviations
G/S Fr/S Sor/S
Non-grafted - 1.5 - - PGisS
Rice bran oil ester 1.5 0.05 - PG15SFro.os
Grafted ; ) .
Rice bran oil ester and sorbitol 1.5 0.01 0.05 PG15SSorFro.ot

2.2. Characterization of non-grafted and grafted
poly(glycerol-succinate) oligoester (PGSs)

Three types of PGS were obtained as one-phase brown gel. The following NMR results
indicated whether the o- and P-carbons (primary and secondary alcohol) of glyceride
characteristics have been esterified (esterification indicated by D as dendrimer, L as linear and T
as terminal) or not and the type of the structural unit (shown in Table 2) have been calculated.

Table 2. The succinate and glycerol region *C NMR
spectra of the indicated copolymerized with glycerol.

Functional Chemical PGSs
Group shift PGi1sS PGi15SFroos  PG15SSorFrool
Succinate -CH>-COOH 28.70 28.81 28.77
groups —CH>—COOR 29.48 29.33 29.32
—CH>-COOR 171.83 172.03 172.04
—-CH,-COOH - 172.99 -
—CH>—-COO- (sorbitan) - - 211.15
Glyceryl  Lag, HO-CH>-CHOR-CH>-OR 60.35 60.37 60.31
groups Ts, HO-CH,-CHOR-CH>-OH 60.77 60.71 60.68
To, HO-CH-CHOH-CH>-OR 62.19 62.22 62.22
D, RO-CH>-CHOR-CH2>-OR 62.55 62.58 62.54
Lo, HO-CH>-CHOR-CH>-OR 63.10 63.08 63.08
To, HO-CH2-CHOH-CH>-OR 63.67 63.65 63.56
Loa, RO-CH-CHOH-CH>-OR  65.27 & 65.71 65.29 & 65.70 65.27 & 65.59
To, HO-CH-CHOH-CH>-OR 67.18 67.14 67.12
D, RO-CH>-CHOR-CH2>-OR 69.44 69.47 69.42
Lao, RO-CH-CHOH-CH>-OR 69.91 69.93 69.89
Lo, HO-CH.-CHOR-CH2>—-OR 72.61 72.64 72.58
Ts, HO-CH>-CHOR-CH>-OH 75.96 75.93 75.90
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2.3. Applications of PGSs
2.3.1. Formulation of o / w emulsions

The emulsion was prepared by mixing in a ratio 1 : 1 of aqueous phase and oil phase in
the presence of PGis5SFroos. Aqueous phase were consisted of chitosan (2.5 or 5 wt. %) and gum
Arabic (2.5 wt. %) distilled water, added to a final weight of 100 g. The emulsion was mixed at
70 °C and held at 30 °C for 30 min, then immediately homogenised using a homogenizer (Ross
High Shear Mixers LSK-I Model, Germany). After homogenisation, the mixture was cooled to
4 °C and aged at this temperature for 4 h. Then, then samples were tested for visual inspection
of their stability in 3 conditions: centrifuge 3000 rpm for 5 min, kept at room temperature and
at below 5 °C for 7 weeks.

2.3.2. Microencapsulation of curcumin by complex coacervation

For the simple emulsion, active compound (ascorbic acid or curcumin) solution was
added to RBO in the presence of PGi15SFro0s, then slowly added to aqueous chitosan solution to
form the double emulsion and followed by adding the above solution to gum arabic solution.
pH was adjusted to 4.0 using acetic acid then slow cooling and freeze-dried to obtain the
coacervate material for further morphological and FT-IR characterization.

3. Results and discussion

3.1. Synthesis and characterization of PGSs

BC-NMR is a technique for the study of the topology of branched and hyperbranched
polymers and oligomers. The degree of branching (DB) has been defined by Fréchet and Frey
commonly determined by the relative proportions among the NMR resonance peak areas. All
mathematic models were used here to extract these data by quantitative *C-NMR as shown in
Table 3. FTIR spectra exhibited a positive peak at 3680 — 3300 cm™ for the —OH stretch,
2932 and 2884.9 cm! for —-CH»- stretch in core structure, and 1731.6 cm™! for C=0O stretch peak
of the ester.

Table 3. Conversion and polymerization
characteristics of the PGSs.

PGSs Conversion DBrrey (%)
PG1sS 94.9 22.61
PG15SFro.05 94.4 24.23
PG15SSorFrooi 95.7 16.21

3.2. Application
3.2.1. Formulation of o / w emulsions

Simple emulsion showed a thermodynamically unstable system due to flocculation,
creaming, coalescence, phase inversion and Ostwald riping [3]. A new synthesised surfactant,
PGu1sSFroos, is introduced as an emulsifier which can stabilise the emulsion by absorption at the
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interface, caused lowering the interfacial tension. PGisSFroos can perform to improve the
emulsion stability when used 5 wt. % and combined with5wt% gum Arabic. The emulsion

observed to be stable for 2 weeks at room temperature and colorised after 6 weeks as shown in
Figure 2B.

After Centrifuged "

5 week 6 week

Figure 2. A) Water: RBO (with PGisSFRoos 2.5 wt. %) in a ratio of 50 : 50; B) Water
(with gum Arabic 5 wt. %): RBO (with PG15SFro0s 5 wt. %) in a ratio of 50 : 50.

3.2.2. Microencapsulation of curcumin by complex coacervation

To achieve the coacervation of a core material viable, a water-in-oil emulsion was first
prepared using rice bran oil, a 1 % solution of active compound (curcumin or ascorbic acid) and
PGi1sSFroos, as the surfactant. Optimized microcapsule formulations (w / o/ w) were prepared

containing chitosan, gum arabic and active compound at ratios of 1:1:0.2, with 0.004 g/ mL
of the PG1:5SFro.0s.

3.2.2.1. Loading efficiency
The quantitative of active compound (ascorbic acid or curcumin) loading efficiency in

the complex coacervated was measured following the equation
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n= i,—f -100 %,

where Crand Ci were the final and initial loading contents of curcumin. We have received the
standard curve from UV-Vis spectroscopy, which has revealed equation as followed
y=0.1555x-0.0027, R?=0.9998 for curcumin and y = 0.0359x-0.0956, R?=0.9945 for
ascorbic acid. The result of loading efficiency for curcumin was higher than 97.96 % (average of
98.040 £ 0.112 %) but loading efficiency for ascorbic acid was lower than 44 %. It is suggested
that the formation of these complex coacervation is in agreement with typical
microencapsulation of hydrophobic agents using complex coacervation reported to produce
high encapsulation efficiency. In addition, the microencapsulation of hydrophilic active agents
by complex coacervation often reported to produce low EE [4].

3.2.2.2. Morphological characterization of the microcapsules by optical microscopy

Figure 3. Blank appearance of (A) simple emulsion (w / 0); (B) double emulsion by
5 wt. % chitosan solution (w / o / w); (C) complex coacervation and (D) freeze-dry.

Figure 4. Blank micrograph of A) the simple emulsion (20 x). B) the double
emulsion by 5 wt. % chitosan solution (40 x). C) the coacervated microcapsule
(prior to freeze-drying) (40 x). D) freeze-dried coacervated microcapsules (10 x).

Figure 5. Ascorbic acid in (A) simple emulsion (w / 0); (B) double emulsion by
5 wt. % chitosan solution (w / o / w); (C) complex coacervation and (D) freeze-dry.
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Figure 6. Micrograph of ascorbic acid in A) the simple emulsion (20 x). B) the double
emulsion by 5 wt. % chitosan solution (20 x). C) the coacervated microcapsule
(prior to freeze-drying) (10 x). D) freeze-dried coacervated microcapsules (10 x).

Figure 7. Appearance of Curcumin in (A) simple emulsion (w / 0); (B) double emulsion
by 5 wt. % chitosan solution (w / o / w); (C) complex coacervation and (D) freeze-dry.

Figure 8. Micrograph of Curcumin in A) the simple emulsion (20 x). B) the double
emulsion by 5 wt. % chitosan solution (20 x). C) the coacervated microcapsule
(prior to freeze-drying) (10 x). D) freeze-dried coacervated microcapsules (10 x).
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The formation of an oil drop in water was occurred and revealed simple emulsion with
low stability supported by the picture (Figure 3A) and microscope image (Figure 4A). Loadings
of ascorbic acid and curcumin were investigated with homogenous appearance (Figures 5A and
7A) and showed the uptake images in Figures 6A and 8A, respectively. Figures 4B and 6B
showed no optical microscope images of the double emulsion after adding chitosan solution as
wall material. The presence of droplets on the microscope slide of figure 8B indicated the
successful formation of the double emulsion when loading the o / w emulsion with curcumin.
All pictures of complex coacervation revealed pink creamy emulsions according to gum Arabic
used in the coacervation process and showed in Figures 3C, 5C and 7C. Figure 4C revealed
thicker wall image of microcapsule successfully formed. The freeze-dried microcapsules were
observed and showed the agglomerated microcapsules formed connections with each other
through solid bridges in their microscope images (Figures 6D and 8D).

3.2.2.3. Fourier transform infrared spectroscopy (FT-IR)

The spectrum of microcapsule was obtained in the range from 4000 to 400 cm™
(Figure 9). During complex coacervation, the carboxyl groups of polysaccharides interact with
the amino groups of proteins in gum Arabic to form a complex containing an amide bond. The
spectrum of chitosan and PGi5SFroos showed intense vibrations between 3663 and 3166 cm™.
The peak that appears the intensity at approximately 1749 cm™ for the gum Arabic is
characteristic of carboxylic groups that are negatively charged. The binding of positive and
negative charges (i.e., amino and carboxyl groups) is expected to promote the process of
coacervation and the formation of amides. Major peaks can be observed at approximately 1661
and 1457 cm™!, which could indicate the presence of an amide, confirming the formation of this
complex. The peak appearing at approximately 1108 cm™! for the gum Arabic was characteristic
of the amine groups, which can be positively charged.

% Transmittance

3500 2500 1500 500
Wavenumber (cm™)

Figure 9. FT-IR spectra of the freeze-dried
coacervated microcapsules loading of curcumin.

4. Conclusions
The one pot PGSs synthesis in various molar ratios of functional groups showed that

grafted PGi1sSFroos was successfully synthesized and had a good in physico-chemical behavior of
the surfactant. PG1sSFroos has been successfully applied in emulsion formulation to improve the
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textural characteristics and stability of emulsion, while gum arabic is usually added to increase
the viscosity and gelling properties. The application in formulation of the microencapsulation
was confirmed by FT-IR, which could indicate the presence of amide (to promote the process
of coacervation). In a drug delivery system, PG1sSFroos can be applied for complex coacervation
formed by chitosan solution (see [5]) with highly loading efficiency of curcumin.
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Abstract

In the current research work we demonstrate the ability to enhance the absorption
properties of poly(3-hexylthiophene) (P3HT) via ZnO nanocrystals doping. Structural
properties, optical absorption and vibrational modes of the samples were probed by means of X-
ray diffraction (XRD), Ultraviolet—Visible (UV—Vis) spectroscopy, Raman spectroscopy and
Fourier Transform InfraRed (FTIR) Spectroscopy. The effectiveenhancement of the absorption
characteristics reveals that PBHT-ZnO heterostructure is an outstanding candidate for efficient
hybrid photovoltaic (HPV) applications.

1. Introduction

Over the past decade conjugated polymer such as P3HT have stimulated much attention
in the scientific community owing to its attractive structural, optical and electrical properties
which are of considerable interest in the development of efficient low-cost optoelectronic
devices such as solar cells, gas sensors, photodetectors, organic field-effect transistors (OFETs),
etc [1—4].

Recently the inorganic-organic structures have gained momentum in the development
of efficient low-cost bulk heterojunction (BHJ]) hybrid photovoltaic devices. Several
heterostructures of interest are possible among which those based on Fe:0s, CdSe, PbS, TiOz,
CdS and ZnO semiconductors, just to cite few [5—10]. Due to the fact that some of the
commonly used semiconductors are disadvantageous at some extent, ZnO appear to be the most
promising alternative owing to its outstanding characteristics such as low-cost, non-toxic, low
crystallization temperature, etc [11].
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The current study focuses on the synthesis of a promising hybrid semiconductor material
which has not been extensively investigated so far. Since the inception of the concept of
organic-inorganic hybrid solar cells, only few works to the best of our knowledge have been
reported on the enhancement of optical absorption properties of ZnO nanocrystals doped P3HT
nanocomposite [12, 13]. Overall, in this report we demonstrate a systematic harvesting of light
absorption induced by ZnO nanocrystals in P3HT which was prepared via a direct solution
mixing procedure.

2. Experimental

The ZnO nanocrystals powder used in the current study was synthesized following the
procedure described in our previous works [14, 15]. In a typical procedure ZnO nanocrystals
powder was dissolved in absolute ethanol via a systematic sonication for 15 min at room
temperature to obtain a clear aqueous ZnO solution (S1). On the other hand, P3HT solution was
obtained by dissolving poly(3-hexylthiophene-2,5-diyl) in chlorobenzene (solvent) under
rigorous stirring for 2 h at 40 °C. The resulting yellowish solution (S2) of P3HT (0.54 mg/ ml)
was then used to fabricate the reference film (F1) and further mixed to the ZnO solution for the
fabrication of the P3BHT-ZnO film (F2). To form P3HT-ZnO solution, S1 and S2 were mixed
and stirred for 30 min resulting in a bluish-dark solution (S3). At the same time the glass slides
were rigorously cleaned in successive acetone and alcoholic solution several times under
constant sonication for 30 min. To fabricate the films, S2 and S3 were respectively deposited on
pre-heated glass slides by drop casting process and allowed to dry in air for 48 hours in the dark.
XRD measurements were carried out on RigakuSmartlab diffractometer using Cu Ka radiation
(A=0.1540593 nm) using a 45 kV tube voltage and 200 mA tube current (X-ray generator
parameters). The experiment was carried out using the out-of-plane and in-plane 1D grazing
incidence XRD mode. The room temperature (RT) UV—Vis absorption spectra of the P3HT and
P3HT-ZnO films were investigated using a Perkin-ElmerLambda 1050 UV /Vis/NIR
spectrophotometer equipped with integrated sphere. Raman scattering were collected using a
Horiba Jobin-Yvon HR800 Raman spectrometer equipped with a visible microscope with a
514 nm excitation Ar* laser with a spectral resolution of 0.4 cm™ at RT. Fourier transform
infrared (FTIR) spectra were collected at RT in the transmittance mode using a Perkin—-Elmer
100 FTIR spectrometer.

3. Results and discussion

Figure 1 depicts grazing incidence X-ray diffraction (GIXRD) patterns of the as-prepared
films. Three intense diffraction peaks at 20 = 5.48, 19 and 23 ° of the patterns were assigned to
(100), (010)' and (010) crystallographic reflexions of P3HT. The most prominent (010)
diffraction peak is associated with the m—m" stacking of the polythiophene backbones [16].
However, the additional reflexions observed at 20 = 31, 34, 36 ° correspond to the hexagonal
wurtzite structure of ZnO (see Figure la). More importantly, the change in scanning
orientation from out-of-plane to in-plane revealed a systematic change of the structure
crystallinity which may be related to the different lattice orientations exhibited by P3HT and
ZnO.
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Figure 1.0ut-of-plane (a) and in-plane (b) GIXRD patterns of the prepared samples.

Figure 2 shows typical broad absorption spectra ranging from 350 — 750 nm of P3HT due
to intermolecular m-m* ordering. There was a distinguished enhancement of the absorption
spectra of doped as compared to un-doped P3HT film, implying effective improved photo
generated exciton due to ZnO doping. Moreover, the slight red shift observed in the doped m-m*
spectrum edge denotes a reduced band gap due to enhanced electron delocalization being
assigned to charge transfer [17, 18]. The resulting graded of the band gap which may lead to the
broadening of the absorption spectrum of the doped P3HT film suggest a good match with the
solar irradiance spectrum as compared to the P3HT film.
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Figure 2.UV-Vis absorption spectra of the samples.

Figure 3 shows Raman scattering spectra recorded for P3HT and P3HT-ZnO films.
Various Raman characteristic peaks were observed in the scattering spectrum. The most
prominent Raman band was observed at about 1447.3 cm™ which was associated with a less
intense peak at 1379.4 cm™!, the peaks were assigned to the C=C stretching vibrations of
thiophene ring and C-C skeletal stretching vibrations [19, 20]. Moreover, the band at about
598.8 cm™ was assigned to in-plane thiophene ring deformation. Furthermore, the peaks
observed at 675 and 725.4 cm™' were assigned to the symmetric and antisymmetric C-S—C
deformation vibrations on the thiophene ring, respectively, while the peak at about 873 cm!
was due to C-H out-of-plane deformation. Finally, the peaks located at about 2827 and 289 cm™!
correspond to the C—H symmetric and antisymmetric stretching, respectively.
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Figure 3.Raman scattering spectra of PBHT-ZnO film.

Figure 4 shows the FTIR spectra of P3HT and P3HT-ZnO films. The spectra look similar
with slight differences mostly related to the intensities of the absorption peaks which is most
pronounced in the P3BHT-ZnO film. However, both spectra exhibited two main bands at about
3030 cm™ and 2931 - 2847 cm™ which are respectively due to C=CH and stretching vibrations
of C-H bonds on the thiophene ring. Moreover, the broad absorption band in the range of
3300 — 3500 cm™! was ascribed to =C—H bonds [19].
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Figure 4.FTIR spectra for P3HT and P3BHT-ZnO films.

4. Conclusion

In the current research work we have successfully prepared a hybrid material for solar
cell active layers via a direct solution mixing procedure. The obtained enhanced absorption
characteristic due to improved photoinduced charge transfer between the organic and inorganic
semiconductors is paving the way to potential high efficient and low-cost hybrid optoelectronic

devices.

60



G. L. Kabongo et al. Nano Studies, 2015, 11, 57-62.

Acknowledgements

This work has been financially supported by the University of South Africa (UNISA) and

National Research Foundation (NRF) (Grant # 88028).

We gratefully acknowledge the support of the Council of Scientific and Industrial

Research (CSIR) of South Africa.

10.

References

S. D. Oosterhout, L.]J. A, Koster, S.S.van Bavel, ]. Loos, O. Stenzel, R.Thiedmann,
V.Schmidt, B.Campo, Th.].Cleij, L.Lutzen, D.Vanderzande, M. M. Wienk,
R. A.J. Janssen. Controlling the morphology and efficiency of hybrid ZnO:
Polythiophene solar cells via side chain functionalization. Adv. Energy Mater., 2011, 1,
90-96.

H. Tai, X. Li, Y. Jiang, G. Xie, X. Du. The enhanced formaldehyde-sensing properties of
P3HT-ZnO hybrid thin film OTFT sensor and further insight into its stability. Sensors,
2015, 15, 2086-2103.

F.Guo, B.Yang. Y.Yuan, Zh.Xiao, Q.Dong, Y.Bi, Ji. Huang. A nanocomposite
ultraviolet photodetector based on interfacial trap-controlled charge injection. Nat.
Nanotechnol., 2012, 7, 798-802.

M. Choe, B.H.Lee, W. Park, ].-W/Kang, S.Jeong, K.Cho, W.-K. Hong, B. H. Lee,
K. Lee, S.-J. Park, T. Lee. Characteristics of light-induced electron transport from P3HT
to ZnO-nanowire field-effect transistors. Appl. Phys. Lett., 2013, 103, 223305.

S. D. Oosterhout, M. M. Wienk, S. S.. van Bavel, R. Thiedmann, L. ]J. A. Koster, J. Gilot,
J. Loos, V. Schmidt, R. A.]. Janssen. The effect of three-dimensional morphology on the
efficiency of hybrid polymer solar cells. Nat. Mater., 2009, 8, 818-824.

Y. Peng, G. Song, X. Hu, G. He, Zh. Chen, X. Xu, J. Hu. In situ synthesis of P3HT-capped
CdSe superstructures and their application in solar cells. Nanoscale Res. Lett., 2013, 8,
106-113.

J.Seo, S.J.Kim, W.].Kim, R.Singh, M. Samoc, A.N. Cartwright, P.N. Prasad.
Enhancement of the photovoltaic performance in PbS nanocrystal:P3HT hybrid
composite devices by post-treatment-driven ligand exchange. Nanotechnol., 2009, 20,
095202.

H. Geng, C.M. Hill, Sh.Pan, L.Huang. Electrogenerated chemiluminescence and
interfacial charge transfer dynamics of poly(3-hexylthiophene-2,5-diyl) (P3HT)-TiO2
nanoparticle thin film. Phys. Chem. Chem. Phys., 2013, 15, 10, 3504-3509.

S. A. Dowland, L. X. Reynolds, A. Mac Lachlan, U. B. Cappel, S. A. Haque. Photoinduced
electron and hole transfer in CdS:P3HT nanocomposite films: Effect of
nanomorphology on charge separation yield and solar cell performance. J. Mater. Chem.
A, 2013, 1, 13896-13901.

W.]. E. Beek, L. H. Slooff, M. M. Wienk, J. M. Kroon, R. A. J. Janssen. Hybrid solar cells
using zinc oxide precursor and conjugated polymer. Adv. Mater., 2005), 15, 1703-1707.

61


http://www.nature.com/nnano/journal/v7/n12/full/nnano.2012.187.html#auth-2

Facile preparation of PZBHT-ZnO heterostructure: Structural and spectroscopic properties.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

X. Chen, L.Chen, Y.Chen. Self-assembly of discotic liquid crystal decorated ZnO
nanoparticles for efficient hybrid solar cells. RSC Adv., 2014, 4, 3627-3632.

F. Gao, Sh. Ren, J. Wang. The renaissance of hybrid solar cells: progresses, challenges,
and perspectives. Energy Environ. Sci., 2013, 6, 2020-2040.

A.]J. Moule, L. Chang, Ch. Thambidurai, R. Vidua, P. Stroevea. Hybrid solar cells: Basic
principles and the role of ligands. J. Mater., 2012, 22, 2351-2368.

G. L. Kabongo, G. H. Mhlongo, B. M. Mothudi, K. T. Hillie, H. C. Swart, M. S. Dhlamini.
Enhanced exciton emission from ZnO nano-phosphor induced by Yb?* ions. Mattr. Lett.,
2014,119, 71-74.

G. L. Kabongo, G/ H. Mhlongo, Th. Malwela, B. M. Mothudi, K. T. Hillie,
M. S. Dhlamini. Microstructural and photoluminescence properties of sol-gel derived
Tb* doped ZnO nanocrystals. J. Alloys & Comp., 2014, 591, 156-163.

J. D. Roehling, I. Arslana, A.]. Moulé. Controlling microstructure in poly(3-
hexylthiophene) nanofibers. ]. Mater. Chem., 2012, 22, 2498-2506.

W. Shen, J. Tang, R. Yang, H. Cong, X. Bao, Y. Wang,a X. Wang, Zh. Huang, ]. Liu,
L. Huang, J. Jiao, Q. Xu, W. Chenb, L. A. Belfiore . Enhanced efficiency of polymer solar
cells by incorporated Ag-SiO:2 core—shell nanoparticles in the active layer. RSC Adv.,
2014, 4, 4379-4386.

P. Chawla, S. Singh, Sh. N. Sharma. An insight into the mechanism of charge-transfer of
hybrid polymer:ternary/quaternary chalcopyrite colloidal nanocrystals. Beilstein J.
Nanotechnol., 2014, 5, 1235-1244.

S. Abdul Almobhsin, J. B. Cui. Graphene-enriched P3HT and porphyrin-modified ZnO
nanowire arrays for hybrid solar cell applications. J. Phys. Chem. C, 2012, 116,
9433-9438.

X. Bai, Ch. Sun, S. Wu, Y. Zhu. Enhancement of photocatalytic performance via a P3HT-
g-CsN4 heterojunction. J. Mater. Chem. A, 2015, 3, 2741-2747.

62


http://dx.doi.org/10.1039/1364-5501/1991

H. A. Alshahrani & M. H. Hojjati. Nano Studies, 2015, 11, 63-68.

IN-PLANE SHEAR DEFORMABILITY OF OUT-OF-AUTOCLAVE
PREPREGS UNDER DOUBLE-DIAPHRAGM VACUUM COMPACTION

H. A. Alshahrani, M. H. Hojjati

Concordia University

Concordia Center for Composites
Montreal, Quebec, Canada
h_alshah@encs.concordia.ca

Accepted October 19, 2015

Abstract

During the diaphragm forming process for carbon / epoxy prepregs, a vacuum seal is
applied between the upper and lower diaphragms to compact and hold the laminate. Therefore,
a thorough characterization of the in-plane shear behavior of fabrics under diaphragm forming
conditions must take into account the effect of vacuum-sealing and compaction between the
two diaphragms during bias extension. The study presented here examined the shear angles of
out-of-autoclave 8-harness satin woven carbon / epoxy prepregs under diaphragm compaction.
A bias extension test was conducted to study the effect of diaphragm compaction and ply
interactions on shear properties. The test was performed at different compaction levels, and
changes in shear angle with respect to vacuum levels and diaphragm compaction forces were
observed. The contribution of diaphragm material and ply interaction to shear stiffness was
evaluated and compared with results from a direct bias extension test. The samples were tested
at both room temperature and at elevated temperatures using a radiant heater. The results show
that shear angle decreases significantly as vacuum pressure and compaction is applied between
the two diaphragms. This finding indicates that vacuum levels and compaction forces have a
significant influence on the deformation limit and wrinkling onset during the diaphragm
forming process.

1. Introduction

Conventional composite manufacturing techniques, such as hand lay-up, are labor
intensive, costly and efficient only for small production runs. In order to automate the
composite manufacturing techniques and reduce processing costs for the aerospace industry,
alternative approaches, such as the resin-transfer molding, stamping, and diaphragm-formation
processes, have been developed.

Double-diaphragm forming, which was initially applied to thermoplastic matrix
composites, is one of the most important sheet-forming processes for composite materials. A
typical double-diaphragm forming process consists of three steps [1, 2]. A flat laminate must
first be placed between two deformable sheets known as diaphragms, which are themselves
clamped over a forming box. The space between the diaphragms is subjected to a full vacuum
seal. Next, the laminate between the diaphragms is heated up to processing temperature. Finally,
controlled vacuum pressure applied to the forming-box cavity below the lower diaphragm
causes forming to take place. Polymeric diaphragms are commonly used due to their ability to
deform without rupturing under high processing temperatures [3, 4].
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In-plane shear deformation is the dominant deformation mechanism used during
formation of double-curved parts [5]. This deformation mechanism affects woven fabrics,
warping the rotation of the yarns at their crossovers and causing a change in fiber orientation.
Rotation around weave crossover is mainly limited by the ability of fiber yarns to contact each
other (known as “locking angle”; see [6, 7]. A critical locking angle is reached when all yarns
come into contact with each other and become compressed, causing a rapid increase in force
that results in wrinkling [8]. Simulations conducted in [1, 2] confirm the necessity of scaling up
the in-plane shearing stiffness from what was measured in bias extension tests without
compaction pressures in order to properly test this phenomenon. The present study implements
compaction between two diaphragms during the bias extension test in order to understand the
relative magnitude of in-plane shear stiffness under diaphragm forming conditions; these results
can then be incorporated into bias extension test simulations.

The purpose of this study is to evaluate the magnitude of in-plane shear stiffness and
shear angles under double-diaphragm vacuum compaction using a bias extension test. Changes
in shear angle with respect to applied compaction forces are observed. In addition, the
contribution of diaphragm compaction to shear stiffness is measured by comparing the results of
the compaction test with results from a direct bias extension test.

2. Experiment
2.1. Materials

The out-of-autoclave prepreg selected for this study was the 8-harness satin woven
carbon/epoxy from Cytec Engineered Materials. The resin code is (Cycom 5320) toughened
epoxy and the fabric has 3K fibers per tow. The fabric areal weight is 375 g/ m? and the resin
content is 36 % by weight. The measured thickness of uncured one-ply is approximately
0.47 mm. The diaphragm material used in this study was a translucent silicone rubber
(EL1040T) manufactured by Torr Technologies Inc. (thickness 1.6 mm).

2.2. Bias extension test under diaphragms compaction

A bias extension test was conducted to study in-plane shear deformation under
diaphragm forming compaction. Prepreg samples were placed between two diaphragm films;
compaction was generated using a sealed vacuum bag due to the difficulty of sealing the two
diaphragms together. Figure 1 illustrates in detail the attachment of the prepreg sample and
diaphragm films to the custom grips. The bias extension setup clamped in the tensile machine is
shown in its entirety in Figure 2. The load needed to extend the prepreg sample under
diaphragm compaction can be described by the following formula [9]:

F,=F —Fy— F;. (1)

Custom grip Upper diaphragm film
Prepreg sample

| | Upper vacuum bagging film

Upper release film — # =
PP l l ‘ |l —————Sealant tape

Lower release film i ~

Lower vacuum bagging film

Cust i
Hstam grip Lower diaphragm film

Figure 1. Detailed diagram of attachment of prepreg
sample and diaphragm films to the customs grips.
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Figure 2. Bias extension setup under diaphragm forming compaction.

In this equation, F; is the load needed to extend the prepreg sample, F; is the total
measured load of the bias extension setup with the prepreg sample, F, is the load required to
extend the bias extension setup without the prepreg sample, and Fy is the friction force between
the sample and diaphragm films. The test conditions of this case are presented in Table 1.

Table 1. Test conditions of bias extension under compaction.

Temperature, °C  Cross-head rates, mm/min Number of layers, +45° Level of compaction, kPa

RT 20 2 100, 50, 20
50 20 2 100
90 20 2 100

3. Results and discussion

Bias extension samples were taken in a 50 °C environment under 100 kPa of compaction
in order to study the effect of diaphragm forming compaction on in-plane shear deformation,
with the goal of applying these findings to future diaphragm forming simulations. In order to
determine the magnitude of each load at each displacement, the bias extension setup was tested
twice, once with the prepreg sample and once without it. The orange dashed line in Figure 3
represents the total measured load of the bias extension setup with the prepreg sample (F; ); the
onset of sample buckling corresponds to the large deformation point (between 20 to 25 mm).
The load required to extend the bias extension setup without the prepreg sample (F; ) is shown
by the blue dashed line in Figure 3. Note that, in this case, no buckling is observed at the large
deformation point. The load needed to extend the prepreg sample (F;) was calculated according
to equation (1); the results are illustrated by the black diamonds in Figure 3. The magnitude of
the load response gives a good indication of the actual load needed to elongate the prepreg
samples. However, slight differences in the magnitude of the load needed to extend the prepreg
sample were found among all test trials. This difference is attributed to a loss of compaction in
the prepreg sample during testing.
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Figure 3. Load-displacement response to the bias extension test under 100 kPa
compaction at 50 °C. F; indicates the load needed to extend the prepreg sample; F;
is the total measured load of the bias extension setup with the prepreg sample; Fj
is the load required to extend the bias extension setup without the prepreg sample.

3.1. Change in shear angle

The change in shear angle can be measured by analyzing the series of test images taken
by the digital cameras during the study with AutoCAD. A comparison of the measured angle
found during the compaction test and the angle found during the direct bias extension test is
shown in Figures 4 and 5. The results show that the shear angles decreased significantly in the
bias extension test with compaction. Therefore, it appears that the compaction parameter
applied during double-diaphragm forming successfully restricted the in-plane shear
deformation. Note, however, that the laminate must be in a flat and tense state at the onset of
the procedure to avoid any compression that may lead to wrinkling during the forming step.
Controlling this factor during the initial forming step is therefore essential in order to avoid a
compressive state and to reach a higher degree of deformability. A detailed comparison between
the direct bias extension test and the bias extension test under 100 kPa compaction for both
temperatures is summarized in Table 2. It can be seen that the load needed to extend the
prepreg sample in the direct bias test was very low compared with the load needed in the
compaction test. On the other hand, the shear angles measured during the compaction test were

significantly smaller than those measured during the direct bias test.
70 T
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Figure 4. Comparison between measured shear angle using direct bias extension test and
measured shear angle using bias extension test with 100 kPa compaction, both at 50 °C.
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Figure 5. Comparison between measured shear angle using direct bias extension test and
measured shear angle using bias extension test with 100 kPa compaction, both at 90 °C.

Table 2. Comparision between direct bias test and bias under 100 kPa compaction.

50°C 90 =C
Direct bias test Bias test under 100 Direct bias test Bias test under 100
kPa kPa
Displacement | Load (N) Shear Load Fs Shear Load (N) Shear Load Fs Shear
(mm) angle N) angle angle ™) angle
(deg.) (deg) (deg.) (deg.)
5 1.462718 14 20.32702 6 0.389929 14 21.355 7
10 1.716431 29 49.05017 16 0.902454 31 45.5031 19
15 4.068002 45 60.1025 23 1.862866 46 52.9534 23
20 13.42035 59 68.148 30 3.698215 62 59.3367 32
25 35.78173 67 80.2394 34 8.361 69 69.5943 37
30 66.72067 69 78.9854 38 9.36147 70 72.8692 41

3.2. Influence of compaction level

800 T T
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Figure 6. The effect of compaction level on the load response.
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The goal of the compaction procedure carried out during the bias extension test in this
study was to simulate the vacuum applied between double diaphragms during the forming
process. The effect of this vacuum parameter was investigated at three compaction levels: 20, 50
and 100 kPa, as shown in Figure 6. An unexpected correlation was observed between
compaction level and load response: as the level of vacuum compaction increased, the load
decreased at each selected displacement. For instance, the load measured at 15 mm
displacement and 50 kPa was around 498 N, while a load of 573 N was measured at the same
displacement with 20 kPa. However, further investigation is necessary to confirm this
phenomenon and arrive at reproducible data.

4. Conclusion

A new bias extension test was evaluated under vacuum compaction at different
temperatures and compaction levels. The results show that shear angle decreases significantly as
vacuum pressure, and therefore compaction, is applied between two diaphragms. This finding
indicates that compaction force has a significant influence on the deformation limit and
wrinkling onset during the diaphragm forming process; thus, compaction should be taken into
appropriate consideration in future simulations. It was found that the load required to extend a
prepreg sample during a direct bias test is very low compare to the load required during the bias
test under compaction. On the other hand, the shear angles produced during the bias test under
compaction were significantly smaller. In addition, load response was found to increase as
vacuum compaction level decreased. However, further investigation is necessary to confirm this
phenomenon and arrive at reproducible data.
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Abstract

The need for environmentally friendly materials for applications in packaging has never
been greater. One of the challenges in packaging applications is to have a material that has the
right balance of properties and cost. A new type of thermoplastic starch copolymer has been
investigated for its physical properties; this thermoplastic starch copolymer was prepared by
reacting starch and polyesters. This paper will discuss the investigation on the use of cassava
starch and clay to further improve the formulation of thermoplastic starch copolymer. The
objective of adding cassava starch is to reduce cost, whereas the objective of adding clay is to
further improve the properties under wet conditions. The materials were processed using a lab-
scale twin screw extruder and injection molding. Addition of Na-montmorillonite improved
water resistant and mechanical properties.

1. Introduction

Starch is a widely available, low cost, and naturally renewable. In addition, starch is
generated from carbon dioxide and water by photosynthesis in plant, and it is a biodegradable
agro-polymer. For these reasons starch is expected as a promising alternative to petrochemical
resources for packaging applications.

Starch based polymers can provide biodegradable and sustainable solutions for the
products such as single use disposable packaging, consumer goods and other plastics. The
general procedure to process starch based polymers involves the granular disruption by the
combination of temperature, shear, and a plasticizer, which is usually water and / or glycerol.
The resultant material is known as thermoplastic starch (TPS). In recent years, there are many
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research related to starch-based plastics because it is compostable and in order to reduce the
amount of petroleum-derived plastics in solid waste streams. However, the use of TPS is limited
in industrial applications, owing to its low mechanical property and humidity.

A new type of thermoplastic starch copolymer has been developed by Polymer Specialties
International Ltd., Canada. This thermoplastic starch copolymer was prepared by reactive
extrusion with the addition starch, polyester (and other chemicals) in order to obtain a
thermoplastic starch copolymer (WO 2013/116945 — Process for making starch-resin copolymer,
Polymer Specialties International).

Preliminary work in our laboratory with this material showed some promising results
with respect with resistance to water. Under wet conditions this new thermoplastics starch
copolymer exhibits far better mechanical properties than regular thermoplastic starch.

In this study, we tried to further improve the formulation of thermoplastic starch
copolymer (TPSC) using cassava starch and nanoclays. The objective of adding cassava starch is
to reduce cost, whereas the objective of adding nanoclays is to further improve the properties
such as tensile, flexural and other dynamic mechanical properties under wet conditions.

2. Material and method
2.1. Materials

Thermoplastic starch copolymer was supplied by Polymer Specialties International Ltd.
(Canada), unmodified cassava starch was supplied by Bahiamido (Brazil), and glycerol (98 %)
was purchased from Sigma Aldrich (USA). Two types of nanoclays were used in this study, one
based on unmodified Na-montmorillonite clay (Na-MMT (Cloisite Na*)) and organically
modified montmorillonite (Cloisite 30B), both were purchased from Southern Clay (USA).

2.2. Preparation of TPSC nanocomposites

The TPSC nanocomposites were prepared in aqueous media. TPSC, cassava starch, and
nanoclays were dried in a convection oven at 50 °C for 1 week prior to use. The procedure
consisted of two steps. The first step was the preparation of starch nanocomposites and second
was the preparation of TPSC nanocomposites.

Preparation of starch nanocomposites

For the preparation of starch nanocomposites, the 5 wt. % nanoclay and glycerol were
dispersed in distilled water by sonication for overnight at room temperature. A separate
mixture of 10 wt. % of cassava starch was prepared in distilled water; the suspension was heated
to 80 °C with continuous stirring for 20 min to achieve gelatinization of starch. The dispersion
with nanoclay and glycerol was added to the starch mixture and heated to 80 °C under
continued stirring. The resulting products were left for drying overnight 50 °C in convection
oven followed by drying in a vacuum oven at 50 °C for 24 h.

Preparation of TPSC nanocomposites

The TPSC nanocomposite was prepared by mixing TPSC and starch nanocomposites
using a laboratory scale twin-screw extruder. Both materials were dried at 50 °C for 24 h to
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minimize moisture in the extrusion process. The components were introduced in the feeding
zone and allowed to melt at 150 °C and mixing speed was set at 75 rpm. Mechanical test samples
were prepared by injection molding. Barrel temperature was 150 °C and the pressure was
100 psi. Two different specimen geometries (rectangular bar and dumbbell) were prepared.
After injection molding, the specimens were kept in an oven 115 °C for 11 min. Then, the bars
were conditioned at 23 °C at 50 % relative humidity for flexural, tensile and impact tests.

2.3. Characterizations

Mechanical properties

The mechanical properties for TPSC nanocomposites were determined from the tensile
and flexural stress-strain curves following ASTM methods D1708 and D790. The average slope
of the elastic region of each tensile and flexural curve was determined as the modulus of the
material. The average maximum stress achieved in the tensile and flexural tests was also
calculated as the yield strength of the materials. The standard deviation was calculated using
the test result of 5 specimen bars. The dynamical mechanical thermal analysis were carried out
with a DMTA-V (Rheometric Scientific) using a single cantilever test. The dynamic storage
modulus (E’) was measured as a function of temperature from 30 to 110 °C, at a constant heating
rate of 3 °C/ min and displacement amplitude of 0.1 %, at a frequency of 1 Hz. Samples were
conditioned at different relative humidity levels (50 and 100 %) at 23 °C for different time
(from O to 24 h).

Morphology

The surface morphology of the TPSC nanocomposites was investigated with scanning
electron microscopy (SEM) analysis using a LEO1550 (Zeiss). The specimens were sputter-
coated with gold prior to the experiment to avoid any charging during scanning (15 mA, 120 s).
The size of features in the image (diameter) was measured using the Image J software.

Water absorption studies

For water absorption characterization studies, the samples were dried in a vacuum oven
until constant weight was obtained and then placed in desiccators to cool before water
absorption testing by gravimetric methods and this weight was taken as initial weight (Wi). The
samples were then soaked in deionized water for different periods (0 to 30 days), after which
they were blotted-dry with a lint free cloth. The increase in weight was taken as final weight
(WI1). Water absorption is expressed as the increase in weight percent. The percentage of water
absorption was calculated by the equation (1). In addition, the diffusion of water for period
between 1 and 24 h was calculated. It is of great significance for composites because it tells how
much of a liquid diffuses into a composite, how rapidly and to what extent. From the curves of
water absorption as a function of time the water diffusion coefficients were calculated for each
specimen. Among several authors, Fick’s second law is generally considered the starting point
of the mathematical description of diffusion, although it may not be obeyed by polymers or
polymer composites. The Boltzmann's form of Fick’s general diffusion equation used in this
work.

Water absorption (%) = (W — Wi) / Wi) x 100. (1)

71



Development of thermoplastic starch nanocomposites for wet conditions.

3. Results and discussion
3.1. Mechanical properties

The results of flexural and tensile experiments are presented in Table 1. The flexural and
tensile strength of TPSC decreased after addition of cassava starch without nanoclays. However,
these strengths were significantly raised due to the addition of cassava starch with nanoclays.
Especially by incorporation of Na-MMT, the flexural and tensile strength was significantly
increased. These results suggested that the presence of an unmodified clay affected mechanical
properties of TPSC matrix more significantly than the organically modified clay. The increase
in properties is related to the reinforcement effect of nanoclays in the polymer matrix and it is
supported by morphological analysis results. It is likely that the high interfacial surface area
provided by well dispersed nanoparticles enhanced the load transfer between the polymer
matrix and nanoparticles, resulting in improvement of compression-mechanical properties of
composite samples. Other authors observed similar effect in other polymers.

Table 1. Mechanical properties of TPSC and TPSC-nanocomposites.

Starch composite (wt. %) Mechanical properties

Flexural Flexural Tensile Tensile FElongation

TPSC isi -
Cassava _ Glycerol - Cloisite Na strength modulus strength modulus  at bleak

starch 308 MMI (MPa) (MPa) (MPa) (MPa) (%)

No.l 100 0 0 0 0 9.0 204.8 6.79 1165 956
No2 70 240 6 0 0 6.8 384.4 5.02 139.1 434
No3 70 225 6 15 0 7.0 396.8 5.46 163.0 350
Nod4 70 210 6 3.0 0 73 380.2 5.91 1517 499
No5 70 225 6 0 15 79 405.9 5.23 1538 433
No6 70 210 6 0 3.0 8.4 483.6 6.38 161.1 482
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Figure 1. DMTA of TPSC and TPSC-nanocomposites.
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The DMTA analysis was carried out to follow the temperature dependence of storage
modulus (E’) of the TPSC nanocomposites. Results are shown in Figure 1 for samples 1, 2 and 6
for three different situations: without contact to water (labelled as Oh), immersed in water for 2
hours (labelled 2h) and immersed in water for 24 h (labelled as 24h). It was observed that in the
entire range of temperature (30 to 110 °C), the addition of starch composites to the blend
system extensively increased the storage modulus. For samples without contact to water (Oh),
the storage modulus of Na-MMT composite was higher than that of other samples. This is likely
due to a better dispersion of the clay and to greater reinforcing effect of the stiffer clay silicate
layers in the TPSC nanocomposites. In addition, these samples were treated in water for 2 and
24 h. After 2 h of contact to water, the storage modulus of samples which contained starch
decreased. The addition of Na-MMT resulted higher modulus than other samples for the same
conditions (2 h water treatment). The modulus of samples with starch was not measured after
24 h of water contact because samples were brittle.

3.2. Morphology

The SEM images from the fractured surfaces of the thermoplastic starch copolymer
(TPSC) and TPSC nanocomposites with 3 wt. % of Na-MMT are shown in Figure 2. The images
were taken with a magnification of 2000 times at the microscope to show an overview of the
fractured surfaces. From Figure 2b it can be seen that the dispersion of starch granules with the
size about 10 um. There were some broken starch granules which have the size less than 10 pm
as well. However, the location of the nanoclay was not confirmed in the TPSC nanocomposites
by the SEM images.

Figure 2. SEM images of TPSC (2a, left) and TPSC with 3 wt. % of Na-MMT (2b, right).

3.3 Water absorption studies

From Table 2, it can be seen that TPSC with starch composites showed a drastic increase
in the water absorption with a value of 30.4 % for 24 h and diffusivity was higher than other
samples. In addition, these samples were broken and degraded within 24 h. On the other hands,
the blends with nanoclay decreased water absorption and diffusivity when compared to starch
without nanoclay. Some cracks were observed in the TPSC nanocomposites, although samples
were not broken completely.
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Table 2. Water absorption and diffusivity of TPSC and TPSC-nanocomposites.

Water absorption (%) Diffusivity
(mm?2s!
Oh 2h 6h 8h 24h 48h 96h 144h 168h x 109)
No.l 00 1.7 34 40 73 96 112 104 104 0.45
No.2 0.0 65 150 185 304 - - - - 6.27
No.6 00 43 86 9.7 189 214 19.7 194 20.1 2.65

4. Conclusions

New TPSC nanocomposites with nanoclay were prepared via a simple method.
Mechanical properties and water resistance of the TPSC nanocomposites were measured.
Addition of nanoclay improved mechanical properties and decreased water absorption. Because
of its renewability, biodegradability and low cost, starch based materials became one of feasible
agro-based sources that can replace petroleum based materials in packaging applications. They
are in tune with the concept of sustainable development.
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Abstract

The possibility of mass production of ultrafine-grained (UFG) titanium by industrial
caliber rolling was examined. As complementary investigations, laboratory caliber rolling tests
were also performed. The mechanical and metallurgical characteristics of the rolled materials
were studied. The process led to an UFG microstructure with high dislocation density,
accompanied by high tensile strength and good ductility. Mathematical modeling indicated that
the refinement of the grains was caused by the large shear strains and the non-monotonicity of
deformation, i.e. caliber rolling can be regarded as a severe plastic deformation procedure. In
addition, the characteristics of the samples processed by industrial caliber rolling were
compared to those produced under laboratory conditions. The microstructure and the
mechanical properties of the materials processed by the two ways were similar, indicating that
industrial caliber rolling is capable of mass production of UFG titanium.

1. Introduction

In the past decades, several severe plastic deformation (SPD) procedures were developed
for processing bulk metallic materials with ultrafine-grained (UFG) microstructure.
Accumulative roll bonding (ARB) [1, 2], equal channel angular pressing (ECAP) [3, 4], high
pressure torsion (HPT), [5] and repetitive corrugation and straightening [6] are some examples
for these processes. SPD procedures usually produce UFG materials under laboratory conditions,
i.e. their productivity is low. Significant breakthrough in the application of UFG materials (i.e.
their commercialization) can only be achieved if they were manufactured in an industrial
environment.

The common characteristic of the SPD techniques is the large shear strain and the non-
monotonic nature of the deformation. The concept of monotonic deformation was introduced
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by [7]. As he wrote, a forming process develops monotonically if no component of the rate of
strain tensor changes its sign, i.e. the eigenvectors of the rate of strain tensor are parallel to the
eigenvectors of the strain tensor during the whole deformation process and the Lode parameter
remains constant. Studying the possible ways of deviation from the monotonic deformation
contributes to develop processes which assure the production of fine grains. Although, caliber
rolling is not an usual SPD method, its industrial application for producing UFG titanium is
promising due to its productivity and non-monotonic nature.

According to former experience, titanium is an ideal material for devices to be implanted
into the human body. It is chemically inert, does not react with human body fluids, and, if it is
necessary, after proper surface treatment the bone is able to adhere to titanium implants.
However, if the adherence of the implant to the bone is contraindicated, it can be impeded by
tailoring the titanium surface morphology. This dual feature makes this metal well and widely
applicable for different medical purposes.

Besides the listed favourable biological properties, titanium makes possible the
application of up-to-date diagnostic procedures (e.g. Magnetic Resonance Imaging (MRI) and
Computer Tomography (CT)) on persons having titanium implants, because it does not show
magnetic properties in strong magnetic fields and does not interfere with X-ray radiation. These
statements apply for titanium alloys, as well.

From the physiological viewpoint, pure titanium is better than its alloys since the
alloying elements may yield toxic reactions in the human body. At the same time, the strength
of pure titanium is much lower than that of its alloyed counterparts. In pure metals the strength
can be improved by grain refinement with the application of SPD procedures, resulting in high
strength semi-products for the fabrication of implants and protheses. The usage of pure
titanium significantly decreases the risk of irritations caused by the alloying elements, therefore
the implant might stay in the body if the risk of removal is too high. While medical application
of titanium alloys is widespread universally, examples for the application of commercial purity
(CP) titanium are rare. Further, there is no solution yet for the industrial mass production of
bulk UFG titanium. The present paper studies the microstructure and the mechanical properties
of CP-Ti processed by caliber rolling in both laboratory and industrial environments. The
degree of non-monotonicity for these procedures is also investigated. It is found that caliber
rolling may be a candidate for mass production of UFG CP-Ti for medical applications.

