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STUDIES ON THERMAL PROPERTIES OF SILICONE-ACRYLIC NANOPOWDERS
AND OF ORGANIC POLYMER COATINGS MODIFIED WITH SUCH NANOPOWDERS

J. Trzaskowska, J. Kozakiewicz
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joanna.trzaskowska@ichp.pl

Accepted September 19, 2013

1. Introduction

Thermal analysis is widely used to characterize nanoparticles with hybrid structure
[1, 2]. Thermal analysis is also considered as excellent technique to evaluate powder coatings

Due to their environmental and economical advantages powder coatings (PC) constitute
quite important and constantly growing sub-sector in the paint industry [5, 6]. Many studies
have confirmed that impact strength of PC can be improved through the introduction of
appropriately structured nanoparticles because more energy could be consumed by the
interfacial surface between polymer and nanoparticles when the polymer matrix is impacted or
tensed [7]. Furthermore, if such nanoparticles contain polysiloxanes it provides excellent
transparency and thermal stability to the nanocomposites. High thermal stability of
polysiloxanes [8] is directly attributable to the considerably higher energy and ionic character
of the Si—O bond relative to the C—C bond, so higher temperatures of degradation onset could
be expected [9, 10].

The results of earlier investigations carried out in the Industrial Chemistry Research
Institute (ICRI) in Poland proved that significant increase in coating impact resistance and
elasticity could be achieved at very low (only 3 %) content of silicone-acrylic nanopowders in
the PC [11]. Nanopowders were obtained in a form of agglomerates of silicone-acrylic core—
shell nanoparticles and were prepared in a three-step process developed in ICRI [12]. The first
step of that process was synthesis of silicone resin aqueous dispersion, the second step was
emulsion polymerization of methacrylic monomer in that dispersion resulting in obtaining of a
hybrid dispersion of core-shell nanoparticles of ca 100 nm size (see Figure 1), and the third step
was spray-drying of that dispersion which led to nanopowder particles (see Figure 2) of few
micron size, structured as agglomerates of the said core-shell nanoparticles.

The results of our recent studies confirmed that chemical composition of silicone core of
such nanoparticles affected the properties of dispersions, nanopowders and coatings properties
modified with such nanopowders. It was found that the increased share of trifunctional
monomers (methyltrimethoxysilane-METM and methacryloyltrimethoxysilane-MATMS) in
silicone monomers mixture applied in synthesis of silicone resin which constituted the core of
the nanoparticles led to increased crosslinking density of the resin and consequently resulted in
the increase in its 7z value [13].



Studies ... of silicone—acrylic nanopowders and of organic polymer coatings ... .
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Figure 1. The structure of silicone-acrylic core-shell nanoparticle.

(50-100nm) silicone core

In the study presented in this paper the effect of chemical structure of silicone core of
the core-shell nanoparticles which constituted the nanopowders on the thermal properties of
the nanopowders and of epoxy—polyester and polyester PC, both unmodified and modified with
3 % of such nanopowders, was investigated using differential scanning calorimetry (DSC) and
thermogravimetric analysis (TGA). Since in our earlier studies [11] where the effect of the
nanopowder content in the PC on coating properties was studied we found that using 3% of
nanopowders distinct improvement of substantial coating properties (impact resistance,
elasticity) could be achieved while not deteriorating the other coating properties (hardness,
abrasion resistance) we decided to study thermal properties of the PC containing only that
specific optimum amount of nanopowders.

2. Experimental
2.1. Materials

The materials used to obtain the PC were: epoxy resin (Epidian 012) from Chemical
Company Organika—Sarzyna Poland, carboxylated polyester resin (Policen 300 T) from PPG
Polifarb Cieszyn Poland, hardener (acid value 33) for epoxy—polyester and polyester coatings,
hydroxyalkylamide crosslinker (Primid XL 552) for PC from EMS—-Chemie AG, pigment (TiO:
rutile) from Chemical Company Police Poland, standard additives for PC (benzoin from DSM
and resiflow PV 88 supplied by Worlee Chemie GmbH), The nanopowders (NP) (see Figure 2)
of different chemical composition (Table 1) were obtained in our laboratory.

Figure 2. SEM images of nanopowder particles: (a) NPA nanopowder and (b) NPB nanopowder.
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Table 1. Chemical and physicochemical properties of the nanopowders.