2. Experiments and process modeling

2.1. Rolling experiments in laboratory and industry

Grade 2 titanium specimens with 200 mm in length and 30 mm in diameter in an
annealed condition (annealing at 650 °C for 2h then cooling in air) were used for the
laboratory rolling tests. The initial mechanical properties were as follows: yield strength,
YS =332 MPa, ultimate tensile strength, UTS =439 MPa, reduction in area, Z =58 %,
elongation to failure, A =22 %, strain energy density to fracture, We=4127]/ cm3.

The laboratory caliber rolling was carried out on samples pre-heated to 450 °C. A twin-
motor rolling mill with the power of 2 x 7.5 kW was used in the experiments. The diameter of
the roll was 180 mm. The roll stand can be used in both symmetrical and asymmetrical modes
(see Figure 1). The first mode enables both flat and caliber rolling processes. The caliber rolls
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used in the present study are shown in Figure 2. Four reductions were performed in the first
part of the process. The roll speed was 6 rpm. After the first part of the rolling procedure the
specimen was reheated to 450 °C. The second part of the rolling process was performed in six
passes using the same heating procedure between subsequent passes as applied in the first part
of the process. In the first and second parts of the procedure different roll pairs were used, as
shown in Figure 2. After the last pass in the second part a final diameter of 8 mm was achieved.

Figure 1. The sketch of the experimental roll stand for
caliber rolling. 1 — speed control, 2 — twin motor drive.

Figure 2. The pairs of rolls.

Industrial warm caliber rolling of titanium was performed using the rolling mill system
of OAM Ozd Steelworks Ltd. (Ozd, Hungary). The shape and the size of the roll cavities for the
twelve passes are shown in Figure 3 and Table 1. At the beginning of the process the material
was heated to the rolling temperature of ~300 °C in an induction furnace. This temperature
was lower than that applied for laboratory rolling, since the heat production rate during
industrial rolling was larger due to the higher rolling speed. During the rolling process the
“elongation section” was executed in the first six mill stands. The speed of the first pair of rolls
was 8 rpm. The finish rolling was performed in the next six stands. The diameter of the rolls
was 415 mm. The oval piece was rotated by 90 ° at each stand in order to arrive in the next mill
position. The bars with 1000 mm in length were continuously moved through the six mill
stands. The temperature was measured by contact thermometers. The cross section of the bar
was reduced from 70 to 34 mm during the elongation section of rolling. The process parameters
are listed in Table 2. The rolled bars were cut to smaller pieces with 2000 mm in length. They
were heated to ~ 300 °C before the finish rolling. In this final step of processing the diameter of
the bars was reduced from 34 to 20 mm. The process parameters for finish rolling are listed in
Table 3. The speed of the first pair of rolls in the finish rolling process was 40 rpm which is
larger than in the case of the elongation section of rolling.

Ry & BoR
NG T MO
- Coe o/ N\
e "'-..lll- II."'
\—/]7 I ""‘-.,__- ) __,.-’/
- a a
Figure 3. The shape and the size of the roll
cavities (left side odd, right side even ones).
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Table 1. The size of the roll cavities for the twelve passes applied in industrial caliber rolling.

Cavity a b c R R Cavity a c R R
No mm mm mm mm mm No mm mm mm mm
1 91.73 50 5 50 8 2 71.77 5 29 10
3 74.13 48 5 40 8 4 57.63 5 22,5 7
5 60.79 32 4 32 8 6 43.48 3 17 6
7 49.18 25 3 27 6 8 37.08 3 14 6
9 40.18 20 3 22 6 10 31.62 3 11,5 6
11 32.98 18 2 16 5 12 31.44 2 10 5

Table 2. Parameters of elongation rolling (J 70 — & 34 mm).

Pass Stretching  Maximum Maximum Temperature
No. factor roll force [kN] roll torque [Nm] [°C ]

1 1.26 1100 36000 420

2 1.24 920 28000 435

3 1.26 950 27000 446

4 1.23 845 21000 452

5 1.28 810 19000 440

6 1.23 600 14500 460

Table 3. Parameters of finish rolling (<& 34 - & 20 mm).

Pass Stretchin Maximum roll Maximum roll Temperature

No. gfactor force [kN] torque [Nm] [°C ]
7 1.2 700 15500 485
8 1.26 510 10500 495
9 1.22 550 8500 523
10 1.22 425 6000 460
11 1.14 380 3500 480
12 1.15 260 3200 515

The industrial manufacturing process resulted in four products. The first two ones were
obtained by caliber rolling. The third and fourth product was obtained by the combination of
caliber and flat rolling processes.

Table 4. The rolled industrial products.

Products Elongation rolling Finish rolling Cold rolling
1 370 = P34 mm / 6 passes  I34 = 20 mm / 6 passes
2 370 = P34 mm /6 passes 34 = 20 mm // 6 passes D20 = 18 mm / 2 passes
3 270 = 34 mm / 6 passes 34 = [114x45 mm /2 passes
4 370 = 34 mm /6 passes J34 = [114x45 mm /2 passes [114x45 = [17x51 mm /1 pass

In order to improve the quality of the surface and the dimensional accuracy in addition
to increasing the strength of the rods further cold rolling was performed. In this process the
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diameter was reduced by about 2 mm with a scattering of about 1 mm. The flat bars were
further reduced to 7 mm thickness. Their width increased to 51 mm. The processing history of
the four industrially manufactured samples is listed in Table 4.

It should be noted that that the shape and size of cavities in the laboratory rolling
procedure were designed in order to obtain similar deformation and thermal conditions as in
the industrial environment. For instance, the average equivalent strains calculated for the
whole volume of the material after the laboratory and the industrial caliber rolling procedures
were 2.64 and 2.50, respectively.

2.2. Modelling the strain path of the rolling process

Finite element modelling (FEM) was employed to analyse the caliber rolling process
theoretically. The details of FEM procedure can be found in [8]. In the present work the
objective of the modelling was to demonstrate the cyclic nature of the process, indicating that it
is non-monotonic, resulting in fine grains. The permanent deformation of the samples is
demonstrated by the strain trajectory approach as initiated by [9], representing the deviatoric
strain tensor (e) in a five-dimensional vector space as:

e = \/glnvl’l, e, = \/§(Invz’2 +%Invl’lj,

e,=2InV),, e, =2V}, e =21V},
where InV'is the logaritmic deviatoric strain tensor. Some examples for the strain trajectories

(1)

are shown in Figure 4.

A e

Figure 4. Examples for the strain trajectories in the five dimensional vector space.

In Figure 4 trajectory #1 is monotonic, #2 is nearly monotonic, # 3 is simple non-
monotonic and #4 is cyclic non-monotonic. In order to appreciate the measure of the non-
monotonicity of deformation, consider the nearly monotonic trajectory #2 [10]. During
deformation the end-point of the strain vector travels along the curved OA trajectory. The
ideally monotonic deformation corresponds to the straight line OA. Therefore, at the
deformation time, ¢, the measure of non-monotonicity is given as:

NM (t)=&21, 2)

o(t)
where ¢ is the total equivalent strain, which is equivalent to the length of the trajectory, ¢ is

the equivalent logarithmic strain, which equals the length of the straight trajectory OA. In the
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case of non-monotonic deformation the complete trajectory is separated into n nearly
monotonic portions.. For each part the (NA)i is determined as the ratio of the length of the
local trajectory part and the straight segment connecting its end points. In this case the measure
of non-monotonicity of the whole deformation is given as:

NM :Zn:(NM ). - 3)

The larger the value of N/, the higher the degree of non-monotonicity of deformation.
It should be noted that although all (NM): values are larger than one, NM may decrease with
increasing strain as the end points of the segments may vary during the development of the
deformation trajectory.

2.3. Material testing

The mechanical properties of the rolled materials were investigated by tensile test using
an Instron universal mechanical testing machine (type 8809) at room temperature and the
cross-head velocity of 6 mm / min. The tests were carried out on cylindrical specimens with the
length and diameter of 25 and 5 mm, respectively, machined out of the rolled bars. For both
laboratory and industrial rolling 3 — 3 samples were tested under the same conditions.

The grain structure in the initial and the rolled specimens was examined by a Tecnai G2
X-TWIN transmission electron microscope (TEM). The TEM foils were prepared from both the
cross- and longitudinal sections of the rods which were thinned by mechanical grinding to a
thickness of 20 — 40 pm. The foils were further thinned by Ar-ion milling using a Gatan Model
691 precision ion polishing system. The microstructures of the initial and the rolled samples
were also examined by X-ray line profile analysis. Before measurements the surface was
mechanically polished to a mirror finish with diamond paste. The surface layer, distorted
during polishing, was removed by chemical etching using hydrogen fluoride. The
measurements of the X-ray diffraction lines were performed on the longitudinal sections using
a special high-resolution diffractometer with Co Kou radiation (wavelength: 4 =0.1789 nm).
The scattered intensity was detected by imaging plates. The line profiles were evaluated using
the Convolutional Multiple Whole Profile (CMWP) fitting procedure. In this method, the
diffraction pattern is fitted by the sum of a background spline and the convolution of the
instrumental pattern and the theoretical line profiles related to the crystallite size, dislocations
and twin faults. The details of the procedure are available elsewhere [11].

3. Results and discussion

The results of the mechanical tests carried out on the industrially rolled materials are
shown in Figure 5. Similar data for the materials rolled in laboratory have been published in [8].
Caliber rolling performed in laboratory [8] resulted in a slightly higher strength and a similar
ductility compared to the process carried out under industrial conditions.

The reason for the slightly better mechanical performance of the material rolled in the
laboratory can be attributed to a more rigorous control of the thermo-mechanical conditions
(e.g. the temperature of the sample) during the manufacturing process.

Caliber rolling both in laboratory and industrial environments yielded about two times
larger strength than that for the initial annealed state. The parameters characterizing the
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ductility do not show uniform tendencies. The elongation to failure slightly decreased due to
rolling while the reduction of area remained unchanged within experimental error. At the same
time, the strain energy density to fracture increased to more than twice the value characteristic
of the initial state. This can be attributed to much larger flow stress values for the rolled
specimens. The various industrially manufactured samples show slightly different mechanical
performances (see Figure5) which can be attributed to the deviations in the processing

conditions.

A Z [%]

YS, UTS [MPa], Wf [J/em® |

Annealed 420 618 th-14 th-7
Figure 5. Mechanical properties of industrially rolled titanium samples. YS:
yield strength, UTS: ultimate tensile strength, A: elongation to failure, Z:
reduction in area, We strain energy density to fracture. The experimental error
of the values is about 8 %. $20: sample from product 1, $18: sample from product
2, th-14: sample from product 3, th-7: sample from product 4 (see Table 4).

7% pass

9™ pass 10™ pass 1 1™ pass 12" pass

Figure 6. Roll cavity filling during industrial caliber rolling as shown by FEM analysis.
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The progress of the industrial caliber rolling process obtained by FEM analysis is
illustrated in Figure 6, where roll cavity filling is shown for different rolling passes. Figure 7
shows the total plastic strain and the parameter of non-monotonicity at five different points in
the sample. The locations of these points on the cross-section of the initial rod are shown at the
upper left corner in Figure 7. Both the strain and the parameter of non-monotonicity change
mainly when the rods travel through the roll cavities. The total strain increases with increasing
the duration of caliber rolling in all points and it reaches a value of about 3.5 — 5.1 at the end of
deformation. The degree of non-monotonicity first increases up to about 1.5, then it varies
between 1.2 and 2 for long rolling times. NAM has considerably higher values than one which

indicates a non-monotonic nature of deformation in industrial caliber rolling.
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Figure 7. Changing of the total strain and the parameter of non-
monotonicity at points A, B, C, D and E during industrial rolling.

In the FEM analysis the components of the logarithmic deviatoric strain tensor were
determined which gave the components of the strain vector. The evolution of these
components were visualised as rolling proceeds in Figure 8. It is revealed that considerable
shear strains are developed during caliber rolling which most probably resulted in a grain
refinement during deformation.

TEM images (not shown here) revealed that the grain size in the initial Ti material was
between 1 and 4 pm. Rolling in laboratory yielded significant grain refinement down to the
UFG regime, as illustrated in the TEM images of Figure9, obtained at the end of the
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manufacturing process. In the cross-section the average grain size was about 300 nm. In the
longitudinal section the grains were elongated with an average width and length of 300 nm and
1 um, respectively. Electron diffraction patterns for the specimen rolled in laboratory are also
presented in the insets of Figure 9. The transition from a spotted to a ring-like diffraction
pattern due to rolling also confirms the strong grain-refinement.
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Figure 8. Changing the components of the strain
vector at points A, C and E during caliber rolling.

After industrial rolling the grains are also elongated in the longitudinal section, as
revealed in Figures 9 and 10. The average width and the length of the grains are 500 nm and 1
um, respectively. In the cross-section, considerable elongation of the grains was not observed.
In this section the mean grain size is 500 nm. It can be concluded that both laboratory and
industrial rolling procedures resulted in UFG microstructures, but the grain refinement was
slightly stronger in the former case, as also indicated by the electron diffraction patterns. The
smaller grain size can explain the slightly higher strength of the material rolled in laboratory. It
is noted that the grain size obtained on the cross-section of the sample rolled in laboratory
(300 nm) is close to the value (265 nm) determined for Ti processed by eight passes of ECAP at
400 — 450 °C and subsequently rolled at room temperature to a total strain (reduction in cross-
section area) of 73 % [12].

The crystallite size and the dislocation density were determined on the longitudinal
sections by X-ray line profile analysis. The average crystallite sizes determined by X-ray line
profile analysis (62 and 127 nm for the laboratory and industrial rolling processes, respectively)
are smaller than the grain size values obtained by TEM, which has already been observed for
other plastically deformed metals [13].
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Figure 9. Dark field TEM images of the grain structure in laboratory rolled
Grade 2 titanium. (a) cross- and (b) longitudinal sections. The rolling direction
is vertical in figure (b).The insets show the corresponding diffraction patterns

Figure 10. Dark field TEM images of the grain structure in industrially rolled
Grade 2 titanium. (a) cross- and (b) longitudinal sections. The rolling direction
is vertical in figure (b).The insets show the corresponding diffraction patterns.

This phenomenon can be attributed to the fact that the crystallites are equivalent to the
domains in the microstructure which scatter X-rays coherently. As the coherency of X-rays
breaks even if they are scattered from volumes having quite small misorientations (1 — 2 °), the
crystallite size corresponds rather to the subgrain size in severely deformed microstructures [13].
The dislocation density increased to 4.7 and 3.9 - 10 m™ during laboratory and industrial
rolling processes, respectively. The reduction in the crystallite size and the increment in
dislocation density are stronger in the laboratory rolling procedure, but the difference between
the dislocation densities obtained by the two types of rolling is not very large.
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4. Conclusions

1. It was shown that warm caliber rolling carried out on Grade 2 titanium at about 450 °C
in laboratory yielded an UFG microstructure with high strength and good ductility.

2. Finite element modelling confirmed the non-monotonic nature of caliber rolling which
is necessary for the production of a fine-grained structure.

3. Caliber rolling carried out in industrial environment yielded similar small grain size and

improved mechanical properties as the process performed in laboratory. It was proposed
that this technology might be a candidate process for mass-production of UFG titanium
with high strength and good ductility. This may open a new gate to commercialization
of SPD-processed materials.
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Abstract

In this study, Hardystonitepowder (Ca2ZnSi>O7) was synthesized by mechanical
activation method as a solid state process. Specimens were composed of a blend of pure calcite,
silica amorphous and ZnO with 50, 30 and 20 wt. %, respectively. These powders were milled
by high energy ball mill using ball-to-powder ratio 10 : 1 and rotation speed (600 rpm) for 5 and
10 h. Then, the mixtures mechanical activated have been heated at 1100 °C for 3 h. XRD, SEM
and BET performed on the samples to characterize. According to XRD results, the sample
milled for 10 h just indicated the Hardystonite phase, with crystal size about 40 nm, while the
sample milled for 5 h illustrate Hardystonite phase along with several phases. Based on energy
transfer analysis, the energy amount transferred to the starting materials is 11.2 MJ /g for 10 h,
causes the synthesis temperature reduces to 1100 °C.

1. Introduction

Previous studies showed that some Ca, Si containing bioactive glass, glass-ceramics and
ceramics were biocompatible [1 — 3] and could induce hydroxyapatite (HAp) formation in body
fluid environment [4]. Zn was reported to be involved in bone metabolism [5]. Zn could
stimulate bone formation and increase bone protein, calcium content, and alkaline phosphatase
activity in humans and animals [6]. Hardystonite (Ca2ZnSi207) is a mineral containing Ca, Zn,
and Si, with a melting temperature of 1425 °C and a density of 3.40 g/ cm3, and so far has no
important industrial applications. Considering chemical composition, Hardystonite might be
biocompatible and used as biomaterials. To our knowledge, there was no report about
preparation of Hardystonite ceramic [7]. Recently, silicate based bioceramics such as
wollastonite (CaSiOs) [8, 9], dicalcium silicate (Ca2SiOs4) [10], bredigite (CazMgSi4O16) [11] and
Akermanite (Ca2MgSi20O7) [12] have showed excellent in vitro bioactivity, mechanical property
and biocompatibility. Most attractive is that in vivo studies also proved that silicate bioceramics
could promote new bone formation.
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Zinc has a stimulatory effect on bone formation and mineralization and moreover, it
inhibits osteoclastic bone restoration [13]. Previously, the study of Zn-doped CaSiOs [14]
demonstrated that the incorporation of Zn could promote human bone osteoblastic-like cells
proliferation and ALP activity. Recent studies revealed that some zinc-containing silicate
ceramics such as willemite (Zn2SiOs) [15] and Hardystonite (Ca2ZnSi207) [14, 16 — 18] were also
able to enhance one marrow stem cell proliferation and differentiation. In this study,
Hardystonite powder was synthesized by solid state method. The starting materials were
mechanical activated by high energy ball milling and compacted by uniaxial pressing then the
powder mixture milled was heated at high temperature, 1100 °C. The aim of the present work
was to investigate characterization of nanostructure Hardystonite ceramic as opposed to
previous studies. The results of this paper can be used for further researches and it would
promote the possibility of usages of nanostructure Hardystonite ceramic in orthopaedic
applications.

In this study, energy transferred to the starting materials mixture, causes the materials to
be mechanically activated and leads to the synthesis temperature of Hardystonite reduces to
low temperature.

2. Materials and methods

Hardystonite was synthesized by pure calcite (Merck, 99%), amorphous pure silica and
pure zinc oxide (ZnO, 98 %) with 50, 30 and 20 wt. %, respectively. The powder mixture was
milled by high energy ball mill, ball-to-powder ratio 10 : 1 and rotation speed 600 rpm, for 5
and 10 h. Then, the mixture milled has been heated at 1100 °C for 3 h in muffle furnace at air
atmosphere. Phase structure analysis was carried out by X-ray diffraction (XRD) (Philips
X'Pert-MPD diffractometer with Cu Ka radiation (A = 0.15418 nm) over the 268 range of 10 — 90
deg.). The obtained experimental patterns were compared to the standards compiled by the
Joint Committee on Powder Diffraction and Standards (JCDPS) which involved card # 01-072-1
for hardystonite phase. Hardystonite crystalline size of was determined using XRD patterns and
modified Scherrer equation. Scanning electron microscopy (SEM) analyses evaluations were
performed using a Philips XL30 to investigate the morphology. SEM micrograph was performed
using a LEO 435 VP to investigate the morphology. SEM samples coated with Au by sputter
spraying, low vacuum and 100 — 120 V accelerating voltage, for 120 s. The powder prepared
coated with Au by spraying, low vacuum and 25 kV accelerating voltage. Mechanical activation
has been done by PE2 high energy planetary ball mill machine for 5 and 10 h. The specific
surface area of powder mixture milled has been done by BET technique, Kelvin B100.

2.1. The modified Scherrer equation

The purpose of modified Scherrer equation given in this paper is to provide a new
approach to the kind of using Scherrer equation, so that a least squares method can be applied
to minimize the sources of errors. Modified Scherrer equation plots In £ against In (1 / Cos 6)
and obtains the intercept of a least squares line regression, IN(KA/L), from which a single value
of L is obtained through all of the available peaks. The modified Scherrer equation can provide
the advantage of decreasing the sum of absolute values of errors, >.(+Alnf)?, and producing a
single line through the points to give a single value of intercept In(KA/L) [19].
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2.2. Energy transfer

Figure 1 shows the schematic diagram of the planetary ball mill and the vial: indicating
by Wpand W, the absolute angular velocity of the plate of the mill and of one vial and by R,
and Rv the vectorial distances from thecentre of the mill tothecentre of thevial and from
the centre of the vial to its periphery (vial radius),itcanbeshowntheabsolute velocity of
one ball leaving the wall is given by:

Y = [WR) + W (R - d, /2 (1-2W,/W,)] ™, 1)
the velocity of the ball with d, diameter, after the hits, equals that of the inner wall and

can be expressed as follow:
Vs = [W,R)* +W? (R, - d, /2)* +2WW,R, (R, -d,/2)]"* . )

Figure 1.The schematic diagram of the planetary ball mill and the vial.

We have to consider now the mechanism of energy transfer. When the ball is thrown, it
possesses the kinetic energy:

E=1/2mV.?. 3)

After a short succession of hits, during which decreasing fractions of kinetic
energy are released, the balls residual energy becomes:

E = 1/2mV2 (4)
and the total energy released by the ball during the series of collision events is given by:
AE, = E - E;= -mMW}(R,-d, /2)/W, +W W,R 1(Rv- d, /2). (5)

with the assumption that the total energy transferred by the planetary mill per gram of reactant
mixture and required to synthesis of nano-structure powders is a constant value, the Burgio
model defines this amount of energy by the following expression:

E/g= (Ny, f, K.m)IWS (R, -d, /2) /W, +WW,R,I(R, -d, / 2)t
mch

where Ns is the number of balls; K- is a constant that accounts for the elasticity of collisions,

~A(3/9), (6)

and a value of 1 represents perfectly inelastic collisions; mc is the mass of the powder charge;
and ¢1is the synthesis time measured. ¢» is a parameter that accounts for the degree of filling of
the vial; fis the frequency with which the balls are launched against the opposite wall of the

vial.
dN, Y
=1-| =2t |, 7

(ob (ﬂ_szij ( )
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K (W, —W,
3
m, :%' 9)

where H ,p, are respectively the height of the vial and the density of balls? K is a

proportionality constant and is approximately equal to unity and ¢ is a parameter called
ball diameter distribution coefficient depending on the balls diameter [20].

3. Results

3.1. SEM micrographs

Figures 1 and 2 show the SEM micrographs the materials milled before and after heating.

n
E1 18un [r— Photo Nc

Figure 2. SEM micrographs of the powder mixture
milled for 5 h (A) and then heated at 1100 °C for 3 h (B).
e -~ b

. "“:.\‘j: «,;'(
B A i >

Photo No.-4865 Detector= SE1 10PN ey oto No

Figure 3. SEM micrographs of the powder mixture
milled for 10 h (A) and then heated at 1100 °C for 3 h (B)

Considering SEM micrographs in figure 2 and 3, particles size average of powder mixture
materials is micron range.

3.2. XRD results

Figures 4 and 5 show the XRD patterns of the materials mixture milled heated at three
temperatures.
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Figure 4. XRD pattern of the materials mixture
milled for 5 h and then heated at 1100 °C for 3 h.
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Figure 5. XRD patterns of the materials milled
for 10 h and then heated at 1100 °C for 3 h

3.3. Estimation of crystal size

The modified Scherrer equation can provide the advantage of decreasing the sum of
absolute values of errors, 2(+ Alng )%, and producing a single line through the points to give a

single value of intercept In (KA/ L).

At this sample, Figure 6, the linear regression plot is obtained as y=—0.7214 x— 5.8252.
This is equivalent to Ln f=1n (1 / Cos 0) + In (K' A/ L). As you know, K (shape factor) and A
(XRD radiation wavelength) are 0.89 and 1.54 A, respectively. From this line, the intercept is
~5.8252 and €582 = K A/ Land L =460 A = 46 nm (L = crystal size average). So, crystal size
average of Hardystonite synthesized is almost 46 nm.
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Figure 6. Plot of Inf vs. In (1 / Cos 0) of sample
milled for 10 h and heated at 1100 °C, 3 h.

3.4. Energy transfer analysis
Considering the results of optimization, Table 1, is presented for the object of minimum
cost function, W, =1.32W . It means that the vial spinning rate should be higher than the plate

spinning rate (in the opposite direction).On the other hand, &= 0.398 which means that the
ball size distribution is close to 40 %. The number of ball categories, s, is thus:

Ny =3 and €= 0.4 ==> s=Integer (0.4 x 3) = 1. (10)
According to balls size and above interpretation one can wright:
dv=10, Ns=3, S=1==> (3 x 10) = 30. (11)

So we can say that the size of balls used in proposed design should be 10 mm for the
maximum energy transfer to the raw materials.

According to the ball mill parameters given in the Table 1 and Eq. (6) , it was concluded
that the energy transfer by the planetary mill per gram of the materials mixture for 5 and 10 h
milling time are:

E=5.6M]/gfor5h (milling time)
and

E=11.2M]/ g for 10 h (milling time).

Table 1. The milling parameters optimized values in planetary ball mill.

Symbol Milling parameters Optimized values

N Number of balls 3

db Balls diameter (m) 0.01
Ry Vial radius (m) 0.035
H- Vial height (m) 0.07
£ Ball size distribution coefficient 0.398
Wy, | Velocity of the plate (rad / s) 62.8
W+ | Velocity of vial (rad / s) 82.89
R Distance between the center of the 20.0

plate and the center of the vial (m)
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3.5. Powder density

Real density or pure density of the Hardystonite powder was calculated by Pycnometer.
Considering to this method pure density was 2.97 g/cm?.

3.6. BET result

The specific surface area of the prepared powder was calculated from the N: gas
adsorption isotherms using the multipoint BET technique The average particle size of the
prepared powder, assuming that the particles synthesized were spheroid, was calculated as
shown in Eq. (12):

D=6000/ (Sser d), (12)
where, d and D are true density (g/cm?) and the average particle size (micron) of materials
mixture milled, respectively. The specific surface area determined by BET was 7.1 m?/ g, and
pure density calculated by Pycknometer method was 2.97 g / cm3. So, according to Eq. (12) the
particles size was estimated about 285 nm. In fact, the powder mixture is sub-micron size. In
addition, it is confirmed in SEM micrograph (Figure 3). So, particle size calculated is similar to
particle size observed in SEM micrograph. Therefore, calculated particles size, by assuming that
the synthesized particles are spheroid in Eq. (12), is acceptable. In fact, most of the particles are
spheroid.

4, Discussion

According to the XRD patterns, Hardystonite phase was synthesized in both the samples
(Figures 4 and 5). But, there is single phase, Hardystonite, just the sample milled for 10 h
(Figure 5).

In addition, synthesis of Hardystonite phase is affected by using mechanical activation.
In fact, mechanical activation intense the syntheses of Hardystonite phase in the sample. In
addition, Hardystonite crystal size average is almost 46 nm. Based on energy transfer analysis,
the mechanical energy amount transferred to the starting materials mixture is almost 11.2 MJ/g
for 10 h milling time. This energy causes the synthesis temperature of Hardystonite reduces to
1100 °C.

Most of energy transferred to particles materials save in the materials as crystal defects
such as grain boundary, dislocations density and vacancy concentration. These crystal defects
lead to high path atom diffusely. These high paths causes increasing and intensity of chemical
reaction and improvement of Hardystonite phase synthesis. In fact, it causes the synthesis
temperature of Hardystonite reduces to low temperature, 1100 °C.

According to calculation by BET result and SEM micrographs observation, most of the
powder particles milled for 10 h are spheroid. In fact, the morphology of powder milled is
spheroid and about 285 nm. In fact, the powder mixture is sub-micron size. Moreover, raw
materials milled sub-micron particles size, high of specific surface area, lead to increasing of
free energy. This high free energy causes driving force to react between raw materials particles.
Surface to bulk atoms ratio of particles, SBR, increases by increasing specific surface area of
particles size. Regarding to surface diffusion activation energy in comparison bulk diffusion
activation energy is too low amount. So, atom diffusion increases between particles and it
causes to intensive reaction between raw materials and lead to Hardystonite phase synthesis at
low temperature, low thermal energy, after milling for 10 h by high energy ball mill.
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5. Conclusions

According to above discussion, we can conclude:

1. Hardystonite nano crystallite, about 46 nm, has been synthesized at 1100 °C by starting
materials mixture mechanical activated for 10 h. Whereas, based on the previous studies,
Hardystonite phase was synthesized above 1100 °C.

2. According to calculation by BET result and SEM micrographs observation, most of the
powder particles milled for 10 h are spheroid. In fact, the morphology of powder milled
is spheroid.

3. Based on energy transfer analysis, the energy amount transferred to mixture materials is

almost 11.2 M]J/g for 10 h milling time. This energy causes the materials to be
mechanically activated.

4, In fact, the energy transferred to the materials mixture (11.2 M]/g), causes the synthesis
temperature of Hardystonite reduces to 1100 °C.
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Abstract

Nano / micro fibrous structures made of biodegradable polymers offer many advantages
for biomedical applications, including tissue engineering scaffolds and drug delivery systems. In
this study, a blend of gelatin (a biodegradable polypeptide) and polylactic acid (a biodegradable
polymer) were electrospun to produce nanofibers. These nano / micro fibers were
spontaneously collected in the form of yarn using a typical collector system. The produced
yarns having 100 — 200 pym diameter and consisting nanofibers (500 — 100 nm) were observed
by light and electron microscopy. The fibers then were fixed by glutaraldehyde for gelatin cross
linking and the tensile properties of the yarns were tested. Appropriate growth factors will be
incorporated in to the yarns by physical adsorption to the gelatin molecules for the sustained
release purposes in tissue engineering constructs.

1. Introduction

Nano fiber porous polymeric structures with high porosity and interconnected pores
structures made of biodegradable polymers, offer a lot of advantages to biomedical applications,
such as drug delivery [1, 2], tissue engineering scaffolds [3, 4], etc. [5], due to their highly
porous microstructure with interconnected pores and large surface area. Among various
techniques developed for producing porous structures, electrospinning as a simple and low-cost
method for manufacturing nanoscale polymer fibers is the most suitable technique for the
aforementioned applications. This technique has the capability of producing nano / micro
fibrous structures [6] using various natural macromolecule, synthetic polymers [7] and their
mixture to mimic the structure and the function of native extracellular matrix (ECM).

Electrospinning relies on the induction of electrical charges within a spinnable polymer
fluid by applying a high voltage to the fluid. When the fluid gains enough charges, called
critical charge amount, a fluid jet will start to erupt from the droplet formed at the tip of the
conductive needle, leading to the formation of a cone shape called Taylor cone. The jet will fly
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towards a grounded collector, being the region of negative potential. The parameters that affect
electrospinning and as a result the fibers properties can be classified into polymer solution
parameters, process parameters and ambient parameters such as temperature and moisture. The
second class include the applied voltage, flow rate, tip to collector distance, collector geometry.
With the understanding and changing these parameters, it is possible to produce fibrous
structures of various morphological, physical and mechanical properties [9].

Yarns are key building blocks to construct complicated fibrous structures for many
applications in diverse areas [10] including biomedical, such as sutures or scaffolds to direct
cells in tissue engineering applications. In this paper, we report a novel mechanism for the
direct twisting of electrospun nanofibers into yarns. In this study, a combination of gelatin (a
biodegradable polypeptide) and poly-lactic acid (a degradable polymer) have been electrospun
to produce nano fibers, By using a special collector, for gathering nano fibers to form a yarn.

2. Methods
2.1. Materials

In this study, a solution of PLA and gelatin type A (from Sigma Aldrich Company) blend
with the concentration of 14 % and the ratio of 1 : 1 in Triefluoroethanol (TFE) solvent was
prepared and stirred on a high speed magnetic stirrer for 24 h.

2.2. Electrospinning

Figure 1 schematically illustrates the basic setup for electrospinning of nanofiber yarns.
It consists of two needle nozzles, a rotating collector, and yarn taking up system, a neutral plane
and a high-voltage DC power supply. During electrospinning, two needle nozzles were
connected separately with the positive and negative polarities of the DC power supply.
Nanofibers were electrospun from the oppositely charged nozzles deposited onto the neutral
plane and then taken up by the rotating collector.

Nnutral

s Y

TN
High voltage
power supply

|++++|||||

T

Collector

[
g Siring

Figure 1. Schematic illustration of the electro-
spinning set-up used to produce electrospun yarn.
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In this process, the polymer solution was injected by two nozzles with opposite charges,
located in front of each other. Because of this difference in charge, coming out fibers attract to
each other in the distance between the nozzles and discharge at the end. By locating a neutral
plane in the field, due to the repulsive force of the negative and attraction from positive pole of
the screen surface electrons are displaced as a result and charge density varies in different parts
of the plane. In this case, half of the plane next to the positive pole has a negative charge
density. Nanofibers that electrospinn from positive nozzle has positive charge adsorb slowly
into this half of the plane. A similar event happens for the fiber coming out from the nozzle
with a negative charge and adsorb into the second half. And the whole screen has neutral
charge density. By putting a link in the direction of yarn nanofibers that is electrospun from
two nozzles moving towards the neutral plane, nano-fibers are involved with end of the link
yarn and thus the spinning triangle is formed as shown in Figure 1. Yarn spinning around its
axis and taking up the link at the same time can produce extended continues yarn with relative
orientation.

2.3. Gelatin fixation

In order to cross-link the gelatin molecules and thus improve the resistance and durance
of the gelatin in the yarns, the yarn was treated with glutaraldehyde by keeping the yarn in a
container in the presence of 5 % glutaraldehyde vapor for 24 h according to the procedure
described in [11].

2.4. Measurement of tensile properties

Tensile properties of the yarns were measured by gauge strength equipment. This system
is based on constant rate elongation (CRE). The distance between two jaws was 25 mm and the
jaw speed movement was selected 5 mm / min. Tensile properties, including specific stress,
elongation to rupture and the elastic modulus of the samples was measured.

2.5. Dying with methyl orange

Methyl orange in reaction with gelatin molecules causes a color change from white to
orange. After putting gelatin + poly lactic acid yarn in a mixture of buffer with pH =4 and
methyl Orange, the color of the gelatin—-PLA yarn was changed. While, after an hour the color
of pure poly lactic acid fiber sheet that is free of gelatin, did not change.

3. Results
3.1. Gelatin-poly lactic acid yarn fabrication

Equipment shown in Figure 1 was used for yarn production. In this technique, 2 nozzles
with 0.6 mm outer diameter and 3 cm length placed at a certain distance from each other. After
examining different concentrations, the results showed that there is a possibility of
electrospinning at 14 wt. %. Optical microscope observations showed grainy fibers at much
lower concentrations in spinning triangle, also in higher concentrations, polymer solution
drying at the tip of the needle causing the problem in yarn fabrication process. Production of
uniform nanofibers without beads and yarn without tear was possible in a voltage of 12 kV, the
distance between the nozzles 22 cm, the feed rate 0.5 ml/ h, collecting speed 0.4 rmp. Ambient
temperature and humidity was in the range of 23 — 25 °C and 30 — 35 %, respectively.
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3.2. Morphology of fibers and yarn

SEM images showed the morphology of yarn as well as nano/ micro fibers involved.
According to the images, there is a well formed nanofibers in the yarn produced by pure PLA
(Figure 2) and gelatin—PLA blend (Figure 3) with a solution concentration of 14 %. The
produced yarns having 100 —200 um diameter consisted nanofibers of 500 - 100 nm in
diameters as observed by electron microscopy (Figures 2 and 3). It was also possible to produce
micro fibrous yarn by using higher solution concentration of gelatin—PLA blend (Figure 4).

N K 2 ERS
A1) Pure PLA electrospun fibrous yarn \_:

pl - -
Amirkabir University  a57300c SEI WD =122 20.0 kv X700 _50um [l Amirkabir University  ais3300c SEI WD =12.2 20.0 kv X 2.0K

Figure 2. SEM images of nano fibrous pure PLA yarn with different
magnifications: A1) yarn morphology (x 700), B1) fiber morphology (x 2000).

A1) Nano fibrous Gelatin- PLA
yarm=after fixation

Amirkabir University  a1s7300c SEI WD =12.5 20.0 kV X 7.0K__5um

B1) Nano fibrous Gelatin- PIWA
yarn —before fixation

Amirkabir University  a1s>300c SEI WD =12.6 20.0 kV X 600 50um [l AMirkabir University  A1s2300c SEI WD =126 20.0kV X 7.0K__5um

Figure 3. SEM images of nano fibrous gelatin—PLA yarn: A1 — A2 after gelatin
fixation with glutaraldehyde, B1 — B2 before gelatin fixation with glutaraldehyde;
Al - B1 (x 600) show yarn morphology and A2 — B2 (x 7000) show fiber morphology.
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A1) Micro fibrous Gelatin- PLA
yarn — before fixation

Amirkabir University AISZSO&(;‘ ‘SEI w

icro fibrous Gelatin- PLA
yarn — after fixation

Amirkabir University  ais2300c SEI WD = 12.2 20.0 KV X 1.0k 50um JIll Amirkabir University

Figure 4. SEM images of micro fibrous gelatin—PLA yarn: A1 — A2 after gelatln
fixation with glutaraldehyde, B1 — B2 before gelatin fixation with glutaraldehyde;
Al - B1 (x 1000) show yarn morphology and A2 — B2 (x 6000) show fiber morphology.

3.3. Dying with methyl orange

Methyl orange (Orange III) is a colored compound used in dyeing and printing textiles
materials. Methyl orange is also used as an indicator in the titration of weak bases with strong
acids by chemists. It changes the color from red (pH=3.1) to orange-yellow (pH=4.4) (Figure 5).

!
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Figure 5. A) Methyl orange (Orange III) changes the color from red (pH=3.1) to orange-

Methyl orange in basic solution
Ref:
http://antoine.frostburg.edu/chem/senese/101
/acidbase/fag/methyl-orange.shtml
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yellow (pH=4.4), B) schematic showing the mechanism of dying of gelatin by methyl orange.
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Gelatin is produced by the denaturing of collagen. As a polypeptide, gelatin is an
amphoteric compound due to the presence of amino-acids functional groups and of terminal
amino and carboxyl groups. In acidic media (i.e. in the presence of high concentrations of H*
ions) gelatin is positively net charged. In an alkaline media (i.e. in the presence of OH- ions),
gelatin is negatively net charged. At the IEP (Isoelectric point), positive charges from NH3+
groups are equal negative charges from COO- groups. IEP is a characteristic of gelatin
determined by raw materials pre-treatment and the type of process type: Type A (acid) gelatins
exhibit an IEP in the range 6.0 -9.5. Type B (alkaline) gelatins have an IEP in the range
4.5 —5.6. IEP is of interest to explain the possible interactions of gelatin with other compounds,
in particular anionic molecules.

A1) Nano fibrous Gelatin- PLA yarn- treated with methyl
orange dye

Tk

A2) Nano fibrous PLA mat-
treated with methyl orange dye

Figure 6. Gelatin + PLA yarn and PLA sheet
after dying with methyl orange.

Methyl orange in reaction with gelatin molecules causes a color change from white to
orange. After putting gelatin + poly lactic acid yarn in a mixture of buffer with pH=4 and
methyl Orange, the color of the gelatin—PLA yarn was changed. While, after an hour the color
of pure poly lactic acid fiber sheet that is free of gelatin, did not change (Figure 6).

3.4. Measurement of tensile properties

2.5
- = GELATIN-PLA YARN AFTER FIXATION
L~ —— GELATIN-PLA YARN BEFOR FIXATION
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Figure 7. Stress—strain curve of micro fibrous gelatin—PLA yarn.
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The tensile properties of both fixed and not fixed samples were measured and compared.
According to the results obtained, an increased tensile property in fixed samples was noticeable
(Figure 7).

4. Conclusion

There are several methods for producing yarn of nanofibers. A good option for the
production of continuous yarn is electrospinning method with two nozzles with opposite
charge. In this research by using this method a continues yarn was produced from poly-lactic
acid (a biodegradable polymer) and gelatin (biodegradable polypeptide).

Investigation the morphology of nanofibers and yarn showed that the nano fibers with
diameters range 100 — 500 nm cause a twisted yarn with diameter in the range of 100 500 pm.
by fixation the yarn in glutaraldehyde, its tensile properties such as strength, elongation and
elastic modulus were increased.
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Abstract

By sophisticated treatment of the optical absorption spectra of thin epitaxial layers of
lead selenide of different thickness approaching the nanorange, the presence of similar
additional absorption for all layers was revealed. Such absorption was detected between the
absorption edge and the absorption on free current carriers increasing with the wavelength.
When constructing the absorption spectra by the experimentally investigated transmission
spectra, the criteria of their treatment were strengthened by considerations for the absorption
relation between the layers with low and high concentrations of current carriers, and from
which level of absorption the transitions related to the absorption edge were to be considered.
This resulted in the fact that, upon straightening the squared absorption coefficients, the
obtained values of the forbidden gap width were in good correlation with the results obtained
with the corresponding deformation of thin layers, and the contribution of the additional
absorption to their determination was negligible.

1. Introduction

To suggest the use of strained epitaxial layers of IV-VI semiconductors for designing of
high-sensitive and high-temperature IR photodetectors [1], it is essential to determine precisely
the forbidden gap width of these layers. The additional absorption was detected in thin layers,
especially in the ones > 1 pm in thickness, in previous works [2, 3]. In recent works [4, 5], it was
shown that the additional absorption between the absorption edge and the absorption on free
carriers increasing with the wavelength has no effect on the determination of the forbidden gap
width [6]. It is of interest to study such additional absorption in strained layers < 200 nm in
thickness, which are promising for application. Besides, it is desirable to supplement the criteria
of treatment of the optical absorption spectra for correct determination of the forbidden gap
width of thin layers by addition of new verified considerations.
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2. Objects and methods of investigation

The epitaxial PbSe layers were grown on KCIl, NaCl and BaF: substrates by molecular
epitaxy with a “hot wall”. The temperature of the source of epitaxy representing polycrystalline
PbSe was over the range of 450 — 510 °C, while the temperature of the substrate was over the
range of 240 — 320 °C. At the distance between the open tip of a quartz ampoule with the source
of epitaxy and the substrate equal to 10 — 12 mm, the layers ~ 1 um thick grew for 1 —2 h, and
the ones < 200 nm thick — for tens seconds [7].

The deformation of epitaxial layers & ~ (@ -a)/a, was determined by the results of X-
ray measurements of lattice constants by a symmetric scheme. Radiation of CoK«
(/1 =1.7889 A) was used.

The thickness of layers was determined by comparing the intensity of reflection from
the layer-coated substrate and that of the uncoated one. The structure of the layers was also
studied by the X-ray method.

The layers thicker than 20 nm grew uniform and monocrystalline. The optical
transmission spectra were detected at T = 300K by using the prism-difraction
spectrophotometer SPECORD-75IR. Precision measurements of the transmission of layers were
carried out by using the masks in measurement and reference modes.

3. Results and discussion

The PbSe layers grown on the NaCl and KCI substrates oriented in the (100) direction
were closen for the investigation. The layers differed in thickness by about an order of
magnitude, 1.4 pm and 180 nm for layers SL-592 and SL-578, respectively. Table 1 gives the
data on absorption coefficients @ and “re. | their squared remainder and their squared

product by coefficient Wy considering for the degeneracy the concentration of current carriers
in the layers of about 10" cm. The lattice constants of layers SL-592 and SL-578 made up @ =
6.122 and 6.149 A, respectively. This means that layer SL-592 is somewhat contracted (lattice

constants: oPbse — 6.126 A and nect <5640 A), while layer SL-578 is stretched (aKC' ~6.290 A)
with “negative” deformation ¢ =0.0037.

Table 1. Data on absorption coefficients, their squared

values and squared products by 1y for layer SL-592.

hv | a, U car. afrlcar., a*:a—af,_car_, a*? :(a—aﬁ'car.)z’ L a'? :(a*/y/)z,

eV | em™ | ¢t cm™ cm™! cm ! cm
0.167 | 7419 | 7419 | 5.50E+07 0 5.5E+07 20.88 3.44E-02
0.222 | 5342 | 2798 | 7.83E+06 2544 6.5E+06 9.56 5.92E+08
0.279 | 5976 | 1484 | 2.20E+06 4493 2.0E+07 455 4.17E+08
0.334 | 6955 | 931 | 8.66E+05 6024 4.6E+07 2.53 2.32E+08
0.360 | 7669 | 768 | 5.89E+05 6901 4. 8E+07 2.02 1.92E+08
0.384 | 10137 | 646 | 4.18E+05 9491 9.0E+07 1.70 2.61E+08
0.417 | 11531 | 542 | 2.94E+05 10989 1.2E+08 1.42 2.42E+08
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The data on the absorption coefficients were obtained by solving the equation linking
transmission, reflection coefficients and propagation constants with the absorption coefficient
according to the model of the Fabry—Perot interferometer [8]. The corresponding initial data
were taken from work [3] where the analysis had been performed by interference maxima in
the transmission spectrum.
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Photon energy . eV
Figure 1. Spectra dependence of the total absorption coefficient & (m)

and the absorption coefficient on free carriers v car. (#) for layer SL-592.

Figure 1 shows the spectral dependences of the total absorption coefficient & obtained
by the equation and the absorption coefficient on free carriers “-. . The latter was obtained

2
from the condition of equality of absorption ¢ and absorption Pircar. (Fircar. A ) at the
wavelength corresponding to the long-wavelength maximum (five maxima were considered).
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Figure 2. Dependence of the squared remainder of absorption

*— o —
coefficients ¢ ~ %~ %r.ar. on the photon energy hv for layer SL-592.
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2 _ 2 _
In Figure2, the relations (@=ay ) =1(MV) 4pq % =T(OV)

(a _afr.car.)z =f (h V)

are shown. By

extrapolating the to zero energy of the photon beginning from the
squared absorption coefficients > 5 - 107 cm™2, the absorption edge making up 0.320 eV was

determined. At close values of the effective mass of electrons and holes, the above mentioned

E.+E E.

: 2 . :
value of the absorption edge corresponds to the sum = F ¢ (where is the Fermi level at

the concentration of current carriers 1 - 10 cm=3 at T =300 K).
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Figure 3. Dependence of the squared product of the remainder of absorption coefficients

A*=0— Qg o by coefficient Uy (#) on the photon energy hv for layer SL-592.

The forbidden gap width B was determined by extrapolating the relation

2 _
(a=cty o )y) = T(hv) to the zero energy of the photon. The coefficient /' considering for

degeneration was calculated at the Fermi level E-=0.03 ev. Figure 3 shows the extrapolation

of this function, and the By value makes up 0.274 eV.

Unlike work [3], where, upon growing of the PbSe layers on the KCI substrate, the
forbidden gap width made up 0.286 eV in the layers ~ 1 pm thick. In our case its smaller value
is related to somewhat contraction of the layer.

From Figure 3 it is also obvious that multiplication by the coefficient 17 at the energy

E, . . . .
less than "¢ yields an improbable result — transitions of current carriers to the energy levels

a*Z = (0! - afr.car.)z

with a maximum at ~0.22 eV. Hence, the squared remainder at the energy

lower than B shows the presence of additional absorption. From Table 1 and Figure 1, it is
seen that the additional absorption above the absorption by free carriers exceeds the latter by
(25-3.0) - 103 cm™.
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Like Table 1, Table 2 gives the data on the total absorption coefficient and their

remainder

* _
O =0~ Qg oy,

, and also the corresponding squared values the spectrum under study

and their multiplication by the coefficient Uy for layer SL-578. There is as well given the

transmission which was used in the solution of the equation by the model of the Fabry—Perot

interferometer for determining the coefficient & .

Table 2. Data on absorption coefficients, their squared

values and square products by Uy for layer SL-578.

hv o Hpr. | Opeu | O =Q— oy | @™ = (A= i )° o' =(a*ly)?
: ’ ’ ’ ’ | Uy | T
eV | em™ | cmt cm2 cm™! cm2 cm2
0.248 142322 | 42322 |1.80E+09 0 1.01E-01 6.727 4 55E+00 0.205
0.261 | 39104 | 36756 |1.35E+09 2347 5.51E+06 5.681 1.78E+08 0.197
0.276 33304 | 31791 |1.01E+09 1513 2.29E+06 4,742 5.15E+07 0.195
0.292 | 28571 | 27363 |7.49E+08 1208 1.46E+06 3.913 2.23E+07 0.189
0.310 | 25469 | 23418 |5.48E+08 2051 4.21E+06 3.198 4.30E+07 0.179
0.335|22426| 19430 |3.78E+08 2996 8.98E+06 2.491 5.57E+07 0.172
0.347 21828 | 17846 |3.18E+08 3982 1.59E+07 2.237 7.93E+07 0.169
0.353 (22472 | 17096 |2.92E+08 5376 2.89E+07 2.125 1.30E+08 0.166
0.360 | 23357 | 16377 |2.68E+08 6979 4.87E+07 2.021 1.99E+08 0.163
0.366 23585 | 15738 |2.48E+08 7847 6.16E+07 1.929 2.29E+08 0.162
0.378 124148 | 14568 |2.12E+08 9579 9.18E+07 1.767 2.87E+08 0.161
0.381 {24830 | 14294 |2.04E+08 10536 1.11E+08 1.731 3.33E+08 0.160
0.397 27359 | 13068 |1.71E+08 14291 2.04E+08 1.575 5.07E+08 0.158
4510°
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Figure 4. Spectra dependence of the total absorption coefficient & (4)

and the absorption coefficient on free carriers Pir.car. (m) for layer SL-578.

In Figure 4, there are shown the spectral dependences of the total absorption coefficient
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minimum &, which is caused by an increase in the band absorption with increasing energy and
the reverse course of absorption on free carriers.

2 _
Figure 5 shows the relation (@ )" = T(hv) for layer SL-578. The extrapolation to
the zero energy of the photon results in the value 0.356 eV. In this case, in the straightening,

the points with the values of squared remainders of absorption coefficients are considered for
layer SL-578.
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Figure 6. Dependence of the squared product of the remainder of absorption

a*

coefficients ¢ ~ %~ %r.ar. by coefficient ¥ on the photon energy hv for layer SL-578.

2 _
Figure 6 shows the relation (@ —aye )l ) =1(hv) . In the calculation of the

coefficient 7 [2], the Fermi level was equal to E-=0.03 eV, identical to that for layer SL-592.

The extrapolation of this relation to the zero energy of the photon results in the value

& ~0.334 eV. From these extrapolations, it can be infered that the value of 2B: makes up

0.022 eV, hence Er =0.011 eV. Therefore, hereinafter there is good reason to take a smaller
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value of E for calculation of the coefficient 7 for such width of the forbidden gap and
deformation € =0.0037. From Table 2 and Figure 4, it is evident that the additional absorption
over the spectral region from 0.310 to 0.334 eV also exceeds the absorption on free carriers by
(25-3.0) - 103cm™. Hence, the additional absorption in the epitaxial layers of different
thickness has close values and is likely to be associated with virtual transitions between
different branches of allowed bands. This fact received mention in work [9] as well.

It should be noted that, according to work [10], with the energy exceeding the forbidden

gap width by 2.1

concentration of current carriers increases almost twice as much as compared to the degenerate

F, the absorption coefficient in the pure IV-VI semiconductor with a low

semiconductor. From Tables 1 and 2, it is seen that, at Uy 2.1, the energy with which this
condition is fulfilled for layers SL-592 and SL-578 makes up 0.320 and 0.356 eV, respectively.

. . . E .
This means that, with the energy exceeding ¢ by 2E: not only the absorption edge can be
determined, but also the character of its growth in the pure semiconductor can be assessed.

4. Conclusion

By using the data of our previous works and by the optical transmission spectra by the
model of the Fabry—Perot interferometer, we determined the total absorption coefficient &
over the spectral region of 3 —5 um for the epitaxial PbSe layers grown on the NaCl and KCI
substrates, the thickness of layers making up 1.4 um and 180 nm, respectively. We sequentially

. . . . . a . . a*=a—-a
determined the absorption coefficients on free carriers ~7-< -, their remainder fr.car.

and also the value of & =@"/7 for considering of the degeneration in the layers. By

extrapolating the relation (@ =)l 7) = T(hV) to the zero energy of the photon, the
forbidden gap width was determined. It made up 0.274 and 0.334 eV, respectively, which was
in good correlation with the deformation in the layers. The additional absorption was revealed
between the absorption edge and the absorption on free carriers increasing with the wavelength.
This absorption had equal values for the layers of different thickness.

It was found that additional absorption has little or no effect on the determination of the
value of the of forbidden gap width. The 2-fold increase relation of the absorption with the

energy twice as high as the Fermi level E: in lead selenide could be an appropriate checking
factor of correct determination of the forbidden gap width in the degenerate layer [11, 12].
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Abstract

A number of scientific and technical problems need the calculation of the intersection
volume of spheres with different radii and distances between centers. Present work aims to
summarize previous attempts made in this direction and solve the six-sphere problem for a
special case of practical interest.

1. Problem of intersection volume of spheres
1.1. A single sphere

The problem of intersection volume of spheres is reduced to a trivial problem of classical
geometry [1]: determination of the volume V of the sphere with given radius R,, which as a
whole is contained inside the intersection of all other spheres:

4R}

V(R1)=T- (1)

1.2. Two spheres

In the engineering practice, e.g., for determining the moments of inertia of machine
parts [2], the volume of intersection of two spheres with given radii R, and R,, and distance
D,, between their centers are calculated numerically. As for the general solution of this
geometrical problem, it was done by us analytically [3] in relation to the physical problem of
calculation of crystalline band structures within an approximation of quasi-classical type. The
matrix elements of the secular equation determining the band structure were expressed by the
volume of intersection of two spheres and then the corresponding formula was obtained:
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V(R1’ Rzi Dilz) = (2)
3
:%, Di12<R2_R1
3
= 47[3R2 ) Di12< R1_R2
:ﬁ(R1+R2_D12)2((R1+R2+D12)2_4(R12_R1R2+R22)) |R1—R |<D <R1+R
12Di12 2 1= = 2
=0 D, >R, +R,.

One can see that, V(R,,R,,D,;,) is a piecewise algebraic function. It and its partials
derivative 0V (R,,R,,D,,)/0D,, in the argument D,, are continuous at both of boundaries of
analyticity D, =|R —R,| and D,,=R, +R,. As for the partial derivatives of higher-orders,

they are discontinuous functions.
1.3. Three spheres

It seems that, before 1997 there were made no attempts to determine the volume of the
intersection of three spheres in general — as an explicit function of their radii R, R,, R, and

distances D,,, D,;;, D,; between centers. Although, it was considered a several cases, when

spheres’ parameters are related to each other in a special way [2, 4, 5]; and Gibson & Scheraga
[6, 7] summarizing the previous efforts performed in this direction had generalized Powell’s
formula [4] for the spheres of equal radii. The expressions were derived not only for the case of
spheres of unequal size that insect in pair of points (Figure 1), but also for other types of triple
intersection. However, we should note that these expressions being analytical at the same time
are only implicit representations of the function V(R,,R,,R;, D5, D;5,D,;) .

Figure 1. Representation of tetrahedron formed by centers of spheres at
points A, B, C and point P, which is one of two points common to surfaces
of all three spheres [6]. Here: R =, R,=f4, R,=y, D,=c, D,=b, D,;=a.

In 1997, developing the method of analysis of crystalline electronic energy spectrum
based on the quasi-classically calculated characteristics of atomic orbitals, Chkhartishvili had
demonstrated [8] that the energy and configuration characteristics of quasi-classical electronic
states of crystals can be expressed by the analytical combinations of elliptic integrals. In
particular, the volume of intersection of three spheres was expressed by the linear combination
of elliptic integrals. In 2001, Chkhartishvili had found out [9] that (Figures2 and 3), the
integrand part standing under the square root is a perfect square. This finding allowed to
conduct the integration in elementary functions and express the required volume as a piecewise
analytic combination of algebraic and inverse trigonometric functions.
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Abstract—The volume of the intersection of three spheres is represented as a continuous
piecewise analytic combination of algebraic and inverse trigonometric functions of the radii
and the distances between the centers of the spheres.

Koy woros: volume of the intersection of spheres, total emergy potential, atomic potential,
quasiclassical analysis of electron-energy spectra, hydrogen-like ions, secular equation.

The geometrical problem about the volume of the intersection of three spheres arose in con-
sideration of the physical problem of calculating the electronic structure of a substance by the
quasiclassical method

After the fundamental work [1] of Bohr, the semiclassical analysis of electron-energy spectra of . « .
light atoms became very popular (see, e.g., [2]). The heavy atoms can be calculated within the Flgure 2. “Three apples . Cover of
framework of approximation of local electron densities with the use of the quasiclassical decom-
positions for the total encrgy functional [3]. But, because of a singularity at the point where the . .

B locat and of the lcion sl efec,the atonc potentils o o generally sty the 1995 August 21 issue of magazine
sical condition of spatial smoothne re such approach: cessful?

The quasiclassical expression for bound state ener ies nhmmc(l by Maslov [4] shows [5] that, the ‘Ch : 1 & . : >
el et of sl stem s low a6t st melepondonly of the emical & Engineering News’.
s of the potential if 51/2mPfI>RZ <1, whm(\ @ and R are the characteristic
values of the potential and the radius of its action, respectively. Let Z be the charge number of
the nucleus; then ® ~ eZ/4neoR, and the criterion takes the form Rz/2R < 1. Here Rz =
Anegh?/me? Z is the Bobr radius of a hydrogen-like ion. Even for light atoms, the radii of electron
clouds are several times larger than Rz; thus, approximately, atoms are iclassical electron
systems in the sense specified.

The classically available domain for an electron bound in an atom is bounded by two spherical
surfaces centered at the point where the nucleus is located. In the lowest quasiclassical approxima-
tion, the partial electron densities of atomic orbitals averaged over directions vanish outside these
domains and are nonzero constants inside them. As the result, the total electron density in an atom
is expressed by a radial step-function, which implies that the atomic potential has a similar form.
Molecular and crystal potentials can he approximated by a superposition of atomic potentials and

are step-functions defined in three-dimensional space. Therefore, if the basis for expansion of the Fi gure 3. First Page of Paper

wave function is formed by linear combinations of piecewise constant quasiclassical atomic orbitals,
then the electronic structure of the molecnle or crystal is determined by a secular equation whose

matrix elements are linear combinations of the finitely many volumes of the overlapping domains (Math_ Notes, 200]_ , 69, 3, 42 ]_ —428)
of the triples of classically available domains for the electron states located at certain atom nodes.
It i easy to s that such volumes arc algebraic sums of the vohmes of the Jnterscetions of the

T the sphere bounding these domaine bearing explicit analytical solution

the physical problem of calculating che electron structure of a substance in the lowest

! . .
quasiclassical approximation can be considered solved if we solve the purely geometric problem Of problem Of intersection volume

of evaluating the function V = V(Ry, Ry, Rs, D1o, Dis, Dag), which expresses the dependence

0001-4346,/2001/6934-0421825.00  @©2001 Plenum Publishing Corporation 421 Of th]_‘ee Sphe]_‘es.

In particular, when intersection region is bounded by parts of all three spheres or they
intersect in pair of points (Figure 4):

V(R,R;,R; Dy, Dy, Dy) =V, +V, +V, 3)

i, j,k,=123,
where

Vi= @

H(2d;d; - (di? +dj)cost,)
3sint, -

d.(3R? —d? d, —d. cost.
_ u( i u) arccos ik -Ij i
rsint,

d; —d;, cost,
arccos ——~ — ' 4
r,sint,
3 il '

_ di (3Ri2 _ dii)

Here H is the half-length of common chord connecting the pair of points, where all
three spheres intersect:
H® = (5)
(RiZRjz—i_szDi]?)(Dii +D'2|< _Di?) "
2(D{D; + DD} +DgD;)—(Dj + Dy + D)
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(Risz2 + Rszii)(DiJ? + Djzk - Dii)
" 2(D?D? + D?D?% + D2D%)— (D! + D! + D3
(D; Dy + Dy Dy, + D D) — (Dj + Dy + Dy,
(RjZRkZ + RiZDjzk)(Di]? + Dii B Djzk)
" D’D? + D’D? + D2D2)— (D' + D! +D')
(D; Di + D;Dj, + D, D) — (Dj + Dy + Djy)
~ R’Dj +R?Dy +R{D; + D;D; D},
Z(DiJ?Dii + Di]?Djzk + DiiDjzk) - (Di}1 + Dy + D;‘k) ,

+
)

Figure 4. Intersection region, when it is bounded by parts
of all three spheres or they intersect in pair of points.

k

Figure 5. Line segments linking centers
of spheres and angles between them.

i J
dij dji

Figure 6. Radius of intersection circle between two spheres
and distances between that circle and centers of spheres.

t, is the angle between line segments linking center of i -sphere with j- and k -spheres

(Figure 5),
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cost. = Dj + Di — Dy, (6)
' 2p,D,

Iy =I; are the radius of the intersection circle between i-and j -spheres (Figure 6),

1

_ J2(R’R} +R?D; +R?D]) - (R + R} +D;)

r. =r , 7
ij ji 2Dij ( )
and d; and d; are the distances between that circle and centers of i - and j -spheres,
respectively (Figure 6),
R’ —R} +D;
SRR Dy ®)
2D;;
and
R? -R?+D;?
d, - ©)
2D,

1

We can see that, the V(R,,R,,R;,D;,,D;5,D,;) is a piecewise combination of algebraic
and inverse trigonometric functions. It and its partials derivatives oV (R,R,,D,,)/dD,, ,
NV (R,R,,Dy,)/D,;, V(R,R,,D,,)/0D,, , respectively, in arguments D,, , D,;, D,, are
continuous at corresponding boundaries of analyticity. As for the partial derivatives of higher-
orders, they are discontinuous functions.

In some cases, the intersection volume between three spheres is reduced to that of a pair
of spheres or even a sphere from these three. The general constructing principles of an
algorithm of numerical calculations, according to the obtained formulas, have been formulated
in the Annex of our Monograph [10].

Above solution of the geometrical problem was provoked by the development of a quasi-
classical theory of substance [11]. Within this approach, matrix elements of the secular equation,
determining electronic structure of a substance, are analytically expressed by linear
combinations of three-center volume integrals, each of which is reduced to a intersection
volume of threes spheres. The distances between centers of spheres are the distances between
atomic sites of the substance structure; and the radii of spheres are the inner or outer radii of
radial layers of quasi-homogeneity of overlapping electron densities of pairs of constituent
atoms and electric field potential formed by a third atom. Quasi-classical method, including
obtained analytical expression of V(R,,R,,R;,D;,, D;5,D,;), was successfully tested, e.g., for

boron nitride (BN) structural modifications [12].

The application of this expression seems to be useful in the old intersecting spheres
model of molecules developed by Antoci [13 —16]. Relatively recently, same formula was
utilized [17] to calculate the total energy of protein structures used in biotechnology.

1.4. More than three spheres and applications

Cases of more than spheres are too difficult to be solved in general. Only attempt of such
kind for four, six and twelve spheres belongs to Lustig [5]. All other available reports describe
the numerical algorithms.

A fast computer algorithm was presented [18] for complete analytical calculation of van
der Waals volumes. This algorithm computes overlaps of any order, not only second- and third-
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order atomic spheres overlaps like previously suggested analytical algorithms giving insufficient
numerical approximations of the exact van der Waals volumes. It was noted that, practical
situations frequently involve six-order overlaps. Computed volumes of 63 chemicals were
compared with Monte Carlo measured values.

Frequently, packings of spheres serve as useful models of the geometry of many physical
systems and the description of the void region (not occupied by the spheres), in general,
composed of disconnected cavities is crucial. An algorithm for decomposing void space into
cavities and determining the exact volumes of such cavities in 3D packings of monodisperse and
polydisperse spheres was presented in [19].

In [20], it was presented a simple algorithm for the calculation of the volume of a union
of spheres of different radii based on the ideas of [18]. Analytical formulas for atomic volumes
were derived. This could be achieved without explicit calculation of multiple intersections of
the overlapping atoms. Such ideas were implemented for the calculation of the occupied
volume inside the polyhedra defined by power Voronoi diagram. This allows calculating the
required values for spheres with different radii. Algorithm was applied to the calculation of the
solvation shell volume for complex solute molecules in molecular dynamics models of solutions.

Figure 8. All of 3D space volume primitives
together (including 3D atomic shells) [21].

The mass properties such as the volume of the union of the atoms — given in 3D space set
of spherical balls called atoms — are important for many disciplines, particularly for
computational and structural chemistry and biology. In [21], algorithms that compute the mass
properties of both the union of atoms and their offsets both correctly and efficiently have been
proposed. They employ the beta-decomposition approach (Figure 7) to decompose the target
mass property — volume into a set of primitives (Figure 8) — using the simplexes of the beta-
complex. Then, the volume is computed by appropriately summing up the volume
corresponding to each simplex.

Incorporated silica microspheres
* CdSe/CdZnS QD
® -Fe,0,MP

Figure 9. Magnetic and fluorescent silica microspheres fabricated by incorporating
maghemite (g-Fe203) nanoparticles and CdSe / CdZnS core / shell quantum dots

into silica shell around preformed silica microspheres of sizes ~ 500 nm [24].
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.

y

Figure 10. Scanning electron microscopy image of monodisperse hollow
single crystalline magnetite microspheres synthesized at temperature 180 °C
by one-step process through a template-free hydrothermal method [25].

Figure 11. Scanning electron microscopy image of gas-atomized Fe-based
powder with nominal composition Fe7sMo4P10C75B25Si2. The powder particle
size extends from few up to 50 um and particle surfaces are very smooth [26].

N G TG O . ]
N S P

BNs with richly exposed (002)

plane edges terminated by ~OH BN:foume

Figure 12. Schematic illustration of the preparation of BN foams with
richly exposed plane edges that terminated with hydroxyl groups [27].

In general, determination of intersection volume of an union of spheres is important for

morphological studies of porous / powdered materials (Figures 9 — 12) —see, e.g., [22 — 27].

2. Determination of constant orientation workspaces

of 6-DOF parallel manipulator “Stewart platform”

Determining the volume of workspace of a Stewart platform is an important technical

problem in the field of robotics because currently the 6-DOF parallel manipulator “Stewart

platform” (Figure 13) is widely industrialized (one of its principal applications is flight
simulator). The results of geometrical optimization of different workspaces of this robot [28]
have to be used in various applications and also helpful in a better analysis of the Stewart
platform itself. So far determination of workspaces of a 6-DOF parallel manipulator has been
done only through analytical and numerical methods.

117



Volume of intersection of six spheres:A special case of practical interest.

Figure 14. Stewart platform with workspace (big)
spheres and void (small) spheres inside them.

Figure 15. Final volume of intersection of six
spheres, whose value needs to be find out.
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In the geometrical approach, one has to try to find the workspace of the mobile platform
(regular hexagon), resting on all the six legs. For each leg, its workspace is a part of a sphere
whose size depends upon the dimensions of the leg or a void sphere presented inside each of
these spheres (Figure 14). The net volume of workspace of a platform is the sum of these parts.
We have found out the various combinations in which these spheres will intersect. In Figure 15,
it is shown a specific case in combinations of spheres of the legs to achieve the theoretical
workspace of the platform.

So, in general we need to calculate the volume of intersection of six spheres to determine
the workspace volume. On the system under the consideration, the constraints are: (1) equal
radii for all six spheres, and (2) equal distances between centers of nearest pairs of spheres, so
that all centers of the spheres are in the same plane and are the vertices of a regular hexagon.

Figure 16. Intersection of six spheres
and void spheres of different radii.

Apart from the intersection of six spheres, which is the theoretical workspace, due to the
combination of two legs, to which the mobile platform is attached, another (void) sphere crops
up, which intersects with this six sphere intersection. Then, the real workspace, through which
the platform moves, is the six sphere intersection minus the void sphere intersection. Thus,
there are many specific cases, where to compute the final volume we have to find out the
volume of intersection of the intersection of six spheres of equal radii with another sphere of a
different radius. In the Figure 16, the volume of intersection of six spheres and the spheres of
different radii, whose intersection with the former should be calculated, are shown together.

3. Volume of intersection of six spheres in special case

3.1. Volume of intersection of six spheres of equal
radii centered at vertices of regular hexagon

Thus, we consider six spheres with equal radii of R centered at the vertices of a regular
hexagon with sides of D. Denote their intersection volume by the function of these two
variables: V =V (R, D). From the Figure 18, we can see that at R< D a pair of spheres centered
at the ends of a hexagon’s large diagonal do not intersect and then the required volume
identically equals to zero: V(R,D) =0.

The volume V(R,D) >0 only at R>D. Let’s analyze this case. Assume that centers of
all the spheres are placed in the xOy plane, i.e., the Oz axis is perpendicular to the hexagon
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plane. When its center coincides with the origin O, at the altitude of z the intersection of a
sphere with the plane parallel to the xOy plane is a circle of radius

R(z) =vVR?-z? (10)

(Figure 17). At z # 0, spheres are intersected if R(z) > D, which is a condition analogous to the
condition at z=0.

Figure 17. Regular hexagon with sides of D.

N

Figure 18. Radius R(z) of circle of intersection of sphere
with plane parallel to hexagon plane at altitude of z .
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Figure 19. Intersection of six identical spheres.

The intersection of six identical spheres is a convex figure bounded by six identical
fragments of all the spheres (Figure 19), for which Oz is the axis of symmetry of order of 6 and
XOy is the plane of mirror reflection. The coordinates of the vertices of the figure are the
solutions of the equation R(z)=D:

72, =+JR*-D? (11)
and, therefore, the height of the intersection figure is

H=z -z =2JR>-D?. (12)
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Let S(z) denotes the cross section area of the figure at the altitude of z. It is evident
that the volume can be calculated as the following integral:

V(R,D):jsz(z):Z jsz(z). (13)

In this section, there are six line-segments that connect the spheres’ endpoints with the
central point placed at the Oz axis, which divide this cross section into six identical parts. If we
denote their areas by s(z) we will have

V(R,D) =12 _[dzs(z). (14)

Each of these plane figures are bounded by an arc of a circle of radius R(z) and the two

sides of an equilateral triangle, the third side of which is a chord subtending the said arc
(Figure 20). Consequently, the area S(z) is equal to the sum of areas of the circle-segment

Ssegment(2) Of radius R(z) and the equilateral triangle S;;,.,(2), one side of which coincides

with the chord bounding the segment. Denote the side of the triangle, i.e., chord length, by
X (z). The area of the circle-segment can be calculated as the difference between the areas of

the corresponding sector Sg,, () and isosceles triangle Sf,;,,,(z) with slopes of R(z) and base

of X(z). Thus we can write down:
S(Z) = SSegment(Z) + S‘;’riangle(z) = (15)
= (Ssector (2) — S;'riangle(z)) + S;riangle(z) =
= Ssector(Z) — (S{"riangle(z) - S‘:’riangle(z)) .

Figure 20. One of six identical parts of cross section of
intersection of six identical spheres at altitude of z (I).

According to the law of cosines,
R?(z) = D* + X?(2) —2DX(z)cos%” (16)

and then
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_ 2 1., 2 \ﬂ§
X(z)—\/R - D* -2 =27D. (17)

Since the base of the isosceles triangle equals to a side of the equilateral triangle X(z),

and the difference in heights of these triangles at any altitude is D, the difference of their areas
is easily calculated:

" ' 1 1 2 1 2 2 \/é
STriangIe(Z) - STriangIe(Z) = E DX (Z) = E D[ R _Z D -2z° - 7 D |. (18)
It is convenient to calculate separately its contribution in the required integral:
VR?-D?
VTriangIes=6D J. dZ \/RZ—EDZ—ZZ —ED = (19)
0 4 2

Y
_3 D(4R? — D?)arcsin 21/% _3 D?\/3(R*-D?).
4 4R -D° 2

Figure 21. One of six identical parts of cross section of
intersection of six identical spheres at altitude of z (II).

From Figure 21, we find the sector angle ¢(z):

\/Rz—lDZ—zz—‘/éD
4 2

JR? - 7° ' 20)

\/RZ—ZDZ—ZZ —ﬁD

4 2
JR2 - 72

As for the corresponding contribution in the required integral, it equals to

o(2) = 2arcsin%

Thus, area of the sector is

Ssuu(2) =5 PR (D) = (R - 2*)arcsin 1)
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R%-z2 1\/R2—iD2—ZZ—\/2§D
Veeeor =12 dz (R? — z%)arcsin = = 22
Sector _([ ( ) 2 \/RZ _ 22 ( )
Y Y
—gR%arcsin |2 Yport 4 D?aresinz | -2 pz 3R p?)
4R°-D° 4 4R°-D° 2
and we get
\Y (R1 D) =VSector _VTriangIes = (23)
Y 2 N Y
— 8Rarcsin .|~ : b = — @2R°=D)D oy gin 211% +D?3(R* - D?).
4R°-D 2 4R*-D
As expected the resulting formula gives 0 when R=D,
V(R,D)|,_, =0, (24)
while at R>> D asymptotically tends to the volume of sphere:
4zR®
V(R,D),_, = 3 (25)
Finally, the problem’s solution is the following expression:
V(R,D) = (26)

=0 R<D

2 RZ D2

5. . |R*-D? , D : —~ 2 .
:SR arcsin W— 6R —7 DaI‘CSIn2 4R2 D2 +D 3(R —D) RZD

3.2. Volume of intersection of six spheres of
equal radii with spheres of different radii

Is the intersection of the intersection of six spheres of equal radii, centered at vertices of
a regular hexagon, with the sphere of a different radius, centered in the hexagon plane, same as
the intersection of two spheres of unequal radii? In general, it is not. But, for some constrains
for geometric parameters, the standard formula of the volume of intersection of two spheres
will work.

As above R is the radius of a sphere, one of six spheres with equal radii centered at the
vertices of a regular hexagon, D is the side of that regular hexagon, and R > D is the condition
of existence of the intersection between these six spheres. For given R and D, the shortest
distance X from the center of the regular hexagon to the surface of a sphere with radius R can
be calculated as:

X =R —— ———, (27)

Let’s introduce two additional geometric parameters: I' — the radius of the sphere that
intersects with one of six spheres with radius of R and d — the distance between centers of
spheres with radii R and r. Note that, here we consider the symmetric case, when centers S
and S of two spheres with radii R and r, respectively, and center O of regular hexagon are
located at same line (Figure 22).

Asymmetric cases also can be considered analytically, but relations will be significantly
complicated.
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S ,/‘x
”
-~
\
d s’
-~
”*
27 s

Figure 22. Radii and distances between
centers of two intersected spheres.

Figure 23. Critical radii and critical distances
between centers of two intersected spheres.

From the Figure 23, one can see that there are two critical distances, d, and d,, between
centers of spheres with radii R and r:

d,=D (28)
and

d, = D+%, (29)
and correspondingly two critical values 1, and r, of the sphere with radius r:

d-D
r=—— 30
1 2 ( )

and

r,=+/(d—D)2 -3 (d - D)X + X?. (31)
There are three different cases:

- when 0<d <d, general formula for intersection of two spheres does not work;

- when d; <d <d, general formula for intersection of two spheres works if 0<r <r,; and

- when d, <d <o general formula for intersection of two spheres works if r, <r <r,.
When the formula works, the volume V(R,r,d) of intersection of two spheres is

continuous piecewise algebraic function of variables R, r and d:
V(R,r,d)= (32)

3
:4§r 0<d<R-r
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_m(R+r—d)’(R+r+d)*—4(R*—Rr +r?))
- 12d

=0 R+r<d<ow.

Note that, the condition 0<d <r—R, when the volume of intersection of two spheres

|[R—r|<d<R+r

coincides with the volume 47R°/3 of a sphere of radius R is excluded in the system under the

consideration because the intersection of six spheres is only a part of a sphere with radius R.
4. Conclusions

Above described general procedure on how to determine the volume of intersection of
six spheres with all the constraints was successfully applied to volume computation in a number
of specific cases in the field of parallel manipulators.

Regarding the numerical application of the formula for intersection volume of two
spheres in the Stewart platform problem, it has proven that in ~30 % of tested cases it was
found to be applicable. In the rest ~ 70 % of cases, if d is between d, and d,, r was found to
be greater than I, (which is violation of a condition) and if d is itself greater than d,, then r

was greater than [, (violation of other condition), what makes these cases indeterminable.
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Abstract

Elemental bismuth nanoparticles and nanotubes were obtained via microwave
hydrothermal synthesis starting from bismuth oxide (Bi2O3) in the range of temperatures
200 - 220 °C for 10 — 45 min. The formed nanostructures were studied by scanning electron
microscopy (SEM) and transmission electron microscopy (TEM). The relationship between
reaction parameters and shape of the formed nanostructures is discussed. Molecular mechanics
(MM+), semiempiric (PM6) and density functional theory (DFT) B3LYP methods are applied
for additional characterization of bismuth nanotubes.

Introduction

Metallic bismuth is an important element, having a lot of distinct industrial applications
as a component of low-melting alloys, catalysts, for production of polonium in nuclear reactors
and tetrafluorhydrazine, among others [1,2]. High-purity metal is used, in particular, for
measuring super-strong magnetic fields. Bismuth in nanostructurized forms has been
mentioned in some recent monographs [3 — 7], reviews [8 — 10], patents [11, 12], and a lot of
experimental articles. Bismuth nanoparticles [13], nanopowders, nanowires, nanofilms and
other nanostructurized forms including nanotubes [14 —22] have been produced by a host of
methods; some representative examples are shown in Table 1. Examined techniques for
obtaining its nanoforms include chemical reduction of bismuth salts, electrochemical deposition,
laser ablation, ultrasonic and microwave treatment, electron- and ion-beam methods, among
other methods. As a result of reactions from the same precursors, bismuth can be obtained in
various forms depending on reaction conditions, which may influence considerably on the form
and / or particle size in the resulting phase. Metallic bulk bismuth, its salts or complexes usually
serve as precursors in these reactions.

Among the methods above and a series of other techniques [23], applied for preparation
of bismuth nanoforms, microwave heating (MW) has been also used to obtain bismuth
nanostructures. Thus, microwave treatment (Table 1) of bulk bismuth in air in a domestic MW-
oven (power 800 W and frequency 2.45 GHz) led to formation of bismuth nanoparticles (60 —
70 nm) with Bi2Os impurities, in a difference of a similar treatment in vacuum, when Bi
nanotubes formed for 5-15 min. The optimal MW-heating process time was 60 min; the
process was found to be highly reproducible and easy.

127



Morphological studies of bismuth nanostructures prepared by hydrothermal microwave heating.

Table 1. Examples of production of distinct bismuth nanostructures.

Precursor Conditions / Techniques Products References
. Stirring in paraffin oil above | Spherical-shape of the nanoparticles (average
Bismuth granules | a0 For 10 b diameter of 50 nm), Bi20s admixture [24]
In the anodic aluminium The Bi . h it
Molten bismuth oxide template using a (i€ Bl Hanowlres, whose majority were [25, 26]
. single crystalline
hydraulic pressure method
In situ electron-beam Nanoparticles (6 nm) with a rhombohedral [27]
irradiation in a TEM structure
Reduction of sodium
Sodium bismuthate | bismuthate with ethylene Single-crystalline bismuth nanowires,
glycol in the presence of nanospheres, and nanobelts, as well as and (28]
poly(vinylpyrrolidone) or Bi / Bi2Os nanocables
acetone
Reduction of BiCls with Large quantities of colloidal Bi(0)
t-BuONa and sodium hydride | nanoparticles with a diameter in the range [29, 30]
at 65 °C. 1.8-3.0 nm
Reduction of BiCls with KBH4 | Nanoparticles with average diameter of about 31]
BiCls at room temperature 30 — 80 nm
Reduction with Fe powder, Dandelion-shape microspheres of ordered 32]
150°C, 12 h bismuth nanowires
Metallic zinc powder Bi nanotubes with diar.neter of 3—-5 nm and (33]
length up to several micrometers.
Bi ith i i f 4.
Bil -Butyllithium i nanotubes VYIt inner diameter of 4.5 nm [34]
and an outer diameter of 6 nm
ingle- 1i 1lic bi h -
[Bi(NO3)s-5H20] SlTlg e-crysta ine metallic bismuth nano
L wires (average diameter about 20-30 nm and [35]
Ethylene diamine
lengths range from 0.2 to 2.5 pm)
[Bi(NOs3)3-5H20] Solvothermal method Bi nanotubes with diameters of 5 nm and (36]
Hydrazine lengths 0.5 -5 pm
Bi20s Bismuth nanotubes (diameter about 3 — 6 nm (37]
Ethylene glycol and length up to 500 nm).
) Radiolytic requctlon of . The polymers are used for stabilization of
Bismuth perchlorate | aqueous solution of the Bi salt . [38]
. . formed nanoparticles
with or without polymers
The simultaneous
decomposetion of Nickel-bismuth alloy nanoparticles with an
[Ni(COD).] bis(cyclooctadiene)nickel(0) average size of 8 — 10 nm, NiBi nanowires,
) : [Ni(COD)2] and pure Bi nanorods with diameters of about [39, 40]
and [Bi2Ph4] o . . o .
tetraphenyldibismuthine 50 nm and superconducting NiBi particles,
[Bi2Ph4] in tetrahydrofuran depending on the synthesis conditions
(THF) at reflux temperature
Bismuth nanofilms (average thickness of
Layered . . .
. . Structure-controlling 0.6 nm) and monodisperse layered Bi
Bi(SCi2Has)3 with . . [41]
31.49 A spacin solventless thermolysis nanorhombuses with an average edge length
) paciig of 21.5 nm and thickness of 0.9 nm
In air in a domestic MW- Bi nanoparticles with or without Bi20s
Bulk bismuth oven (power 800 W and impurities (depending on synthesis [42 — 44]
frequency 2.45 GHz) conditions)

In this report, we present nanostructures of bismuth, observed as a result of synthesis in the

conditions of microwave hydrothermal procedure, and calculation results for their different forms.
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Computational methods applied

16 structures were optimized using the following computational methods: molecular
mechanics (MM+), semiempiric (PM6) and Density Functional Theory DFT (B3LYP),
implemented in the programs Hyperchem 8.0.4 and Gaussian 09. All structures were
characterized calculating their vibration modes. The results were visualized in the program
Chemcraft v1.6. In this work, the geometries for bismuth nanotubes with both open and closed
extremes were optimized. In both cases, the Hamada index m was used; it corresponds to
armchair (M =n) and zigzag (M =0) configurations of Bi nanotubes, varying the n value in the
range of 3 — 6. The tubular structures with open extremes were initially constructed on the basis
of carbon atoms using the program VMD 1.8.7 (University of Illinois). Then the program
Chemcraft was applied to change them to bismuth atoms. The geometry was optimized using
the molecular mechanics method MM+ using the program HyperChem v8.0. To generate closed
tubes (knowing that bismuth atoms prefer to form tri-coordinated structures [45]), bismuth
atoms were manually added step-by-step, optimizing every time by molecular mechanics
method (MM+), in order to form the pentagons in the extremes (the presence of pentagons
generate curvature defects in the nanostructures) up to closing the structure.

A major precision optimization was carried out using the semiempiric method PMBS,
implemented in the program Gaussian 09. Also, the molecular dynamic calculations were made
with 2,000 steps with 1 ps each one at ambient temperature (298.15 °K) in the same method.
For the optimized structures, where imaginary vibrational modes were not found, the
calculations were refined at a higher level using the method B3LYP in combination with a
series of bases def2-SVP.

Experimental

The reactions were carried out in a teflon autoclave (equipment MARS-5), using
dibismuth trioxide as a precursor and ethyleneglycol (EG) as a reductant. Due to the necessity
to exceed boiling point of EG (187 °C) and security limits of the equipment, the syntheses were
made in the range 200 — 220 °C, reaching pressure close to 300 psi. The reaction times were 10,
15, 30 and 45 min. The formed nanostructures were studied by scanning electron microscopy
(SEM, equipment Hitachi S-5500) and transmission electron microscopy (TEM, equipment
JEOL 2010-F), both at University of Texas at San Antonio, as well as in a high-resolution
HRTEM Hitachi H-9500 (high voltage 300 kV), with image recording using CCD camera
(4k x 2.6k) (University of Texas at Arlington). The samples were prepared by ultrasonic
dispersing of formed products and further application of suspension onto a lacey grid (Lacey
formvar / carbon, 300 mesh, Copper approx. grid hole size: 63pm), purchased in 7ed Pella, Inc.
Reproducibility of experiments was good and yields of bulk products corresponded to the range
85 — 93 %. The obtained images were analyzed with use of the Gatan program [46].

Results and discussion

Theoretic calculations

The size of bismuth nanotubes was selected as major of 144 atoms. zigzag- and armchair-
type nanotubes with closed or open tube extremes were discussed (Table 2). A structure with
major symmetry was tried to be constructed in each case.
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Table 2. Bismuth nanotubes, optimized with use of PM6 method.

n m Structural type Symmetry No. atoms Diameter (A)
310 open G 60 5.34
¥
); ;
THe® 6.70
3]0 closed G 62 | | L :RT '
I il
A
3|3 open G 60 W R 9.92
313 closed Cav 62 9.93
&
410 open Din 48 ¢ “ﬂ-:\-\l ¥ 1 8.50
.-S:‘;:{\‘: Py t
s T
410 closed Gov 42 Qe o s 8.39
S
b RARAR
41 4 open Cwv 96 Ui il 13.32
RN
%
G A
41| 4 closed Cov 92 IRz 91 12.98
‘\\\ e )
S J)
o
bt H'CL e
510 open Gsv 60 SN JANY 9.15
@~ 774,
N\ C.. ul.i;f_t‘ - ,._."c";/'
P
hay N
5(0 closed Gv 50 [ 10.35
(o ® < ’”\)ﬂl
X

130



O. V. Kharissova et al. Nano Studies, 2015, 11, 127-142.

open Gsv 90 16.72

closed G 100 16.61
3w =28

open Cov 72 <4 (1 Dh v 12.42
= =

closed G 60 12.16

open Cov 144 20.14

closed Gsv 144 h 19.92

v I i I ' I ' I
20 | FZZ] Expected diameter
ag ] Diameter of closed nanotubes
Diameter of open nanotubes

E d 14 7

x i ] N .

b a 7 .

e m 10 - . o

c e ] :"i

tot : -
1
1 |
1 :

(3,0) (3.3) (4.0) 4.4) (5.0) (5.5) (6,0) (6,6)
(n,m)

Figure 1. A comparison of expected diameters according
to the equation (1) and the obtained by PM6 method.
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We propose that the diameter of bismuth nanotube in function of Hamada indexes is
given by the equation (1),

d_a\/n2+m2+nm 1)

Vs
in which the value of unitary vector for a sheet of bismuth hexagons is a=5.23 A. This

equation considers that the nanotubes are formed by regular hexagons. However, after relaxing
this structure, the change of bond angles and lengths generates slightly major diameters. A
comparison of expected diameters according to the equation (1) is shown in Figure 1. It is seen
that, for the armchair-type nanotubes, this difference increases conformably with increase of
the Hamada index. In case of zigzag-type nanotubes, the difference is expressed more clearly for

diameters of open nanotubes.

Table 3. Comparison of nanotube extremes before and after optimization of nanostructures.
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As it was mentioned above, Bi atoms were added to form pentagons in the tube extremes
and the molecular mechanics were used to be able to close manually the nanotubes. However,
optimizing the geometry of the open nanotubes with PM6 program, the tendency to close the
extremes in these structures is observed in all cases. For nanotubes with diameters less than
10 nm, this is reached forming squares in the extremes (Table 3), but for higher-diameter
structures, structure relaxation is insufficient for closure the extremes. So, it is expected that
these structures are less stable in comparison with those closed manually. Even, relaxing the
open (5, 0) and open (4, 0) structures, the atoms in the tube wall displace to the interior zone
and to the extremes, loosing tubular form (Table 2).
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It is known in computational chemistry, that the stability of a molecule is only relative

in comparison with another molecule with equal type and number of atoms and this is
associated with potential energy surfaces in the structures. So, in order to compare nanotube
energies, the nanotubes with equal number of atoms were constructed for the cases of the open
(6,6) and closed (6,6) tubes. Both model tubes are formed of 144 atoms. Their energy
difference of 132.924 kcal / mol was obtained, taking in account the closed structure (6, 6)

(0 kcal / mol). These energies were calculated for the same stationary point (potential energy
surface), using the DFT method (B3LYP / SBKJC VDZ ECP) resulting more precise results. A
similar analysis was carried out for the open tubes, formed of 60 atoms ((3, 0) and (3, 3), zigzag
and armchair, respectively). For this comparison, the less-energy structures are of a zigzag type,
which are taken as a reference to obtain AE (see Table 4).

Table 4. Comparison of nanotube energies for zigzag and armchair types.

Structure type

Index ‘ Form

Relative energy

Open nanotubes (3.0) 282361 AE =22.88kcal / mol
(3,3) | armchair
(3,0) | =zigzag

Closed nanotubes — AE =33.04 kcal / mol
(3,3) | armchair

Using these calculations, the gap between HOMO and LUMO molecular orbitals was

analyzed. Figures2 and 3 show the structures of the type zigzag (m=0) and armchair,
respectively. It is observed in both graphics, that a better conductivity corresponds to open
nanotubes. For the armchair-type nanotubes, the tendency to improve the conductivity is seen
conformably increase of diameter.
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Table 5. Molecular dynamics calculations for closed nanotubes.

(n,m) Structure before DM Structure after DM

(3,0)

(3.3)

(4,0)

(4.4)

(5,0)

(5,5)

(6,0)

(6,6)

Calculations of vibration modes suggest difficulties to be stable structures for those with
more than one vibration imaginary frequency. For bismuth nanotubes, using these calculations,
two negative frequencies for the open (4, 4) nanotube, four negative frequencies for the open
(5, 5) nanotube, and four frequencies for the (6, 6) open nanotube were obtained.

Another analysis by calculations of molecular dynamics was carried out, allowing
evaluate the stability of bismuth nanotubes. On the basis of obtained results, it was considered
to realize calculations for closed nanotubes, since no any of these nanostructures has been
collapsed during the optimization of its geometry and no any this structure possesses imaginary
frequencies. These calculations were carried out also by the PM6 method, paying attention to
the interaction between atoms per a determined period of time (2000 ps) at 298.15 °K. Table 5
shows images of bismuth nanotubes before and after the molecular dynamics simulation for
closed nanotubes. It can be observed that these structures are not collapsed; their changes are
minimal. The structures (3, 0) and (5, 5) seem open in their extremes; however, the interatomic
distance is considerably shorter the van der Waals radii.
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Discussion of the experimental results

At < 10 min reaction time and heating at 200°C, it was observed that the bismuth oxide
was precipitated in the autoclave having yellow color, so necessary reduction conditions were
not reached. For other samples at higher heating times, the color change from yellow to
metallic was detected. The samples, heated for 15 min at 200 °C, were analyzed by high-
resolution TEM, where 5nm nanoparticles are seen (Figure4a). Figure 4b shows a
nanostructure having 5 nm diameter and length of 58 nm, constituted of various aligned more
thin structures. It can be affirmed that these nanoparticles grow accordingly to the bottom-up
type: the nucleation process takes place, in which, meanwhile the reduction of bismuth oxide
occurs, the bismuth atoms are being added to the particle constructing different nanoforms.
Figure 5 shows other aligned structures (nanowires and nanotubes). For the observed nanotubes,
their diameter (0.7 — 1.0 nm) was determined applying a Gatan analysis.

Bi 15-200.023

Bi 15-200.008

Print Mag: 1960000x @7.0 in 20 nm Print Mag: 3270000x @7.0 in 5 nm
TEM Mode: Tmaging HV=200.0kV TEM Mode: Imaging HV=200.0kV
Direct Mag: 300000x Direct Mag: 500000x

Figure 4. TEM images of the formed nanostructures (15 min
heating at 200 °C). The image a) shows nanoparticles with < 10 nm
size; the image b) shows the growth of nanotube agglomerates.

Nanotubes

Bi

-200.037
Print Mag: 1960000x @7.0 in 20 nm
TEM Mode: Imaging HV=200.0kV

Direct Mag: 300000x
Figure 5. TEM image of the sample, heated for 15 min at 200 °C,
showing an agglomeration of bismuth nanotubes and nanowires.
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Nanoparticles produced by heating for 10 min at 220 °C are shown in Figures 6a and b.
High-resolution TEM images in both figures revealed the nanoparticles with 15 —20 nm
diameters, one of which is shown in a larger scale in Figure 7. The nanoparticles are of a faceted
form. No nanotubes were observed for 10 min heating.

1220-10.025 —_—
Print Mag: 1640000x @ 7.0 in 20 nm Print Mag: 1640000x @7.0 in 20 nm
TEM Mode: Imaging HV=200.0kV TEM Mode: Imaging HV=200.0kV
Direct Mag: 250000x Direct Mag: 250000x

a) b)

Figure 6. a) and b) TEM images of samples, heated for 10 min at 220 °C.

BI220-10.027 — BI220-10.028
Print Mag: 5240000x @7.0 in 5 nm Print Mag: 5240000x @ 7.0 in 5 nm
TEM Mode: Imaging HV=200.0kV TEM Mode: Imaging HV=200.0kV

Direct Mag: 800000x Direct Mag: 800000x

a) b)
Figure 7. High-resolution TEM images of the samples, heated for 10 min
at 220 °C: a) nanoparticle with a visible diameter of 18.8 nm; b) nanoparticle
with sizes of 13.52 nm x 17.94 nm and interatomic distance of 3.5 A.

The most interesting results, in our point of view, were observed in case of 15 min
heating at 220 °C: the formation of blocks, consisting of 12 nanotubes with 0.78 —1.08 nm
diameter each one (Figures 8a — d). These blocks have the length starting from 10 — 15 nm up to
200 nm in several samples and are generally covered by spherical nanoparticles. The nanotubes
are perfectly straight (Figures8a and b) and may be confused with nanolines, typical for
bismuth [47]. However, we strongly attribute them to individual single-wall nanotubes,
connected each other by van der Waals forces, paying attention to visible connections between
neighboring “lines” (a thin clearer space is seen between and along tube walls (Figure 8a),
especially at the end of them, where structural defects appear). Similar results were observed at
increase of heating time to 30 min both at 200 °C (Figure 9) and 220 °C (Figure 10). In the last
case, the formation of almost Y-junction nanotube conglomerates with diameter of 1.1 — 1.5 nm
each one is seen. The length of such conglomerates can reach 45 — 50 nm, for instance as it is
shown in Figure 11.
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Bi 30-200.014
Print Mag: 3270000x @7.0 in 5 nm
TEM Mode: Imaging HV=200.0kV
Direct Mag: 500000x

Figure 9. TEM image for the sample, heated for 30 min at 200 °C.

Nahotubes

i
%iﬂz‘a{u‘u_bia' :
Print Mag: 1960000x @7.0 in 20 nm
TEM Mode: Imaging HV=200.0kV
Direct Mag: 300000x

Figure 10. TEM image of the sample, heated for 30 min at 220 °C.
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Print Mag: 1960000x @ 7.0 in 20 nm
TEM Mode: Imaging HV=200.0kV SNy
Direct Mag: 300000x E 2pm ' ElectronImage 1
Figure 11. TEM image of the conglomerate Figure 12. SEM image of spherical
of six nanotubes with length 45 nm (the nanoparticles (the sample,
sample heated for 30 min at 220 °C). heated for 45 min at 220 °C).

Further increase of heating time to 45 min leads to formation of two types of
nanostructures, depending on temperature: spherical nanoparticles are observed in the samples
heated at 200 °C and 220 °C (Figure 12), as well as multi-wall nanotubes (Figure 13), observed
heating at 220 °C only. The maximum observed diameter of spherical nanoparticles reaches
500 nm. For all studied samples with heating time from 10 to 45 min, bismuth atoms were only
observed, without oxygen impurity; so, a complete reduction of bismuth oxide to elemental
metal nanostructure takes place (Figure 14). The results of the present study are summarized in

the Table 6.

UTSA 30.0kV 0.1mm x150k BF-STEM 300nm B 40

Figure 13. S-TEM image of nanotubes
(the sample, heated for 45 min at 220 °C).
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5 10 15

Full Scale 353 cts Cursor: 19.815 (0 cts) ke

Figure 14. Elemental analysis of the
sample, heated for 10 min at 220 °C.

Table 6. Summary of the obtained experimental results.