Share of

trifunctional Volatile . . 'Rf'mge of
Bulk Size of individual core—
Sample monomers (MATMS substances .
, , , density, = nanopowder shell
designation and METMS) in content, s . .
. g/cm particles, pm nanoparticle
silicone monomers wt. % .
. size, nm
mixture, wt. %
NPA 7.93 3.82 0.253 1-15 101.8 - 147.6
(lesser share
of smaller
particles)
NPB 24.12 1.77 0.302 1-15 72.5-98.1
(greater share
of smaller
particles)

Results shown in Figure2 and Table1 revealed differences in physicochemical
properties of both nanopowders. NPA nanopowder particles (agglomerates of core—shell
nanoparticles) were bigger than those of NPB (see Figure 2) and also individual core-shell
nanoparticles contained inside agglomerates were bigger in case of NPA nanopowder.
Furthermore, both nanopowders differed in the values of bulk density and volatile substances

content.
2.2. Preparation of nanostructured PC

The epoxy—polyester and polyester PC modified with NPA and NPB nanopowders were
prepared from the physical mixture of the ingredients which were given in Table 2.

Table 2. Composition of PC.

P-E-O, P-E-A, P-E-B, P-0, P-A, P-B,

Ingredient parts parts parts Parts parts parts
Epoxy resin 30 30 30 - - -

Polyester resin - - - 56.05 56.05 56.05

Hardener 70 70 70 2.95 2.95 2.95
TiO2 30 30 30 37 37 37
Standard additives 1 1 1 1 1 1
NPA - 3 % per - - 3% per -

coating mass coating mass
NPB - - 3 % per - - 3 % per
coating mass coating mass
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All PC components were well-mixed in a grinder at 1000 rpm for 3 min and extruded in
a Buss Ko—Knether PR—46 extruder (temperature of the screw — 82 °C and adapter — 102 °C,
screw rotational speed 3.5 rpm.). The extrudate was crushed and pulverized to fine powder into
particle size of less than 85 um, and next curing properties were characterized by DSC and
thermal stability by TGA.

The resulting powder was sprayed on both sides of steel plates using electrostatic
spraying and then cured in an oven at 180 °C for 15 min. to yield coats of thickness 60 — 90 um
The obtained cured PC were removed from the plates and then examined by DSC.

2.3. DSC measurements

DSC studies were carried out using a DSCQ 2000 apparatus from TA Instruments. The
system was calibrated with indium (mp=156.63 °C; AH=29.21]/g) and with adamantane
(mp =-65.23°C; AH=19.82]/g). About 6 —7 mg of the nanopowders or of the uncured or
cured PC samples were placed and closed in aluminum pans. Experiments were carried out
under dynamic helium atmosphere (25 mL / min) at heating and cooling rate of 20 °C / min, at
the temperature interval from — 150 to 150 °C for nanopowders, from 20 to 300 °C for uncured
PC samples and from — 150 to 300 °C for cured PC samples, using heat—cool-heat cycle regime.

2.4. TGA measurements

Thermogravimetric curves were obtained in a thermobalance (Q50 model from TA
Instruments) under conditions of dynamic nitrogen atmosphere. The samples about 15 — 20 mg
were heated in an alumina crucible at a heating rate of 10 °C/ min within the temperature
range from 25 to 700 °C.

3. Results and discussion
3.1. Differential scanning calorimetry (DSC) analysis

Results of the DSC investigations of the nanopowders are presented in Figure 3.

08
vsl Tg=12195°C_
.
ool Tg=-118.01°C
5 ." et
= / -
z 024 1L ,_,_-»""7{-- 2
5 - i
T /i
0.0 e R
A Tg=121.12°C
w2l S
‘II & B 0
‘ Tg= -121.35°C T
———— NPB
s 100 50 [ 50 100 150
Exo Donn Temperature (°C) Universal V4.7A TA Instruments

Figure 3. DSC curves obtained for nanopowders
in the second heating at a rate of 20 °C / min.
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Based on the results shown in Figure 3 it can be noted that the 7; values of the silicone
part of the core-shell nanoparticles contained in the two different nanopowders investigated in
this study were different whereas the 7; values of acrylic part remained unchanged. For NPB
nanopowder 7 value of silicone part was about three degrees Celsius higher what can be
explained by the higher share of trifunctional monomers in the silicone monomers composition
applied for synthesis of silicone resin core of nanoparticles. It can be anticipated that the
increase in cross-linking density of silicone resin resulted in restriction of the rotational motion
of the silicone polymer chain segments and thus led to an increase in 7;value.

1;5 J

104 I

e
orS

Heat Flow (Aig)
|
I
|
|
Heal Flow (Wiig)

an
o] o 1 a0 ] 10

Temperature (C) AT Temperature ()
a b
Figure 4: DSC diagram of uncured PC: (a) epoxy—polyester PC and
(b) polyester PC, obtained in first heating with 20 °C / min scanning rate.

As it can be seen in the Figure 4 and in Table 3 the addition of NPB nanopowder to
epoxy-polyester and polyester powder coatings led to a slight delay in start of their melting. The
reason for that could be weaker interaction between bigger nanoparticles of NPA and matrix
resin than that of smaller NPB nanoparticles — compare results shown in Table 1. It has been
reported earlier that better dispersing and more suitable size of nanoparticles in PC favors the
formation of a nanocomposite system, in which nanoparticles can delay the starting of melting
process [14].