Conditions (reaction time

. Formed metallic bismuth nanostructures
and temperature, °C)

Nanoparticles with diameter 5 nm and nanotube / nanowire

15 min, 200 °C agglomerates with length of 50 — 60 nm

10 min, 220 °C Faceted nanoparticles with 15 — 20 nm diameters. No nanotubes
were observed

_ Blocks, consisting of 12 nanotubes with 0.6 — 0.7 nm diameter each
15 min, 220 °C .
one and length starting from 10 — 15 nm

30 min, 200 °C Blocks of nanotubes with larger length in comparison with 15 min

heating.
30 min, 220 °C Y-junctions of nanotubes with lengths 45 — 50 nm
45 min, 200 °C Spherical nanoparticles (diameter up to 500 nm)

45 min, 220°C Spherical nanoparticles (diameter up to 500 nm) and multi-wall

nanotubes

Comparing the obtained results with recently reported related investigations, we note
that this metal exhibits unusual capacity to form a wide range of nanostructures, in particular
nanotubes with different sizes, which are morphologically identical analogues of carbon
nanotubes [14, 33]. In particular, it was concluded in the report [14], dedicated to the stability
and electronic properties of Bi nanotubes, that hexagonal prismatic nanotubes of zigzag
chirality with radius of 11 -30 A were found to be the most stable nanostructures. In our
present investigation, the microwave-formed Bi nanotubes show lesser radius. In any case, in
future investigations it would be very useful to establish a dependence of diameter and length of
bismuth nanotubes on synthesis method, as well as to try to obtain nanotubes of other elements,
which appear in layered allotropes (P, As, and Sb — see [14] and cited references therein).. At
last, we can affirm that the microwave hydrothermal method is an adequate technique for
fabrication of bismuth nanostructures.
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Conclusions

Elemental bismuth was obtained in the form of nanoparticles and nanotubes in the
conditions of microwave hydrothermal heating. Complete reduction of bismuth oxide to
metallic bismuth was observed starting from 10 min of treatment. Agglomerates and blocks of
metallic nanotubes were observed at intermediate heating times (15 — 30 min), meanwhile short
(10 min) and large (45 min) treatment durations led to spherical and truncated spherical
nanoparticles. Additionally, nanotubes were observed at large heating times and higher
temperature. Applying the calculations of computational chemistry, existence of bismuth
nanotubes is confirmed, having the following characteristics:

- The structures correspond to local energy minimums, which imply their stability.
- Up to the (6,6) arrangement, the nanotubes possess semiconductive properties; the
conductivity is better for open nanotubes.
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39bbomos  domEgdbmemaools gem-gMmo  LsobGHghgbem  rGx-0(3569
Dgod 396560 Spirulina platensis ) 6M9q00L 3096 Jodow®mo gugdgb@gdol: Cu, Zn, Ni, Ag,
Cd s Hg sdLmMHd0mgdol bsgombo bsbdmzarg (120 oo s 998cdm 9306y Omols)
99b396089639d0l d9gagdol Jobgz00.

656mbsfoeszgdols LobmgBo dg3bogMgdols s FHgdbozolomzgol FgEscmgdom sboew
bBIOML  GoMTMoABL. 5T MZoWLsBOHOLO®  BLobEHMGuMS  Bo3OMMEMYB0DIGdO,
OMIJWooE  9HsLOSMGOL  gogdmdo  SOLGIME  SMIMOYBM 0mbxdbg Bgdmddggdol
MbsG0. MoLsM30L  BsbMbsfows3gdols Fo6dmaddbgro  ozMmmMA60DTgdol  d30Mg
(509bMdsy (36mdoo. FbmwmE ®s9mgbodg Fomgsbl Fgmderos dmaz3gl JodoryMo
9w999639d0L:  39OHEbol, mJOMmL, 35dodol, GHoGBoL ©s bg. bsbmbsfowszgdo.
50dmPRbs, MM (3056Md59EHgMm0s MO x-0(3:69 fgocrdigbotg Spirulina platensis (Jggdmon:
S. platensis) {63096l 656mbsfogrs3gdols Jobowgds LoobEgglcm mdogddL [1].

d6OMIs8o  [2] ©dLIMos s bsfoermdMmog  godm3zergmeos 303 Lsgombo
39603bobs s MgOmlb  65bmbsfowszgool  dobomgds  fiyowdigbstg  S. platensis
3990myggbgdols  Jglobgd.  gobbowmos ol Ms30LgdMEMGdsBo, GMIgoi  sboliosmgdl
Bsbmbofogrszgdols  803Mmdme  LobogblL,  saMgm3zg,  FgBsligdmeos  39MGEbarol
3063963 Mo30s S. platensis d0mdsbodo. 9du3gMH0dgbEHgddo godmygbgdmwo 0dbs 396 Ebeols
Bo@dMs@o AgNOa.

dOmdsdo  [3]  GgbPogwoew  odbs  S.platensis  domdsbom Loty gdMdOL
99L5dgdMBS. MJOHML BBMbSFos3900L Fobo®gds. odmygbgdmw 0dbs mdemml bsgdomo
JwmOmsn®sGo HAuCle. 990bgme 0dbs mdmmlb bbgoolbgs @mbs. 9dudgModgb@gdo
B39t MH™MOoL Bb3solibgs 0b3gM35¢ol ©s330m. dglc¥Egdmeo bsdMTsml J9gyo©
539600, O™ Lofigobo 1, 5-12 ol 993y FoOIM0ddbgds ™mJOml LggHwyo
R3Ol Bobmbsfoeszgdo, bmdoom 8-4060 (bodmocrme 20 -3063). 253900900
513365, OMI MJOML BobMbFos39d00 JoxgMgdMo S. platensis domdsls Fgodergds
3990mggbgdme  0dbgl  Bodgo@Eobm,  Bo®mTs3g3dIo s  Lbgs  B9dbmemaom®o
d0BbgdoLO™M30L. 58539 OML 5Mbodbwos, ®Md S. platensis doge  53MFMEOMHGIMWO
O™l 656mbsfos3zgdol 3mbi3gbBH®oE0s M50m©gbodg MOl 256853mdsdo LHMogs@
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250DoMs. S. platensis d0mdsbol 60dIGOOL 5B5OBOLIMZ0L 9dMYgbgdme 0dbs BmamO3
0bLEGHOMIGBGHIWMOHO  bgoBHOHMbMEo  5JBH03530M0  SBswobol (0b6ss), 1939 SGHMING-
50LMEO(30v0 139G MMIYGEGHOOOL (s5b) FgMEYOO.

309bmdsgBHgmos  S. platensis,  bmaogMom  Lbbgs  d5dBHgM0sbomsb  ghmo,
3990mygbgdmos mgdmmbs s 3903Ebeoll Bobmbsfowmszgdols dozmmdmwo  Lobomgbol
00 39dbmmaool LEmwygmgolsmgol [4]. dgufogurowos, sgMgmgg, dodGHgMogdols o
90360mfyoed(3965609gd0l  LEIMOwgdom  FogdMwo  MmdOmbs s 39MEbaol
B5b6mbofogrszgdols do3mmdmwo Lobmgbol TgoEobsdo sdmygbgdols Lsgombgdo [5].
B90m50b0dbMwol  49Ms, dM™ smJMEo  Hargdols 2o6353™dsdo  Logm3z9 MM
3obs 36mdowo, MM {igoardgbstg S. platensis FoMdmoygbl 9603369cm396 mdogdBHL
1533900  00MSBHToBHOL  Loboo  LEMRIOMBOLIMZOL  5E5305b0L,  3bMzgwms s
93966M9m5mM30l, MoEysd 0ol 8Os  30GHSB0bgdom, FoWwgdom s (3bodgdom.
96039000 [6, 7] BsB39bg00s, O™ 50b0dbme Fysed39b569do JozMrmawqdgb@gdol: Se, Zn,
Mn, Fe, Cr s> Ubg. 350b5ogds 5393006090905  30egdmsb, Mol 4s9m3
00 39dbmeEmaoobsmgols S. platensis HoMIMogbL 39OL39dE Fo@GMOEsL. IOMIsdo [8]
©oLOdMMYOMos  S. Platensis  godmygbgdols  dglodegdenmds 03 BoMI>393GIO
369356053900l B dOLIMZ0L, BMIgeroi d903e3L Jodom® 9wgdgb@gdl: Se, I s Cr.
50b0dbmew IHMPsdo Jgufogeowos, saMgmgg, Cr bbgoolibgs gmmdol: Cr® s Cré 4i3930L
0530U9099M90900 S. platensis d0mdsbol VXY JOMB  MYOHMOYHNJIGIOOLLL.  39MHdM,
50960 0465, MM 50bodbmwo gsdEgbs®ol domdsliol YxMggdol doge 93390530
39M90Mm©6 LoEgMEbwolsmzol smEowgdgeo Crd 53Mm3MEoMgds bgds MRO® 9@,
3000609 Gmgbogmco Cré.

g4m390039  H90mmembodbmeols  aodm  LoFoMmo  doglsBbos  S. platensis
d6535c0dbM030 Jgufogenol Loddgdo d930@9bmo 3o6M 339090 Hzerowo.

0. X535603d30¢0l Lob. d0olols Lobgardfogm 1B6039MLbOGEHYEHOL
9. 96MM™b035930c0l B0BOZoL 0bLEOEGHMGHT0 (3056MdsgdBHMo0U S. platensis godm3zargzgdo
BoBoM©s 5 (Hotgds IPPAS B-265 @odol S. platensis 30mdslols bsdrmsergdom, HmIgaos
domqde 0dbs Grmligomols dgibogMgdoms 53509dool 3. BH0doM0sHBY30L Lob. d39bsGgms
R0BOMEMyool 0bLEHOEGHMEGH0IB. 50bodbmwo igsedEgbs®ol 3mw@GH0306090s Fo6dmgdl
Zarrouk 9339053 25609dmdo (pH > 8), dvdogo 4obsmgdolsl, 30 —34 °C ¢9d39MsdEmeol
30619030 bgds MHY3930 d5MBEGH0MYOS S PH LoLEsGHM0 3MmbGHOMEO.

3b™dOoE0s, ®MI Zarrouk 956M9dm 9903353L 9909y Jodowme gargdgb@gdL: Na, CI, N,
Fe, K, S, Mg, C, P, Mn, Zn, Cu, Mo, Cr, Ni, W, Ti, Co, Ca, V, H o B. S. Platensis “5% 6990
DMOOoL ©0bsdo3z5d0 1533w 930 HgodEgbotg 93300930 oM9gIMEL LosFomm  Jodow®
99996390l 963390 MHoMmEIbMdOm 0mM30LgdL. SFoBMmd gehom-gemo 9603369 m3zs60
Mo 9603905 50b0dbmo ysed39656MH0L 9egdgb Mo 99350gbermdol dglfagansls.

dOmdsdo  [9] Tgbfiogwoew  odbs  S. Platensis  bmgog@omo  m30L9ds,  39GIM,
Pgoad39b6560L  boby®Mdewogo MxgMEo  BOHEOL 3OmEgldo (5 -7 g), 83370530
290906 d0MYg6mH0 s BHMIJLo3MMO JodomGmo 9rgdnb@EHgdol 53498oMmIdOL MbsMO,
Gobm30L53 BoGIMYOME 0dbs mMo Lsbol 9Judgmodgb@o. m®mogg dgdmbgzgzsdo dgGmbgren
0dbs 9339093  @oMgdmdo  9OMOOMMEs©  RloGH3oMmmeg Jodod  gegdgbEHmo
39bLsBEOZOMEO MoMmEYbMds, HMIAWoms3 MBOMB3gYmRow 0465 Fom0 53930
S. platensis d0mdsLob BOHO®M s oo boGolbol 9bsHbMbgdom. omBmgds domygbrMo
JodomGo 9gwgdgbBgdol: Co, Cu, Zn, Ni, Mn s Fe, 33609039, GHmJbozn® dJodowme
9w9d9bBms: Ag, Cd, Cr s Pb 9993339mdol dqlfogers S. Platensis omgom)®o
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39003Moe domdslodo dolo BOEOL 0bsdozsdo. dglfogwrow 0dbs, s36Mgm3Y, S. platensis
00mdsbodo Cu, Mn, Zn s Mg 899(33900Md5 0655-0900m©0b godmygbgdoo.

9Omdsdo  [10]  sbggg  ©M98mobodyg ol Asbogwmdsdo  d0d0baty
9939603963 gool  LsdMsrgdom  Tglfogeroer o0dbs  S. Platensis )G90 HBOEOL
065303500 9339003 Zarrouk 206M9dmdo Jodowm®o gergdgb@gdol: Cu, Zn s Ni Ji3930L
0530190990 90900  Fo0  (39¢3-393g  PIBHZ0O™M30L O™, GmEs  TgHbgM  ogm
000MJ0  FomQobol 29633900 MHoMm©Ybmds. LoFoMmmE 0dbs Bosmgerowo dbasglo
b530bol Fgbfogers obgmo JodomMo gargdgb@gdolomzobys, MHmymeMoiss: Ag, Cd s Hg
[11]. y39e0s L3330 JodomEo 9e9gdgbEHOL d9dmbggzsdo Tgbfagaroe 0dbs figoerdEzgbs®ols
WOMBOE)M5© 353MIIM0 doMIsLOL 33C0gds.

00bs3gdstg  LsdMToml  JoBsbL  HomBMoygbl  Asbbormw  0dbgl  JodowmGmo
9w9396Ggdol: Cu, Zn, Ni, Cd, Ag ©> Hg 3930l 0530L90996M90900 dsmo obslfo®
396LsBEOZOMEO OMOIBMOOM (35¢3-(39¢39 PIGZ0OMZOLOL Zarrouk 9339003 296Mgdmdo
S. platensis ¥ 690 HBOEOL 065303580 565 bobyMdwo30 OHMOm, HMAMME gl SGOOL
Pommpqbowo 9Hmagddo [9 - 11], 5989 bobdmzarg 3gHomdo, 39MHdm, Godwgbodg
0056 60 — 120 foo gobdsgwmdsdo.

30Ebow  mMH560b390d0  8080botg  Fobommmyom®  3OHMmEgbgddo  Jodoweo
99996390l Mmool dglobgd  sbogwo  Bmbsgdgdo o dmy393m390s,  sdoGH™I,
3obbgbgdolsmM30l, 93089ME9dm dMMAgddo [9 — 11] 339 dmy3560¢ FMbOBEOYOIIL.

JodomMo  gwgdgbGHol L3owgbdolb Cu Gmo ©s 9609369wmds  3mEbowro
6256003900l  2963000560930LsMZ0L, b3y 9w9dgb@BHI0msb  Fgsdgdom, w3gm  SMOL
dgbPogoo. oo ®momddol yzgus bsghmo sM0olL  FHmJLogmo s Tgodwgds Jom
3Jmbgm  39M390maabmwo  m30L9dg00 [12]. Bz9bl Toge BosGo®gdmero  bsbdmzary
99639603963 gdoLsm30L dgMbBgme 0dbs b3owrgbdol Jarm®oo CuCl. Cu 3mbagb@®aisos
8339053 3909880 oym 100 dy / v, beaewm bidgbbool Lodzzmogg —7.5 ¢ / .

9939600963 go0  BoGots 22 -24°C  3H9d3gco@Mmebg. Cu  Mom©ybmdMoz0
39bLsBO3MOLsM30L  FyowdEgbs®ol  domdsbol  60dmdgdo  Fgamzos B3OS
ROWEHMI0do,  M50gbxgMdg  AS0Mgsbs  OLEHOWOMPdMo  fywom s  BoGoMs
650993900l B9 EJI3GMEHIOME0 453MmIMMDS. BsbsBBY 1 Fo@dmoyqboeros S. Platensis
3065 30mdsLsdo Cu 0mbgdol s3LMMdI0MmIOOL 0bsTozs Lafyolbo 120 for 2s6d53emdsTo.
OMmO3 BabsBoEb 1 hsbL, goed39bse0l x990l dogH 50bodbrwo 9wgdgb@ol
95JL0TSEIMBOE SOLMEODOMGdS Imbs Lofyolo 15 —20 oo gobdogermdsdo, bmerm dgdgy
5060860 MomMmEgbmds bo3wgds Fgogowes.

Jo8owmo 9w9dgbGHo mmos Zn dgol 3bmzgems MmMAsbmgdols s d3gbstgoms
y39gws  bsfoeol 9905096 ™d5d0. 3500 Md96, Mmd dolbo  3d56M0LMds  0fj393L
939bsM9ms BEOOL J9hgMgdsL [12]. Bggbo 9du3gModgbEgdolsmazols dgMbgrer 0dbs mmomools
begs@o  ZnSOs  BsboBbg2 fomdmoagbowos S. platensis  ddGocw  d0mdsbosdo  Zn
50LMMHB0MYdOL 0653035 120 foo 2963530MdsT0. HMPMEME BsbsBOEL 2 BBL, Zn 0mbgdol
35Jb0TSEMGO HBBMODOMYGOS STIbIBOSMGOJ0S 3 EH035300L Lafyobo Frmgdobsmgob.
Bobs®bo 3 23039690l S. Platensis Lylidgbbool BowG®s@do Zn 899339 mdsl (83y / 9en)
180 foo  2960530md580. OHmamO3 BsbsBob 3 BsbBL, S. platensis M Mggdol  bAOL
(50 - 60 foo) 2960530 Md5T0 XML F0ge SOLMOBOMYOME 0465 9339053 A96MgdmTo
5MLgdmo  Zn  BoduodogrMo  MomEabmds  (11.933y/dw), bmwm  9du3gM0dgbEoL
399pamdo MOHMOL 256853 mdsd0 god3gbs®ol Y MHggdol Joge SOLMOBOMYdMEo Zn
50m©gbMds 3609369wMm3boq 96 Fg33eomes.
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) g h p E3 a5 00 190 0 20 40 60 80 100 120
@ 6 o, E‘-"’ © & M, "V‘UJ
B5bsbo 1. Cu (T / ) 9dLMOHdOMYdOL Bsbsbo 2. Zn (33 / ) 50LaMBd0MYdOL
0653035 S. platensis dMo¢ d0MmIoLodo 0653035 S. platensis 3dMoe d0mIolodo
Lohgolbo 120 foo gob3ogwmdsTo. Lohgolo 120 foo go68s3wmdsdo.
& 4.0~
E 122+ 35 44 o P
% 1201 i r‘; 3.0 ,/D/"/r/if 2
A S T £ 25 /
E_: 11.6 l’./ '7‘: | l‘;
2 144 f-f‘" ?% 2.0 f‘l
é: 11.2 4 f ’Z 1.5 “
% 11.0 ' f@ - w!
5 / € 104 |
z 1084 / ! | [
2 . % :
% 10.6 4 j.-‘ L.?J 0.5 1
2 104 { ) e . ol
2 Fa SELCE I
e ™ T T T T T T T 0.5 T v T - T v T v T v T v T
N 20 0 20 40 60 80 100 120 140 160 180 200 0 20 40 60 80 100 120
© 6o (o © 6 o, fo
BoboBo 4. Ni (3 / @) 50LmOdIOMGdOL
Bobs®o 3. Zn (93y / dew) 50LMEDBOMYOOL 0653035 S. platensis ddMoe d0mIolodo
0650035 S. platensis dMoe d0mIoLodo Lohgolo 120 foo go6ds3wmdsdo.
Lohgolbo 180 foo gob3ogwmdsdo. Ni gaogobs@o 1 —0339993, 2 — fiywrols

5 b gzs@o 3 — fguol go6mgdmdo

Jodomemo 9wgdgbBol boggwol Ni Jglobgd x0dJm™dgb, MG™d ol Imbsfiowgmdl
3OEbI  mOsbobIgodo d0dobsty oBoMmwMyome 3MHMm3gLgdd0. 3569 ™dY6, CMI
60390 5bgbl 30w gdoL 5JEH039:309L, 93M9M39, IMBsFogMdIL VGIMWMBL Yerwy3MBOL
d9Bo0mEoHddo [12]. S. platensis MXMI900L  dogh Ni  0ombgool  sdLMmOHdOMIdS
bsbaMdewogo MH™ol (M58gbody @Mol) s6dsg3emdsdo gobbowremos dGMIsdo [10].
$0obs8qds6g IOMBsd0 30, HMYMOE Bgdmo ogm s0bodbmwo, 0y039 Lsgombo dsbobogrgds
bs6dm3wg 94b39M0d963HYOOL  LodrsEgdom, 3960dme, 2, 5, 10, 20, 40, 60 s 120 Hoo
396853cmdsd0 d0d0bodg 3MMELYdOL Loywdzgudy. 3 dobboo Ni, 3mbzgb@®ssoom
100 3y / @, BsBgzomomen 0dbs S. platensis ) ©99gdol bylidgbBosdo (Lodzzmozg 2@/ )
603900l byeEBsEHOLS s B03zxEOl eroiEEbsGOL Lobom. dmbs 60dMdgdol BoWEHMSEOS.
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Ni  3mb396¢)®5305  gobolodrgds  GMmamOE3  RowE®MmsGdo, 939  ©OLEGHOWSEHOM
65996039x 9O  d9Mggbow  fgod3gbs®ol  domdslsdo,  GMIgoE,  GMamOE  Lbgs
39000b3939930, o8O 0gbs B E9A3gMGH IO 30MMdYdTdo. 9du3gmH0d9bEgd0
Bodotms Lo LgMmos. 3060390 s dgmeg Lgmool 9JudgModgb@gddo LbLdgbBosdo
Bo®30Mmme 0dbs Boggarol gurogobsdo (Lybdgbbool pH = 6.5 ), bmwm dglsdg bgGoob
d9dobggzsdo - B0o3geol  bLYxks@do.  ebbowwmwo  9du3dgM0dgbBHgdol  89w9aq00
PomImygboos BsbsbBg 4. 50bodzbgdo sLgmos:g IMmwo 1 — Ni garogobs@o Zarrouk
39M99mdo; 3O 2 — Ni geroiobs@o fywob 4o69dmdo; dGwyo 3 — Ni bvmegs@o fyarob
39099mdo. OHMaMO3 Bsbsbob 4 b, S. platensis »xMggdol dogH Ni dogdlodoer s
BLBMmMd0MEs Mol 2 FgLsdsdol gdmbggzsdo, 2o30gdom 39mals©, 30Mg Ni
30300530l dgdmbggzsdo Zarrouk 9569dmob (3600 1). 4eroi0bs@ol dgdmbggzsdo
SOLMEOB0MId0L  dodlodormMo  FsB3969090  sBoJLoM©s  Lofgol 5 o, Lbryegs@ol
d9dobgg35do 3o — Lafigol 120 Hoo (360 3).

Lo0bEgMGLMS 3339053 396MgdmTo Ni lbgoslbgs ®om@gbmdol BsGzommgol gi39d@o
S. platensis  BMHOL  ©ObsT0IoDg  bobIm3zarg MmOl  (B3gbl  Fgdombggzsdo 30 fo)
2960530 mdsdo. FoMgdeo 89093900 §omImagbowos BsbsbBg 5. 09339053 @oMgdmdo
Bo33060Hm30L0m306 Ni Gom@gbmds 99mBgme o0dbs 50 -300 3y / ¢ 0b@HgMzsedo. Ni
30639635305 4obLsbBW3MME 0dbs FdMoeo domdslol bodmdgddo. Zarrouk gocgdmdo
Bo3H3060m30L5m30L  2odmygbgd e odbs bozgrol Lyyerxs@do 50, 100, 150, 200, 250 o
300 3y / @0 Gom©gbmdom. Mrmym®az Babs®owsb 5 Bsbl, S. platensis FdMo domTobodo Ni
3M6396@G®Ms30ol I306MH9m©abo dmdo@gds 899hbgme 0dbs 9339993 o09gdmdo 150 3y / ¢ s
300 3y / @ H5cgbmdol Ni Bo@300Hm30L5L. b3bsBYd0D 4 s 5 353mIEOBsMYMdL, M Ni
SOLMEOOMGOOL  FoJLOToMHTSs  MromEYbmdsd  S. platensis FdGoew doMIsLodo  Fgo0bs
3.5-4.13y/y.

JodowGmo 9wgdgbBHo 3903Ebwo Ag s0dmBgbowos Lbgsalibgs domm®mysboBdol
0905003960350, o053 dolo  FODBOMEMYPOMMO OHMEO  XIORIOMOOM  3bMdOS.
35057©Md96, MMI ol sbgbl 93w gbsL B9MGEEGM LolBYIgdbY. 39MEbEo 3GodE035d0
39900yg6905, M3 563 0LY3EGH03EM0 Lodrowgds. iyowdi3gbstg S. platensis vy MHgIOOL
9096 Ag 50LMMB0MYOOL LOZ0MBOL FobbowzoLsMZ0L bobdm 3wy 9JudmBoool O™, dolo
36535000 B39M0s6 JgMBgme 0465 3903beoll bodMo@o AgNOs. domgdmwo 89w9y9)d0
Po®mImygboos BsbsBBg 6. GmamMi 6sbsB0osL 6 3bgsgm, ULsfiyolbo 60 oo d99gy
39603bwolb 3mb3IbGHMs30s 93009 033w gds. 98 MML SBLMMBIOMIdS GOl g4sO
d0mdsbolb Na2EDTA  5693b30L cohml (36090 2) Bsdmomgsbgds Ag dbmerm@ 93069
(om©Ybmds.  3mBGHOMoL  3JoMmMdgddo  igoamd39bstol  domAsbol QoMb 3s
bmM(3090©IdMEs  IBMEm©  OLEHOWoMHGdMwo filywom (IGo 1). bbgs JodomGo
9w99963900Ls9b  25bLbbgoggdom Ag 9du396MH0d96@E 9080 ©sg0bsbgo dolo L3gzoBozMGO
943930 530U9099)M9ds60 S. Platensis ) 09090m9b sdLMOHBOMGOOL MZ5ELSBOOLO.

B39bl  dogh obbomo dgdgao  JodomMo gwgdgbGo oMol Cd, ®mIEol
o0m9bMdOLs s 3MEboe MmMsbobBIGddo Grmerol dglobgd FoLoergdo MomMJdol oM
0003tm390s. 3bmdowos dbmemE, MHMmd dol b5gMmgdl sboliosmgdl GHmdLogMOH™Mds o
390390OMa9bmo  dmddggds. §yoedigbstg  S. platensis  wyxG9gdol  doge  Cd
BLBMMBd0MGOOL Bs3ombob gobbowgolsmzols Bo@sMgdme 0dbs ®sdwgbodg gdudgmodgb@o.
306390 Jomyoboll MM 9339053 4909dmdo Bos@gommme 0dbs Cd Lsdo bosgmono: Cd-
3030650, CdCl2 s Cd-EDTA. 990093990 {omdmoagbocos bsbsbbyg 7.
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Bobsbo 5. Ni (3y / ) 5dLmOd0MGdOL
0653035 S. platensis dGo¢ d0MmIoLodo
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Bobobo 7. Cd (339 / 8¢n) 5d0LMHdOMIOOL
0653035 8339053 gotgdmdo Cd
1 - 4a0306530U , 2 — JamMool
5 3 — EDTA Bs@3060Hm30L0L
Lohgolbo 120 foo gob3ogwmdsTo.

BobsBo 8. Cd (339 / ) 9dLMOBdOMYdOL
0653035 3339053 25693mdo
1-0°C,2-35°Cqs3-40°C

H993965@1MH 900l 306HMdYdTdo
LoHgobo 60 Hoo gobdogermdsdo.

M3 BsbsB0ob 7 BsbL, {god39b5600L MR M9ggdol doge Cd yzgumsby dg@o©
0965 5dLMOHBdOMGdIMo Jgdmbzgzsdo 3, 999mbggzsdo 1 3o FogdlodseImo G9gao dowHgre
0d6s  ULofigobo 20 oo, bemem Fgdmbggzsdo 2 — 4060 oo 06053wmdsdo. 9990
99b3960896GHOL  MML  §ysed3gbseol  3MEEGH0306090s 3339053  296Mgdmdo  dmbgs
99MBgme0 $9339Mo@MgdobL: 5, 35 s 40 °C 306HmdYddo. 8339053 396gdmdo sGBYdmeo Cd
(om©gbmds ogm 503y / . s0bodbmwo qJudgmodgbGol gwgagdo  HoMdmoygbowos
BobsBBg 8. MmymeE 6sbsBoB 8 BsbL, 5°C 3H9d39cmsG«wmol @OH™ML Lsfyobo 5 —20 foo
396853wm™ds5do S. platensis »xH9gd0l Joge 9339953 oMgdmdo sOLYdIMWo 35©Todol
SLMOBOMYOMO  MoMmEbmdss  42.3 83y / dgw;  Lohgobo 540 oo  4obdsgzemdsdo -
439033/ 0w, bowen 60 Hoo  qobdsgemdsdo -  44.6093p/dw. 35°C s 40°C
A99396M9BHMMgdbg  S. platensis MY Hggddo  FgGHodMWOHO  3OMELYdo  MBOM
06¢9bLbomEs  8080batrgmdl. 35 °C #gd3gMo@Meby (Mo 2) ULsfiyobo 5 —20 foo
396853c0md580 dmbs Cd ;0560 MomEgbmdosb 44.4 93y / 8gn S0LMEOBOMYdS, Lafiyobo
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5-40 o 9ob3sg3emdsdo — 44.8393y /0, bmeom Lsfigobo 60 oo  256853wmdsdo -
46.8 93y / O, G535 dggbgds 40 °C ($H9gd3geod Mol (6o 3), o sbgo F9dmnbz9390msb
33943L bogddg: Lafyolb 2 oo sdLMMdIOMmES 8339093 49M90m8o Bs@dzommvymo Cd doerosbo
(om©Ybmdosd 45383y /9w, bmeem  Lsfgol 520G 0bGgH35wl  Tgglodsdgds Cd
(om©YbmdOoL 43.5 93 / g sdLMMHBOMGdS. Lofyolo 5 — 40 foo 963s3wmdsdo Cd domenosbo
50m©YbMd0EIL SBLMODOMES 46 33y / I, Lofgolo 60 foo gobdsgermdsdo 3o —46.6 939 / dev.

P
o

. / e

/ BsbsBo 9. Hg (33 / 3) 50LmEdoMgdol
T / 0653035 S. platensis JdMoe domIoLodo

// Lofhgolo 60 oo 256353e™ds0

Y
0 10 20 30 40 50 60
© & o, Ecn

Hg jobnbiésgos domdsbado, dga/s

3b™doEo0s, ®MI JodoMo gwgdagb@o 390Ebarolifysero Hg s dobo bogmorgdo
39M90mdo  0()39396  OMglo LG0T  OFMFY0sbgdoli. ol gMM3Ids  5sT0sbOL
00M3d9wdo, ©30dwdo, 9wgbmsdo, sbIbL EFowgdol Fmeg3MEgdol  domgodo)eo
5dBH03md0L  dEM30MGASL.  MMamOE  Bmy  LsdgEboghHm  WoBIMOGHMEMSTos  by0d350,
3963bobLfYswo 0f)393L 5530560l FMIMSMBOL 53565EHOL MM3935L. JobgEogz5 0oLy,
Gmd  39603bwobfigowo  Bsdmgbos  mEboo  mMsboBdgdol  99dsgbermdsdo, dobo
RODBOMEPMPOMMO  HMEWO  Mbmdos.  HBIM™ombodbol  Asdm, (3boos,  MOMEmILL©
9600369035600 30m3EbsE MmMsb0Bdgdmb 390 Ebarolfyols dmddggdol dglfogers. 53
©OML 0Ly, OmamemE bbgs JodomMo 9wgdgb@ol 999mbgg3sdo, 3mEbse MmMQs60bdo@
39630bowsgm  fiyoedzgbo®yg S. platensis. bsbdmzarg 39M0m©OL  2obdsgzermdsdo (60 fo)
50b0dbmo  Fyoed3gbs®ol My ggdol dog Hg sdLmGmdoMmgdol  dglfogerolsmgol
8339053 39M9dmdo  Bos@zommwo ogm 500033/ 39603bobfyswo.  §ysedzgbatol
bm39bBool Lod33m03g Tgogbs 19/ . 60dMdgdo s©0gdME odbs 3M@GH035:300L
5LsHYoLosH 2, 10, 20, 40 s 60 foo 99009Y. Y39ws 0G0 60306 Fysedgbsdol
00mdsLd godmymnow 0465 o EHMo3ool Bodwmswgdom, oMgEbor 04bs oLEGOWsEH0m
(pH=6.5) ©5009b6x%x9Mdg @5 603NIgdL  BomBHIOES WomgBommo  asdmdmmds. Hg
(omobmds  Jgx3olgdem 046y sob- @O 0655-900MYdOL  2odmygbgdom. S. platensis
WX 09900l  dogem  Hg  sdLmOmdoMgdol  99gagdo  bsHgobo 60 oo  96353@mdsdo
§om8mygboe0s BsbsBBY 9. Hmym®E bsbsBOWD 9 BsbL, Hg 5dLmMHd0Mmgd0l doglodserwy®o
390920 30090 0465 399 E035300L ILEHYOLOWID WIsHWMgdom FgmGIM39 Hmmby.

5960095, §oMmMm©Ygbowo 259m33¢930L Lsxzdz9w By Fgodwgds 30d350m, ™A
dgbPogwoe  0dbs  domEgdbmmyoolsmzol  ghm-9ghHmo  LoobEGHgMgbm WX -0(3969
09o0839bs60L S. platensis x®9gd0l oge Jodo®o 9ergdgbEgdol: Cu, Zn, Ni, Ag, Cd s
Hg 93390530 35699056 50LmMd06Mm9d0L Lszombo.

LoFoMmms  503608bmm, MMI  HoMImqbowr  499m33eg39L  od3l  BoGHoMgdmwo
bs6Im 3y 943960963 JO00 JoLGdEo F9YRJOOL 50bMLbzol boliosmo.
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BoL05FM3bM FMZHEGMBS 30300 FHOEIMBS J99349IDIPMD™ 5. B M3MdOZ0L
9Jb39600963Hgdol  RJPT30Ls @S ObbMO309egdol  bgeddmgzsbgermdolsmaol,
9. 306GHMOL s 5. boBsbodzowl — 9Ju3gm0dg6@3H 9030  dmbsHowgmdolsmzol, bmem
5. HBgmE0d30l  —  ssl-Ggomoom  S. platensis 6034939000  JodomGo  gargdgbEHgdol
3993390°Md0L goblsbrzmolamgzgol [13, 14].

©59m{jdgdsbo

1. B. fodobsdzoo, o ®Bgmodzomo, 9. 206¢Mo,  b. 3335,  b. 05053509,
3. 29099605. 36.: 1-¢00 Loghom. 3mbg. “Bobmdodos — bsbmEgdbmermaogdo” dmbl. mgb.,
2010, odogobo, §3. 56®Mos 306039 fim©gdeol bsb. Jodom. ¢bog., 37-38.

2. N. Tsibakhashvili, T. Kalabegishvili, V. Gabunia, E. Ginturi, N. Kuchava, N. Bagdavadze,
D. Pataraia, M. Gurielidze, D. Gvardjaladze, L. Lomidze. Nano Studies, 2010, 2, 179-182.

3. T. Kalabegishvili, I. Murusidze, E. Kirkesali, A. Rcheulishvili, E. Ginturi,
E. Gelagutashvili, N. Kuchava, N. Bagdavadze, D. Pataraia, M. Gurielidze, G. Ttsercvadze,
V. Gabunia Nano Studies, 2012, 5, 127-136.

4. T. Kalabegishvili, I. Murusidze, E. Kirkesali, A. Rcheulishvili, E. Ginturi,
E. Gelagutashvili, N. Kuchava, N. Bagdavadze, D. Pataraia, M. Gurielidze, L. Lomidze,
D. Gvardjaladze. In: Abs. ISTS Int. Sci. Sem. “Neuroplatility: Neuros Substrates for
Health & Disease. Nev Approaches for Research”. 2012, Tbilisi, 29-30.

5. T. L. Kalabegishvili, I. G. Murusidze, E.I. Kirkesali, A.N. Rcheulishvili, E. N. Ginturi,
E. S. Gelagutashvili, N. E. Kuchava, N. B. Bagdavadze, D. T. Pataraia, M. A. Gurielidze,
M. B. Frontasyeva, I. I. Zinikovskaia, S. S. Pavlov, T. V. Gristina. ]. Life Sci., 2013, 7, 2,
110-122.

6. A. B. I'pommmuckuii, B. K. Maso, C. H. 3opus, 0. II. Aremrko—-OsxeBckuii, E. C. 3apenxkas.
Bomnp. nuranus, 2004, 2, 28-31.

7. A. B. I'pommuckuit, B. K. Maso, . C. 3unosa. Bonp. nuranus, 2004, 1, 45-53.

8. JI. M. Mocymumsunu, A. W. Benoko6sinsckuii, E. Y. Kupkecanu, A. V. Xusanumsuiiu,
O. H. T'murypu, H. E. Kyuasa, M. B ®ponracsesa, C. C. [1aBnos, H.I'. Akcenona. B c6.:
P18-2008-8, 2008, [ly6na, OVIAU, 11 cTp.

9. b. 3m3o39. Nano Studies, 2013, 7, 185-192.

10. 6. 3¢3Fogs. Nano Studies, 2014, 9, 119-126.

11. 6. 3¢3Fogs. Nano Studies, 2014, 10, 111-116.

12. A. A. Kuct. Penomenosnorus Buxumuu u Buoneopranuyecko#t Xumun. 1987, Taukent,
OAH.

13.  A.Khizanishvili, A. Belokobilcky, E. Ginturi, N.Kuchava, A. Rcheulishvili. In:
Workbook 8th Int. Conf. Pharmacy & Appl. Phys. Chem. 2004, Ackona, PO24, 26-30.

14. A. Khizanishvili, A. Belokobilcky, E. Ginturi, N. Kuchava, A. Rcheulishvili,
L. Mosulishvili. J. Bio. Phys. & Chem., 2006, 6, 1, 9-13.

150



Z.U. Jabua & A. V. Gigineishvili. Nano Studies, 2015, 11, 151-154.

MEXAHUWUYECKAA ITPOYHOCTD TOHKMX ITJIEHOK TmSe, TmS Y LaBi
3. Y. Ixabya, A. B. T'uruneiimsunn

I'pysuHCKUIt TeXHUYeCKUIT YyHUBEPCUTET
[enapraMeHT UHXeHepHOM HU3UKU
Towmmucu, I'pysus
Z.Jabua@hotmail.com

ITpumsara 20 mas 2015 rozma

AnHOTanua

BrnepBeie  mcciefoBaHa  OTHOCHUTENbHAs  MeXaHHWYeCKas  IIPOYHOCTb  TOHKHUX
Kpuctaummyeckux IeHoK TmSe, TmS u LaBi. Bce mieHKku npuUroToBaeHsl METOLOM BaKyyMHO-
TePMHUYECKOTO MCIApeHMA M3 [JByX He3aBUCHMMBIX MCTOYHMKOB Ha IIOAJIOXKKAaxX U3
MOHOKPHCTAJLINYECKOT0 KpeMHUA, CUTa/IIa UIu neiikocandupa. [lokasana, 4To OTHOCUTEIBHAS
MexaHuJyeckKag IIPOYHOCTh IIJIGHOK 3aBHUCUT OT MaTepuasa mozajoxku. McciaegosaHa
OTHOCHTEeJbHAsA MeXaHWYecKasd IIPOYHOCTh IUIEHOK TmSe, IIpUTOTOBJIEHHBIX MeTOZOM
BaKYyMHOTO-T€PMHUYECKOTO MCIApeHMHsA M3 [ByX HEe3aBUCHUMBIX MCTOYHUKOB U MeETOJOM
BaKYyMHO-TE€PMHYECKOTO MCIApeHHsA U3 IIpeJBapUTeIbHO CHUHTE3HPOBAaHHOTO COeJUHEeHMUA.
IToxazaHo, 4YTO IUIeHEKH, IPUTOTOBJIEHHBIE METONOM JUCKPETHOTO MCIAapeHHusd, HMeIOT
3HAYMTEJIBHO BBICOKYI0O MEXaHMYeCKyH IIPOYHOCTh, YeM IIJIeHKH, IIPUTOTOBJI€HHEIE
VCIIApeHVEM M3 ABYX He3aBUCHMBIX MCTOYHUKOB.

B mocienmee BpeMsa GoJblIOe BHUMAHUE yIeIA€TCSI U3YYEHUIO MEXaHUYECKUX CBOMCTB
TOHKMX IUIGHOK COeJMHEHUN pPeJKO3eMEeJbHBIX 3JI€MEHTOB, YTO BBI3BAHO TE€M, YTO 4YaCTO
IIEHKY, MMeIOINe WHTepecHbIe 3JIeKTpPUYeCKHe, OITHYeCKHe U JPyrue CBOMCTBA, 00IaJaloT
HU3KMMH MEXaHWYEeCKMMM CBOMCTBaMM, 4YTO 3HAYMTEJBHO OTPAaHMYMBAET MX IIPAKTUYECKOe
IpHMeHeHUe B Pa3JIMYHBIX IPUOOpPaX.

Cy1recTByIOT pa3IWyHbIe CIIOCOOBI M3y4YeHHS MeXaHWYeCKHX CBOMCTB IUIEHOK. M3 Hux
HaMM BBIOpaH MeToJ HOJHOro mccrupaHud. CyIIHOCTh MeToJa 3aKJII0YaeTca B TOM, 4TO O
MeXaHU4YeCKOM IIPOYHOCTH IIJIEHKH U O CTEIIEHU ee IIPUIUIIAHUA K IIOJIOKKE MOXXHO CyJUTh II0
TOM paboTre, KOTOPYIO HYKHO 3aTPaTUTh JJII TOTO, YTOOBI IIOJTHOCTBIO CTEPETH IIJIEHKY C
IIOBEPXHOCTH TTOAJIOKKHU. CXeMa COOTBETCTBYIOIIell YCTAaHOBKY IIpHUBeieHa Ha Pucynke 1.

MaccuBHas mmnrta 1, Ha KOTOpOH KpemuTcs HcciaefyeMas IUTYHKA 2, 3JIeTPOMOTOPOM 7
IIPUBOJUTCA B IIOCTyIIaTeIbHOE ABIDKeHUe B3af u Buepes. Ilo cepemune mmuter B I1-06pa3Hbrit
CTOSAK 3 IlepeMeNIaeTCA CTepXeHb O, Ha HIDKHEM KOHIle KOTOPOro 3aKpellleHa pabodas
IIOBEPXHOCTh, @ HAa BepxHel — AUCK 5, Ha KOTOPBIM YKJIA[bIBAeTCA COOTBETCTBYIOUIMU IPY3.
Mexzmy OUCKOM M CTOAKOM 3 IIOMellleHa IIPy>KHWHA 4, KOoTopasd mojoOpaHa TakKUM 06pasoM,
YTOOBI CTEp)KeHb 6 Kacajcs NMOBEPXHOCTH ILIEHKH, HO He JaBUT Ha Hee, KOTZA CTepXKEHb He
HarpyxeHa. IIpucmocobrenus 8 ABIAIOTCA MIynajbLaMU, IPU COIPHUKOCHOBEHUH C KOTOPBIMH
IUTUTa MeHsAeT HaIpaBjieHUe IBIDKeHUA. B KopoOke 9 BMOHTHpOBaHa cxeMa DJI€KTPUIECKOTO
nuTaHuA ycTpoiicTBa. Ha koHIe cTepxHA 6 3aKpeIUIeH KyCOK 3aMIIeBOTO MaTepHasa TOIIUMHON
He 6osiee 1 MM, Ha KOTOPBII HAHOCUTCS ajIMasHasd 11acTa, CTUPAIONIAA IUIEHKY C IOZJIOKKH IIPH
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IOBIDKEHUHU ILUIMTHI 1 ¢ 3aKperieHHOH Ha Heill mcciesyemoii miéHkoil 2. Harpyska Ha mieHKy
noxbupaeTcsa TaKuM 0OpasoM, YTO caMas HeIpoYyHad IIeHKAa CTHUPAeTCA C IIOAJOXKHU IIoCye
HECKOJIBKMX [IeCATKOB IIPOXOXKJEHHH HAarpy3ku (IIpM YBeJMYeHHH 4YUCIA IIPOXOXKTEHUH
omnOKa SKCIIepPUMeHTa yBeJIUYHUBAeTCs). TakuM 006pa3oM IPOYHOCTH IIJIEHKHU TP MOCTOSHHON
HarpysKe IPaKTHYeCKU M3MepsAeTCsA YHCJIOM IIPOXOXKJeHHH, KOTOpoe TpebGyeTcs I IIOJTHOTO
HMCTUPAHUA IJIEHKHU C ITOJJIOXKKH.

Pucynox 1. Cxema ycTaHOBKY 1
M3yYeHUd MeXaHN49eCKOH IIPOYHOCTH IICHOK.

Hamm m3ydeHa oTHOCHTeNPHAsA MeXaHHWYeCKas IIPOYHOCTh TOHKHX ITeHOK TmS, TmSe,
LaBi, nmpuroTroBiIeHHBIX Ha IOMAJIOXKAX M3 MOHOKPUCTA/UIMYECKOTO KPeMHHS, CHUTAUIa HIU
nerikocandupa. Bce mieHKH NMoTy4YeHB! METOLOM BaKyyMHO-TEPMUYECKOTO UCIIAPeHHA U3 ABYX
HEe3aBUCUMBIX UCTOYHHUKOB HA IIOJJIOXKAX IPIMOYTOJIBHON (POPMBI M3 MOHOKPHUCTAUIMYE€CKOTO
KpeMHHA, CcHUTala u Jedkocandupa. Ilrenku OBLIN ozxHO(Da3ZHBIMU U UMeIn
IOJIMKPUCTA/UINYECKYI0 CTPYKTYpy. Ilockonbky — [ ONMCaHHOM MeTOZMKHU pellalomM
dbakTOpoM fABIAETCA TOJNIIMHA IIJIEHKU, BCe HCClelyeMble HAMH IUIEHKHM HMMeIU OJMHAKOBYIO
tonurHy — 0.7 MKM, a Harpy3ka Taxoke OblIa ofHaKoBas u coctouana 250 r.

Ta6auna 1. Yucio npoxonoB A1 IMOTHOTO UCCTUPAHUS IIEHOK
TmSe, TmS u LaBi, HanbIJIeHHBIX HA Pa3JIMYHBIX IOAJIOXKKAX.

Yucno npoxonoB A
Tonmmmnaa
Marepuain S Harpyska, IIOJTHOTO UCTUPAHUA
IIEHKU N ’ r IMopnoxxka | ITommoxka | ITommoxkka u3
13 KpeMHUH | U3 cuTaIa | Jelikocandupa
TmSe 0.7 250 29 -33 42 — 45 50 -59
TmS 0.7 250 41 -43 54 -56 70-73
LaBi 0,7 250 49 - 52 65 — 68 81-84

Kax Buzno m3 TabGmuusr 1 m Pucynka 2 orHocuTenbHas MeXaHHYECKas IIPOYHOCTD
OJHOTO ¥ TOTO »>Ke MaTepuaja Ha OJHOH M TOXe IIOJJIOKKE YBEJIUYUBAETCA C
nocyegoBaTeTHOCThI0 TmSe~TmS-LaBi, 4To, Mo BUAMMOMY, BBI3BAaHO yMeHbIIEHHEM PasHOCTH
KO02(DUIINIeHTOB TEIIOBOTO pacIIMpeHNs MOJJI0KKH U MaTepHasa IIJIeHKY, HallblJIeHHON Ha STOH
IOJJIOKKe C YKa3aHHOM BBIIIe IIOCJAeJOBATENIBHOCTBIO. UeM MeHBIIe pasHOCTh MeXIy
KoaduienTamu TterioBoro pacmwupenus (Tabmuuma2) mieHKW U TOAJIOXKKH, T€M MeEHbIIe
IedeKTOB 00pasyIoTcs B IUIEHKE IIPU OXJIAXKIEHUH OT TeMIIepaTyphl HAIlbIEHUS A0 KOMHATHOH
TEMIIEPATYPBHI, 9TO II0 BUANMOMY, CYIIECTBEHHO BIMAET Hd MEXdHUYIECKYIO IIPOYHOCTD IIJIEHKH.
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Pucynoxk 2. OTHOCHUTe TPHAA MeXaHIUYeCKas IPOYHOCTH IIEHOK
TmSe, TmS u LaBi, HanbIJIeHHBIX HA Pa3JIMYHbIX IOJIOXKKAX.

Ta6muua 2. KoadduiyeHTsI TII0BOro pacinpeHns
nineHok TmSe, TmS u LaBi u MaTepuaoB moaI0XKKH.

Koobpuunent Cpennee 3HaueHUe
TEILIOBOTO
Marepuan temneparypHoro | CcwLiku
S e uHTepBana, K
10, rpazg prasa,

TmSe 18.6 300 — 950 [1]
TmS 14.6 300 — 800 [1]
LaBi 11.9 300 — 980 [2]

MOHOKpHCTaJIm:IquKHﬁ 954 300 — 1050 3]
KpEMHHNU

Curann 4.10 300 - 575 [3]

Jleiikocandup 8.10 300 - 575 [3]

W3 Pucynka2 Tarxke BHAHO, 4YTO OTHOCHUTEJTHAsA MeXaHHWYeCKas IIPOYHOCTh
YBEIMYMBAETCA B 3aBUCHMMOCTM OT MaTepuaja IOAJIOKKKM C  II0C/IeOBaTeIbHOCTHIO
MOHOKPHUCTA/UINYEeCKUI KpeMHMH — cuTaLI — Jelikocandup. B uacTHOCTH, MexaHMdYecKas
IIPOYHOCTh IJIEHOK HAIBLJIEHHBIX HA JIeHKOCan(HpOBYIO HOMJIOXKY HMeIOT Oojiee BBICOKYIO
MeXaHWYeCKYI0 IIPOYHOCTh, YeM HaIbUIEHHBIX HAa CUTAJUUIOBYIO IIOJJIOXKKY, a IUIEHKH
HaIlbIJIEHHbIe HA MHOKPUCTA/UIMYECKUI KPeMHUU MMIOT HaNMEHBIIYIO IIPOYHOCTh. DTOT (aKT,
MOXKeT OBITh BBI3BaH TeM, YTO KO3G(UIMEHT TEIJIOBOTO pacUIMpeHUs Jeiikocandupa G6amke K
KO3(UIIMeHTy TeIJIOBOTO paclIMpeHUs HAIlbIJIEHHOTO MaTepuasa, B TO BpeMsA KaK aHaJIOTHUYHasd
Pa3HUIIA /1A KpeMHHA OOJIblle, a JJIS CUTAJIIA MMeeT IIPOMeXXYTOYHOe 3HaUYeHNe.

B manHOI1 paboTe TakXe MCCIeZOBaHA MeXaHHYeCKasd IIPOYHOCTh MOHOCEJIeHHU A TYJIH,
IIANIBIJIEHHOTO METOZOM /[JUCKPETHOTO BaKyyMHO-TEPMHUYECKOTO HCIIAPEeHHA M METOJOM
BaKyyMHO-TEePMHYECKOTO HallbLIEHUS M3 ABYX He3aBUCHUMBIX MCTOYHUKOB. B dacTHOocTH Ha
JefKocanupoBOi IOJJIOXKKEe IPUTOTOBUIM IUIeHKM TonmuHod 0.7 MKM M IOCYMTAIU
KOJIMYECTBO IIPOXOZOB JJIsL TIOJTHOTO UCTUPAaHus IUIeHOK mpu Harpyske 250 r (TaGmuma 3).
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Ta6muua 3. OtHOCKTEeTbHAS MeXaHWYeCKas IIPOYHOCTH IIeHOK TmSe,
IIPUTOTOBJIEHHBIX PA3/IMYHOM MeTOAMKOM Ha candupoBoil MOAIOXKKE.

Yucno
Mertop, TomyHa
CocraB Harpyska, | mpoxozmos
IIPUTOTOBJIEHNUA IIeHKH,
IIJIeHKH r IJIS TIOJTHOTO
IIJIEHOK MKM
HMCCTUPAHUA
Hcnapenue us gByx
HesaBucumsix TmSe 0.7 250 67
HMCTOYHUKOB
JucKkpeTHOe HcIapeHUe
IIpexBapurenpHO
peAnap TmSe | 0.7 250 115
CHHTe3upOBaHHOTO
COeMHeHU

Pucynok 3. OTHOCHuTeIpHAA MexaHUYecKasd IPOYHOCTh
neHOK TmSe, HATBLIEHHBIX Ha JIefiKocanupoBoit
noIoxKe (TonmuHa 1ieHoK 0.7 MKM, IUIeHKU IIPUTOTOBJIEHBI
MeTO/aMH MCIIapeHUs U3 1 — IByX He3aBUCHMBIX HCTOYHUKOB
U 2 — IIpeiBapUTeIbHO CHHTe3UPOBAHHOTO MaTepHaa).

Kax Buzno m3 Tabmuusr 3 m Pucynka 3 orHocuTenbHas MeXaHHYECKas IIPOYHOCTD
IIJIEHOK, HPI/II'OTOB)IeHHLIX ,Z[I/ICKPeTHBIM BaKyyMHO—TepMI/IquKI/IM I/ICHHPEHI/IEM
IIpeBAPUTENBHO CHUHTE3UPOBAaHHOrO Marepuana, mo4ytu Ha 40 % Oospire MexaHUYECKOH
IIPOYHOCTH IUIGHOK, IIPUTOTOBJIEHHBIX BaKyyMHO-TEPMMYEKCHM HCIIApeHHEM U3 [ABYX
HEe3aBUCUMBIX MCTOYHUKOB KOMITOHEHTOB. lakas pasHUIA MOXeT OBITh BbI3BaHA TeM (aKTOM,
YTO KaK ITOKa3aau peHTreHoqubpakToMeTpuYecKre MCCIeL0BaHUs, KPUCTA/INIECKas pelleTKa
IJIEEHOK IIPUTOTOBJIEHHBIX IMCKPETHBIM HCIIApeHHeM O0ojiee COBEpLUIEHHA, YeM CTPYKTypa
IIJIEHOK HPI/II'OTOB)IeHHBIX I/ICHHPEHI/IEM nus3 ,I[BYX HE3dBHMCMbIX HMCTOYHUKOB. AHaJIOI'I/I‘-IHyIO
KapTHHY MbI HaGIIOZAIH 1A IUIEHOK aHTUMOHHUIOB peIKO3eMeIbHBIX DJIeMEHTOB [4].
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Abstract

Georgia has established occupational exposure control system. Further developing of the
system is going on. As a first step a new legislation base is elaborating — new national BSS is
drafted and agreed among different ministries. The other task is practical implementation of
requirements and providing of technical support for them. New approach for occupational
exposure gives the possibility to increase effectiveness for implementation of main radiation
safety principles.

1. Introduction

Georgia is small country situated on the south Caucuses territory was before the part of
Soviet Union. After destroying Soviet Union the country had received difficult heritage for
control of nuclear and radiation activity: Many enterprises stopped their activity or changed the
profile without proper notification sent to state supervising authority. As a result in the first
years of the country independence even no register of organizations conducted the nuclear and
radiation activity was established. The major problem was s.c. orphan radioactive sources,
which were disseminated over the country territory. The situation was changing step by step
starting 1996 when Georgia become member of International Atomic Energy Agency (IAEA).
Based on the international support the all main activities were focused on two ways: Searching
and recovery of orphan radioactive sources and establishment of state regulation. The first
important action was adoption of Frame Law “On Nuclear and Radiation Safety” at January 1,
1999 (No. 1674-IS) According to the law requirements Ministry of Environment and Natural
Resources Protection (MENRP) was assigned as a state Regulatory Body and Nuclear and
Radiation Safety Service (later converted to Department for Nuclear and Radiation Safety —
DNRS) was created within the Ministry of practical fulfillment of state regulatory functions. RB
started activity to define scope of regulatory area (establishment of state register for facilities
and sources) and elaboration regulatory requirements.

Up to 2004 DNRS developed only partially completed inventory covered some main
users of radiation sources. The information was kept as a hardcopy and in excels files.
According to IAEA standards every state should have inventory of its radioactive sources [1].
Receiving support from US NRC Georgian RA — DNRS had started activity to create full scale
inventory of all sources of ionization radiation existed in Georgia. DNRS was granted by
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computer code RASOD elaborated by Armenian specialists under US NRC programme to
support of some former Soviet country in establishment of inventory of sources of ionization
radiation.

Information collection was divided on the two main stages. At the first stage special
letters were disseminated to the potential owners asking them to provide information for their
radioactive sources. As a Georgian experience showed this type activity was not as effective as it
was desired. Therefore special on-site checkings were conducted. So, full scale inventory of
ionization radiation sources (not only radioactive sources) and associated activities were created.
The sources were grouped in classless according to IAEA requirements what provides base to
determine security level for different sources [2] and associated activities.

2. Legislative framework

Every activity should be based on clearly defined legal basement. As it was mentioned
above the first Frame Law was put in operation at 1999. During the last year a number of
changes were incorporated into the law text, so new version of the Frame law (No. 5912-RS)
was adopted at 2012. General principles for authorization of nuclear and radiation activity are
defined by Law of Georgia No. 1775-RS “On Licenses and Permits” — adopted on June 24, 2005.
(License process started at 2001. It was regulated by specials decree before). Georgia has its
national basic safety standards s.c. RSL-2000 (Technical regalement No. 28 approved by
Georgian government). The text of the regalement contains some old —exhaust requirements,
therefore by IAEA support the new national BSS was drafted being fully corresponded to IAEA
GSR Part 3. The text of the document is discussed among different ministries and waits its final
approval. There are number of other legal documents (for instance technical regalement No. 34
“Main Rules for Handling with Radioactive Sources and other Sources of Ionization Radiation”),
which also need to be upgraded. The new document “On Inspection of Nuclear and Radiation
Activity” defines general rules and requirements for conducting of regulatory inspection of
different types of activity. DNRS has clear action plan for legislation upgrade elaborated
together with IAEA experts.

3. Occupational radiation management

Defining the standards and norms for occupational radiation three main exposure
situations can be considered: Planned exposure, Emergency exposure and Existing exposure.

Planned exposure

Georgian legislation sets special way for application of graded approach: removing from
regulatory control exempted sources and activities, and license all other activity (no simply
registration). Up-to-date 667 license holder is fixed in Georgia. Figure 1 shows dynamics for
license issuing at last years.

One important document for authorization of activity is Radiation Protection
Programme (RPP). Usually RPP contains description of responsibilities, setting of zones
(controlled and supervised areas), working rules, integrated radiation protection functions with
other ones, dose monitoring programme, emergency plan, training programme, Quality
Assurance programme. RPP considers implementation of three main principles [3]:
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Figure 1. The number of licenses issued at the last years.

- [ustification — all activities should be justified;

- Optimization — doses should be As Low As Reachable Achievable (ALARA); and

- Limitation — special dose limits should be set.

RSL-2000 still divides workers in two main groups: Group “a”, who works with
ionization radiation sources and, group “b” who supports the activity of group “a” persons. This
deviation will be abolished by adoption of new national BSS soon, but now annual dose limit
for group “a” is defined as 20 mSv and for group “b” — 5 mSv. Annual optimized dose is assigned
as 6 mSv. If annual dose is less than 6 mSv no individual dose monitoring is obliged. In other
case individual dose as a ambient dose Hp(10), Hp(3) and Hp(0.07). In measurement the type of
exposure should be considered. For instance, during working with neutron sources the neutron
flux measured by special detectors. Linear medical accelerators with energy 12 MeV and more
are good examples for it. In case of using of unsealed radioactive sources the license should use
radiometers for measurement of potential contamination. The doses monitoring programme
defines two main actions: individual dose monitoring and workplace monitoring. There are four
main reasons to conduct dose monitoring [4]:

()  Routine monitoring is associated with continuing operations and is intended to meet
regulatory requirements and to demonstrate that the working conditions, including the
levels of individual dose, remain satisfactory;

(b)  Special monitoring is investigative in nature and typically covers a situation in the
workplace for which insufficient information is available to demonstrate adequate
control. It is intended to provide detailed information to elucidate any problems and to
define future procedures. It should normally be undertaken at the commissioning stage
of new facilities, following major modifications to facilities or procedures, or when
operations are being carried out under abnormal circumstances such as an accident;

(c) Confirmatory monitoring is performed where there is a need to check assumptions made
about exposure conditions, for example to confirm the effectiveness of protective
measures;

(d)  Task related monitoring applies to a specific operation. It provides data to support the
immediate decisions on the management of the operation. It may also support the
optimization of protection.

Especial attention is paid for setting of doses constraints and reference levels. Usually all
licensee uses recordable, investigation and intrusion levels. The first used as starting (zero) level
to record individual doses, the second — to initiate the investigation (why doses become so
high?), and third — start investigation simultaneously stopping one or all types of activities. Such
approach allows avoiding achieving of dose limit occasionally.
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Georgia is not nuclear country. The country had only one research nuclear reactor,
which operation was stopped at 1989. The decommissioning of the reactor is going successfully
based on IAEA support. The main area for application of ionization sources in Georgia is
medicine (Figure 2). Individual dose monitoring is conducted by licensee or special technical
support organization having appropriate license. The annual doses for personnel are
appr.2.5 — 4.5 mSv. The doses are higher in brachitherapy and angiography.

150%  410%  0.80%

2.60%

W Medicine

M Control system
Science

M Industry

M other

Figure 2. Application of ionization radiation in Georgia.

According to Req.5 of BSS [2] Management System (MS) and Human and
Organizational Factor (HOF) together with safety culture are essential elements having
influence occupational exposure. Therefore all of them should be considered in authorization
documents. Georgian legislation set clear requirements for HOF, but legal bases for others
should be developed considered the local features.

Last years especial attention paid to NORM. Georgia has oil excavation and gas
transportation industry providing of accumulation NORM. Usually if they amount are less as
defined by unconditional clearance level [5], no regulation should be applied for them; other
cases can be considered as a planned exposure.

Emergency Exposure

Emergency workers can be divided into four main groups [4]:

(a) Emergency workers who have specified duties in response to a nuclear or radiological
emergency;
(b)  Workers performing their duties at working places and being not involved in response to

a nuclear or radiological emergency;

(c)  Workers who are asked to stop performing their duties at working places and to leave
the site;

(d)  Workers who are accidently exposed as a result of an accident or incident at a facility or
in an activity and whose exposure is not related to the emergency response.

By the requirement of national frame law every licensee should develop emergency plan
and conduct its activity according to the plan including the notification of Regulatory Body. By
the decision of RB the facility emergency accident can be assessed as a national radiation
accident in solving of what specialists of Civil Defense Department of Ministry of internal
Affairs can be also involved. So, exposure situation for workers of groups (b) and (c) can be
considered as a planned exposure situation.
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A number of emergency recovery operations were conducted in Georgia- the country
had great problems with to s.c. orphan radioactive sources. Unfortunately some people (no
workers) were overexposured due them. All emergency actions should be conducted according
to elaborated plan, which considers transformation of emergency exposure situation to the
existing exposure situation according to requirement No. 46 BSS [2]. It is should be emphasized
that justification principle should be applied for emergency workers, especially started with the
first phase of activity when gathering information and assessment of nature of the event is
necessary. At the second phase the situation should be evaluated and recovery operation plan
should be developed (Figure 3).

Identify options for — Prevention
solution "
Evaluation Feedback to
regulation
Y

Remedial action

A 4
Recovery plan

Y
Implementation of
plan

Figure 3. Chart for phase two for recovery operation.

It is important also to consider feedback to regulatory requirements for prevention in
future of occurring of such situations. Phase three considers implementation of the plan. It is
important to implement optimization and limitation principles during the emergency actions.
The good example is recovery operation conducted for naked RTG sources (Two radioactive
sources. Each of two contains radionuclide *°Sr with initial activity 1295 TBq) at Georgian
village Lia in 2002 [6]. The special trainings were conducted for emergency workers to better

identify:

J Emergency workers groups and their collaboration;
J Coordination among emergency workers;

J The tools to be used;

o Options to upgrade emergency (recovery) plan.

These actions allow implementation of optimization principle for workers. Georgian
legal base sets the same requirements for doses limitation as defined by international
requirements [4], but maximum individual dose received by one person was 1.16 mSv, usually
doses were in range 0.05 — 0.95 mSv [6].
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Existing Exposure

Existing exposure can be occurred by ending of emergency exposure or due to natural
exposure. It contains exposure of workers and population. As usual justification, optimization
and limitation principles can be considered for workers. It is important that RB should be
satisfied with emergency actions and identify them as an ended. In other case the situation can
not be defined as “Existing” (Anaseuli case in Georgia).

4. Conclusion

According to economic development application of ionization radiation in different
branches is growing in Georgia, especially in medicine. More attention needs to paid for
radioactive waste processing and NORM. So, implementation of new approach for occupational
exposure is important task to provide nuclear and radiation safety for all types of activity.
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Abstract

The statement of boundary conditions of the closed system of equations for the magnetic
fluid, which includes nanoparticles, has been carried out. It is shown that these conditions are
received from Maxwell’s equations and that the surface current at two extreme points may be
directed oppositely. It is shown as well that the magnetic field outside the area of the magnetic
fluid is zero, i.e. it may exist only within the definite area covered by the magnetic fluid.

After linearization of Langevin’s function of the equation for magnetic fluids, the closed
system of equations is received for complex amplitudes of magnetization 7,, m,, spin-velocity

w, and velocity of the magnetic flux v, [1]:
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By and h,, being the fields of the small signal and are known quantities. Analytical solutions of
this system of equations may be received, when the boundary conditions will be taken into
account. From Maxwell’s equations the corresponding boundary conditions for the components
of the magnetic field are given as follows:

Tn(ﬁini_ §exi) =0, (5)
i)n X (Hint - Hext) = L, (6)

where 7, is the unit vector (normal) at the surface between two mediums apart. L, is the
boundary surface current density in the area from y = 0 to y = d (Figure 1), which is the source
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of the magnetic field in xand y directions. The density of the magnetic flux and the intensity of
the magnetic field are given: §int and ﬁint correspond to the internal part of the area of fields of
the magnetic fluid, i.e. to 0 < y < d area, while §ext and ﬁext correspond to external part of the
magnetic fluid, i.e. to y<0and y > d.
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Figure 1. Magnetic fluid in the vessel
with solid, fixed walls ( =0, and y=d).

The surface current at y= 0 and y= d may be of opposite direction (e.g. generation of the
surface current in x direction with uniformly distributed direct constant current in z direction
and generation of varying in time and in z direction surface current in x direction). At that
time the magnetic field outside the area of the magnetic fluid is zero. In y direction for B field
the superposition of the field at the area takes place, when the magnetic field is located at y =0
and y = d. For the spin-velocity w, the boundary conditions are absent as to the spin-velocity is
not taken into account in the formula
Trag + 26(V X 3 — 28) = 0, (7)
while v, velocity at the stationary border (y = 0 and y = d) is zero. Taking into account all these
conditions, the system of equations for the magnetic fluid should be solved.
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Abstract

It is shown that essentially the change of properties of nanomaterials depending on the
nanoparticles size in associated with changing in the location of atoms, which from the
standpoint of the molecular-kinetic theory are considered as anomalies, turn into normal when
applying a new mechanism of changing the location of atoms in condensed matter, i.e.
molecular-potential theory.

It is known that some physical phenomena associated with atom displacements in
nanomaterials have “abnormal” character depending on the nanoparticles size compared with
same phenomena in conventional materialfrom the same substance [1, 2]. In particular, with
decreasing particle size:

1. The microhardness and yield point increases above the law Hall-Petch relation and then
it takes place an “anomaly”, i.e. reduction.
2. Superplasticity in nanomaterials is higher and it occurs at lower temperatures than in

conventional materials.

3. Coefficient of diffusion in nanomaterials is considerably higher than in bulk of same
substances. In nanomaterials, coefficient of diffusion increases with reducing in size of
nanoparticles (Table 1).

4. Recrystallization is faster at smaller size of nanoparticles.

It should be noted that the notion “anomaly” in the scientific discourse arises only in the
case when partially the observed phenomenon defies even qualitative interpretation of those
scientific concepts that are used to explain the phenomenon, i.e., anomaly, is contrary to
notions accepted at current stage of development of science.

All the physical phenomena related to the easiness of atomic motion are described by the
traditionalmolecular-kinetic theory [3, 4]. There are many attempts to explain them, but all
they have failed because all they are based on traditional molecular-kinetic theory, which is
suitable only for high temperature region (T > 0.7T_, whereT is the melting point) [5, 6].

163



A new mechanism of “anomalies” of phenomena ... in nanomaterials.

Table 1
Material Diffusion coefficient
(393 K), m?/s

Nano Cu 1.8 - 107
Compacted Cu 1.3-103
Granular Cu 1.7 - 10"
Surface Cu 1.4-1071
Nano Ni 1.0- 1010
Compacted Ni 1.2-10%
Granular Ni 3.0-1012

Here we offer a new concept, which is proved theoretically and experimentally and
gives the opportunity to explain any experimental factrelated to theatomicdisplacements in
solids and nanomaterials.

According to this conception, all properties of substance are determined by the states of
chemical bonds between neighboring atoms in given conditions. It is known that in solids, as
well as in molecules, electrons contributing in chemical bonds can occupy two different kinds
of quantum states, where they are strengthen or weaken by the inter-atomic binding. In first
case, they occupy bonding orbitals, while in second case — anti-bonding ones [7]. In solids and
also their melts atomic orbitals are combined into bands (Figure 1). Formation of the hybridized
orbitals in process of approaching atoms means their splitting into bonding and anti-bonding
orbitals and creation of corresponding bonding and anti-bonding bands: in dielectrics and
semiconductors bonding (valence) and anti-bonding (conduction) bands are separated by a band
gap of a certain width characteristic for given substance, while in metals they are overlapped
and transition energy between two states is determined by the energy-difference between the
Fermi level and anti-bonding band's lower edge, which is called as pseudo-gap (Figure 1).

Energy

Anti-bonding zone

Bonding zone

2

IEPg
Eg Er
V 747

v Metals
Semiconductors

a) b)

Figure 1.During the approaching atoms, the formationhybridized orbitals (there is
shown an example of a IV group element) and their further splitting in binding and anti-
bonding orbitals of further forms the bonding and anti-bonding bands. Bonding and
anti-bonding energy bands: a) semiconductor or dielectric, b) metal, where E_ is the
Fermi level, E; is the band gap in semiconductors and E ; is the pseudo-gap in metals.
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Nanoparticles electronic structure is a kind of discrete spectrum [8, 9] with quite closely
located bonding and anti-bonding levels (Figure 2). In case of nanoparticles, electron in some
way created on the anti-bonding level and corresponding hole on the bonding level freely move
if energy-difference between these levels is ~ KT, T is the temperature, whattakes a place even
at room temperature.
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Figure 2.The energy structure of a nanoparticle. HOMO - highest occupied
molecular orbital and LUMO — lowest unoccupied molecular orbital.
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Figure 3.Different methods of forming of ABQPs.

Free electron created in the anti-bonding band (levels) by the transition from bonding
one or injection and corresponding unoccupied state (hole) in the bonding-band (levels) are
anti-bonding quasi-particles (ABQPs). Regardless of the way (temperature, illumination,
injection, pressure, etc. — Figure 3) of changing in their number,ABQPs weaken chemical bonds
between neighboring atoms and facilitates the movement of atoms.The fact that at the higher
concentration ABQPs the easier movement of atoms occurs, unambiguously were proved by
photomechanical and electromechanical effects (softening, i.e. decrease in microhardness,as a
result of exposure, respectively, to light or electric field, which form ABQPs in anti-bonding
interband (levels)optical transitions or injection [10, 11]). For example, from the Figure 4 it is
seen that the softening has to occur in those regions of the sample where ABQPs are formed.
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Figure 4. Microhardness of Si versus the applied loads on the indenter: 1 — in darkness, under
illumination of 2 —laser (with energy of quanta hv > E, ), when a certain concentration of

ABQPs is created only on the surface layer, 3 —white light passing through the Si-filter
(hv <E,), when ABQPs are generated in the bulk, and 4 — laser of high intensity, i.e. when

they are ABQPs in high concentration. Surface hardness is smaller than the bulk hardness.

According to these conceptions, thesubstance energy bands structure, their hierarchy on
the energy scale and population by electrons determine all properties of a substance at given
temperature (aggregative state, conductivity, mechanical and optical properties.Etc.). Changes
in these characteristics, mainly, in numbers of electrons on bonding and anti-bonding levels
induced by any influence leads to changes in various properties of a substance [5, 6].

In condensed matters, there is a certain probability (for given ABQPs concentration) that
several ABQPs due to their chaotic motion will fall in an atom vicinity, what can distinctly
weaken its chemical bonds and then simplify the atom’s displacement within the lattice.The
atomic displacements probability has been expressed by the formula:

n B
WA:Ath( ’;\IBQP] , (1)

a

where N g, is the ABQPs concentration, N, is the concentration of atoms in substance, W, is

the probability of the presence of phonon of certain energy near the given atom, A is a
proportionality coefficient almost independent of temperature, £ is the number of ABQPs
sufficient for causing an atomic displacement. One can see from this relation that such
probability mainly is determined by the concentration and not by the temperature unlike the
diffused opinions that it should be an exponential function of temperature:
U

WA_Bexp( ij, @
whereU is the activation energy of atomic displacements and B is the another proportionality
coefficient almost independent of temperature.

ABQPs reaching nanoparticles surface are reflected. This is a reason why they cannot
leave nanoparticle unlike to equal volume in the compacted solid (Figure 5). Consequently,
ABQPs in nanoparticles will be located near larger number of atoms than in the compacted
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substance that enhances the effect of weakening the chemical bonds in the nanoparticles. Such
effect can be described introducing effective concentration, ratio of which with its real value
equals to the ratio of frequencies of ABQSs’ appearance near the given atom in nanoparticle and
compacted solid during an atomic vibrations cycle.

asoo a
a) b) ©)

Figure 5.Schematicillustration of growth in ABQPs’ concentration with reducing
in nanoparticles size at given temperature. Increasing in ABQPs effective concentration
for fixed real concentration with decreasing in sizes: a) ABQP trajectory in compacted
solid's region with volume equal to the nanoparticle volume: two of them are leaving
the volume; b) in connection with the reflection from the boundary surface of the
nanoparticle: trajectories of three ABQPsare in it and they are around more number
of atoms than in the case of a compacted solid body; c) and d) when size of
nanoparticles decreases the same three ABQPs are near a larger number of atoms.
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Figure 6. Energy levels distributions in nano-particle surface layer and bulk. Due to surface
reflection, the probability of ABQPs appearance near the atoms in surface layer is higher
than that in bulk, what a) decreases energy-difference between bonding and anti-bonding
levels in semiconductor; b) in metals these levels are overlapped and pseudo-gap near the
surface is smaller than in bulk and then the concentration is incomparably higher.

Because of small sizes, in nanoparticles with the given concentration ofABQPs they
more frequently reach surface and are reflected from it. As a result, inter-atomic bonds in the
surface layer areweakened in more degree if compared with those in bulk. Weakening in
bonding leads to the decreasing in energy gap width [12] and intensifies electron transitions at
given temperature, which causes an excess of the ABQPs concentration in the surface layer and
then further decreasing in energy gap value. It yields an interesting energy band structure of

substance, which is characterized by the variable energy gap: lower near the surface than in the
bulk (Figure 6).
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Such kind of electronic structure leads to the ABQPs excess in surface layer and,
consequently, to the material softness if compared with that in bulk. From it follows higher
mobility of atoms in surface layer than in nanoparticle’s bulk. It is clear that effective
concentration increases with decreasing in the nanoparticles’ size. Consequently, in formula (1)
describing atomic displacements the real concentration should be substituted for effective
concentration, which should be calculated separately for nanoparticles’ given size and process.

Based on the above stated new concept of movement of atoms in condensed matter, let
us describe the mechanisms of “anomaly” phenomenon mentioned in the introductory part.

grain size , M
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Figure 7. Dependence of nanomaterial hardness from
size of consistent grain-particles. 1 — Hall-Petch
and 2 — anomalous (“anti-Hall-Petch”) regions [7, 8].

Typically, the reduction of grain size to nanometer values causes an increase in the
material microhardness (MH) and the yield point in 4 — 5 times. This trend in the case of MH is
described by empirical Hall-Petch relation: H = H, + KL™?, where H is the hardness of the

nanomaterial, H, is the hardness of a bulk substance, K is a constant individual for each

material, so-called coefficient of the Hall-Petch relation, and L is the average size of
nanoparticles [10]. Similarly, the yield point increases with decreasing in the size of
nanoparticles at the beginning similarly to the Hall-Petch law: &; =&, + KL™? (5, is the yield

point and J, is the internal tension, which prevents the plastic shearing in the material), and

then decreases [13]. For many of the investigated nanomaterials, the Hall-Petch relation is valid
down to a certain nanoparticles’ size. But, for smaller grains there is observed an opposite effect:
hardness and yield point decrease with decreasing in the grain size. Such an “anomaly”
phenomenon is called “anti-Hall-Petch” effect (Figure 7). Also let us draw attention to the fact
that for fragile substances (oxides, nitrides, carbides, intermetallics, etc.) changing in the grain
size does not change hardness significantly [14, 15].

The increase of the microhardness and yield point with decreasing in the grain size to
the nanoscale typically is explained by a decrease in the number of dislocations in the particles
with the reduction of their sizes, what is confirmed by X-ray and electron microscopic studies
[1,2]. It is believed that due to the fact that in the anti-Hall-Petch” effect the dislocation
activity is not observed, the deformation is caused by other mechanisms. There are known too
many attempts to explain this effect [1, 2]. Existing views on the reducing in the hardness, what
is abnormal, give no explanation.
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As shown above, the strength of chemical bonds decreases and the mobility of atoms
increases with decreasing in the size of nanoparticles. Therefore, one can observe the normal
reducing in hardness and yield point of nanomaterials.

The equal concentration of ABQPs in the nanograins explains the fact that for fragile
materials (oxides, nitrides, carbides, intermetallics, etc.) the changes in the grains size the
substance hardness varies slightly [1, 2] As it has been shown [4, 16] that for the higher melting
point of the substance their microhardness is higher, and in semiconductors and metals,
respectively, band and pseudo- gaps correlate with the melting temperature. Based on this, the
higher forbidden gap is related to lower concentration of ABQPs at given temperature.
Nanoparticles contain ABQPs concentration less than the actual and effective concentrations, so
the particles of substances with high melting points must be smaller due to effective
concentration is reached the corresponding value. From Figure 8, it is seen that the anomaly for
NiZr2 begins with relatively smaller sizes of nanoparticles than in the Fe-Mo—-Si-B with melting
point lower than that of NiZr2 [2].
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Figure 8. Dependence of hardness of
nanomaterials with different melting point
from their nanoparticles sizes T, <T,, [17].

Superplastisity is a too-increased plasticity at given temperature and under the fixed
pressure. As is known, plasticity of substances increases with the temperature or the operating
pressure and decreases with the sizes of nanomaterial particles. There are proposed some models
to explain these experimental data, which indicate that there is no comprehensive mechanism
of superplasticity [1, 2]. It is clear that superplasticity, as all types of deformation, due to the
easiness of mobility of atoms, which is determined, as is shown above, by the concentration of
ABQPs increasing with temperature, operating pressure and decreasing with nanoparticles size.

In nanocrystalline metals Ni, Al [18 —20] and fragile nanomaterials TiN, SiC, Si,
(Fe,Ni)Bx [21 —28], the temperature of the beginning of superplastisity decreases with
decreasing in grain size. In materials, e.g. nitrides and oxides, in which bonding and anti-
bonding levels are separated from each other significantly, superplastisity takes place at high
temperatures — at sufficient number of ABQPs.

Some of authors believe that the plastic deformation in nanomaterials always starts as
athermal microsliding of grain boundaries [29,30]. In nanomaterials, crystallographic
orientations of nanoparticles are randomly distributed. When a load is applied to a sample of
nanomaterial the pressure acts on nanoparticles. Pressure in certain crystallographic directions
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reduces the energy distance between bonding and anti-bonding levels [31 — 33] (i.e. there is an
increase in the concentration of ABQPs). Therefore, in those planes, in which there are more
nanoparticles, such orientation is real and effective concentration of ABQPs exceeds others. In
these planes, it makes possible the microsliding (Figure 9). At this moment, one can easily make
melt nanoparticles because the melting temperature is significantly lower [34], while the
surface can be melted even at lower temperatures [35].

0 TR \ o
B A R NN

Figure 9. Disposition of nanoparticles with
different crystallographic orientations in
a nanomaterial. 1 — microsliding plane.

As is shown above, the atomic displacements’ probability can been expressed by the
equation (1). To obtain the diffusion coefficient, it should be multiplied by “speed of mixing”

v,d, where d =2r, and r, =(3V, /4x)"?. V, is the atomic volume, v, =,/kT/M, is the average
thermal velocity of an atom of mass M, [4]. The increase in the diffusion coefficient with

increasing concentration of ABQPs is proved by the experiments on photostimulated diffusion
carried out at low temperatures [36]. As we now, concentration of ABQPs increases with
decreasing in nanoparticles’ size, which decreases the strength of chemical bonds and increases
the mobility of atoms: accordingly, diffusion coefficient increases (Table 1).
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Figure 10. Grains growth kinetics in Cu nanosample obtained
by Gliter method [37] at room temperature (at pressure
1 GPa). Samples porosities are: a—7, b—4 and c — 3 % [38].
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Superplastic processing of nanomaterials is accompanied by the propagation of the
recrystallization process leading to an increase in the size of the original nanoparticles, what
naturally affects the deterioration of parameters of superplasticity [19]. Many nanomaterials are
characterized by abnormal grain growth even at room temperature and the influence of
porosity on this process [38]. Since recrystallization is determined by a diffusion process, both
of them have the same mechanism. As shown above, the atomic displacements’ probability is
determined by the concentration of ABQPs: at small nanoparticles effective concentration
ABQPs is high and the diffusion of atoms of nanoparticles may occur at room temperature,
which leads to increase in the size of the nanoparticles and, consequently, reduces the
concentration of ABQPs and slows diffusion and recrystallization processes. The pores in
nanomaterials increase the rate of diffusion, because diffusion occurs on the surface of the pores,
the value of which exceeds the rate of bulk diffusion [39]. Therefore, with increasing the
porosity of the nanomaterial it increases the rate of recrystallization (Figure 10).

Thus, the above presented material clearly proves that in the context of new ideas about
the mechanism of changes in the location of atoms in condensed matter, i.e. molecular-
potential theory, there are no anomalies in the phenomena according to the standard
molecular-kinetic theory.
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BBEIEHWE XWNIKWX Bi 1 Hg B OOHOMEPHBIE KAHAJIBI HEOJIUTA NaM
A. A. Kananagge, I'. [I. Tab6aTtagze, M. C. Takrakumsumn

I'pysuHCKUIt TeXHUYeCKUIT YyHUBEPCUTET
[lenapraMeHT MH>XeHepHOH QusnKu
Towmmucu, I'pysus

ITpumsara 23 uiona 2015 roga

Aunoramnus

OKCIIepUMEHTAJIBHO M3yYeHO BBefeHUe XUAKuX MerauioB Bi m Hg B omHOMepHEbIe
KaHassl Ifeosnta NaM c mesbio IoyYeHNs IPOBOJAIINX aTOMHBIX Lemneil. [TokasaHo, yTo mocite
CHATUSA BHEIIHErO JaBleHusd C oOpa3lia MeTa/Ul YaCTUYHO BBIXOZUT W3 KaHAJIOB. ODPdekT
IIpesCcTaBleH TpapHYIeCKH M C IIOMOIIBIO COOTBETCTBYIOUIMX SKCIEPUMEHTATbHBIX JAHHBIX.
ITpoBemeH peHTreHOCTPYKTYPHBII aHAIN3 00Pa3IioB.

[Toryyerne omHOMEpPHOro MeTasIa, T.e. OOBEKTa B BHIE OFHOATOMHOI IIPOBOZAIIEH
IeTIOYKHY, IIpefCTaBIAeTCA 3afadeil MCKIIOYUTENbHO MHTepecHOW. OJHOMEpHBIH MeTall, II0-
BUAMMOMY, JIOJ/DKEH O00JIaflaTh yHUKAJIBHBIMU CBo¥icTBamMu. IIpexxze Bcero, sTo KacaeTcs
cBepxnpoBoguMocTu. Kak 6p110 mokazaHo B pabore [1], MOXKHO OXUZATh PE3KOTO yBEIUYEHUS
TEMIIepaTypsl  CBEPXIPOBOAALIETO  IIepexofa  [Aad  CHCTEeMBI  B3aWMOJEHMCTBYIONIVX
MeTAUTMYeCKUX  HHUTeH, B  KOTOPOH  OTCYTCTByeT  (IyKTyaIMOHHOe  paspylleHue
cBepxnpoBogumocTt. OfHaKo, B HacTosllee BpeMs, OIpesieJleHHO OTBETUTh Ha BOIPOC O
BO3MOXXHOCTH  BBICOKOTEMIIEPAaTYpHOH  CBEPXIPOBOAMMOCTA BOMOXHO TOJBKO  ITyTeM
9KCIepUMeHTa. 3a/aya IPaKTUYECKOTO IIOTy4YeHHS TAaKOH OZHOMEPHOH HUTH Ype3BbIYANHO
ciaoxkua. B To xe BpeMda IIpeCKa3aHUA BeCbMa 60]IL]HI/IX KPUTHYE€CKNX MAI'HUTHBIX nosen
(>10°3) pna Takux cucreM OoJjlee OIpeZieIeHHBI, €CJIH, KOHEYHO, OHU MOTYT OBITh
CBEPXIIPOBOZAITVIMHI.

Hexoroprie Hazexapl B 001aCTH  BBICOKOTEMIIEpaTypPHOII  CBEPXIIPOBOJUMOCTH
cBasprBanuchk ¢ comamu TCNQ — opraHmYecKMMHU COeJMHEHHAMHU C OOJIBLION aHU3OTPOIIHeit
(102 -10%) mpoBogumoctu. Cpeny MaTepHasOB 3TOM TPYIIBI MMEIOTCA TaKue, IIPOBOJLUMOCTB
koroperx gocrarouHo Beaumka (TCNQ-TTF), a B cTpykrype uMeeTcs IOCTaTOYHO SAPKO
BRIpOKeHHad aHusorponud. OJHAKO B 3THUX COeJUHEHUAX, IO-BUJUMOMY, He OOpasyloTcs
OJJHOMEepHBIe HHTH, XOTA IeJNbIi pAJ, ABJI€HUH, CBA3AaHHBIX C aHU3OTPOIMel, HabIozaeTcs
ZIOBOJIBHO XOpOILIO. B HUX cBepXIIpoBOZMMOCTY He OBLIO OOHAPY>KEHO.

Eme B 1973 r. mosBumock coobueHne [2] 00 O5KCTpAOPAMHAPHOM yBeIWYEHUH
5JIEKTPOIIPOBOIHOCTH (fO BeamuuHbl Oosbire, yeM y Menu) B comu TCNQ-TTF B paiione
60 — 70 K, xoTOpoe aBTOpHI CBA3BIBAIOT CO CBEPXIIPOBOAUMOCTBIO. BriociencTsuu, 0fHAKO, 3TOT
pe3yJIbTaT BOCIPOHU3BeEeH He OBLI.

,HJIH CO3aHMA OAHOMEDPHBIX METATINIEeCKUX HUTeH IIyTéM BIABJIMBAHUSA METAJId B
IVDIeKTPUIECKYI0 MaTpUIly W/eaNbHBIMH ABJIAIOTCA CTPYKTYpBl THIIA TMeIWHHUTA WK
MOp/IeHHUTa, B KOTOPBIX KaHAJIBl MMEIOT Pa3Mepsl, JOIyCKalol[ye IPOHMKHOBEHHE MeTasla B
BHJIe OZHOATOMHBIX IIeTIOYeK, PacIIOaraloliXCcsa JOCTATOYHO OIM3KO APYT K APYTY TaK, YTOORI
MeXJy HHUMU MOIJIO CyIIecTBOBaTh B3aMMOJEHCTBHe. B Takux cucreMax B3auMOZeiCTBHe
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aTOMOB MeTajyUla C [AUDJIEKTPUYECKON MaTpulleid OyneT, BEpPOATHO, JOCTATOYHO CIA0BIM,
obecreunBas TpeOyeMyi0 KBa3sMOJHOMEPHOCTh. Poib (usmyeckoro KOHTaKTa C MaTpuUIlei
CBOAMTCA JIMIIb K CTAOMIM3aLMM IIOJIOKEHUA MeTa//IMYeCKUX HHUTeH B IIPOCTPAHCTBE.
Hacxoxpko HaM M3BECTHO, TaKas CUCTeMa ABJAETCA, TO-BUAMMOMY, eIMHCTBEHHON U Hauboiee
6JIM3KO¥ K TeOpeTUYeCK: paccMaTpuBaeMoi Mogenu [1].

Crnemyer 0cob60 IOAYEPKHYTH, YTO IIOIBITKA NPAKTUYECKOTO CO3ZAHHUA CTPYKTYPHI C
KBa3UOJZHOMEPHBIMU METATNYECKUMU HUTAMU B JUDJIEKTPUYECKOH MAaTpHUIle MOIJIA OKa3aThCI
u 6e3yCHeIIHON u3-3a pAfa OCJIOKHEHHI, BO3MOXXHOCTh IIPEOJIOJIEHHUS KOTOPBIX MOTJIA OBITH
BBIICHEHA TOJIBKO OIIBITHBIM ITyTeM. BBeJeHue MeTasIla MOIJIO OKa3aThCsA HEBO3MOXHBIM JIHOO
10 NPUHIUNHUATIBHBIM COOOPaXEHUAM — BBUIY MAaJIOCTH AHAaMeTPOB KaHAJIOB, JIMOO — M3-3a
METOAMYECKUX OCJIOXKHEHUH — HeJZOCTaTOYHON IIPOYHOCTH KPUCTAIOB MJIM HEOOXOAMMOCTHU
HCIIOJIB30BaHMA HepeaJlbHO BBICOKOTO faBieHusd. Kpome Toro, He GbLIO ACHO, OyAyT MU TaKue
CHUCTEMBI, B CJy4ae BO3MOXXHOCTU WX U3TOTOBJIEHUSA, YCTONYUBBIMHM, M OyZYyT 1M OHHU
COXPaHATHCS IOCJIE CHATUS JABIeHUA.

B xavecTBe AM3IEKTpPUYECKOH MATPUILBI [JII IIOJy4eHUS OZHOMEPHOM HUTU MeTasja
o511 BeiOpan Na-Mopgernr nnn NalM. Cunrterndeckuit meonut NalM 1mo cBoeil CTpyKType
COOTBETCTBYyeT IIPUPOJHOMY MHUHepaly MOpZEeHUTy. B ero kapkace OTCYTCTBYIOT ITyCTOTBI
GOJTBIIMX THAMETPOB, MMEIOTCA JIMIIb TlepeceKatoNiecs KaHaubl ¢ quaMeTpamu ~ 2.8 u ~ 6.6 A.
TTOCKOMTBKY /IS 3aIIOJHEHUS PTYThIO M BHCMYTOM KaHamoB guamerpoMm 2.8 A TpeGytorca, mo
(bopMasBbHBIM OLleHKaM, KpUTHYecKHe AaBieHus nopsaka 50 — 60 x6ap (xoTg, BUAMMO, TaKue
OLIEHKM He HMEIOT CMBICIBI, T.K. JUaMeTp KaHajga MeHbIle AMaMeTpa aToMa), STOT IeOJIUT
MOXXHO CYHTaTh 00JIaJAfOIIUM IPAaKTUYECKU OJHOMEPHOM CHCTeMO# KaHalIoB. B Hamwux omsitax
MBIl KCIIOJB30BAJIM IIPOMBINIIEHHO BbINycKaeMblii Nall/ B BuIe IOpOIIKAa C pasMepaMu
KpuctaymoB 3 — 10 MM, KOTOpBIII CIIpecCOBBIBAJICA B KOHTeliHepe IaBjleHHeM /7 KOap.
Pentrenorpamma TakuM 006pa3oM CIIPECCOBAaHHOTO II€OJUTA NPAKTUYECKU He OTIMNYanach OT
ucxopHoi. Hamm Obul Takke IIpOBefleH pPEHTITEHOCTPYKTYPHBIM aHamu3 Ieonuta Nal,
CIIPECCOBAaHHOTO (He B TUAPOCTaTUYECKUX YCJIOBUAX) JaBieHueM 28 xOap, [ IPOBEPKHU
IIPOYHOCTH KapKaca I[€0JIMTA. 3aMeTHBIX OTJIMYHUI B pEHTTeHOTpaMMe II0 CPaBHEHWIO C
HCXOHOU OOHApy»XeHO He OBLIO.

ITo cpaBuenmio c¢ meonurom NaX, Nal obGramaer HeOombmMUM O0OOBEMOM IIYCTOT,
nmocTynHsix 3anonHeHuio Bogoi 0.25 —0.30 cm® xpucranna [3]. B 06pIYHBIX yCIOBUAX, TaK Xe,
Kak 1 B eosnTe NaX, KaHaJbl 3allOJIHEHBI BOIOM. PexxuMm o006esBokuBaHuaA neoiaura NaM
BEChMa CXOX C peXuMoM mas IneoinutoB Tuna ¢oxkasura (NaX, Nal) [3]. Kpusas
00e3BOXKMBaHUA IPUPOJHOTO MOpJeHuTa npuBesieHa Ha Pucynke 1 [3]. Kak BuzHO 13 pucyHKa,
OCHOBHas Maccamorepss Bogsl mpoucxogut mpu Temmeparype 200 °C u 3akaH4YmBaercsa IIpu
400 °C. Bmavane o00e3BOXMBaHME IIPOBOJAMJIOCH AHAIOTMYHO TOMY, KaK STO eajoCh JIfd
IIEOJINTOB C TPEXMEPHOM ceTKO# KaHanoB. OOpasIbl BBIIEPKUBATUCH B T€UeHHE TPeX YacoB B
BakyyMe 10! mm pr. ct. mpu Temmneparype 350 °C. 3arem o6pasipl Nal/ 3a1uBaniuCh KUAKUM
MeTayioM. [I1s Takux o6pa3ioB MOPOrpaMMbI MK BOOOIE He COZEepXKaIu CKayka oObeMa, MU
ckayok Obpur  exBa 3ameTHbIM. OTCyTcTBHME CKauyka OOBACHAETCA  HEZOCTaTOYHBIM
obe3BokuBaHueM Nall/ mepen BBeseHueM Merauna. [lostomMy, B JajbHeHIIEM PpeXHUM
06e3BOXMBaHUA ObLI BbIOpaH WHBIM. OOe3BOXXHMBaHWE IIPOU3BOAUJIOCH IIPH TeMIIEpaType
~ 400 °C B Bakyymel0™! MM pr. cT. B Teuenue 6 4. OGe3BOKeHHBIE 0Opa3IIbI LIEOTUTA 3aTUBAIHCH
KUZKUM METaJJIOM B BakyyMe. Takasd TexHosorus obpabotku Nall/ mepen BBemeHHEM B ero
KaHaJIbl MeTaJIIa ITO3BOJIMJIA ITOJIyIUTh MAaKCUMaIbHbIH CKAa4OK 00BeMa IIPU CHATHYU IOPOTPAMM.
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Pucynox 1. Kpusas o6e3Bo>xuBaHUA
MOpJeHHTa IPU HaTPeBaHUU Ha BO3ZLyXe.

IToporpamsr gnsa cucrems: Merawn (Hg,Bi)-umeonnut cHuMaauch OOBIYHBIM CIIOCOOOM.
Ocoboe BHMMaHMe OBLIO OOpAalleHO Ha IIPAaBUJIBHBIM BEIOOP TeMIEpaTypsl, IIPH KOTOPOI
IIPOM3BOAYIIOCH BJIaBJIMBAaHUE METaJUIa, U3-3a 3aMeTHOM 3aBUCHMOCTH TeMIIepATyphI ILIABI€HUS
MeTaJla OT BEJWYMHBI IIpUIOXKeHHOro xasieHusa. OIleHKa TeMIepaTyphl pasorpesa, IIpH
KOTOPOH MeTaJUI OCTaeTCA >KMAKHM IIPH BCEX HCIIOTB30BAHHBIX JABJI€HUAX, IPOU3BOIIIIACH
clexyiomuM o6pazoM. BHauase BRIYHCIAIOCH KPUTHYECKOE AABieHUe, IPH KOTOPOM MeTaJlI
IODKeH IIPOHMKHYTh B KaHamael Na/l/ Bsrumcirenue TpowsBOZMIOCHE 10  OOBIYHOM
IIOpOMeTpuYecKoil ¢opmyse [4], IPUMEHMMOCTs KOTOPOIl [JjI KaHAJOB JaXe CTOJIb MaJIbIX
pasmepos (~ 6.6 A), xax sT0 Ccrmemyer ms okcmepumenTa, BmonHe oGocHOBaHa. [las pryTH
HalZleHHOe TaKUM 00pa3oM KpUTHUYECKOe JaBjleHue cocTapifeT 29 xbap, a1 BucMmyTa — 23 x6ap.
[lanee mo rpaduKaM 3aBHCHUMOCTH TEMIIEPATyphl IIIaBJIeHHA BUCMYTa U PTYTH OT JaBJIeHUA
oIlpe/iesIAach TeMIIlepaTypa, IIPH KOTOPO MeTasIl OCTAaBaICA XKUAKHUM JI0 JaBIeHUH, HeCKOIBKO
BhIlle KpuTHueckux (mo 32 xbap mas prytu u gmo 26 x6ap paa BucMmyra). [lna BucMyTa
IocTaToyHa Temueparypa pasorpeBa 275°C, mma pryrm — 115°C. B pasorperoir cucreme
CO3/]aBaJIOCh JlaBJIeHHe M CHUManuch rnoporpammsl. [loporpammser cucrem NaA/~Bi u NalM/~Hg
npuBeZeHs! Ha Pucynke 2.