Table 3. Characteristic points obtained from
DSC scan of epoxy—polyester and polyester PC.

Sample Onset of Melting peak
designation melting 7o, °C temperature 7m, °C

P-E-0 70.97 73.19
P-E-A 70.97 73.39
P-E-B 71.36 73.26

P-0 67.32 69.05

P-A 66.91 68.60

P-B 68.03 69.42

Figure 5 shows DSC curves of cured PC both unmodified and modified with NPA and

NPB nanopowders.
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Figure 5. DSC spectra of cured PC: (a) epoxy—polyester PC and
(b) polyester PC, obtained in second heating with 20 °C / min scanning rate.

Results shown in Figure 5a confirm that the addition of polysiloxane-containing
nanoparticles to the epoxy—polyester PC resulted in a decrease in 7; value of the modified cured
PC (P-E-A and P-E-B). As it could be expected, the P-E-A coating modified with
nanoparticles of lower share of crosslinked polysiloxane chains in the silicone resin (NPA)
showed lower 7;in comparison to the P-E-B coating.

Based on the results presented in Figure 5b it can be noted that in the case of cured
polyester PC the addition of nanopowders led to increase in 7; values regardless of the silicone
resin structure. This phenomenon can be explained by higher cross-linking density of polyester
coatings as compared to epoxy—polyester ones and by the ability of the nanopowders to reduce
void content in the matrix resin [15, 16] regardless of chemical structure of the nano-modifier.

3.2. Thermogravimetric analysis

Table 4 and Figure 6 show the results of TGA measurements obtained in nitrogen
atmosphere for nanopowder (NPA-NPB) samples with various contents of crosslinked
polysiloxanes in the core of core-shell nanoparticles. The characteristic values of mass loss
temperature and residue at 700 °C are presented in Table 4. As it can be noted from the results
presented in Table 4 thermal stability of the nanopowder NPB increased with the increasing
share of crosslinked polysiloxanes — compare the results obtained for NPA and NPB
nanopowder. At 483.22 °C the mass loss observed for NPA nanopowder was complete, whereas
for NPB the end of degradation occurred only at 528.52 °C. Not only the temperature of
degradation onset or characteristic mass loss, but also the DTG maxima were shifted to higher
temperature — see Figure 6b and Table 4.

Table 4. TGA results obtained for nanopowders
within the range of 25 — 700 °C at N2 atmosphere.

Sample = Temperature for mass loss, °C  Temperature for maximal rate Residual mass
designation 1 o (onset) 5% 509% ©of massloss (DTG maxima), °C  Anmes. at 700 °C, %
NPA 117.60 214.37 378.12 120.73; 370.20; 456.59 0.91
NPB 122.41 254.57 382.71 119.05; 360.69; 473.89 1.70

12
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Figure 6. TGA (a) and DTG (b) curves obtained for
nanopowders, nitrogen atmosphere, heating rate 10 °C / min.

The DTG curves of both nanopowders shown on Figure 6b are characterized by several
maxima what can be related to multistage degradation process. The temperatures of onset
degradation for polysiloxanes are low (NPA =117.60; NPB = 122.41) and can be attributed to
depolymerization starting from end groups in polymer chains. Degradation residues are quite
different: in case of NPA the residue represents only 0.91 % of the initial mass, whereas in case
NPB it is significantly higher — 1.70 %. The amount of solid residue (NPA =0.123 mg;
NPB = 1.69 mg) increases with decrease of crosslinked polysiloxane content. General conclusion
from TGA studies is then that the increase in cross-linking density of silicone resin which
constitutes the core of core—shell particle leads to increase in thermal stability of related
nanopowders.

Table 5. The TG data of PC obtained within range of 25 — 700 °C at a nitrogen atmosphere.

First event Second event
S?mpl? Temperature  Temperature Temperature = Temperature
designation  \qo¢ of weight final of event Am, % onset of weight final of event Am, %

loss Zons, °C Ti, °C loss Zons, °C Ti, °C
P-E-0 401.37 425.01 45.62 480.37 511.27 5.49
P-E-A 402.88 423.67 47.41 477.26 513.68 5.23
P-E-B 404.89 426.04 52.21 481.81 512.31 591
P-0 390.33 409.96 52.93 494.71 583.20 9.24
P-A 403.45 411.08 54.37 517.65 612.63 7.27
P-B 396.12 413.75 57.67 602.33 666.49 4.34

As it can be seen in Table5 and in Figure 7, epoxy—polyester and polyester PC
investigated in our study had thermal decomposition proceeding in two events under nitrogen
atmosphere and clear two weight losses can be observed. It is important to note that the first
weight loss occurred in the inert atmosphere whereas the second weight loss proceeded in the
artificial atmosphere of synthetic air created by addition of O: as a result of first degradation

13
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step, what apparently led to acceleration of the degradation process [17]. The temperatures of
degradation onset for both PC investigated in our study were above the 390 °C what could be
associated with degradation of the polymer matrix. The second event observed above 470 °C
could be associated with strong interaction between all additives and the epoxy—polyester or

polyester resin restricting the molecular mobility and finally increasing the thermal stability of
PC.