A
AVen®
0,24
1
2
; 0,036
0,16 i ;
0,08
P k6ap
>

8 12 16 20 24 28 32

Pucynok 2. lizamenenne o6vema cucrem Na/-Bi
(1) m NaM-Hg (2) B 3aBUCUMOCTH OT [JaBIeHUA.

Kpurudeckve maBieHus, IpU KOTOPBIX IPOUCXOAUT IIPOHUKHOBEHNE METaUIOB BUCMYTa
U pryTH B KaHaiasl NaM, BeJIMYMHBI CKaYKOB 0OBeMa [Jf 3THX CHCTEM, a TaKKe PacyeTHbBIE
3HAYeHHUA CKAYyKOB InpuBezeHsl B Tabmume 1. Ilocie CcHATHA BHeNIHEero IaBjeHUA PTYTh,
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BBeJleHHAs B KaHaibl Ieonura Nall/, mo-BUAMMOMY, IIOTHOCTBIO BBITEKAeT HapyXy (KakK 3TO
MMeJIO MeCTO U B CJIydae I[eOJIUTOB C TPEXMEePHOI CeTKOI KaHaJIoB). DTO CIeAyeT U3 U3MePeHUs
IUIOTHOCTH O0pa3loB, OOpaGOTaHHBIX JaBlIe€HWEM B JKALKOM PTYyTH IpU [JaBIeHUH,
IpeBBINIAIONEM KpPUTHYeCKoe (IlepBas rpymnma o6OpasioB) W IPU AaBI€HWW, MEHBIIEM
KpUTHYecKoro (Bropas rpymnma o6pasioB). OueBMZHO PTYyTh BBOJWIACH B KaHAIbl 0OpasIoB
TOJIPKO IIepBO¥ TPYIIIEL, @ B 00pasliax BTOPO IPYNIIbI KaHAIbI He 3allOJHSINCH, 8 CO3/jaBajach

TOJIBKO OOMa3Ka.

Tabmuna 1.
g
I %‘ PacyerHbIfi | ODKCIlEpUMEHTATBHBIN
« A 38 CKav0K CKadOK Pacyernoe | ®akrmueckoe
= = Yol 8 | & 3
| é 5 2 &8 SN o 5 obbema obbema 3aIloJHEeHMe | 3allOTHeHUe
§ = g a; g wE E = o6bema o6pema
(5] : : (2]
5 p% = E N E’*‘f % E KaHaJIOB KaHaJIOB
& 5 & 9 | e/ oM | % o / evd % MeTaJIIoM, MeTaJLIoM,
(ﬁ ) % %
b
m
NaA| Bi 228 | 20 1.14 | 0.056 |5.6 0.060 6.0 22.4 24.0
NaM| Hg | 282 | 29 | 097 | 0.043 | 4.3 0.036 3.6 17.2 14.5

[nsa ynameHWsa wW3OBITOYHOM PTYyTH O0Opasmpel OTXUMantuCh zHaBreHueMm 20 x6ap.
IInorHOCTE OOpa3smoB Bropo# rpymmsl Opuia paBHa 1.9T1/cm3, T.e. B oOMaske HaXOZWUJIOCH
0.15r/cm® pryrm, Tak Kak IUIOTHOCTB IIPOCTO 00Oe3BOXKEHHOro Ieonutra — 1.75T/cmd
ILnoTHOCTH OOpAas3IOB IIepBOI IPYIIIHI OKa3agach mpuMepHo paBHOH 1.95 r/ cm®. Takum ob6pasom
IUIOTHOCTH OOPa3IoB 00eUX I'PYIII IPUMEPHO PaBHBI. DTOT Pe3ysIbTaT TOBOPUT O TOM, 4TO IIO-
BUJVMOMY, PTYyTh IIOJHOCTBIO BBIT€KAaeT M3 KaHAJIOB II€0JMTa IIOCJHe CHATHA BHEIIHETO
TaBIIeHUA.

ITo panusim Tabmumer 1 pryrsio 3anonusercs 3.6 % o6bema kpucrannoB Nal, T.e. B
kaHass! mpoHukKaetr 13.6 x 0.36 =~ 0.49 r / cm® pryTtu. Eciu Ob1 Bca BIaBleHHas PTYyTh OCTaBaIach
B KaHAJIaX II€O0JINTA, IIOCIe CHATHA BHEIIHETO JaBJeHUdA, IUIOTHOCTh OOpasIoB IIepBOH I'PYIIIIEI
noJpkHa 6s11a 651 651TH paBHOM 1.90 + 0.49 =2.39 1 / cmB.

Ha o6pasuax o6eux rpymnn ObLI IPOU3Be/leH PEHTT€HOCTPYKTYPHBIH aHAIHN3, KOTOPHIi He
OOHAPYXUJI CyIeCTBeHHBIX pasjInyuii. PeHTreHOrpaMMBbI 06PasIoB COepXKaau TUHUN 1Ie0INTa
NaM u orzmenpHO IMHUY PTYTH, KOTOpas HaXOAMUJIACh B OOMa3Ke.
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Abstract

The study of the process of the iron—oxygen nanoparticle formation on the steel surface
alternately contacting with water dispersion medium and air has been significantly expanded
with complex usage of the scanning electron microscopy data together with the analysis of the
electrochemical processes in the local anodal and cathodal areas. The acidic local pH value in
the anodal areas and the presence of ferrous iron that is catalytically active with respect to iron—
oxygen mineral phases lead to the formation of the well-ordered needle- or rod-like goethite
particles via dissolution-re-precipitation process. The alkaline medium in the cathodal areas and
oxygen depolarization causes the formation and solid-state oxidation of Green Rust particles
accompanied by the obtaining of randomly oriented plate-like Fe(III)-Green Rust and
lepidocrocite particles.

Introduction

Nowadays the interest in the development of new methods for obtaining finely-
dispersed iron—-oxygen mineral phases is related to their application in different medical and
biological processes [1, 2]. The electrochemical formation of nanosized iron oxyhydroxides and
oxides as well as 3d-metal spinel ferrites on the surface of iron (steel) [3] or precious metal
electrodes is realized under potentiostatic and galvanostatic conditions [4, 5]. Recently we have
proposed a new method for obtaining nanosized iron oxide and oxyhydroxide particles, non-
stoichiometric spinel ferrites and core & shell composites that include a ferrimagnetic
(magnetite or maghemite) core and a precious metal shell (silver, gold, platinum, palladium)
that has been called the rotation-corrosion dispergation (the RCD) [6]. The main principles of
the RCD method include: 1. the anodal dissolution of iron bearing components and cathodal
depolarization of oxygen; 2. the chemical interaction of the dissolved products of
electrochemical processes; 3. the formation of the primary iron-oxygen structures such as
Fe(II)-Fe(III) layered double hydroxides (Green Rust) or ferrihydrite; 4. the dissolution or the
phase transformation of the primary particles, and 5. the formation of spinel ferrite and ferric
oxyhydroxide particles [7]. The phase formation process takes place on the steel surface, in the
near-surface layer (thin water film) and in the dispersion medium [8]. We showed that the pH
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value in the water layer adjoining the electrode surface (~ 400 um) averages in the range from
7.0 to 9.0 [7] and we supposed that the phase formation process on the steel surface was realized
under equal physical-chemical conditions and it did not depend on the structures and defects of
the steel surface.

At the same time the following fact draws our attention: the structures related to the
primary metastable phases together with the well crystallized disperse minerals obtained within
the same period of time are present in the SEM images from the different areas of the steel
surface. Moreover, as a rule the same disperse mineral is characterized by a various particle
morphology. We suppose that the explanation of such phenomenon is closely connected with
the spatial separation of the phase formation process on the heterogeneous areas on the steel
surface.

The aim of the study is to describe the phase formation process on the steel electrode
alternately contacting with air and water dispersion medium according to the differences of the
physical-chemical conditions created in the anodal and cathodal areas on the heterogeneous
steel surface.

Materials and methods

The process of the iron—oxygen particles formation was realized on the surface of the
rotating disk electrode that was made of Steel 3 materials [9]. The method of the iron—oxygen
surface structure formation was described in our previous work [10]. A steel electrode was
exposed to mechanical and chemical treatment. The oxidized layer was mechanically removed
from the steel electrode. A concentrated sulfur acid was used for activation of the electrode
surface. Distilled water as well as Fe2(SOs)3-and FeSOs water solutions at pH =6.5 with
concentration of ferric and ferrous cations 100 and 1000 mg / dm? were chosen as the dispersion
medium contacting with the electrode surface. The phase formation process was performed at
around 7'=20°C. The temperature condition was provided by application of TS-1/80-SPU
thermostat. The duration of the phase formation process lasted about 24 h.

A scanning electron microscopy (SEM) using JOEL-6700 microscope equipped by
energy-dispersive and cathode-luminescence attachment was determined as a main method of
the research. X-ray diffraction (XRD) in situ and Fourier transform infrared spectroscopy
(FTIR) were used as additional methods. The obtaining of the XRD patterns was performed on
computer-aided equipment (DRON 3) with filtered emission of cobalt anode in the 2@ range
from 0 to 85 degrees. The additional module was applied for recording XRD data in situ [10].
Thermo Nicolet FTIR spectrometer in the range 4000 — 400 cm™ with 50 scan collection was
used for obtaining the IR spectra.

Result and discussion

XRD and FTIR studies of the mineral phases obtained on the steel surface
contacting with water dispersion medium in the open-air systems

According to the analysis of X-ray diffraction patterns the typical mineral phases formed

on the steel surface contacting with water dispersion medium are the following: Fe(II)-Fe(III)
LDH (Green Rust), magnetite, lepidocrocite and / or goethite. Depending on the anion
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composition of the dispersion medium ferric and ferrous hydroxide layers can be coordinated in
the Fe(II)-Fe(IlI) LDH structures such as Green Rust I (hydroxycarbonate) or Green Rust II
(hydroxysulfate). The usage of X-ray diffraction method in situ permits to follow the
development of the surface structures and to make the supposition about their transformation.
The typical XRD patterns of the surface structures formed within 24 h are present in
Figure 1. We can see the reflexes related to lepidocrocite and magnetite mineral phases when
the sample was formed on the steel surface contacting with distilled water (Figure la).
Lepidocrocite, magnetite and goethite are the commonly mineral phases of the near surface
layer that was obtained under the same conditions (Figure 1b). On the contrary, hydroxysulfate
Green Rust, goethite and ferrihydrite reflexes are clearly seen in the patterns of the surface
structures formed when the steel was contacting with water ferrous (Figure 1c) and ferric

(Figure 1d) sulfate solutions.
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Figure 1. XRD patterns of the iron—oxygen mineral phases obtained on the steel surface
contacting within 24 h with: a — distilled water (surface layer), b — distilled water (surface
and near-surface layers), c — FeSOs water solution (cFe(II) = 1000 mg / dm?), d — Fe2(SOa4)3

water solution (cFe(III) = 1000 mg / dm3). The numbers correspond to mineral phases:

1 —lepidocrocite y-FeOOH, 2 — magnetite FeFe:04, 3 — goethite a-FeOOH, 4 — iron Fe®
(the steel surface), 5 — hydroxysulfate Green Rust GR(SOs*), 6 — ferrihydrite FesO3(OH)o.

The analysis of the FTIR spectra of the hydroxysulfate and hydroxycarbonate Green
Rust obtained on the steel surface contacting with ferrous sulfate solution and distilled water,
respectively, shows the presence of both anions on the surface of every disperse mineral [11].
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The following study permits to define more precisely the chemical composition of the
Fe(II)-Fe(III) layered double hydroxide (Green Rust) sediments formed on the steel surface
(Figure 2). So, the band 420 cm™ is present on the both spectra and corresponds to Fe-O
chemical bond in oxides. The intensive bands at 455 cm™ are related to 6-FeOOH and the bands
at 482 and 542 cm™ correspond to hematite o-Fe:03. The IR bands at 896 and 790 cm™ are
typical reflexes for goethite a-FeOOH whereas the bands at 1022 and at 744 cm™! are related to
other iron oxyhydroxide — lepidocrocite y-FeOOH. But the band at 1022 cm™ can correspond to
the vibration of C—O bond. The 3401 and 3189 cm™! regions point to the stretching vibrations of
the water molecules and OH groups, respectively. The indicative reflexes for hydroxysulfate
Green Rust bands are the following: the band at 975 (980) cm™ points to free sulfate (SO4) and
the band at 1137 cm™! corresponds to vibration of the adsorbed SO4*. The band at 1022 cm™!
coupled with band at 880 cm™ point to C-O-C stretching whereas the bands at 1369 and
1504 cm™ are typical for COs* anion vibration. The band at 1970 cm™ denotes the existence of
C=0 bond. A band at 1369 cm™ may be related to COO-groups. The vibration of carbonate
group at 1430, 853, 695 cm™! is not seen in the spectra but the strong band at 1508 cm™! probably
points to C-O stretching vibrations.

X
) S
= o
[}
ﬁ 3401 a2 1970 £
| gygy 2850 ' -fg’
Ny V i 2 i H :
N2 L
i 1137 |
1022
3400 2900 2400 1900 1400 900 1000 800 600 400
Wavenumber, cm’ Wavenumber, cm’”
a b

Figure 2. The FTIR spectra of the hydroxysulfate (1) and hydroxy-
carbonate (2) Green Rust formed on the steel surface contacting
with ferrous sulfate solution and distilled water, respectively.

Whereas the arising of the following bands, cm™: 755 (v4COs3), 856 (v2COs), 879 (COs*),
weak 1022 (C-O) on the GR(SO4+*) spectra and, respectively, other bands, cm™: 613 (0:SOs4), 624,
640 and 744 (SO+*), weak 663 peak and splitted 701 (v4SOs), 1184 (vsSO4) on the GR(COs*)
spectra clearly points to the complication and heterogeneity of the phase composition of the
surface Fe(II) -Fe(III) LDH structures.

The inconsistency between chemical and phase composition of the disperse minerals
formed on the steel surface is confirmed by the scanning electron microscopy images. So, it is
well known, that some of disperse iron—oxygen minerals are characterized by a unique
morphology of the particles and aggregates. For example, a recently found disperse mineral
schwertmannite (Sh) belongs to similar structures. The schwertmannite is poorely (nano)
crystalline iron oxyhydroxysulfate that consists of spherical or ellipsoidal particles. The average
width of such particles amounts to 2 — 4 nm and their length makes up 60 — 90 nm. The typical
morphology of the aggregates corresponds to ‘hedge-hog’, ‘pincushion’ or ‘web-like’ structures.
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[12]. The chemical composition of schwertmannite includes SO+ anions and its formula
averages FesOs(OH)s2(SO4)x where 1< x<1.75. The formation of such disperse mineral is
possible under the given chemical conditions: the concentration of SO+ is found in the range
1000 — 3000 mg/dm? and the pH value equals 2.5 - 4.5 [13]. The appearance of ‘hedge-hogs’
schwertmannite aggregates on the SEM images of the structures obtained on the steel surface
contacting with distilled water at 7= 35 °C within 10 h (Figure 3a) and at 7'= 70 °C within 4 h
(Figure 3b) disproves the supposition about neutral medium in the reaction area and it needs to
be explained.

JSM-6700F SEI 150KV X2500 10um WD 152mm JS MHUUF H 1 OkV  X3,000 Tem

a
Figure 3. The ‘hedge-hogs’ schwertmannite structures formed on the steel
surface contacting with distilled water: a — intact aggregates obtained at 7= 35 °C
within 10 h; b — partially dissolved aggregates obtained at 7= 70 °C within 5 h.

In fact the steel belongs to carbon alloys of iron and it consists of the following chemical
components: metal ferrites MeFe20s, graphite C, cementite (Fe,Ni,Co)sC etc. So, a large number
of micro galvanic couples such as ferrite — graphite and ferrite — cementite spontaneously
appear on the heterogeneous steel surface where anodal and cathodal areas are clearly
distinguished. The ferrite particles play the role of anodes whereas graphite and cementite
particles, correspondingly, are cathodes. The differences in the value of standard electrode
potentials of half-cells lead to electrochemical red-ox reactions under corrosion conditions
when the steel surface contacts with water dispersion medium and air oxygen. The primary
micellar species in the reaction area interact with each other and form nuclear iron—-oxygen
structures and primary mineral phases [7]. At the same time the phase formation process and
the structure of every mineral phase strongly depend on the physicochemical conditions in the
local surface areas.

Also the physical limitation of XRD method does not permit to identify the metastable
phase formed on the heterogeneous areas of steel. Analysis of the XRD patterns gives the
information about the composition of the bulk mineral phases and greatly simplifies the
understanding of local processes in the system. On the contrary, FTIR analysis displays
chemical linkages on mineral surfaces and partially points to structural elements belonging to
various iron-containing mineral phases.

We consider that our conception of the phase formation processes on the steel surface in
the open-air systems [14] can be significantly supplemented with complex usage of the scanning
electron microscopy data together with the analysis of the electrochemical processes on the
local anodal and cathodal areas.
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The phase formation process on defects of the steel surface
(in pittings) when it contacted with water dispersion medium

A reusable steel electrode is exposed to crude workmanship without buffing operation
that leads to the presence of different inequalities, defects, deep-seated rust and pittings on its
surface and prevents from removing the ‘trace’ quantity of sulfur acid when the electrode is
flushed after activation procedure. According to the classical corrosion study [15] the pH value
in the pittings on the steel surface changes from 1.5 (at the bottom) to 6.5 —7.0 on the surface
where it plays the role of a peculiar galvanic couple with an anodal area at the bottom and a
cathodal area at the top. Moreover, the corrosion process in the pittings is accompanied by
hydrogenous polarization and characterized by enhanced concentration of SO+*- and Cl-. The
products of the phase formation process on the defects of the steel surface contacting with
water dispersion medium within 25 h are shown in Figure 4a. Redistribution of the material
and the formation of roller-like structures around corrosion caves are clearly seen in Figure 4b.
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Figure 4. The phase formation process on the surface defects fixed when
the steel surface was contacting with distilled water at 25 °C within 10 h.

Due to hydrolysis of dilute sulfur acid two anion types HSO4~ and SO+*- can be present in
an anodal area. The analysis of FTIR data suggested [16] that sulfate may form complexes both
through hydrogen-bonding and direct binding to the iron structure in schwertmannite. The
slow oxidation of ferrous cations in the acidic medium and the presence of SO+*- and HSO4+
anions leads to their coordination where SO4* is bonding to the inner shell of Fe* and during
the oxidation process it results in the formation of ferric sulfate complex FeSO4+* [17]. Hydroxyl
species coordinate with sulfate anions via polymerization process, and schwertmannite ‘hedge-
hog’ structures appear as a favor product of the phase formation process.

At the same time, the work [17] contends that schwertmannite is the first mineral
formed after oxidation and hydrolysis of ferrous sulfate solution at pH 5 — 6:

8 FeSO4+ 2 O2 + (4 + x) H20 = FesOs(OH),SOy + (8 — y) SO+ + 2 (8 — y) H.

It is known that dimer Fe2(OH)2** belongs to precursor species of 6-line ferrihydrite [18].
But dimer Fe2(OH)2*" associates with SO4*~ in highly concentrated sulfate solutions and forms
the sulfato-dimer complex Fe:(OH)2(SO4):*%, its appearance explains the formation of
schwertmannite but not ferrihydrite [19]. So, we can state that the physical-chemical
conditions at the bottom of pittings on the steel surface are suitable for the formation of
schwertmannite mineral. The morphology of schwertmannite can be changed due to the
velocity of ferrous iron oxidation as well as the presence dissolved ferrous or ferric species [17].
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Figure 5. The disperse mineral phases formed in the pitting on the steel surface
contacting with FeSOs water solution (cFe(II) = 100 mg / dm?): a — schwertmannite
in the pitting, b — ‘hedge-hogs’ of schwertmannite, ¢ — spherical goethite
aggregates as the product of phase transformation and with Fe2(SO4)3 solution
(cFe(IIl) = 100 mg / dm?3): d — schwertmannite in the pitting, e — ‘web-like’

chwertmannite, f — probably pseudomorphic goethite from schwertmannite.
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The differences of the schwertmannite (Sh) morphology depending on the chemical
composition of the dispersion medium that contacted with the steel surface within 24 — 25 h are
seen in Figure5. When the steel surface interacted with FeSO: water solutions (cFe(II) =
100 mg / dm?) the schwertmannite in the pitting has the shape of ‘hedge-hogs’ (Figure 5a).
Their enlarged section is present in Figure 5b. The partially dissolved and transformed Sh
(Figure 5c¢) becomes spherically shaped. The pitting with the ‘web-like’ schwertmannite formed
on the steel surface which contacted with Fe2(SO4)s water solution (cFe(III) = 100 mg / dm3) is
present in the Figure 5d. The enlarged view of initial Sh structure is seen in Figure 5e and the
destructed structure is shown in Figure 5f.

Probably the structures presented in Figure 5c and Figure 5f can be related to a spherical
goethite. The mechanisms of such transformation were widely discussed by scientists and the
following versions were proposed: 1. via dissolution of schwertmannite inside spheres [20], 2.
goethite adopts the Sh shape and morphology [21 — 23], 3. pseudomorphic goethite morphology
from Sh that was preserved during re-crystallization process, 4. preservation of spherical
schwertmannite structure in goethite due to the influence of adsorbed sulfate [24].

The pH value of the dispersion medium alongside with the temperature is the most
important parameters that determine the phase stability of the schwertmannite structure
[22, 23]. The rate of the phase transformation of schwertmannite to goethite, according to [22]
is slower for high sulfate concentration, low pH value and temperature:

FesOs(OH)s-2(SO4)x(s) + 2x H2O = FeOOH(s) + x SO+* + 2x H*.

Two stages of the schwertmannite transformation to goethite were shown in [25]: the
release of the sulfate anions from the structure of schwertmannite, and the change of the
squared schwertmannite structure to the rectangular one present in goethite. A close structural
relationship between schwertmannite and goethite was determined in [26], where the
structural elements of goethite can be included into schwertmannite aggregates depending on
the temperature and synthesis method.

The change of the phase composition of disperse minerals throughout the height of the
pitting, redistribution of the iron—oxygen substance and agglomeration of the iron—oxygen
disperse minerals around the pitting (cathodal area) on the steel surface are the important
aspects of the phase formation process in the open-air system on the steel.

The phase transformation of schwertmannite in the presence of dissolved ferrous iron
under condition of the pH increase was described for the water suspensions [27]. The obtained
results can be related to the processes in the pittings on the steel surface. So, the
schwertmannite structure is formed at pH < 5.0 at the bottom of pittings (in the anodal area).
Ferrous cathions are adsorbed on the schwertmannite surface at pH > 5.0, and then catalyze the
schwertmannite dissolution and the following precipitation of the nanosized goethite or
ferrihydrite particles in the middle area of the pitting. The increase of pH value to 7.0 on the
top of pitting (the cathodal area) is the cause of the decrease in the ferrous iron dissolution rate
and Fe? cations can incorporate into goethite lattice and lead to a-FeOOH transformation into
the mixed ferric / ferrous hydroxide layers that are the primary structure unit of Green Rust.
Sulfat-anions as a component of a schwertmannite crystal lattice at first are adsorbed on the
goethite surface and then incorporate into the interlayer space of Green Rust.

At the same time the formation of Green Rust phase on the steel surface can be
performed as a result of the interaction of hydroxyl and ferrous cations in the presence of air
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oxygen. It is especially true for hydroxycarbonate Green Rust which structure is similar to the
structure of Fe(OH)2.

So, we have followed the chain of the phase transformation schwertmannite -
nanogoethite / ferrihydrite — Green Rust when the pH value is changed from acid to weak
alkaline medium under limited oxidation in pittings and ferrous iron hydroxide — Green Rust
on the steel surface under oxidative conditions.

The phase formation process in the anodal areas on the
steel surface contacting with water dispersion medium

The anodal dissolution of the iron-bearing components leads to the formation of ferrous
cathions and can be accompanied by hydrogen depolarization [28]. Also, the local pH in anodal
areas is acidic. Under the following conditions the main phase formation process can be
dissolution—re-precipitation of primary iron-oxygen species (Green Rust). The permanent
entrance of ferrous iron characterized by high catalytical activity in respect to iron—oxygen
mineral phases [29, 30] leads to acceleration of the dissolution process. The feature of the
particle morphology related to the formation of needle- or rod-like particles of iron
oxyhydroxides that are well ordered and are usually oriented along the direction [001] [31]. The
selective formation of either lepidocrocite or goethite particles strongly depends on the iron
species oxidation [32]. Such supposition was confirmed by [29] where the formation of
lepidocrocite particles had been explained via direct precipitation of ferric iron monomers
Fe(OH)* or / and dimers Fe(OH)2*, whereas the formation of the goethite particles is realized
during the following stages of the polymerization process when ferrous iron formed dimers,
trimers ... polymers and finally o-FeOOH. Temperature is the key parameter for the
polymerization rate and hence for mineral composition of iron oxyhydroxides: lepidocrocite is
formed at low temperature and goethite favorably appears at high temperature. Moreover the
anion composition of the dispersion medium influences mineral composition of ferric
oxyhydroxides as well as their particle shape [33]. In general lepidocrocite precipitates in the
presence of chlorides, and goethite is formed in the sulfate solutions via dissolution of
intermediate phase of ferrihydrite under standard conditions. The quantity of the lepidocrocite
re-precipitated in the sulfate solutions is strongly limited. A typical shape of lepidocrocite
particles formed in chloride-containing medium is plate-like and a typical goethite shape is
star-like, respectively, but the shape of goethite particles that are grown in sulfate medium after
ferrihydrite dissolution is needle-like and rod-like.

Green Rust particles dissolve in the anodal area and re-precipitate as the iron
oxyhydroxides that as well as Green Rust undergo the repeated dissolution—re-precipitation
process. The dissolution process is catalyzed by Fe?* cathions that are adsorbed on the surface of
the mineral phase, reduce ferric iron in the crystal lattice and convert iron species to the
transportable state. Ferrous iron cathions are oxidized in the dispersion medium and
precipitated as a new mineral phase. A low temperature and pH values are favorable for
dissolution-re-precipitation process and it leads to the formation of well crystalline
lepidocrocite and goethite particles [29]. The velocity of ferrous iron oxidation determines the
phase composition of the iron—oxygen precipitates. So, when the oxidation velocity is low well
crystalline goethite or lepidocrocite particles are obtained [34]. When oxidation process is faster
than the dissolution process ferrihydrite particles are formed in the system. But when the
oxidation velocity is extremely fast Fe(III)-GR is the main product of the phase formation [34].
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Figure 6. The iron—oxygen mineral phases formed via dissolution-re-precipitation process: a —
goethite a-FeOOH needles, b — lepidocrocite y-FeOOH plates on the schwertmannite surface.

Figure 6 shows the products of the dissolution — re-precipitation of primary structures:
ferrihydrite into needle-like goethite in FeSOs water solutions cFe(II) =100 mg/dm?
(24 —-25h) (Figure 6a) and Green Rust into plate-like lepidocrocite (Figure 6b) in Fe2(SO4)3
water solutions cFe(IIl) = 10 mg / dm?.

The phase formation process in the cathodal areas on the
steel surface contacting with water dispersion medium

The oxygen depolarization accompanied by hydroxyl generation is the main process that
takes place in the cathodal areas on the steel surface. It leads to the increase in the local pH
value up to alkalization of the medium. Depending on the initial pH value cathodal process can
be described as [28]:

O2+4 H*+4 e =2 H0 (at the pH 2.0 - 6.0) or

02+ 2 H20 + 4 e =4 OH- (at the pH 6.0 — 10.0).

Under the following conditions the solid state transformation is confirmed as a main
phase formation process. The feature of particle morphology is the preservation of the shape
and orientation of the phase-precursor particles, their chaotic arrangement [4]. Green Rust
particles play the role of the precursor species in our case.

Analysis of the SEM images (Figure7) permits us to find the following phase
transformation processes: solid-state Green Rust oxidation when its structure does not change
and formation of Fe(III)-GR or lepidocrocite. The phase composition of the products of the
solid-state transformation is determined by local pH values, as it was shown in the corrosion
study [35]. So only lepidocrocite can be formed at pH =8, the coexistence of both phases
Fe(III)-GR and y-FeOOH is typical in the pH range from 8 to 8.9 and the single phase of
Fe(III)-GR is dominant at pH > 8.9 [35]. The solid-state transformation hydroxysulfate Green
Rust in the lepidocrocite was mentioned in the early work [36] where the duration of the
oxidation process played the determining role. All listed conditions can take place in the
cathodal areas on the steel surface. The chaotic arrangement of Fe(III)-GR (Figures 7a—c, e,
and f) as well as y-FeOOH (Figure 7d) is clearly seen on the SEM images.
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Figure 7. The products of the solid state transformation in the cathodal areas of
the steel surface contacting with FeSOs water solution cFe(II) = 1000 mg / dm3:

a — hydroxylsulfate Green Rust (the intact plate-like particles), b — Fe(III)-GR(SO4*)
(the oxidized plate-like particles), ¢ — plate-like particles of Fe(III)-GR(SO4*) and
rod-like crystals of lepidocrocite, d — lepidocrocite needle-like particles and with

Fe2(SO4)s water solution cFe(III) = 1000 mg / dm3: e — GR(SO4%), f — Fe(III)-GR(SO4*).
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So, we suppose that the formation of Fe(OH): and its following oxidation in Green Rust
coupled with solid-state transformation in Fe(III)-Green Rust or lepidocrocite is the main phase
formation processes in the cathodal areas of the steel surface contacting with water solution and
air oxygen.

Conclusions

The process of the formation of the iron—oxygen mineral phases on the steel surface has
been recently described by usage of X-ray diffraction study in situ, and now it has been
considered in the view of heterogeneity of the high carbon iron bearing alloy. The presence of
spinel ferrites, graphite and cementite components in the structure of the steel leads to the
appearance of cathodal and anodal areas on its surface. Moreover the multiple usage of steel
electrode without buffing operation causes the formation of different inequalities, defects,
deep-seated rust and pittings on its surface. Such heterogeneity of the steel surface influences
the local physical-chemical conditions and as a result it determines the phase formation
processes under galvanostatic conditions on the small parts of the electrode surface.

The SEM images of the steel surface obtained after its contact with distilled water as well
as ferric and ferrous sulfate solutions within 24-25 h clearly show the mineral particles that are
characterized by various size, shape and morphology. The analysis of the physical-chemical
conditions in the local areas under corrosion conditions permits to determine the mechanisms
of the formation and development of iron—-oxygen mineral phases on the steel surface.

The development of the mineral phases in pittings on the steel surface is realized via
dissolution—re-precipitation process that takes place when the pH value is increased throughout
the height of the pitting. We have followed the chain of the phase transformation
schwertmannite — nanogoethite / ferrihydrite — Green Rust when the pH value is changed from
acid to weak alkaline medium under the limited oxidation in pittings.

The dissolution of the iron bearing component of the steel accompanied by hydrogen
depolarization leads to the formation of the following physical-chemical conditions on the
anodal areas: the acidic local pH and the presence of ferrous cations that are catalytically active
with respect to iron—oxygen mineral phases. The well-ordered needle- or rod-like goethite
particles are the main product of the phase formation process.

The depolarization of oxygen accompanied by hydroxyl generation is the main
mechanism in the cathodal areas of the steel. The phase formation process is carried out in
alkaline medium and is associated with solid-state oxidation of Green Rust particles. The
randomly oriented plate-like Fe(III)-Green Rust and lepidocrocite particles are the main
mineral phases formed under such conditions.
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Abstract

Sodium azide is acute poison similar to cyanide. Due to its attractive chemical and
physical properties it is widely used in many spheres including automotive industry, medicine,
pharmaco-chemistry, agriculture and even everyday life. Detection of sodium azide becomes
more demanding nowadays than several decades ago. We propose to use of “N NMR
spectroscopy to detect and quantify sodium azide in aqueous solutions and extrapolate
calibration results for real time detection of unknown concentrations. The results of this
methodology relying in measurement of 1D N NMR spectra at the lowest concentration of
sodium azide aqueous solutions.

Introduction

Sodium azide is acute poison similar to cyanide. Sodium azide is in the group of alkali
metal azides, it is water soluble and currently used in many applications, from industry to
everyday life.

The Organization for Economic Co-operation and Development (OCDE) has included
sodium azide in the list of 5,235 High Production Volume Chemicals (HPV) with a production
or import greater than 1,000 tons per year [1].
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One particular important area of use of sodium azide is in the agricultural sector. Sodium
azide is among the great variety of chemicals which are frequently used as fermentation
inhibition in wine production.

Since 2000s sodium azide started to be used as pesticide, herbicide and insecticide [2]. In
one study during eight year period usage of sodium azide in soil reached the impressive value of
336 kg / ha [3].

In 2014, International Organization of Vine and Wine (OIV) released the revised
“Compendium of International Methods of Analysis” for the detection of preservatives and
fermentation inhibitors. They proposed two methods of detection sodium azide which are
HPLC and colorimetric method. This methods are relative obsolete despite the fact that it was
modified in 2006, based on originally developed works Swaring & Waldo [4] and Battaglia &
Mitiska [5]. The colorimetric method proposed is also very obsolete and neither specific nor
sensitive. While, in recent years was discovered possibility of reaction based detection of
sodium azide at small quantities as 21 ppb [6].

In parallel, concern was raised by environmentalist and atmospheric scientists about the
safety of the use of sodium azide. Despite the widespread opinion of sodium azide proponents
for its use in water and soil, arguing that this chemical undergoes rapid hydrolysis and
degradation (Rodrigues—Kabana et al.) [7 —10], their opponents (Betterton et al.) [11 —13]
claimed that it is not exactly what it can be anticipated, since they discovered water and soil
samples containing residual amounts of sodium azide.

In the recommendations for disposal of sodium azide in industry or workplace, the
standard method for its neutralization is manifold dissolution in water and release in sewage by
the Royal Society of Chemistry [14], at the same time, American Azide Corporation strictly
require a chemical reaction for the inactivation of wastes of sodium azide before draining [15].

In this context, it is clear that the detection of sodium azide becomes more demanding
nowadays than several decades ago.

We propose to use of N NMR spectroscopy to detect and quantify sodium azide in
aqueous solutions and extrapolate calibration results for real time detection of unknown
concentrations. The results of this methodology relying in measurement of 1D N NMR spectra
at the lowest concentration of sodium azide aqueous solutions.

Aims and objective

The aim of the study is to apply N NMR spectroscopy to detect “N spectra of the
sodium azide at several concentrations to determine minimum detection limit.
We followed to fulfill the following objectives:
1) We studied the detection limit of NaNs with N NMR. The minimum concentration of
NaNs that can be measured with N NMR in the spectrometer in a standardized and
reasonable amount of time.

2) We determined the concentration of any unknown sample of NaNs prepared under
analogue conditions in water, as far as it is equal or greater than the N NMR detection
limit of NaNs.

3) The next is to perform calibration of NaN3 samples with dilution experiments and

calculate calibration curve for N NMR sensitivity for detection of sodium azide of
unknown concentration.
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To estimate the minimum detectable concentration of sodium-azide, we need to prepare
a sample with known concentration. To acquire the spectrum under some standardized
conditions (in particular the total measurement time) and repeat the spectrum 5 or more times
diluting the sample.

Then we extrapolated the calibration curve of NMR sensitivity (signal-over-noise ratio
S/N) with the respect to NaNs concentration to determine the minimum required concentration,
which is detectable in the spectrometer.

Materials and Methods

The experimental part of this project is performed in the Magnetic Resonance Unit at the
Center of Technology Innovation and Transfer (CACTUS) of the University of Santiago de
Compostela. Experiments were conducted during 2012-2014 and obtained results analyzed.

University of Santiago de Compostela (USC) is equipped with NMR spectroscopy and
propriety technology of MESTRE Labs, which is the software used worldwide.

The Magnetic Resonance Unit at the University of Santiago de Compostela, provides the
optimum research instrumentation required for this part of the project. The NMR facility
provides three state-of-the-art high magnetic field NMR spectrometers of 500 and 750 MHz.

Experimental

Sodium azide and deuterated water (D:0) were obtained from Sigma-Aldrich. Azide
standards were prepared using sodium azide in D20, in which target concentrations were set
relative to free azide concentration. Test samples were prepared at descending target
concentration in D20. Stock sample of 100 mM concentration solution of sodium azide 0.5 ml
was transferred into an NMR tube. The sample NMR tube is placed into a magnetic field. A
radio frequency pulse is then sent through the sample solution in order to orient the magnetic
moments of the nuclei in the solution. As the magnetic moments relax, they exhibit free
induction decay (FID). The free induction decay is Fourier transformed into a NMR spectrum.
The NMR spectrum displays chemical shifts for the individual nuclei of nitrogen; and from
these chemical shifts, the structure of the compound was determined.

Standard and test sample preparation

1) Preparation of reference standard sample with a compound, which N NMR signal is
used as the reference of concentration. This sample is important because it
allows measuring the unknown concentration of NaN3 in any sample that we prepare in
the future.

3) Reference compound: 100 % CHsNO:z total volume of 700 microliters.

Reference compound 100 % Nitromethane (CH3NO2) 600 microliters was placed in a
standard NMR tube and the remaining 100 microliters in a special capillary. The capillary with
the reference compound is inserted inside of standard NMR tube. We prepared the initial
sample of NaN3 in solution in a "narrow wall" NMR tube.
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The starting concentration of NaNsis 100 mM in this sample. Then the capillary is
inserted with the reference sample inside this standard NMR tube. We measure the 14N
spectrum of the sample by 4 or 5 dilutions of the original NaNsconcentration using dilution 5
times.

Results:

A preliminary test was carried out in our lab for the measurement of the 1D “N NMR
spectrum of sodium azide in water solution. The spectrum was obtained with very good quality
in only 30 s of measurement time. The sample 100 mM gave the expected three peaks in “N
NMR (two peaks for NaNs and one peak for CH3NOz). The assignment of the peaks of the 1D
UN spectrum of sodium azide in water is provided in Figure 1.

CHINC
In CDC

Figure 1. “N NMR spectrum of 100 % CH3NO:
and 100 mM Sodium azide (NaNsin D:0).

The chemical shifts obtained are in excellent concordance with those described for this
molecule in the NMR spectral databases, and also in concordance with those expected for its
structure. The 1D N NMR spectrum of sodium azide shows just two peaks corresponding to
the two types of nitrogen atoms of this molecule. The two external nitrogen atoms resonate at
~ 50 ppm, and the central nitrogen atom at ~ 200 ppm. As expected, the former peak has double
intensity than the later one since it corresponds to two nitrogen atoms.

The N chemical shifts resonances are spread out in an extremely broad range that
covers 900 ppm. Such dispersion is favorable for our purposes of detecting sodium azide in
mixtures, since it reduces the chances of accidental signal overlapping with the N signals of
other nitrogenated compounds. As the N-spectrum of sodium azide has two peaks, and the

194



T. Chachibaia & M. M. Pastor. Nano Studies, 2015, 11, 191-200.

same happens with its "N-spectrum. In both cases the peaks are easily to interpret; the less
intense one correspond to the central N atom, and the double intense one corresponds to the
two external nitrogen atoms.

1D N NMR spectrum of sodium azide 100 mM in H20 obtained at 300 K in a Bruker
Avance ] NMR 11.7 T spectrometer. The spectrum was obtained in 30 s with 64 scans. The
assignment of the peaks to the azide molecule and CH3NO: are shown of the Figure 2
(Magnetic Resonant Unit, CACTUS, University of Santiago de Compostela).

Expected signals at 250 and 100 ppm are not seen
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Figure 2. >N NMR spectra of 100 mM sodium azide.
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Figure 3. Proton '"H NMR spectroscopy of NaNG.
The N peaks of sodium azide are not visible because they are below the noise level

(S/N). To observe them, it is sure that a longer measurement time is needed; it means to use
many more scans to average the noise to a lower level, or alternatively, to increase the
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concentration of sodium azide in the sample so as to get a higher amount of signal per scan.
With that sample of sodium azide, it would probably require at least 12 hours of measurement
time (or even more) to make the expected N peaks appear over the noise level.

The “N-spectrum of NaNs is highly sensitive, much better than the equivalent
experiments with N in the same molecule. The measurement of the 1D *H NMR spectrum of
sodium azide solutions in water is not practical. Depending of pH, protonated forms of sodium
azide could be formed and in principle detected with proton NMR, however those forms do not lead
to distinguishable peaks in the *H spectrum because they overlap with the strong water solvent peak
due to their undergoing fast exchange equilibrium with the water. (Figure 3).

Under the conditions of measurement, the N spectrum of sodium azide had a
considerably much better sensitivity than the alternative >N NMR. Although the concentration
of sodium azide in this test sample was considerably high (100 mM), it would be possible to
adjust the experimental conditions for the detection of lower concentrations of sodium azide
(e.g. 1 mM) within still a reasonable NMR measurement time (e.g. from 30 min. to a few hours).
For the next sample we diluted the 100 mM sample by a factor of 4 (concentration of 25 mM of
NaN3s) and repeat the spectrum.

To estimate the minimum detectable concentration of the water solution of sodium-
azide we need to prepare a sample with known concentrations. To acquire the spectrum under
some standardized conditions (in particular the total measurement time) and repeat the
spectrum 4 or 5 times diluting the sample. We obtained YN NMR spectra of 5 different
concentrations of NaNs water solution, reducing the concentration by factor of 2 each time
(Figure 4). 1“N peaks are observed at 4 mM. Calibration curve was calculated using least squares
linear regression method. As an external reference standard was used nitromethane 100 %.

CHsNO: (ref.) NaNs (peaks of n2) NaNs (superimposed peaks of n1,n3)
1 1
4 mM |
|
B/ N ]
10 mM |
_-/III II\ — A
25 mM y
|| I|
) | AN \ M
50 mM
it i
SIS .L..,._f"l e S e - B
100 mM | |
I |
AN Jll.

T T T T T T T T T T T T T T T T T T T T T T T T
420 400 380 3s0 340 3z0 I00 280 260 240 220 200 180 160 140 120 100 B0 &0 40 0 1] =20 =40

Figure 4. YN NMR spectra of different concentrations of NaNs water solution.
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Calibration curve allows using this method for calculation even lower concentration of
NaNs indirectly. Particularly, we propose to lyophilize analyte sample by following protocol:
“N NMR can be measured with lower concentrations by following standard protocol. As the
amount of sodium azide in the sample is only 0.5 mL for NMR essay, we recommend
concentrating the analyte sample by liophilization of the water, to get a higher effective
concentration of sodium azide for the NMR measurement.
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Figure 5. Calibration curves (a) and (b).
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Liophilization requires freezing under high vacuum a given amount of the analyte
sample. The water will sublimate during the liophilization process while the organic molecules
and likely sodium azide will remain in the residual frozen solid. After liophilization to
resuspend the residual solid in water, and then perform the N NMR analysis at 25 °C. For
testing of proposed method of liophilization for detection of sodium azide is needed preparation
of the sample at a known concentration and measurement by N NMR. We evaporate 5 ml of
analyte solution and then resuspend up to 0.5ml we will be able to detect 0.4 mM
concentration of NaNs in solution using obtained by us calibration curve standard (Figure 5)
greater by factor of 10 compared to LOD obtained in our experiment.

Discussion

Liquid Nuclear Magnetic Resonance (NMR) spectroscopy is nowadays a well-established,
widespread and recognized analytical technique for the identification and quantification of
molecules in a mixture. The technique is available in many recognized centers of research and
development excellence. Despite the relative insensitivity of NMR compared to other analytical
techniques such as Mass Spectrometry (MS), it has the unique capacity of being sensitive to the
finest and subtle details of the structure of each molecule in the sample. In particular, the NMR
spectrum is sensitive both to the three-dimensional structure of a molecule in solution and to
the topology of each one of its covalent bonds.

Moreover, NMR is amenable for detection and quantitative analysis of specific molecules
in a mixture without requiring any previous step of separation.

NMR sample preparation is simple and only requires a volume of 0.5 mL. It is also very
versatile regarding the type of solvents and temperature that can be chosen. The NMR sample is
studied directly under the relevant experimental conditions (e.g. in water solvent, at room
temperature, etc.).

The only caution specific for the preparation of NMR samples containing relative
concentrated solutions of sodium azide in water, is to handle them with care in a chemical hood
and immediately seal the NMR tube after preparation since it changes rapidly to a toxic gas
with a pungent (sharp) odor.

A better alternative to detect sodium azide with NMR is to rely in other nuclei such as
N NMR or "N NMR spectroscopy. From these two isotopes, 1“N is the most abundant in nature
(the natural abundance of “N and ®N is 99.63 and 0.37 %, respectively) and in favorable case
molecules, the higher natural abundance of N positively correlates with a remarkable higher
experimental sensitivity in NMR than N.

Nevertheless, such favorable situation of N is not always the case; one aspect to
consider is that N is a quadrupolar nucleus (spin / = 1) while N has spin Y.

The NMR sensitivity of quadrupolar nuclei is strongly affected not only by its isotopic
abundance, but also by its characteristic transversal relaxation rate (R2). The relaxation rate R.
affects the appearance of the peak that is generated in the NMR spectrum (peak height and
broadening depend on Ro).

According to NMR theory, the expected trend is that N nucleus placed in an
asymmetric (molecular) environment usually experiences a very efficient transversal relaxation

198



T. Chachibaia & M. M. Pastor. Nano Studies, 2015, 11, 191-200.

rate (a high value of R2), leading to a reduction of the peak height and enhanced line-
broadening that severely degrades its NMR sensitivity. The situation is the opposite for “N
nuclei in symmetric (molecular) environments.

Conclusions:

Considering together the large signal dispersion of N NMR resonances and the good
sensitivity obtained in our preliminary “N NMR study of sodium azide in water solution, we
propose to use of YN NMR spectra to detect and quantify sodium azide in real case samples e.g.,
contaminated water or soil extracts, wine, milk, biological fluids, e.g. urine and blood.

The methodology relying in measurement of 1D N NMR spectra at the lowest
concentration compared to methods described previously with other analytical techniques.

The method has significance to apply in the fields of medicine, pharmaco-chemistry,
toxicology, which should open the way for the various possible applications, including
neurodegenerative disorders and ageing.
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Abstract

For detecting and identification of nano-bio-particles (NBP) different optical methods of
contact as well as non-contact types are considered. There was said that, contact systems would
be suitable for collecting physical data (size, shape, mass, binding energy, electric magnetic and
optical characteristics, etc.) of NBP for application them to stand-off detection systems. Both
type of methods are very useful, they have their positive and negative sides, and in the case of
acting together would better solve the problems of detection of pathogenic NBP.

1. Introduction

Rapid, early, and accurate detection and identification of pathogenic nano-bio-particles
(NBP) is an important problem of healthcare. Detection and identification in general is complex
processes and consists of several procedures (triggering, rapid identification, and laboratory
confirmation). Applying the classical methods (to get final result) takes from several hours to
several days. Rapid, early and accurate detection means to save time from propagation of illness.
For the solution this tusk, the nanotechnologies are applied.

Particles that are smaller than the characteristic lengths associated with the specific
phenomena often display new chemistry and new physics that lead to new properties that
depend on size. When the size of the structure is decreased, surface to volume ratio increases
considerably and the surface phenomena predominate over the chemistry and physics in the
bulk. The reduction in the size of the sensing part and / or the transducer in a sensor is
important in order to better miniaturize the devices. Science of nanomaterials deals with new
phenomena, and new sensor devices are being built that take advantage of these phenomena.
Sensitivity can increase due to better conduction properties, the limits of detection can be lower,
very small quantities of samples can be analyzed, direct detection is possible without using
labels, and some reagents can be eliminated [1].

A sensor is an instrument that responds to a physical stimulus (such as heat, light, sound,
pressure, magnetism, or motion). It collects and measures data regarding some property of a
phenomenon, object, or material. Sensors are an important part to any measurement and
automation application. The sensor is responsible for converting some type of physical
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phenomenon into a quantity measurable by a data acquisition (DAQ) system. Nano-sensors are
any biological, chemical, or surgical sensory points used to convey information about
nanoparticles to the macroscopic scale [1].

The methods for detection and identification of NBP can be based on different ways:
physical, chemical, biological etc. All of them have as positive also negative (preparing
procedures, separation pathogens from surrounding environment, i.e., sampling, too long time
to get result, they can damage analyte and so on) sides. It is well-known that most appropriate
(non-invasive, precise) way is optical method (contact or non-contact-remote) of detection and
identification of NBP in situ, i.e., at given time and place. For execute this, is necessary to know
physical characteristics (such as a size, shape, mass, density of particle it’s frequency, index of
refraction, dielectric constant etc.) of NBP.

2. Optical methods

The optical methods are of different kinds (flow cytometry, fluorescence, fiber optics,
surface plasmon resonance, mass-spectrometry, Raman spectroscopy, etc.). In general, they are
contact and non-contact types. For the contact (i.e. point) methods, is necessary the enough
quantity of bio-particles (i.e., concentration), separated from environment for sensitive
measurements. Below, contact type optical methods are considered.

2.1. Evanescent wave fiber optic bio-sensors (EWAB)

When light propagates through a fiber optic (Figure 1) on the basis of total internal
reflection (TIR), a thin electromagnetic field (the “evanescent wave”) generated decays
exponentially with the distance from the interface with a typical penetration depth of up to
several hundred nanometer [2]:

E(z) = Eoexp(6/dp).
Here ¢is the distance from the interface, the penetration depth (dp) is given by the expression

— Aex 2 cin?2 21-
dp = 5 [(n)*sin®a — (ny)"]"%,
where A, is the wavelength of the light, n; is the refractive index of the cladding region and
n, is the refractive index of the core, and « is the angle of incidence measured from the normal

at the interface of the core and cladding.
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Figure 1. Principle scheme of the portable optical fiber biosensor [2].
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This evanescent wave can excite fluorescence in the proximity of the sensing surface,
e.g., in fluorescently labeled biomolecules bound to the optical sensor surface through affinity
recognition interactions. The short range of the evanescent wave enables it to discriminate
between unbound and bound fluorescent complexes, hence eliminating the normally required
washing procedures. Moreover, evanescent field-based waveguides are well suited for study and
detection of bio-molecular interaction. Ultrasensitive DNA detection was achieved by the
EWAB based on quantum dots (QDs) [2].

2.2. SPR biosensors

Surface plasmon resonance (SPR) is a surface-sensitive optical technique that is
associated with the evanescent electromagnetic field generated on the surface of a thin metal
film when excited by an incident light under total internal reflection conditions. Due to the fact
the evanescent field diminishes exponentially with increasing distance of penetration from the
interface, SPR promotes monitoring of only surface-confined molecular interactions occurring
on the transducer surface. SPR biosensors allow real-time detection of minute changes in the
refractive index when bio-recognition molecules (e.g., antibodies) immobilized on a transducer
surface bind with their bio-specific targets (e.g., analytes) in solution [2].

The use of SPR to detect environmental contaminants, including atrazine, dichloro-
diphenyl-trichloroethane (DDT), 2,3,7,8-tetrachlorodibenzo-p-dioxin, carbaryl, 2,4-D, benzo[a]
pyrene (BaP), biphenyl derivatives, and trinitrotoluene (TNT), has recently gained considerable
interest {2].

2.3. Optical micro-resonators

Here, it has been developed [3] the highly sensitive, miniaturized, optical-sensing
component that allows detection of single pathogens or disease biomarkers without having to
label them.

This bio-sensing component derives its unprecedented sensitivity from the use of micro-
sphere optical resonators. The optical resonance is created by launching and confining coherent
light inside the microsphere, where it interferes constructively due to total-internal reflection.

Detection of single particles relies on the ability to discriminate the wavelength-shift
signal against background noise, a task that requires narrow line-width, high-quality (Q) optical
resonance and the use of nanoparticles that produce an observable resonance shift.
Unfortunately, most important biological pathogens are virus nanoparticles in the 50 — 1000 nm
size range, and discerning the resulting wavelength-shift signal is extremely challenging (its
magnitude scales inversely with the virus size to the third power). Fortunately, the magnitude
of the wavelength-shift signal can be sufficiently enhanced by making the microsphere
resonator smaller. We confirmed a reactive sensing mechanism with inverse dependence on
mode volume in experiments with virus-sized polystyrene Nano-particles. By comparing the
electromagnetic theory for this reactive effect with experiments, we can determine the size
(~100 nm) and mass (~5.2 - 107¢ g) of a bound influenza A virion directly from the optimal
resonance wavelength shift [3].

The non-contact (remote or stand-off) detection systems (LIDAR — Light detection and
ranging) are not so precisely as point systems. They are long distance (1 — 5 km) operate systems,
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they are used for atmospheric research and monitoring, they distinguish organic from
nonorganic, but don’t distinguish organic particles from each other, and they are used for early
(alarm) warning, so they aren’t discussed here.

Most interesting is detection of pathogenic nanoparticles indoor (for example: schools,
cinemas, hospitals, etc.) for the short (1 — 50 m) distances. For this case, most valuable method is
based on Raman scattering.

2.4. Raman spectroscopy

Raman spectroscopy has become a powerful instrument for study biological samples.
This technique rapidly characterizes the tissue and bodily fluids in nondestructive and
noninvasive fashion. Raman Spectroscopy used to identify different molecules and even
functional groups within larger molecules. The bonds formed between atoms have specific
vibrational frequencies that correspond to the atom’s masses and the strength of the bond
between them. Complex molecules therefore exhibit many peaks and can be readily identified
by the pattern or “fingerprint” created by those peaks. Besides, the spectroscopy of Raman
allows very sensitive for the discrimination of bacteria. Raman scattering of light has interacted
with vibrational modes of the molecule, a vibrational spectrum may be obtained allowing for
identification of molecules and their functional groups. Raman spectroscopy is sensitive to
analyze molecular changes such as protein structures and concentrations. Raman spectroscopy
has capability to detect molecules alternation and to analyze some difference at molecules level
and its tool are possible to open many new factors in studying of viruses [4].

The idea of Raman spectroscopy stand-off detection is based on the features of Raman
scattering. Raman scattering is a two-photon process that conveys information about the
vibrational mode-structure of the scattering molecule. In normal Raman scattering, an incident
photon of frequency v, excites a molecule from its ground electronic level to a “virtual” energy
level. If the energy of this virtual level is sufficiently different from that of the nearest real level,
the molecule returns quickly back to its ground level; a second photon is emitted almost
instantly. If the emitted photon has the same frequency as the incident one, the process is called
Rayleigh scattering. However, interaction of the incident photons with the vibrations of a
molecule can shift the frequencies of the scattered photons. The shifts are equal to the
frequencies of the discrete vibrational modes of the molecule. This unique set of frequency-
shifts produces a spectrum that is a vibrational “fingerprint” of the interacting molecule [5].

Raman scattering is strongest when vibrations cause a change in the polarizability of the
electron cloud around the molecule. Therefore, the difference in energy between the incident
and scattered photons is a characteristic of and provides structural information about the
irradiated molecule [6]. The mathematical expression of Raman scattering is as following. When
the light interacts with non-oscillating molecule it gives part of energy to molecule and
therefore its frequency decreases (Stokes effect)

hv' = hvyg — hv,, or v/ = vy — v,

Here vq is the frequency of incident light and v,, is the frequency of oscillating molecule.
When the light interacts with oscillating molecule with energy of hv,,, it can take away energy
of molecule and became of radiation of high frequency (anti-Stokes effect) [7]:

hv' = hvy + hv,,

or
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vi=vy+ vy

Further, due to its narrow spectral lines and unique signatures, Raman spectroscopy
enables selective identification of individual analytes in a complex, multicomponent mixture
without the need for chemical separations. In addition, the technique requires little or no
sample preparation, is nondestructive, and can use water as a solvent (since water is a poor
Raman scaterer). The intensity of the scattering is related to the power of the laser used to
excite the scattering, the square of the polarizability of the molecule, and the fourth power of
the frequency of the exciting laser. Therefore, the most common choice for excitation is a
visible laser [6].

Unfortunately, Raman scattering is an inherently weak process, precluding the
possibility of remote trace analysis without some form of enhancement. However, surface-
enhanced Raman scattering (SERS) can give an enhancement of up to about 10°-107 in
scattering efficiency over normal Raman scattering. Even stronger enhancements of order of
10" — 10" come from sharp features or “hot spots”, such as are found in nanostructures. Such
extremely large enhancements can produce a total SERS cross-section comparable to that of
fluorescence [6].

3. Conclusions

As it was mentioned above, the goal was to find proper characteristics among NBP and
sensors to detect and identification of NBP, especially, remote, stand-off detection indoor
pathogens. For this, are considered different types of optical methods (contact, non-contact) of
detection of pathogen particles. It is seen, that some of them are well suited for study and
detection of bio-molecular interaction, real-time detection changes in the refractive index
when bio-recognition molecules (e.g., antibodies) bound on a transducer surface with their
biospecific targets, allow detection of single pathogens or disease biomarkers without having to
label them, detecting even virus nanoparticles.

All of these methods are contact methods (the pathogen particles must be separated from
environment and concentrated in the small volume). They are applied mostly in the laboratory,
but not in situ. These methods also are useful for collecting of experimental data about physical
properties of bio-particles (size, shape, mass, binding energy, electric magnetic and optical
characteristics, etc.). This data base will be fundament for the detection pathogens in situ.

One of the most suitable ways for remote (non-contact) detection of pathogens (in situ.)
is Raman spectroscopy. This method identifies pathogens by their own pattern of “fingerprints”.
There is no need to separate and collect pathogens in the small volume. These “fingerprints” are
independent of initial wavelength. It’s truth, that Raman scattering is weak process, but it can
be enhanced by SERS. So at the presence of high resolution advanced technique (or their
combination) the problem of detecting and discrimination of NBP will be decided with high
probability.
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Abstract

The uptake of Cr(IIl) by Arthrobacter species (Arthrobacter globiformis 151B and
Arthrobacter oxidas 61) were studied without and in the presence of Mn(II) ions during growth
of Arthrobacter species using simultaneous application dialysis and atomic absorption analysis.
It was shown, that when added Cr(III) concentration is increased, the interaction of Cr(III)
with Arthrobacter species are increased too and approximately it is equal to 10'* atom Cr per
Arthrobacter species. It was shown, that biosorption characteristics did not change in the
presence of Mn(II) ions during growth of Arthrobacter species. This means, that Mn(II) did not
significantly affect the biosorption of Cr (III) ion-Arthrobacter species, i.e. Mn(II) essentially
did not displace Cr(III) from bacteria.

Introduction

Nanotechnology has been identified as a technology that could play an important role in
resolving many of the problems related to water purification and water quality [1].
Bioremediation is an ecologically sound natural process where natural strains of bacteria
breakdown organic wastes most effectively. The field of nanotechnology is an immensely
developing field as a result of its wide-ranging applications in different areas of science and
technology [2]. Synthesis of nanoparticles using microbes is a new and emerging in
nanotechnology science. Nanoparticles are metal particles. Research on synthesis of
nanoparticles is the current area of interest. Nanoparticles are biosynthesized when the
microorganisms grab target ions from their environment and then turn the metal ions into the
element metal through enzymes generated by the cell activities. The modes by which the
microorganisms remove metal ions from solution are: extracellular accumulation/ precipitation,
cell surface sorption or complexation.

Gram-positive Arthrobacter species bacteria can reduce Cr(VI) to Cr(III) under aerobic
growth and there is a large interest in Cr-reducing bacteria. The exact mechanism by which
microorganisms take up the metal is relatively unclear. The inhibitive effect of FeS on Cr(III)
oxidation by biogenic Mn-oxidas that were produced in the culture of a known species of
Mn(Il) oxidizers, Pseudomonas putida. In soils containing manganese oxides, the immobilized
form of chromium Cr(III) could potentially be reoxidized [3, 4]. Equilibrium data, commonly
known as adsorption isotherms, provide information on metal binding capacity of the adsorbent
[5]. In the literature, there are some reports evaluating biosorption of chromium(IIl) Spirulina
platensis [6], Chlorella miniata[7]).
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In the present work, chromium(IIl) uptake by Arthrobacter species without and in
the presence of Mn(Il) during growth of Arthrobacter species were studied using simultaneous
application dialysis and atomic absorption analysis.

Materials and methods

Organisms, culture techniques, cell dry weight measurement, metal analysis methods,
data analysis are the same as have been described previously [8].

Results and discussions

Cr(III) uptake by cells of Arthrobacter globiformis 151B and Arthrobacter oxidas 61B
and in the presence of Mn(II) ions and without it during growth of Arthrobacter species were
studied as a function of metal concentration. The linearized adsorption isotherms of Cr-
bacterium and in the presene Mn during growth bacterium species at room temperature are
shown in Figures 1 and 2 by fitting experimental points. The adsorption yields determined for
each Arthrobacter were compared in table 1. The data in Table 1 are not show a significant
difference between the binding constants for Cr(Ill)-Arthrobater oxidas and Cr(III)-
Arthrobater globiformis. (Biosorption constants for Arthrobacter oxidas and Arthrobacter
globiformis are: 2.60 - 103 and 2.02 - 103, respectively). Insignificant decrease in bioavailability
has been observed experimentally for Cr(Ill)-Arthrobacter globiformis as compared with
Arthrobacter oxidas. As seen from Table 1 for both Arthrobacter species n (1.37 and 1.23)
values are not significantly different and their sorption intensity indicator are generally small.
It was shown also, that when added Cr(III) concentration is increased, the interaction of Cr(III)
with Arthrobacter species are increased too and approximately it is equal to 10'® atom Cr per
Arthrobacter species.

Uptake of metals by microorganisms is substantially influenced by the following
parameters: nature of biosorbent, age of culture and origins of biomass, the nature of
interactions of metals with functional groups native to the biomass cell wall, concentration of
biosorbent, properties of metals and their concentrations, pH, temperature and presence of
other cations. pH strongly influenced protonation of metal binding sites exposed by cell surface.
If pH increased, more ligands such as carboxyl, phosphate, imidazole and amino group would
become deprotonated and thus available of positively charged metal cations. Pyrobaculum
islandicum, an anaerobic hyperthermophilic microorganism, was reported to reduce many
heavy metals including U(VI), Tc(VII), Cr(VI), Co(IlI), and Mn(IV) with hydrogen as the
electron donor [9].

The role of presence Mn(Il) cations in biosorption Cr(IlI)-Arthrobacter species were
discussed by us. Biosorption characteristics K and n for Arthrobater oxidas in the presence of
Mn(II) are 2.43 - 103 (X) and 1.41 (n), respectively, for Arthrobacter globiformis in the presence
of Mn(II) 1.94 - 10-® (K) and 1.47 (n), respectively. The correlations between experimental data
and the theoretical equation were extremely good, with R above 0.93 (Table 1) for all the cases.
The higher correlation coefficient shows that the Freundlich model is very suitable for
describing the biosorption equilibrium of Chromium by the Arthrobacter species in the studied
concentration range.
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Figure 1. The linearized Freundlich adsorption isotherms of Cr(III) ion—Arthrobacter
globiformis without and in the presene of Mn(II) ions during growth of baterium. (Cis
is the binding metal concentration (mg/ g) and Ci is initial Cr concentration (mg / 1).
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Figure 2. The linearized Freundlich adsorption isotherms of Cr(III)
ion-Arthrobacter oxidas without and in the presence of Mn(II) ions
during growth of baterium. (The parameters are the same as in Figure 1).

Table 1. Biosorption characteristics for Cr(III)-Arthrobacter species in the
presence of Mn(II) during growth of bacterium and without it at 23 °C.

Cr(III)
Biosorption characteristics (Kand n) | K- 10| n R?
Arthrobater oxidas 2.60 |1.37]0.98
Arthrobacter globiformis 202 |1.23]0.98
Arthrobater oxidas + Mn(II) 243 | 1.411]0.96
Arthrobacter globiformis + Mn(II) 1.94 | 147|094
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It is seen, that biosorption characteristics did not change in the presence of Mn(II) ions.
This means, that Mn(II) did not significantly affect the biosorption of Cr(IIl) ion—-Arthrobacter
species, i.e. Mn(Il) essentially did not displace Cr(III) from bacteria. This fact leads us to
speculate that primary binding site for Cr(III) is different than the binding site for Mn(II). The
distorted octahedral coordination sphere proposed for Cr(IIl) and strong tendency to coordinate
donor atoms equatorially may be responsible for the specific interaction with Arthrobacter
species.

Comparative Cr(VI)-Arthrobater species (8] and Cr(IIl)-Arthrobacter species shown,
that Cr(III) was more effectively adsorbed by both bacterium than Cr(VI). The adsorption
capacity is the same for both the Chromium-Arthrobacter systems. The biosorption constants
for Cr(III) is higher than for Cr(VI) 5.65 — 5.88 fold for both species. Cr(VI) is one of the more
stable oxidation states, the others being chromium(II), chromium (III). Cr (VI) can be reduced
to Cr(III) by the biomass through two different mechanisms [10]. The first mechanism, Cr(VI)
is directly reduced to Cr(III) in the aqueous phase by contact with the electron—donor groups of
the biomass. The second mechanism consists of three steps. The binding of anionic Cr(VI) ion
species to the positively charged groups present on the biomass surface, the reduction of Cr(VI)
to Cr(IIl) by adjacent electron-donor groups and the release of the Cr(III) ions into the aqueous
phase due to electronic repulsion between the positively charged groups and the Cr(III) ions.
The “uptake-reduction” model for chromium (VI) carcinogenicity is, that tetrahedral chromate
is actively transported across the cell membrane via mechanisms in place for analogous such as
sulfate, SOs*. Chromium (III) is not actively transported across the cell membrane to lack of
transport mechanisms for these octahedral complexes. Comparative our results for Cr(VI) [8]
and present work shown, that Cr(VI) may be adsorbed to bacterium a much lower degree than
Cr(II).

Uptake of metal ions by bacterium may be associated not only to physico-chemical
interactions between the metal and the cell wall, but also with other mechanisms, such as the
microprecipitation of the metal [11] or the metal penetration through the cell wall [12].
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Aunoranus

Pazpaborana TexHOJOrMA IOJy4eHUA MaTepuasa, IIOIJIOMAIOMETO TeIUIOBBlE U
Pe30HAHCHbIE HEHTPOHBI, COIepXKallero KaAMUil B BuZe OPOMUCTOTO KaAMUS U JOIIOTHUTETHHO
— OJKUJKOTO CTeKJa IIPM COOTHOIIEHHUAX WMCXOJHBIX KOMIIOHEHTOB: OpPOMHUCTBIM KaAMUIA
90.0 -97.5 u xugxoe crexno 2.5-10.0 Bec. %. MaTepuan mpesHasHayeH Mg IOTJIOIIEHUA
TEIUIOBBIX U PE30HAHCHBIX HEHTPOHOB B PA3IMYHBIX AJepPHO-(QU3HMYECKUX MCTOYHUKAX
HEUTPOHOB.

CyurecTByeT OueHb MHOTO 33724 B HayKe U TEXHUKE, B IPOMUIUIEHHOCTH U B CEJIBCKOM
XO35IUCTBE, KOTOpble TPeOyIOT 3HAHWUS JIEMEHTHOTO COCTaBa BEIIECTB KaK JJIs €r0 OCHOBHBIX
COCTaBJIAIOWMMX, TaK U mua mnpumeceil. Illupox u HA6Op pasHOOOPAa3HBIX METOJOB IJIA
IIpOBeleHUA HeOOXOAUMBIX aHAMn30B. KakIbIil U3 3THX MeTONOB MMeeT CBOU IIPeNMYIIecTBa 1
HeJJOCTaTKH, OIpejesdiomue Haubosee Ie0cooOpasHble O00JACTH WX IIPUMEHEHWUS.
HckmoyenreM He SBIAETCA M HEHTPOHHOAKTUBAIIMOHHBIM aHanu3. OZHO M3 HalpaBlIeHUH, B
KOTOPBIM I1eJIeCOOOPa3HO 3TOT METOJ|, MCIIOJIBb30BaTh, OTHOCUTCA K aHAJIU3y 0OPa3lioB C MajbIM
CoZlep)KaHMeM IpuMeceil Npu HeOOJBIIOM KOJWYECTBE AHATH3UPYEMOTO BellecTBa. lakue
TpeGOBaHUs, B YaCTHOCTH, BCTPEYAIOTCSA B MEIUKO-OMOJIOTUYECKUX HCCIefoBaHUAX. JKemaHue
IepeidTH B TAaKUX MCCIEJOBAHMUAX K BBIACHEHUIO POJU TSKENBIX DJIEMEHTOB B
KU3HeeATeTbHOCTH OPTraHU3MOB M PAaCTeHUH Ha KJIETOYHOM U MOJIEKYJISIPHOM YPOBHE Pe3KO
CHIDKAIOT MAacCy BeIecTBa, KOTOPYIO MOXKHO IPeACTaBUTh i aHaiu3a. HakIagsiBaloTcs
OTpaHMYEeHHSI M Ha IIPOOOIOATOTOBKY M YCJIOBHA IIPOBeJeHHWSA aHAJIM3a, YTOOBI H30€XaTh
3arpsA3HeHMil oOpasiia U IOTeph dJIEMEHTOB M3 Hero. IlpexmnoururesnsHa B 9TOM ciydae Goiee
MHCTPYMEHTAJIbHAs METOAMKA, KOTOPOI ABJIAETCS HEUTPOHHO-aKTHUBAIIMOHHBIHM aHATHU3.

Bricokme TOTOKM HEWTPOHOB B aKTHUBHOM 30HE peakTopa MU sIepHble KOHCTaHTHI
OIlpeZne/dIoT TOJIBKO IPUHIUIIUAIBHYIO BO3MOXXHOCTh HU3KUX IIpeZleJIOB OOHapy)XeHHUd
HEKOTOPBIX D3JIeMeHTOB. PeanpHBle 00paslbl ¥ YyCJHOBHA aHAINW3a CO3JAIOT TPYAHOCTH
JIOCTIDKEHUS DTUX IIPEeZesioB WU3-32 CHUJIBHOM aKTHBAIIUKM OCHOBBI MJIN OTZAEJIBHBIX 3JIEMEHTOB C
HEXOPOUIMMU IIepUOAaMHU IIOIypacliajia WiIK M3-3a IOoTeph 2eMeHTOB. [Ipeosonrenue TeMu nin
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MHBIMH CIIOCOOAMU 3THX TPYZLHOCTEH, YTOOBI CHU3UTD PeajHble IIpeieIsl OOHAPYKEeHUs, MOXKeT
IIPUBECTH, IO CYTH JleJIa, K CO3JaHMUIO HOBOM MeTOIZWKHM aHauu3a. BBeZeHsle U paspaboTaHHEIe
aBTOpaMU CIIOCOOBI CHIDKEHUs BIMUSHUA Melraiouieii aktuBHocty 6poma mytém Cd, Cd + B u
CdBr ¢unpTpoB, hakTrvecKu IPUBOAAT K CO3LAHUIO HOBOM METONUKY aHAIN3a.

PaspaGoTaHHas TEXHOJIOTHS OTHOCUTCA K OOJACTH NPUKIATHON ANEPHON (QUSUKU U
MOXKeT OBITh HCIOJNB30BaHHA B KadyeCTBe MarepHaja 3alIUTHOrO (GUIbTpa-dKpaHa B raMa-
CIIEKTPOMETPUYCKOM MHCTPYMEHTAIFHOM HEHTPOHHO-aKTHBAIIIOHHOM aHAIN3€e U, B YACTHOCTH,
PE30HAaHCHOM B HEHTPOHHO-aKTHBALIMOHHOM aHajau3e [jaf U30MpaTeJlbHOH aKTUBAIIUU
6uosoruyecKrux 06pasIoB.

B Hacrosmiee BpeMmsA MAinA yCTpaHeHUsA HUHTephEPeHLIHOHHBIX IIOMEX, CO3/aBaeMbIX
Pa3IUYHBIMU  PaJUOM30TONIAMM B TaMMa-CIIEKTOMETPHUYECKUX H3MepPeHUAX OHOIOTMYeCKHUX
MaTepHasoB, aKTUBUPYyEeMbIX HEHTPOHAMH, UCIONI3YeTCs M30HpaTenbHas aKTHBALUA OOpasIioB,
OCylIIecTBIAeMasd C TIOMOIIBIO 3alIUTHRIX SKPAaHOB Ha OCHOBe 6opa [1].

Haubosnee O6gM3KMM TEeXHHUYECKUM pelIeHUEM SBISETCA MaTepHay i IIOIJIOUeHUS
TEIUIOBBIX Y PE30HAHCHBIX HEUTPOHOB, cozepxKaromuil Kaamuu [2]. OHOKO, BBIIIEYIIOMAHYTHIE
5KpaHBI He B COCTOSHUH IOTJIOTUTH IOTOK Pe30HAHCHBIX HEUTPOHOB C sHepruamu 35, 54, 104 u
136 5B, Ha KOTOPHIX ITPOUCXOAUT 0OpazoBaHMe pasuousorona 52Br.

Tak, B 6rosornyecknx o0paslax, 3alIUIIEHPIX SKPAHOM M3 MeTa/IMYeCKOTO KaIMusd, B
Ipollecce  AKTHUBAIMKM  HAAKAAMMEBBIMM  HENHTPOHAMM, IPOMCXOAUT  HHIYLHPOBAHUE
paguousorona %2B, Apidromerocs MCTOYHHMKOM TaMa-u3jIydeHHUs C dHepruamu 564 — 798 kaB,
YTO. B CBOIO OYepe/ib, BBI3BIBAET 3aTPyAHEHHUA B MAeHTUGUKAUY PafMoOU30TONOB "°As u 122Sb,
SHEePruy raMa-u3ydeHus KOTOPBIX COOTBETCTBEHHO paBHEI 559 u 564 kaB.

Llenpto HacTOsAmelr pabOTHI ABNAETCA IOBbINIEHVWE 3(G(EKTUBHOCTH IIOTJIOUIEHUS
TEIUIOBBIX U PE30HAHCHBIX HEMTPOHOB C dHepruamu 35, 54, 104 u 136 x3B.

ITocTaBneHHas menb DOCTUTaeTCsA TeM, YTO MaTepHasl IJIA IIOTJIOLIEHUS Pe30HAHCHBIX
HEHUTPOHOB, COZepXKalMil KagMui, comepXuT OpoM B Bume Opomucroro kagmus CdBr: u
pacTBop xuzakoro crekna NaxSiOs mpu cremyomux COOTHOLIEHUAX MCXOLHBIX KOMIIOHEHTOB
(Bec. %): Opomuctsiit kammuit 90.0 -97.5 u xugxoe crexno 2.5-10.0. IToriomaromuit
MaTepuaj W3TOTOBJAIOT IO CJIeAYIOImed TeXHOJOTHMHU: K IIOPOUIKY OPOMHCTHOTO KagMUsS
00aBIAIOT HEOOXOLUMOe KOJIWYeCTBO, IIpeiarnouytutensHO 5 Bec. %, 25 % BomHOTro pacrsopa
KUJKOTO CTeKJIa, CMeCh TINATEJTBHO IIepeMeIMBAOT U (OPMYIOT I'PaHyJbl — OPHUKETHI IIOZ,
nasnenueMm 100 kr/cm? Bpuxersi tepmudecku oOpabaremBator nmpu 200 — 300 °C B Teuenun
0.5-1.04, a 3arem pa3MasnbIBAlOT B IOPOUIOK C YyAenabHOH mnoBepxHocTbio 2500 cm?/r.
ITopomox yBnaxuaoT 3-5% Bogsl u GopMyOT u3zenue HeOOXOZMMOII (OPMBI IIOZ
nasrerueMm 500 kr / cM?, KOTOpoe 3aTeM OOXKWTalOT B DJIeKTPUYECKOH My(derbHOH Ievyu Ipu
temneparype 500 °C B Teuenue 1 — 2 4. OxuraxxieHue u3zenInus IMPOU3BOJAT Ha BO3AYXe.

[Tpumenenne 2.5 — 10.0 Bec. % u 25 % BomHOrO pacTBOpa KUAKOTO CTEKJIA O0YCIOBIEHO
CJIeZYIOYLIMM: TOMOT€HHO pacIipefieleHHOe B Macce OPOMHCTHOTO KaAMHUA, JKUJKOe CTEKJIO
BBIIIOJTHSAET POJIb CBA3KH, KOTOpasd HPI/I,Z[aéT 6PI/IKeTy HEO6XO,ZI;I/IMYIO ITPOYHOCTBD, HPI/I‘IéM
Kom4ecTBO 2.5 Bec. % SBISETCA TeM MUHHMMAaJIbHBIM IIPeZesIOM, NIPU KOTOPOM HAaOJII0AaeTcs
npovHoCTh Opuketa. [Ipumenenue >xugkoro crexia Berre 10 Bec. % HeXxesaTelIbHO, T.K. CMeCh
IIOJly9aeTCs W3JIUIIHE BIAKOM M TpeOyeT MOIOJHHUTENHYIO CYUIKY, a TaKKe YMEHBIIAeTCS
cozep)XaHue OCHOBHOro Martepuasna — noriorurens CdBr: B egunune o6pema. OnTuManbHBIM
KOJIMYeCTBOM Z00aBsseMoro >xugkoro crekna ssiagerca 5.0 Bec. %. IIpu sTom ceippeBas cMmech
bopMyeTcs yIOBIETBOPUTENBHO, M OPUKET 061aZjaeT JOCTaTOYHOI MeXaHUYeCKOH IIPOYHOCTEHIO.
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B mpomecce TepMmyeckoid OOpPabOTKH >KUTKOE CTEKJIO IIOJTHOCTBIO O0e3BOXKHMBAETCS,
CKpeIUIsif 3epHa OpPOMHCTHOTO KaMHA B MOHOJWUTHOe Teno. Hampumep, x 9.75r mopomxka
6pomucrHoro kKammusa npo6asnaor 0.25 ma 25 % BomHOTO pacTBOpa KUIKOTO CTEKJA, CMeCh
nepememnBaioT U popmyior 6puxer pasmepom 10 x 40 x 10 mm moz maBiaenmem 100 xr / cm?,
KoTopsii 06kuraioT pu Temieparype 300 °C B Teuenue 1.0 4. [To okoHwanuu o6xura Gpuker
Pa3MajbIBAlOT B IIOPOLIOK C yAenbHOH moBepxHOcThIO 2500 cM? /T, yBraxHAOT 5 % BOABI H
dopmyIoT uszenue B BuAe OUCKA ¢ d=28 MM u A=5MM C IeHTpaJIbHBIM yTIyOIeHuEM i
3aKJIaIK1 oOpasua guamMeTpoM 5 MM u BbicoTo# 1.5 Mm. M3zmenue o0Xuraior Ipu teMmeparype
500 °C B Teuenue 2 4. AHAJOTUYHBIM 0OpA30M TOTOBAT MaTepHal U C OONBIINM COZEp)KaHHeM
>KAIKOTO CTeKJIa, T.e.cocTtaBsl ¢ 5 u 10 Bec. %.

[Tpenmaraemass KoMIO3uIus 06iajaeT HEOOXOAUMBIMH I PE30HAHCHOTO HEHTPOHHO-
aKTUBAI[MOHHOTO aHa/iu3a OWOJIOTMYEeCKMX MaTepHUajoB KOMOMHHPOBAaHHBIMHU CBOICTBaMU
IIOTJIOIIATh TEIIOBBble HeHWTpOHHI ¢ oHeprueil < 0.4 5B Onarozaps Hanuyuio B Hel djIeMeHTa
KaJMUs 1 pe30HaHCHbIe HeHTpoHsI ¢ sHeprueit 35, 54, 104 u 136 3B , mpu KOTOPEIX TPOMCXOAUT
obpasoBaHue paguousoTona ¥Br 3a cueT mpucycTBus anemenTa Br (Pucynxm 1 u 2).
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Pucynok 1. 3aBucumocts dakropa
nponyckanus 7 ot TonmuHabl CdBr2 sxpaHa.
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Pucynok 2. 3aBucumocTs pakropa
norsomwenus For rormuasl CdBr: sxkpana.
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[Toryyennas xommosuius o00JaZaeT 3HAYUTETBPHOM IUIOTHOCTBIO, MeXaHHYEeCKOH
IIPOYHOCTBIO, pabOTOCIIOCOOHA B OKUCIUTENBbHOIN armochepe mpu rtemmeparypax zo 500 °C,
pafuanOHHOCTOMKA [0 HHTerpanabHOoro moroka 10% v/ cm2.

[Tory4yenHsrii MaTepuan i IIOTJIOUIEHUA TEIUIOBBIX M Pe30HAHCHBIX HEUTPOHOB,
coZiepXallui KaAMWH, OTINYAeTCA TeM, 4YTO, C IeIbl0 IOBbIIeHUA 5(PdeKTUBHOCTH
IIOTJIONeHUA pe30HAHCHBIX HeHTPOHOB c sHepruamu 35, 54, 104 u 136 3B, comepxur xagmuii B
BUZle OPOMUCTHOTO KaMU U JOTIOTHUTEIBHO XXUAKOE CTEKJIO IPU CIeAYIOUINX COOTHOIIEHUIX
MCXOZHBIX KOMIIOHEHTOB (Bec. %): 6pomucTsiit kKagmuii 90.0 — 97.5 u xxuzgxoe crexio 2.5 — 10.0.

3aBucuMocTh 3G(PEeKTUBHOCTU TOJABIEeHUsA aKTUBHOCTH $2Br or xoMmo3umuuu cocrasa

sKpaHa npuBogurcs B Tabmune 1.

Ta6auma 1.
AxTtusHocTs 8Br
Ne DKpaH B OTHOCHUTEJIHBIX
eguHUIAX, %

1 Be3 skpana 4000 (100)
2 | MeTasmnudeckuii KagmMuit 700 (42)

97.5 Bec. % CdBr

2.5 Bec. % Na2SiO3 290 (7)

95.0 Bec. % CdBr
3 5.0 Bec. % Na2SiO3 300(7.5)

0,

4 90.0 Bec. % CdBr 400 (10)

10.0 Bec. % Na2SiO3

Pacyer TOMmuWHBI NOINOTHTENA HeOOXOAUMOTro myIg d5(PPeKTUBHOTO IOAABIEHUS
Memaonieli aKTUBHOCTH IIOMydYalM OIlpefeieHHeM KpuTepus ¢aKTopa INpomyckaHus 1 u
IIOIJIOMIeHU F pa3InvYHbIX D9HepPreTUYeCKUX Py HeHTpoHOB. /Iy IpearaeMoro MaTepuasia

pe3yJIbTaTy IpUBOAATCA B [1, 2].
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1. H. B. bargaBaznsze, A.B.PycrambexoB. Marepuas pjaf TOIJIOIEHUS TEIUIOBBIX U
pe3oHaHCHBIX HeUTpoHOB. ABT. cBua. CCCP Ne 795275, 1980.

2. H. B. Bargasazze, O. Y. [IxaBaxumBuiau. Y CTPOUCTBO AJIA OOTydeHHUA SITUTePMaIbHBIMU

HerirpoHamu. ABT. cBuz. CCCP Ne 1450639, 1988.

214



J. Tsertsvadze. Nano Studies, 2015, 11, 215-224.

OB UCTOPUM PA3BUTUS TEOPUU
PACIIUPAIOIIENCA BCEJIEHHOM

Ix. B. Llepusazgze

I'pysuHCKUIt TeXHUYeCKUIT YyHUBEPCUTET
JemapraMeHT HH)XXeHEePHOH PU3NKU
Townucu, I'pysus

ITpunsara 12 oxta6pa 2015 roga

Aunoranus

PacckazaHo 06 MCTOpHUM CTAaHOBJIEHHU, Pa3BUTHA, 2 TAaKXK€ OCHOBHBIX BBIBOJAX TEOPHUH
pacmupsromerica BecereHHoik.

Kak-to opuH wu3BecTHBIN yueHsIH (ToBOpAT, 9TO0 OBLT bBeprpan Paccen) wuwuran
nyOauYHyIo JeKuuio 06 actpoHomun. OH pacckasbiBai, Kak 3emis oOpauaercs Bokpyr CoiHia,
a CosHIle B CBOIO OYepesb OOpaIaeTcss BOKPYT I[eHTPa OIPOMHOIO CKOIIEHUS 3Be3Z, KOTOpOoe
Has3pIBalOT Hamred ['amaktukoi. Korga nmexuus momomnura X KOHIY, M3 IOCTIELHUX PSAZOB 3aja
IO HAIACh MaJIeHbKasl [TOXWJIas Jefu U ckasana: «Bce, uto Ber Ham roBopuiam — vemyxa. Ha
CaMOM fieJie Halll MUP — 9TO IJIOCKAsA TapeJsKa, KOTOpas CTOUT Ha CIIMHE TMTAaHTCKON depelaxiu».
CHUCXOIUTENBPHO YIBIOHYBIINCH, YIEHBIH CIPOCHI: «A Ha 4eM JepXXUTCS depemaxa?» — «Ber
O4YeHb, OYeHb YMHBI, MOJIOZOH UeI0OBeK, — OTBETHJIA IIOXUJIAas Jefu, — Jepemaxa — Ha APyroH
yepemaxe, Ta — TOKe Ha depellaxe, ¥ TaK BCe HIDKE U HIDKE».

Yro Ham usBecTHO O Bcesnennoii, u xak MbI 10 y3Hanu! OTKyga B3siack Bcenennas, u
49TO C Hell craHerca?! bsino sm y BeenenHo# Hawano, a eciu OBLIO, TO YTO IPOUCXOJUIIO O
Havana? KakoBa cymuocTs Bpemenu? Konunrces nu oHO Korpa-HuOyzas? JlocTmwxeHus GuanKu
IIOCJIEJHUX JIeT, KOTOPBIMHM MBI YaCTUYHO 00s3aHbl (aHTAaCTUYECKOW HOBOM TEXHUKE,
IIO3BOJIAIOT, HAKOHEIl, HOJIY‘II/ITB OTBEThI XOTA 6BI Ha OTAEeJIbHBbIE M3 TAKNX OJAdBHO IIOCTABJI€HHBIX
BOIIPOCOB.

Ecnu B scHyio OGe3nyHHYIO HOYb IIOCMOTpPeTh Ha He0O, TO, BBl YBHUAWUTE OTPOMHOE
KOJIMYEeCTBO 3Be3[I, HOXOXXKKX Ha Haule CoJHIIe, HO HaXOAIIMXCA ropas3fio Janblie oT Hac. lpu
obpamennu 3emyun BOKpyr COJIHIIA HEKOTOpBle U3 DTUX «HEMOJBIKHBIX» 3Be3J] UyTh-UyTh
MEHAIOT CBOe IIOJIOKeHHEe OTHOCHTEJIBHO Jpyr Jpyra, T.e. Ha CaMOM Jlele OHM BOBCe He
HermoABWKHEI! [leso B TOM, YTO OHM HECKOJBKO OJIIDKe K HaMm, 4eM apyrue. [Iockombky ke
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3emis Bpamaercsa Bokpyr CoiHia, 6Iu3Kue 3Be3bI BUAHBI BCe BpeMs B Pa3sHBIX TOYKaX (PoHa
Oostee yzmaseHHBIX 3Be3]. biaromapsa sToMy MOXXHO HeImOCpe/ICTBEHHO U3MEPUTH PACCTOSHUE OT
HAC JI0 STUX 3Be3/: 4YeM OHHU OJIMKe, TeM CHJIbHee 3aMeTHO uXx IepeMmemeHue. Camasn 61n3Kas
3Be3/a, HaspiBaeMas IIpokcumoii IleHTaBpa, HAXOAUTCA OT HAC HAa PACCTOSHUYU ITPUOIU3UTEIBHO
YeThIpeX CBETOBHIX JIeT (T.e. CBET OT Hee HJET IO 3eMIM OKOJIO YeThIPeX JIET), WIH OKoio 37
MUJIMOHOB MUJLIMOHOB KMJIOMETPOB. BOIBUIMHCTBO 3Be3, BUAMMBIX HEBOOPY>KeHHBIM TJIa30M,
yZAaleHbl OT Hac Ha HeCKOJIBKO COTeH CBeTOBBIX jieT. CpaBHUTe 3TO C PAacCTOAHHEM J0 Hallero
CosHIIa, COCTABIAIOIIUM BCETO BOCEMb CBeTOBBIX MHHYT! Buaumsle 3Be3msl pacCUIIAHBI IIO
BCeMy HOYHOMY HeOy, HO OCOOEHHO TIyCTO B TOH IIOJIOCe, KOTOPYIO MBI HasbiBaeM MIIeuHbIM
ITyTem.

Eme B 1750 r. HekOTOpBIe aCTPOHOMBI BBICKA3BIBAJTHM MBICJIb, YTO CyIEeCTBOBAaHHE
Mneunoro Ilytm oObsAcHseTca TeM, 4TO OOJbIIas YacTb BUIUMBIX 3Be3Z, 00OpasyeT OZHY
IUCKOOOPa3HyI0 KOHGUIYpalUI0 — IIPUMEp TOrO, YTO ceHyac Ha3bIBA€TCS CIHUPAIBHOMN
rajJakTUKoH. JIuIp yepes HECKOJIBKO [eCATUIETUH acTpoHOM YuibaMm [epuiens moareBepaui
3TO IIpeAIIOJIOKeHNe, BBIIIOTHUB KOJOCCAIBHYIO paboTy IO COCTAaBIEHUIO KATaIoTa IOIOKeHUI
OTPOMHOTO KOJIMYeCTBa 3Be3J, M paccToAHUIl 1o Hux. Ho maxe mocie 3Toro mpezcTaBieHHe O
CIIPAJIBHBIX TAJIAKTHKAX OBIJIO IPUHATO BCEMU JIMIIBb B HadYasIe IIPOILIOTrO BeKa.

CoBpemenHas kapTuHa BceseHHON BO3HMKJIA TONBKO B 1924 r., KOrja aMepUKaHCKUM
acTpoHOM JOzABMH Xa00iy IOKaszak, 4TO Hama [ajakTuka He emuHCTBeHHasd. Ha camom peie
CyIIeCcTByeT MHOTO [PYTMX TaJaKTUK, pasZieIeHHBIX OrPOMHBIMU OOJACTAMM ITyCTOTO
npocTpaHcTBa. [l mokasarenbcTBa Xab0sry TpeOOBalOCH OIPeNeTHTh PACCTOSHUA [0 OTUX
raJJakTUK, KOTOpble HACTOJBKO BeJIMKH, YTO, B OTJIMYME OT IIOJOXKeHWH OJM3KUX 3Be3[,
BUZVIMBIE IIOJIOXKEHUs TaTaKTHK AEeHCTBUTEJBHO He MeHAIoTcsa. lloaTomMy mis u3MepeHHsS
paccrosHuit Xa60s OBLT BBIHY)X/EH IPUOErHYTh K KOCBEHHBIM MeTOJaM. BriauMas SpPKOCTb
3Be3ZBl 3aBHCHUT OT IBYX (PaKTOPOB: OT TOTO, KaKOe KOJHMYECTBO CBeTa M3JIydaeT 3Be3za (ee
CBETHMOCTH), ¥ OT TOTO, IZle OHA HaXOAUTCA. SIpPKOCTh OJIM3KUX 3Be3[, U PACCTOSHUE O HUX MBI
MO>KeM HU3MEPHTH; CIe/l0BaTeIbHO, MbI MOXeM BBIYMCIUTH U UX CBeTUMOCTh. 1 Hao6GopoT, 3Has
CBETHMOCTh 3Be3]] B JPYTHUX TaJaKTUKaX, MbI MOIJIK OBl BEIYMC/IHTH PAacCTOSHUE O HUX,
U3MEPHUB UX BaUAUMYIO APKOCTh. Xab0J 3aMeTHJI, YTO CBETUMOCTh HEKOTOPBIX THIIOB 3Be3]|
BCerga OZHa U Ta >Ke, KOI'ZJAa OHM HAaXOAATCA HOCTAaTOYHO OJIM3KO IJIA TOT'O, YTOOBI MOXKHO OBLIO
IIPOM3BOAUTH H3MEPEHUS. CrnemoBarenpHO, paccyxzgan Xa60i, ecau Takue 3Be3[bl
OoGHapy»XaTcs B APYyToil raJaKTUKe, TO, IPEANOJIOXUB Y HUX TaKyIO XK€ CBETUMOCTb, MBI CyMeeM
BBIYMCJIUTH PACCTOSHUE [0 STOH rajJakTUKU. Eciu momo6HbIe pacdeTsl A HECKOJBKHUX 3Be3Z
ONHON W TOH ’XKe TaJaKTUKH JaAyT OAWH K TOT XXe Pe3yJIbTaT, TO IIOJIYYEeHHYIO OIeHKY
PACCTOSHUA MOXXHO CYUTATh HA/I€XKHOM.

Takum myTem XabG6s paccYMTan pacCTOSHUSA IO [AEBATH Pa3HBIX TaJaKTHUK. lemepb
HN3BE€CTHO, 4YTO Hallla TamakTmka — OHA M3 HECKOJIBKMX COTeéH TbICAY MWJ/IJIMOHOB TI'da/IaKTHUK,
KOTOpble MOXXHO HAOJIOZATh B COBpEMEHHBIE TEJIEeCKOIBI, a KaXAad U3 STHX B CBOIO O4Yepenb
COZIEP>KUT COTHH THICAY MMIJIMOHOB 3Be3z. Hamra 'aakTuka mMeeT OKOJIO CTa THICAY CBETOBBIX
neT B monepeuHuke. OHa Me/JIeHHO BPAaIaeTCs, a 3Be37bI B €€ CIIMPATbHBIX PYKaBaX B KaXKbIe
HEeCKOJIPKO COTeH MIULIMOHOB JIeT JielaloT IPUMepPHO OAMH O0OOpOT BOKPYT ee meHTpa. Hamre
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ComHIle mpesicTaBIgeT cOO0H OOBIYHYIO JKEITYIO 3Be3y CpefHell BeTMYMHBI, PACIIONIOKEeHHYIO
Ha BHyTPeHHel CTOpOHe OJJHOTO U3 CIIUPATIbHbIX PYKaBOB.

3Be3/IbI HAXOAATCA TaK JaJeKO OT HAaC, YTO KaKyTCA IPOCTO CBETALIMMICH TOYKaMH B
HeGe. MBI He pasnmyaeM HUM HX pa3MepoB, Hu ¢opmsl. Ho B TakoM cirydae Kak e MOXHO
TOBOPUTH O PasHBIX THIAX 3Be3x?! [l mopasigromero OOJBIIMHCTBA 3Be3], CYIIECTBYeT TOJIBKO
OJJHO XapaKTepHOe CBOMCTBO, KOTOPOe MOXHO HAOJIIOZATh — 3TO I[BET HAYIETO OT HUX CBeTa.
Hactpous Teneckon Ha KaKyo-HHOYAb OTAENbHYIO 3Be3y WIN FAJIAKTUKY, MOJKHO Pa3IOXKUTh B
CIIeKTp CBeT, MCITyCKaeMbIif dTOI 3Be3Zj0ii MM TaJlaKTUKOMH. PasHble 3Be3fbl MMeIOT pasHbIe
CIIeKTPBI, HO OTHOCHUTEJIbHAA APKOCTh Pa3HbIX 1[BETOB BCerZa B TOYHOCTH TaKad JKe, KaK B CBETe,
KOTOPBIY M3/Iy4daeT KaKOH-HUOYAb pacKaleHHBIH mokpacHa npepmer. (CBeT, u3mTydaeMblit
PacKaJieHHBIM JOKpaCHa HEIPO3padyHBIM IIPeJIMETOM, HMMeeT OYeHb XapaKTepHBIH CIIEKTD,
3aBUCAMIMN TOJIBKO OT TeMIlepaTypsl IpeJMeTa — T.H. TeIUIOBOM creKTp. IloaTomy MBI MoXxxem
OIlpe/leTUTh TEeMIIEPAaTypy 3Be3[bl IO CIIEKTPY H3JTydaeMoro eio cBera.) Kpome Toro, Mer
OGHApY>XUM, YTO HEKOTOpBIe O4YeHb CIelupuIecKye IBeTa BOOOIE OTCYTCTBYIOT B CIIEKTpax
3Be3]], IpUYeM OTCYTCTBYIOIIMe I[BeTa pasHble JJiA Pa3HBIX 3Be3[. I[IoCKOIBKY, Kak MBI 3HaeM,
KOKIBIM XMMUYECKHUH 3JIeMeHT IIOIJIONIaeT CBOM OIIpejieIeHHBIH HAaOOp XapaKTepHBIX IIBETOB,
MBI MOXXeM CPaBHUTBH X C TeMH I[BETaMU, KOTOPBIX HET B CIEKTpe 3Be3fbl, U TAaKUM 00pa3oM
TOYHO OIIPe/leJINTh, KaKHe 3JIeMeHThI IIPUCYTCTBYIOT B ee aTMocdepe.

B 20-x romax mpoOIIIOro CTOJIETHSA, KOTAA aCTPOHOMBI HadalM MCC/IeJOBAaHUE CIIEKTPOB
3Be3f, APYTUX TAJTAKTHK, OOHAPYXXIJIOCh HEYTO ele Oojiee CTpaHHOe: B Halllell COOCTBeHHOM
l'amakTrKe OKa3aIuCh Te JKe caMble XapaKTepHble HAaOOPHI OTCYTCTBYIOIIUX IIBETOB, YTO U y 3Be3/,
HO BCe OHM OBUIM CIBMHYTHI Ha OJHY U Ty )K€ BEJIMYMHY K KPaCHOMY KOHILy CIIeKTpa. UTOOBI
IIOHATH CMBICJI CKa3aHHOTO, CJIeJlyeT CHa4asa pasooparscs ¢ addexrom Jomnepa. Kak msBectHo,
BUZVIMBIH CBET — 9TO KOJIEOAHUA WJIN BOJHBI 3JIEKTPOMArHUTHOTO IOJA. JacToTa (YMCIO BOJIH
B OJHY CEKYHZY) CBETOBBIX KOJeOaHWIl Ype3BBIYaifHO BBICOKA — OT YETBIPEXCOT A0 CEMHUCOT
MUJUTMOHOB MUJUTMOHOB BOJIH B CEKYHAy. UejoBe4yeCKuil Ija3 BOCIPUHUMAET CBET Pa3sHBIX
YacTOT KaK pasHble I[BeTa, IIPUYeM CaMble HHU3KHe YacCTOTHI COOTBETCTBYIOT KPAaCHOMY KOHILY
CIIEKTpa, a cCaMble BBICOKHE — (DHOIeTOBOMY.

ITpencraBeiM cebe WCTOYHWUK CBeTa, HAIpUMep, 3Be31y, PACIOJIOXEHHBIN Ha
(bUKCHPOBAaHHOM PacCTOSHUM OT HAC M3TyYalOMUil ¢ OCTOSHHOM YacTOTOM BOoMHBL. OueBUAHO,
YTO 4YaCTOTa IPUXOJALIMX BOJH OyJeT Tako# ke KaK Ta C KOTOPOH OHU M3JIy4aioTcs (IIyCTh
TPaBUTAIIMOHHOE IIOJIe TAJIAKTUKHU HEBEJHWKO U ero BINIHWE HecCyllecTBeHHO). IIpenmosnoxum
Telleph, YTO UCTOYHUK HAYMHAeT ABUTAThCA B Hamy cTopoHy. IIpm mcmyckanuu ciemymomeit
BOJIHBI MICTOYHUK OKaXKeTCs OJIrKe K HaM, a IIOTOMY BpeMs, 32 KOTOpOoe IrpeOeHb 9TOI BOJIHEI /10
Hac foijeT, OyJeT MeHbIIe, YeM B CIydae HEIOABIDKHOM 3Be3npl. CTaso OBITH, BpeMI MEXAY
rpebGHAMU [ByX NPHUIIEIIINX BOJIH OyJeT MeHbIIe, a YUCIO BOJIH, IPUHUMAEMBIX HaMH 32 OJHY
cexyHzy (T.e. yacToTa), GymeT Oosblie, YeM KOTZa 3Be37ia Oblila HemoABIDKHA. [Ipu ypaneHnu xe
HCTOYHHUKA YaCTOTa IIpUXOAAIINX BOJH 6y,z[eT MeHbIIe. JTO O3HA4d€T, [YTO CIIEKTPBI
YAAIAIOWUXCA 3Be3s, OyAyT COBHHYTHI K KPaCHOMY KOHIIy (KpacHOe CMeIleHHe), a CIIEeKTPEI
IPHUOIYDKAIONIUYCS 3Be3]] JOJDKHBI MCIBITEIBATh (proseToBoe cMemeHue. Kak M3BeCTHO, Takoe
COOTHOIIIEHNEe MeXJy CKOPOCTBIO U YaCTOTOH HasbiBaeTca addexrom Jomaep
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Jlokazas, YTO CYIIeCTBYIOT JpyTHe rajJakKTHUKH, Xab0J Bce IOCTIeyIoMye TObI MOCBATHII
COCTaBJIEHUIO KAaTaJOTOB PACCTOSHUN O STUX TAJIAKTHK U HAOIIOZEHUIO WX CIIEKTPOB. B TO
BpeMs OOJBUIMHCTBO YYEHBIX CYHTATIHM, YTO [ABIDKEHHE TaJaKTUK IPOMUCXOJUT CJIyYaiHbIM
00pasoM U II03TOMY CIIEKTPOB, CMeLlleHHBIX B KPACHYIO CTOPOHY, ZODKHO HAOIIOZATECS CTOJIBKO
e, CKOJIBKO M CMelleHHBIX B ¢roseToByio. KakoBo xe GpLIO yAMBIEHUE, KOTJAa y Oosblreit
YacTH TaJAaKTUK OOHApYIIMJIOCh KpacHOe CMellleHWe CIIeKTPOB, T.e. OKa3aJoch, UTO BCe
raJaKTUKH ypanagiorcs or Hac! Eme Gosee yAMBUTENBHBIM OBLIO OTKPBITHE, OTYOJIMKOBAHHOE
Xa6610M B 1929 r.: oH OOGHAPYXMJI, YTO AaXKe BeJIMYMHA KPACHOTO CMelleHUs He CIydYaiHa, a
IPAMO IIPOIOPLMOHAJbBHA PACCTOSHHUIO OT HAC A0 TaJTaKTUKU. VIHBIMU Cl0BaMU, 4eM Jajblile
HAXOJUTCA TaJaKTUKa, TeM ObIcTpee OoHA ypansercsa! A 3To o3Hayaso, uTo BcesleHHas He MOXeT
OBITH CTATUYECKOM, KaK JyMajH paHbIle, YTO HA CAaMOM Jiejle OHA HeIPepBIBHO PACIUINPAETCI U
PacCTOSHUA MEXY TaJaKTUKaMHU BCe BPeM PacTyT.

OrkpsriTHe pacurupsiomencs BceneHHOH OBLIIO OZHUM M3 BEJIMKHUX WHTEJIEKTYaJIbHBIX
IIEPEBOPOTOB [BAJLIATOTO BeKa. 3aAHUM YHCIOM MBI MOXEM JIHIIb YAUBIATHCA TOMY, YTO 9Ta
ues He IPHUILIA HUKOMY B TOJIOBYy paHbume. HBIOTOH M Apyrue ydeble HOJDKHBI ObLIM OBI
coo0Opa3uTh, YTO CTaTudecKas BcemeHHas BCKOpe 00sf3aTelbHO Hadakaa OBl CXKUMATBCA IIOZ,
nerictBueM rpasutanuu. Ho mpexmosnoxxum, uto Beenennas, Hao6opor, pacmupsercs. Eciu 651
paciupeHye MPOUCXOUIO AOCTATOYHO MeAJIEHHO, TO IIOJ, AeHCTBHEeM IPaBUTALIMOHHOMN CHUJIBI
OHO B KOHIIe KOHIIOB ITPEKPaTHIOCh OB U Iepenuio O0bI B cxkatve. OmHAKO ecau GBI CKOPOCTH
pacliupeHMs IIpeblliajja HEKOTOpOoe KPUTHYEeCKOe 3HAYeHHe, TO T'PaBUTAIMOHHOTO
B3aMMOJIEHICTBHA He XBaTUJIO OBI, YTOOBI OCTAHOBUTH PACUIMpPeHHe, ¥ OHO IPOJOJDKAIOCH OBI
BeYHO. Bce 3TO HEMHOTO HAaIIOMUHAET CUTYAIIWIO, BOSHUKAIOIIYIO, KOIJa C IIOBEPXHOCTU 3€MJIH
3aIyCKaIOT BBepX pakeTy. Ecau cCKOpOCTh pakeTsl He OUYeHb BeJIMKA, TO M3-3a IPaBUTAIIMM OHA B
KOHIIe KOHIIOB OCTQHOBUTCA M Ha4yHeT majaTh oOpaTtHO. Eciam ke CKOpOCTh pakeTsl OoJiblie
HEKOTOPOM KPUTHUYECKOI (OKOJIO OJWHHAALIATH KUJIOMETPOB B CEKYHAY), TO I'DaBUTAI[MOHHASL
CHJIa He CMOXXET ee BepHYTh U pakeTa Oy/leT BeYHO IIPOJOJDKATh CBOE ABIDKEHUE OT 3eMIIH.

Pacmmpenne BcemeHHO# MOTIO OBITH IIpe/iCKa3aHO HAa OCHOBe HBIOTOHOBCKOM TEOPHUU
tarorenus B XIX, XVIII u gaxe B xonme XVII Bexa. OgHako Bepa B cTaTH4ecKyo BcereHHYIO
ObIa CTOTH BEeAMKAa, YTO JXKWJIAa B yMax ellle B Hadajge JBajguaToro Beka. Jlaxe ODUHIITelNH,
paspabarsiBas B 1915 1. 0OOuyI0 TEOPHIO OTHOCUTENIBHOCTH, OBLI yBepeH B CTaTUYHOCTHU
Bcenennoit. Yro6sl He BCTymaTh B IPOTHBOpeYHEe CO CTaTUYHOCTBIO, OWHIITEHH
MoAU(UIIMPOBAT CBOIO TEOPUIO, BBelA B ypaBHeHMA TaK Ha3bIBaeMylO KOCMOJIOTMYeCKYIO
noctosHHyI0. OH BBeJI HOBYIO «aHTUTPAaBUTAI[MOHHYIO» CHIJIy, KOTOpas B OTJIMYMe OT JPYTHX
CIJI He IIOpOXJajach KAaKUM-THOO MCTOYHMKOM, a OBIZa 3aJ0KeHa B CaMy CTPYKTYpy
IIPOCTPAaHCTBa—BpeMeHU. DIHINTeHH yTBEPKIAJI, YTO IIPOCTPAHCTBO—BpeMs CcaMo II0 cebe BceTza
pacImupsAeTcs W 9TUM paclIMpeHHeM TOYHO yPaBHOBEIIMBAaeTCA IPHUTIKeHUe BCeH OCTaJIbHOMN
MaTepuu Bo BcenmeHHO#, Tak 4TO B pesyibTare BceseHHas oka3bIBaeTCsA CTaTUIECKOH.

[To-BupuMOMy, WP OZWH 4YeJOBEK IIOJHOCTHIO IIOBEPWI B OOIIYI0 TEOPUIO
OTHOCHTEJIBHOCTH: IIOKa OHHIITeMH M JApyrue GU3NKKA [TyMaayd HaL TeM, KaK OOOHTH
HeCTaTUYHOCTb BcesleHHOI1, TpeickassiBaeMylo 3TOH Teopueil, poccuiickuit UMK U MaTeMaTUK
A. A. Opuzpman, HaoGopoT, 3aHANCT ee oOBbsicHeHumeM. OpuamaH crenas gBa OYEHb IIPOCTHIX
NCXOAHBIX HPG,I[HOJIO)KGHI/IHS BO-HGPBBIX, Bce)IeHHaH BBITJIAAWUT OAMHAKOBO, B Kd4KOM 6]:1
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HAIpaBJIeHUHW MBI ee HU HAOJIIOAAIU, W, BO-BTOPHIX, 3TO YTBepXZAeHUE IOJDKHO OCTAaBAaThCA
CIIpaBeJINBBIM U B TOM CJIy4ae, eCIH OBl MBI IIPOM3BOAYUIM HAOJIOZEHUS U3 KaKOTO-HUOYIb
npyroro mecta. He mpuberas Hu K KakuM ApyruMm mpexnonoxeHusM, Ppupman mokasat, 4To
Bcenennas He moypkHA OBITH craTHdecKoi. B 1922 1., 3a HeCKOIBKO JeT 10 OTKphITUA Xab61a,
OpumaH B TOYHOCTH NIPEZCKA3al ero pe3yabrat!

[Tpennonoxenue 06 oguHaKOBOCTU BceseHHOI BO Bcex HalpaBlIeHUAX HA CAMOM JeIe,
KOHEYHO, He BBINOIHAeTcA. Kak MBI, Hapumep, y>Ke 3HaeM, Jpyrue 3Be3fbl B Haureil ['amakrrke
00pasyIoT YeTKO BBIJEJIAIOUIYIOCS CBETIYIO II0JIOCY, KOTOpas HeT IO BceMy HeOy HOYBIO —
Meunstit [Tyrs. Ho eciu roBopuTh 0 AajeKuX raJakTHKaX, TO UX YUCJIO BO BCEX HAIPaBIEHUAX
IpUMepHO ofuHaKoBo. CiemoBaTeIbHO, BeeeHHas NeifiCTBUTEIBHO «IIPIMEPHO» OJUHAKOBA BO
BCeX HaIlpaBJIeHUAX — IIPY HAOIIOZeHUH B MacimTabe, OOJIBIINX IO CPABHEHUIO C PACCTOSHUEM
MeX/y TaJIaKTHUKaMU, KOTZa OTOPaChIBAIOTCSA MeJIKOMACIITaOHbIe Pa3IUIUs.

Jlonroe Bpems 3TO OBLIO efUHCTBEHHBIM oOocHOBaHueM rumore3sl Ppuamana kak
«rpyboro» mpubmmKeHHA K peanbHoll Bcemennoii. Ho moromM mno Hekoi ciydyaitHOCTH
BBIACHUJIOCH, 4TO runoTe3a Ppusmana u Ha caMoM Jiejle JaeT yAUBUTEIBHO TOYHOE OIMCAHUE
Halei BcesenHo.

B 1965 r. nBa amepukanckux ¢usuka, ApHo Ilensuac u Pob6epr BumbcoH mcmbIThIBaNIM
O4YeHb YyBCTBUTEIBHBIM «MUKDPOBOJHOBBII», TOuHee cBepxBbicOKodacToTHbIN (CBY) merexTop.
ITensnac u BunabcoH saMeTHIM, YTO yPOBeHb IIyMa, PeTUCTPUPYyEMOTO UX JEeTeKTOPOM, BHIIIE,
yeM [JOJDKHO OBITh. OJTOT IIyM He OB HAIpaBJIeHHBIM, IPUXOAAIUM C KaKOH-TO
onpezneneHHOW CTOpoHbl. OHM 3HATH, YTO JIOOOH IIyM, IPUXOAANINI M3 aTMOChepsl, BCeraa
CUJIbHee He TOI/IA, KOTZa JeTeKTOp HallpaBJIeH IPAMO BBepX, a KOI/Ia OH HAKJIOHEeH, IOTOMY 4TO
Jy4d CBeTa, HIyILIVe K3-32 TOPU30HTA, IPOXOAAT 4Yepe3 3HAYUTENBHO OoJiee TOJICTHIE CJIIOU
aTMocdepsl, YeM JIy4H, IOIaAaiouiye B TeTeKTOp IPAMO CBepxy. «JIuuraumii» xe mryM ofMHAKOB,
KyZa —Obl HM HampaBiaATh JeTekTop. CiemoBaTenbHO, UCTOYHUK ITyMa [JOJDKEH HAaXOAUTHCA 32
npegenamu arMocdepst. [Ilym ObUT OZWHAKOBEIM U ZHEM, U HOYBIO, M BOOOIIE B TeUeHUe TOfa,
HEeCMMOTPA Ha TO YTO 3eMJIA BpallaeTCa BOKPYT CBOEHl OCH U IIPOJOJDKAeT CBOEe BpalleHue
Bokpyr CosHma. JTO O3HAYaJI0, YTO WCTOYHHK W3Iy4YeHHS HAXOAUTCA 3a IIpefiesaMHu
ConHeuyHO# cucTeMBI M JaXKe 3a IpefenaMy Hameil ['ajaktukuy, nO0 B IIPOTHBHOM CIIydae
UIITEHCUBHOCTD U3JIy4eHUs U3MEHAIACh ObI, IIOCKOJIBKY B CBS3H C JBIDKEHUEM 3eMJIU JEeTEKTOP
MeHseT CBOI0 OopueHTanuio. Kak MbI 3HaeM, IO IIyTH K HaM H3Jy4YeHHe IIPOXOAUT IIOYTH depe3
BCIO HaOmomaemyoo Bcenennyio. Koxp ckopo ke OHO OfWHAKOBa BO BCeX HAIIPAaBIEHUAX, IIO
KpaliHell Mepe B KpyITHOM Macmrtabe. Termeps HaM M3BeCTHO, YTO, B KAKOM ObI HAIIPAaBJIE€HUU MBI
HYU TIPOM3BOJUIN HAONIONEHMA, OSTOT IWIYM W3MeHseTcs He Oosblle, 4YeM Ha OJHY
necatuteiciuHylo. Tak Ilensmac m BuibcoH, HMYero He mojo3peBad, AANU yAUBUTETBHO
TOYHOE IIOATBEPXKIeHe epBoro mpexmonoxenus Opuamana.

IIpaBma, Ha mepBsIi B3TIAA, TOT (aKT, yTO BcesleHHas KaXkeTcsa HAM OAMHAKOBOM BO BCEX
HallpaBJlIeHUAX, MOXKeT TOBOPHUTHh O KAaKOH-TO BBIJIEIEHHOCTH Halller0 MeCTOIIOJIOXKeHHUA BO
Bcenennoii. B wacTHOCTH, pa3 MBI BUJUM, YTO BCe OCTaJbHBIe TAaJaKTUKU YJAIAIOTCA OT HAC,
3HAYUT, YTO MBI HaxoAuMcs B IeHTpe Bcesrennoil. Ho ects u mpyroe o6wsacHeHue: Beenennas
OyZeT BBHIIJIAAETh OZMHAKOBO BO BCEX HAIPABIEHUAX U B TOM CIydae, eCJIU CMOTPETH Ha Hee U3
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KaKOM-HUOYb APYToii raJakKTUKKU. JTO, KaK MBI 3HaeM, Bropas rumnoreza Opunmana. Y Hac Her
Hay4HbIX JOBOZOB HU 3a, HU IIPOTUB STOTO IIPEIIOIOKEHNUA, X MbI IPHHSIN €T0, TaK CKa3aTh, U3
CKpOMHOCTH: OBITIO ObI KpaifHe CTpaHHO, eciau Obl BceneHHas Kasasach OZMHAKOBOM BO BCeEX
HaIIpaBJIeHUAX TOJIBKO BOKPYT HAC, @ B APYTUX ee TOUKax Toro He 6su10! B Momenn @punmana
BCe TAJIAaKTUKHU YAAJAIOTCA APYT OT ApyTra. JTO Bpofe ObI KaK HAAyTHIN LIAPUK, Ha KOTOPBIH
HaHeCeHBI TOYKHU, eCJIH ero Bce Ooiblile HaLyBaTh. PaccTosHue Mexy MI0OBIMU ABYMA TOYKAMU
yBeJIHYMBAETCS, HO HU OJHY U3 HUX HeJIb3sd Ha3BaTh LIEHTPOM pacurupeHusd. IlpurtoM, uem
OoJbllle pacCTOSHUE MeXAy TOYKAMH, TeM OBICTpee OHM YZIAIAIOTCA APyT OoT gpyra. Ho u B
Mogenu Ppuamana CKOpOCTh, ¢ KOTOPO JIIOObIe [ABe TAJAaKTUKH YZIAJIAIOTCA APYT OT APYTa,
IPOIOPLIMOHAJIBHA PAaCCTOSHUIO MeXZy HuMU. Takum o6pasom, Mogens Ppupmana
IIpeJICKa3bIBAET, YTO KPAaCHOEe CMelleHHe TaJaKTUKU JOJDKHO OBITH IIPSAMO IIPOIOPIMOHATIBHO ee
yAaJeHHOCTH OT HAaC B TOYHOM COOTBETCTBUHU C OTKphITHeM Xab6sa. Hecmorps Ha ycmex 3T0it
MOZeIN M Ha COIJacue ee IpeAcCKasaHWil ¢ HabmogeHusaMu Xa66ma, pabora Ppuzamana
OCTaBaJIaCh HEM3BECTHOH Ha 3amaze, 1 sk B 1935 r. amepukanckuii dusuk ['oBapzg Pobeprcon
U aHIJIMACKUY MaTeMaTHK APTyp YOJIKep IpeJIOKUIN CXOAHbIe MOZEIN B CBA3U C OTKPBITHEM

Xa66a.

Cam QpupmaH paccMaTpuBal TOJIBKO OZHY MOZEIb, HO MOXXHO yKasaTh TPHU pa3HbIe
MoOJieny, A KOTOPBIX BBIMOJHSIOTCA 00a dyHIaMeHTanbHbIX npexanonoxenus Ppuamana. B
Mogenu nepsoro tuna (oTkpsiToit camum Ppuzamanom) Beenennas paciupsieTcs ZOCTaTOYHO
MeJJIeHHO [JI1 TOTO, YTOOBI B CHJIy TIPaBUTAI[MOHHOTO IPHUTIKEHUS MEXAY PasIUudHBIMU
raJjakTUKaMu pacimupeHvie BcemeHHOI 3aMeIa0Ch U B KOHIle KOHIIOB Ipekpamanocs. [Tocie
STOTO TaJIaKTUKHU HAYMHAIOT NPUOIKATEC OPYT K APYTY, U BcereHHas HayMHaeT CXXKUMAThCA.
B wMmomemu Broporo Tuma pacurmperue BceleHHON IPOMCXOZUT TakK OBICTPO, HUTO
IPaBUTAIIIOHHOE IPUTSDIKEHUE, XOTh U 3aMezJisieT pacIivpeHre, He MOXeT ero OCTaHOBHUTE.
Ectp, HakoHen, W MOJeNIb TPETHETO THIIA, B KOTOPOH CKOPOCTH pacuivpeHus BcereHHOM
TOJIBKO-TOJIPKO ZIOCTaTOYHA JJIA TOTO, YTOOBI M30eXaTh CKaTus A0 Hyad (kosuramca). B atom
clydae pPacCTOsHMeE MeX[y TaJaKTUKaMU TOXKe CHadaja PaBHO HYJIIO, a IIOTOM BCe BpeMs
Bo3pacraeT. [IpaBaa ramakTuky «pasberaroTcsi» Bce C MEHbIIeH U MeHbIIe# CKOPOCThIO, HO OHA
HUKOTIJ]a He Ia/iaeT J0 HyJId.

Mogens ®pugmana mepBoro THIlA yAUBUTEIbHA TeM, 4YTO B Hell BcemeHHas He
OeCcKOHeYHa B IIPOCTPAHCTBE, XOTHA IIPOCTPAHCTBO He MMeeT TPaHMI. ['paBUTALMA HACTOIBKO
CHJIBHA, YTO IIPOCTPAHCTBO, MCKPHUBIAACH, 3aMBIKAeTCA C CAMUM COOOH, yIOZOOIAACh 3eMHON
noBepXHOCTH. Bes, mepementasacs B orpeieIeHHOM HAIlpaBIeHUH II0 IPOBEPXHOCTH 3eMJIH, BB
HUKOTJ]Ja He HaTOJKHEeTeCh Ha abCONIOTHO HEIPeoJoIMMYIO IIperpazy, He BEIBAJIUTECh depes
Kpall ¥ B KOHIle KOHIIOB BepHeTeCh B Ty XKe CaMylO TOYKy, OTKy/a BRIIUIM. B mepBoil Mojenn
Opusmana TPOCTPAHCTBO TaKOe XK€, HO TOJIBKO BMECTO IBYX M3MEPEHUIl MOBEPXHOCTH 3eMJIU
“MeeT TpU usMepeHud. YeTBeproe usMepeHuUe, BpeMs, TakKe NMeeT KOHeYHYIO IIPOTSKeHHOCTb,
HO OHO IIOJOOGHO OTpe3Ky IpAMOM, MMeIoNleMy Hadyaao M KoHel. MBI cMOXeM YyBUZETh, 4TO,
ecau OOILyI0 TEOPUIO OTHOCHTEIBHOCTH OO0BEJUHUTH C KBAHTOBO-MEXaHHYECKUM IIPUHIUIIOM
HeoIlpe/IeJIeHHOCTH, TO OKaXeTCHA, YTO U IIPOCTPAHCTBO, M BpeMs MOTYT OBITh KOHEUYHBIMH, He
yMes IIPU OTOM HU KpaeB, HU TPaHHUIL.

220



J. Tsertsvadze. Nano Studies, 2015, 11, 215-224.

MsIcap O TOM, YTO MOXXHO OOOHTH BOKpPYr BceseHHOH M BepHYTBCSI B TO XK€ MeECTO,
TOAUTCA AJIS HAy4YHOH (PaHTACTUKMU, HO He MMeeT IIPAaKTHYeCKOrO 3HaueHUs, u00, KaK MOXXHO
II0Ka3aTh, BcesleHHas ycleeT CKaTbCA [O HYJA A0 OKaH4YaHUA o6xoza. UYToGBI BEPHYTHCA B
UCXOJHYIO TOYKY IO HACTyIUIEHHA KOHIIA BcejeHHOH, IPHUILIOCH OBl II€pPeBUTATBCA CO
CKOPOCTEIO, IIpeBbINIaoneii CKOPOCThb CBeTa, a TO HeBO3MOKHO!

B mnepsoit mozenu Ppuamana (B Koropoil BcemeHHas pacmupsiercs U CKUMaeTCs)
IIPOCTPAHCTBO KCKPHUBJISIETCS, 3aMbIKasACh caMO Ha cels, Kak IOBEpPXHOCTh Jemuu. [Toaromy
pasMepsl ero KOHeYHbI. Bo BTOpoOii ske Mozenu, B KOTopoii Beenennas pacumpsercs 6eCKOHEYHO,
IIPOCTPAHCTBO MCKPUBJIEHO MHAUe, KAK IIOBEPXHOCTH ceiia. TakuM o6pasoM, BO BTOPOM CIydae
mpocTpaHcTBO OeckoHeuno. Haxonen, B Tperbeit Mmogmenu Ppuzmana (¢ KpUTHUECKOIT
CKOPOCTHIO PaCIIMPeHsI) IIPOCTPAHCTBO IIIIOCKOe (M, C/Ie0BAaTeIFHO, TOXe GEeCKOHEYHOe).

Ho xakas >xe us mogeneit Ppuamana rogurcs st Hameit Beemennoit? Ilepecraner nn
Bcenennas HakOHeI, pacCHIMPATHCA M HAYHET CXKMMATHCA HIM XKe OyJeT pacIIUpATHCSA BEYHO?
Yro6BI OTBETUTH HA 3TOT BOIIPOC, HY>KHO 3HATh HBIHEIIHIOI CKOPOCTh pacmupeHus BcemeHHOI
1 ee CpefHIOIO IUIOTHOCTh. Ec/IM IIOTHOCTP MeHBbIlle HEKOTOPOTO 3HA4YeHU:d, 3aBUCAILIETO OT
CKOPOCTH PAaCIIMpeHHUsd, TO TIPAaBUTAIIIOHHOe IIPUTKeHHe OyZeT CIMIIKOM MajIo, 9TOOBI
OCTaHOBUTH paciirpeHueo. Eciu jxe mI0THOCTD 60IbIIEe KPUTHYECKOH, TO B KAKOH-TO MOMEHT B
OyZmylieM K3-3a TPaBUTALMH pacuiupeHue BceseHHOM IPEeKPaTUTCA U HAYHETCS CXKATHe.

CerogHANIHYI0 CKOPOCTh pacIIMpeHHs BceseHHOH MOXHO OIpeZmenuTh, u3MepAs (II0
apdexry Jlommepa) CKOpOCTH yJaleHHS OT HAC JPYTUX TaJaKTUK. TaKue M3MepeHUI MOXHO
BBIIIOJHUTE O4eHb TOYHO. Ho paccTogHus A0 Apyrux ralakTHK HaM ILJIOXO M3BeCTHEI, TOTOMY
YTO UX HeJb3d U3MEPUTh HeloCcpeACTBeHHO. MbI 3HaeM JIHirb, 4To BeeeHHas pacmupseTcs 3a
KXAYIO THICAYY MUJIIHNOHOB jieT Ha 5 — 10 %.

OpHako HeoIlpeZieIEHHOCTh B COBPeME@HHOM 3HAUYeHHUU CpefHel IJIOTHOCTU BcemeHHOM
eme Gossure. Ecu cIOXUTH Macchl BceX HAOIIOJAaeMBbIX 3Be3/, B Halllell U B IPYTUX TaTaKTHKAX,
TO Jake IIPM CaMOM HU3KOM CKOPOCTH PacCIIMpeHM’s CyMMa OKa)KeTCSA MEeHbIIe OJHOM COTOU TOM
IIJIOTHOCTH, KOTOpasg HeoOXOonuMa [Jis TOrOo, YTOOBI pacurmpeHue BcesleHHOH IpPeKpaTHIOCh.
OpHako u B Hameil u B APYTHX TaJaKTHUKaX JOJDKHO OBITh MHOT «T€MHOM1 MaTepuun», KOTOPYIO
HeJIb3d BUJETh HeIOCPeACTBEHHO, HO O CYLeCTBOBAaHMM KOTOPOM MBI y3HaeM IIO0 TOMY, KakK ee
TPaBUTALOHHOE IIPUTSKEHYE BIUAET Ha OPOUTEHI 3Be3] B rajlakTHKax. KpoMe TOro, rajlakTUKU B
OCHOBHOM HAOJIIOJAIOTCS B BHZE CKOIJIEHWI, X MBI MOXXeM aHAJIOTMYHBIM 00pa3soM CHesaTh
BBIBOJl, O HWIMYMH ellle OOJIBLIEr0 KOJIWYECTBA MEXTaJIAKTHYeCKOH TeMHOM MaTepuH BHYTPHU
STHX CKOIUIEHMH, BIUAIONIETO Ha ABIKeHHe rajakTUK. CIIOKHUB Maccy BCell TeMHOI MaTepuw,
MBI TIOJIYYUM JIMLIb OFHY ZECATYIO TOTO KOJIMYeCTBAa, KOTOPOe HEeOOXOLUMO [ IIpeKpalleHus
pacurupenus. Ho Hep3s MCKIIOYUTH BO3MOXHOCTH CYIIECTBOBAHUA M KAaKOH-TO IPYyTroil GopMbl
MaTepuH, paclipefieleHHON paBHOMepPHO IO Bceil BcesleHHOI u elle He 3aperMCTPHPOBAHHOM,
KOTOpasg MoOrja OBl [OBECTH CpPEeJHIOI0 IJIOTHOCTh BceleHHOH [0 KPUTHYECKOTO 3HAYeHUs,
HeO0OXOMMOT0, YTOOBI OCTAHOBUTH PacCIIUpeHHe.

Taxum obpasom, uMerouTuecs ZaHHBIE TOBOPAT O TOM, 4TO BcesleHHas, BepOATHO, OyzeT
pacIIUpATHCSA BeYHO. EXMHCTBEHHOE, B YeM MOXXHO OBITH COBEPIIEHHO yBEPEHHBIM, TaK 3TO B
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TOM, 4TO eC/IM CKaTue BcesleHHOI Bce-Taku IPOM30HIeT, TO HUKAK He PaHbIIe, YyeM depe3
ZeCATh THICAY MIJUIMOHOB JIeT, MO0 II0 KpaifHell Mepe CTOJIBKO BpeMeHH OHA y)Ke PaCIIUPSIeTC.
Ho 5TO0 He HO/MKHO HAC C/IMLIIKOM CHJIBHO TPEBOXXMTh: K TOMY BpEMEHHU, €CIU MBI He
IepeceIMMCs 3a IIpefieIbl COJIHEYHOM CHCTeMBI, YeJI0OBeYeCcTBa JAaBHO yXKe He OyneT — OHO
yracaet Bmecte ¢ CorHuem!

Bce Bapuantst mogenu Ppusmana ©MeIOT TO 00lee, YTO B KAKOH-TO MOMEHT B IIPOIIIOM
(mecaTh-ABaIATh THICAY MUJITMOHOB JIET HA3aJ) PACCTOSHYUE MEXAY COCeIHHMH TaJIaKTHUKaMHU
IO/DKHO OBLJIO PaBHATHCA HYJIIO. B 5TOT MOMEHT, KOTOPBIN Ha3bIBAeTCSA OOJIBIIMM B3PBIBOM,
IUIOTHOCTh BcejleHHOW ¥ KpHMBM3Ha IIPOCTPAaHCTBA—BpPeMEHU [O/DKHBI OBLIH  OBITH
6eckoHeuHBIMH. [IOCKOIBKY MaTeMaTHYeCKX HEBO3MOXKO OOpalIaThCs C 6ECKOHEYHO GOJIBIIMMU
BeJIMYMHAMY, 3TO O3HAYaeT, YTO, COTJIACHO OOIIell TeOpPHH OTHOCUTEIBHOCTH (Ha KOTOPOM
ocuoBaubl pemenus Ppuamana), Bo Bcemenmoit noypkHa OBITH TOYKA, B KOTOPOM cama 3Ta
TeOpusA HEIPUMEHHMMa. lakasd TOYKAa B MaTeMaTHKe Ha3bIBaeTCsA 0Cco0o0ii (CHMHIysapHOIL). Bce
HAIl¥ HAayYHBIe TEOPHUM OCHOBAaHBI HAa IIPEJINOJIOXEHUHU, YTO IPOCTPAHCTBO—BpeMs IJIafKoe U
IIOYTH IJIOCKOE, a IIOTOMY BCe 3TH TE€OPHU HEeBEePHBI B CHHTYJIIPHOM TOYKe GOJIBIIOTO B3PHIBA, B
KOTOpO KPMBU3HA IPOCTPAHCTBa—-BpeMeHH OeckoHeuHa. (CilefoBaTeIpHO, JaXke ecau OBI Iepes,
OONBUIMM B3pPBIBOM IIPOMCXOAWIN KakKue-HUOyZb COOBITHA, II0 HHM HeIb3d OBLIO OBl
CIIPOTHO3MPOBaTh OyAylee, TaKk KaK B TOYKe OOJBLIOrO B3PHIBA BO3MOXHOCTHU IIpeCKa3aHUI
CBeJIUCH OBI K HyM0. TOUYHO TaK ke, 3Hasd TOJIBKO TO, YTO IIPOM3OLILIO IIOCIe GOIBIIOTO B3PHIBA (a
MBI 3HaeM TOJIBKO 9TO), MBI HE CMOXXeM Y3HAaTh, YTO IPOUCXOAMIIO 10 Hero. CoOBITHA, KOTOPHIE
IIPOM30LLTH L0 OOJIBIIOTO B3PHIBA, HE MOTYT MMeTh HUKAKHX IIOCIEACTBHI, KacalOIUXCA HAC, 1
II0OSTOMY He JOJDKHBI (UTYypHUpOBaTh B HayuyHOH Mogenu Bcenennoii. CireoBaTeslbHO, HY>KHO
MCKJIIOYUTD UX U3 MOZEIN U CYUTATh HAYaJOM OTCYeTa BpeMeHU MOMEHT OOJIBIIOTO B3pBIBA.

MsIcap O TOM, YTO y BpeMeHHU OBLIO HAayaJlo, MHOTHMM He HPAaBUTHCH, BO3MOXHO, TeM,
YTO B HeM eCThb HaMeK Ha BMeLIaTeJbCTBO OokecTBeHHBIX cui. (B TO ke Bpems 3a Mozens
60IBLIIOTO B3pBIBA YXBAaTHJIACh KaTONW4YECKas IepKoBb U B 1951 r. opuinaasHO mpoBo3riacuia,
YTO MOJeIh OOJIBIIOTO B3phIBA coryiacyercsa ¢ bubmmeit). B cBA3u ¢ 5TMM HM3BeCTHO HECKOJBKO
IOIBITOK OOOUTHCH Oe3 OGOibIIOro B3phIBa. HanbGoOmbIIyI0 HOANEPKKY IIOAYYHJIA MOJEIh
craruonapHoii Bcenennoit. Ee aBropamu 6s1mm X. Bomzu u T. loynp (1948), Gexasmue wus
OKKYIIMPOBaHHOM HaIlUCTaMHU ABCTpI/II/I, u aurmnyagua O. Xoiin, KOTOPBIA BO BpeMsA BOMHBI
paboTas ¢ HUMHU Haj IpoGIeMOil pamuosoKanuu. Vx mzes cocrosna B TOM, YTO IO Mepe
pasberaHus TaJaKTUK Ha OCBOOOZMBIIMXCS MECTaX M3 HOBOTO HEIPEPBHIBHO POXKAAIOIIErOCs
BelleCTBa BCe BpeMsA 00OpasyloTcsa HOBBle rajmaktuku. CiefoBaTesnbHO, BceneHHas mospkHA
BBITJISIETh NIPUMEPHO OZMHAKOBO BO BCE MOMEHTHI BPeMEHU M BO BCEX TOYKAX IIPOCTPAHCTBA.
KoneuHo, [ HeIpephIBHOTO «TBOPEHMs» Bell[eCTBa TpeOOBasach HEKOTOpas MoAubUKanus
TEOPUN OTHOCUTEJIBHOCTH, HO HY)XHas CKOPOCTh TBOPEHHSI OKasbIBajach CTOJb Mayoil (ofHa
YacTUIlA Ha KyOMYeCKWi KUJIOMETpP B Troj), YTO He BO3HHKANIO HUKAKUX IIPOTUBOPEYHUI C
skcrepuMeHTOM. CTalMOHapHAs MOJEIh — 9TO IIPUMEP XOpOlleil HayYHOU TEOPUU B CMBICIIE,
YTO OHA JaeT ONpefie/IeHHbIE IIPe/ICKa3aHUs, KOTOpble MOXKHO IIPOBEPAThH IIyTeM HabJIO[eHUH.
OzHO U3 ee IpesCKa3aHUil TaKOBO: JOJDKHO OBITh ITOCTOSHHBIM YMCJIO TaJaKTHK U APYTUX
aHAJIOTUYHBIX 00BEKTOB B JIFOO0OM 3aJaHHOM 00beMe IIPOCTPAHCTBA HE3aBUCHUMO OT TOTO, KOTJja U
rie Bo BcenenHoii mpomsBogsarcsa Habmoozenusa. B kxonme 50-x — B Hawane 60-x rozmos
IBaIIaTOTO BeKa acTpoHOMBI u3 KeMOpUIKCKOTO yHUBepcuTeTa mof pykoBozcTBoMm M. Paiina
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COCTaBWJIM KaTaJIOT MCTOYHUKOB PAaZHOBOJNH, NPUXOAAIINX W3 BHEIIHETO IPOCTPAHCTBA. OTa
KeMOpH/)KCKas TpyIa IIOKasaja, YTO OOJbIIas YacTh ISTHUX PAJUOUCTOYHUKOB [JOJDKHA
HAXOJUTHCA BHe Hallleil ['aaKTWKu M, KpOMe TOTO, YTO CJIa0BIX MCTOYHHMKOB ropaszo Oosblie,
yeM CHIBHBIX. Cabble MCTOYHUKU MHTEPIPETUPOBAIUCH KaK OoJee yZajieHHbIe, a CHJIBHbIE —
Kak Te, 4TO HaxomATcsa Omroxe. Jlanee, 0ka3amock, 9YTO YHCIO OOBIYHBIX MCTOYHUKOB B eIMHUIIE
o6BeMa B yjaJIeHHBIX 00J1acTAX Oosiblle, YeM BOIU3HU. DTO MOTJIO O3HAYATh, YTO MBI HAXOZLVIMCS
B IIeHTpe OrPOMHOM o6sacTu BeceseHHOI, B KOTOPOH MeHbIIe MCTOYHUKOB, YeM B IPYTUX MeCTax.
Ho Bo3MoOxHO 65110 U pyroe oOBsACHEHUE: B IPOILUIOM, KOTJa PaflJUOBOJIHBI HAYaJIX CBOM IIYTh
K HaM, KCTOYHUKOB ObUTO Omutbure, uyeMm cefiwac. O6a 5Tu OOBACHEHWS IIPOTHUBOpEYAT
IIpe/iCKa3aHUAM TeOPUHU CTannoHapHoU Bcenernnoii. Kpome TOro, MUKpOBOJIHOBOE H3JIydeHUE,
o6HapyxeHHoe B 1965 r. Ilersuacom u BuirbcoHOM, TOXe yKa3bIBaJO Ha OOJBLIYIO IIJIOTHOCTD
BcenenHoii B mpomaoM, W II03TOMY OT MOJeNH CTallMOHAapHOM BceneHHO#T mpumIoch
OTKa3aThCA.

B 1963 r. nBa coBerckux ¢musuka, E. M. Jlubmun n Y. M. XanatHUKOB, chenany eige
OZHY IIOIBITKY MCKJIIOYUTH OOJBIION B3pBIB, a C HUM UM HAdajlo BpeMeHHU. JluBmun u
XaJaTHUKOB BBICKA3QJIM IIPeJIIOJIOKEeHHe, YTO OOJIBIIOHN B3PHIB — OCOOEHHOCTH JIMIIb MOZeIeH
OpunmaHa, KOTOpble B KOHIIE KOHIIOB JAIOT JIMIIb TNPUOIIKEHHOe OIMCAaHUEe peaJbHOH
Bcenennoii. He wuckmroueHo, 4TO M3 Bcex Mojesel, B KaKOH-TO Mepe OIMCHIBAIOLINX
CYILIeCTBYIOLYIO0 BceseHHYIO, CUHTYJIAPHOCTh B TOYKe OOJIBIIOrO B3pHIBA BO3HHUKAET TOJIBKO B
mogenax Opuznmana. CormacuHo Ppuamany, Bce ralakTUKH YOAISIOTCSI B IIPSMOM HaIpaBIeHUU
IpyT OT ApyTa, ¥ IIO3TOMY HET HUYeTro YAUBUTEIbHOTO B TOM, YTO KOIJJa-TO B IIPOIIJIOM BCe OHHU
HaxoAWINCh B ofHOM MecTe. OmHAKO B peasbHO CyllecTByIomeli BceleHHOH raJaKTHUKH
HUKOTZIA He pacXoAATCA TOYHO II0 IPAMOH: OOBIYHO y HHUX eCThb elle M HeOoJbIIue
COCTaBJIAIOIIIe CKOPOCTH, HAIpaBileHHBbIe IoJ yriaoM. [IoaToMy Ha camoM fee rajJakKTUKaM He
HY>XHO HaXOAUTHCSI TOIHO B OAHOM MeCT€ — JOCTATOIHO, ‘-ITO6IJI OHHN 6LIJII/I PacCIIOJIOKEHDBI OI€HDb
6]'[1/131{0 APYT K OPYTY. Tor,zga HBIHEIMTHAA PaCIINPAIOMAACA Bcenennas moria BO3HHKHYTH HE B
CUHTYJIIPHOM TOYKe OOJIBLIOTO B3PhIBA, @ HA KaKOH-HUOYAb O0JIee paHHel (ase CKATUA; MOXKET
OBITH, ITPU CXKaTUX BcesleHHOM CTOJIKHYJIUCH APYT C APYyTOM He Bce yacTuusl. Kakasa-to momrd ux
MOTJIa TIPOJIeTETh MUMO APYT IPyTra M CHOBA PA30MTHCH B pasHbIe CTOPOHSBI, B Pe3yyIbTaTe Yero U
IIPOMCXOAUT HabimozaeMoe ceifdac pacmupenue Bcemennoit. Kak torma ompezsenuts, OBLT U
HavasoM Bcesnennoit 6ospmoit B3psiB? Jludurun u XasraTHUKOB 3aHINCH U3yYeHUEM MOJeIeH,
KOTOpble B OOmIMX 4Yeprax ObLaM OBl mOx0Xxu Ha Mogenu Ppuamana, HO OTIMYANKCH GBI OT
Q)PH,HMHHOBCKI/IX T€éM, YTO B HHX YYHUTBIBJIINCh HEPETYJIAPDHOCTH U C]Iy‘-IafIHBIfI XapakKTep
peaybHBIX CKOPOCTei rajakTUK Bo BecesnenHnoit. B pesysnbraTe JIudmui, 1 XanaTHUKOB ITOKa3ay,
YTO B TAKUX MOZENAX OOJIBIIOH B3PEIB MOT OBITH HayaIoM BceeHHOH maXke B TOM CiIydae, eCJIH
raJJakTUKHM He Bcerja pasberaioTca 1o mpsamoil. Ho 3To MOIIO BBIIOTHATHCS JIHIIB AJIS OYeHb
OTPaHUYIE€HHOIO KpyTad MOI[eHEﬁ, B KOTOPBIX ABIKEHMNE T'dJIdKTUK ITPOMCXOANT OIIPEAEI€HHBIM
o6pazom. IlockonbKy ke Mozenell ppUAMAaHOBCKOTO THIIA, HE COZEPKAIUX OOIBUIONH B3PHIB,
OeckOHeYHO OOJblle, YeM TeX, KOTOpble COZepXaT TaKyl CHHTYJIAPHOCTh, Jludmwun u
XaJaTHUKOB yTBEpPXKAAJIN, YTO Ha CAaMOM Jiejie 60IBIIOro B3phIBa He O6b110. OZHAKO O3 HEee OHU
HAIUTK TOpa3fio Oojyee oOmMMil Kiracc Mofenell GPUAMAHOBCKOTO THIIA, KOTOpBIE COZeEpPKaT
CHUHTYJIIPHOCTA M B KOTOPBIX BOBCe He TpeOyeTcs, YTOOBI TaJaKTUKH IBUTAIUCH KAKHM-TO
oco6srm o6pasom. [Tosromy B 1970 r. JIndmu u XasaTHIKOB OTKA3aJIMCh OT CBOEH TEOPHH.
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Tem He MeHee nx paboTa MMesa OYeHb BaKHOe 3HadYeHHe, MO0 OHA ITOKa3aja, YTO eC/IH
BepHa 00Las TeOpHsA OTHOCUTEIBPHOCTH, TO BceseHHas Moryia mMeTh 0COOYIO TOUKY, OOJIBIION
B3pbIB. Ho 3Ta pabora He maBaja OTBeTa Ha TJIABHBIH BOIIPOC: CIEAYeT JTU U3 00uell Teopuu
OTHOCHUTEJIBHOCTH, YTO Y BcesleHHO# JODKHO OBLIO OBITH HAa4aIo BpeMeHH — OOJIBIION B3PBIB?

OrBeT Ha 5TOT BOIIPOC OBLI IOJIyYeH IIPU COBEPIIEHHO APYTOM IIOXO/E, IIPeI0KeHHOM
B 1965 r. anrnuiickum MaTeMatukoM u ¢pusukom Pomxepom Ilenpoysom. Mcxons us nosegeHus
CBETOBBIX KOHYCOB B OOIIei TEOPHUM OTHOCUTEIBHOCTH WU TOTO, YTO I'PAaBUTAIIVIOHHBIE CHJIBI
BCerja ABJIAIOTCA CHUJIAMHU IPUTKEHUd, [leHpoy3 mokasas, 4To KOTja 3Be3za CXKMMAeTCs IIOf,
IefCcTBUEM COOCTBEHHBIX CHJI TPaBUTAI[UM, OHA OTPAaHWYMBAETCS OOJIACTHIO, ITOBEPXHOCTD
KOTOPOI B KOHIIe KOHIIOB CXKMMAETCS [0 HyJIA. A pa3 IOBEPXHOCTh dTOM 00JIACTH C)KUMAETCA IO
HYJISI, TO TOXKE CaMoOe JOJDKHO IIPOUCXONUTD U ¢ ee 06beMoM. Bee BemecTBO 3Be3pl OyeT C:KaTo
B HyJeBOM oOOBeMe, TaK 4YTO ee IIJIOTHOCTh M KPUBM3HA IIPOCTPAHCTBA—BpEMEHU CTaHYT
6eckOHeYHBIMU. VIHBIMU CI0BaMU, BOSHUKHET CHHTYJIIPHOCTH B HEKOI 00JIaCTH IIPOCTPAHCTBA—
BpeMeHU, Ha3bIBaeMas YepHOM IbIPOIL.
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