120 251
. NPA NPA
_ ———— NPB ---- NPB
00+ 0
@4 18
] L
= o
‘62 1 -~
. 5
=] 1 B 1 1.0
2
2 3
404 g
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Figure 7. The TGA curves of (a) epoxy—polyester PC and (b) polyester
PC obtained in N2 atmosphere; within range of 25 - 700 °C.

Based on the results of TG analysis shown in Table 5 and in Figure 7 it may be noted that
the values of temperature onset of weight loss in both first and second events were shifted to
higher temperatures for PC modified with NPA and NPB nanopowders. This phenomenon can
be explained by the presence of silicone-containing nanoparticles which are very flexible and
can well dissipate heat. Therefore additional portion of energy to offset this heat dissipation will
be needed to achieve increased thermal stability [16]. Based on the results shown in Table 5. it
can be concluded that the modification of epoxy—polyester and polyester PC with NPB
nanopowder as compared to PC modified with NPA nanopowder led to increase in the values of
temperature onset of weight loss and temperature of final event, especially in case of second
event of degradation process.

4. Conclusions

In this paper thermal properties of both silicone-acrylic core—shell nanoparticles —
containing nanopowders and epoxy—polyester and polyester powder coatings modified with
such nanopowders were investigated. DCS analysis revealed that 7; values of nanopowders
depended on the chemical structure of the silicone core and were lower when less crosslinked
polysiloxanes constituted the core. Results of DSC analysis showed that 7; values of polyester
powder coatings increased when nanopowders were added which indicated the increase in
cross-linking density of coatings resulting from Figure 5b whereas the 7; values of epoxy—
polyester powder coatings decreased with NP addition, especially in the case of nanopowder
with higher share of linear polysiloxanes in the core of nanoparticles due to increased mobility
of polymer chains.
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TGA analysis confirmed that the increase in the share of trifunctional monomers
(methyltrimethoxysilane-METM and methacryloyltrimethoxysilane-MATMS) in silicone
monomers mixture resulted in the increase in maximum degradation temperature and finally in
the increase in thermal stability of nanoparticles. TGA has also proved that thermal stability of
powder coatings can be more significantly improved by addition of nanopowders containing
more crosslinked polysiloxanes in the core of core-shell nanoparticles.

In general, based on the results of DSC and TGA studies it can be concluded that the
chemical structure of the silicone core of core-shell nanoparticles contained in the
agglomerated form in nanopowder particles used as impact modifiers for powder coatings
influenced Tg values and thermal stability of both the nanopowders and powders coatings
modified witch such nanopowders.
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1. Introduction

Human needs increasing day by day are the most important and effective factors for
developing scientific and technological improvements. Innovative research in different
scientific disciplines generates new application fields for textile materials. Smart textiles, which
use smart materials, can perceive signals from environment and respond to these stimuli and
also adapt themselves to the new conditions. Recently, there have been many studies about
smart textiles, and a part of them found commercial applications. Smart materials such as
photovoltaic materials, shape memory materials, or phase change materials are used for
manufacturing smart textiles (fiber, yarn, fabric, and garment) [1, 2].

Electrically conductive textiles can meet the demands for smart textiles and can be
produced by easy and common manufacturing techniques. Electrically conductive textile
structures are utilized in a broad area including industry, military, space, and medicine for
purposes of defense, protection, health, communication, or automation. Today, conductive
yarns, which used to be used for electromagnetic protection and heating in the beginning, are
utilized to fulfill different requirements in warning controllers, power transfer, sensors,
transmitters, and microcontrollers. In military garments, conductive textile products are
utilized to provide various functions such as electrical conductivity and communication.
Nowadays, there are very smart or intelligent textiles, which can perceive and then respond to
external stimuli such as light, pH, pressure, heat, electricity, and which posses a lot of
functional designs [1, 3, 4].

With the rapid growth of the electrical and electronic devices and accessories, which
emit electromagnetic energy in the different frequency bands used in the markets, it becomes
essential to limit and shield electronic equipment against all sources of interference due to all
these electromagnetic energies. There is a growing need for setting limits on the
electromagnetic emissions from these devices in order to minimize the possibilities of
interfering with radio and wire communications [1]. Among the various solutions offered,
textile products and textile-based composite materials have caught the attention of researchers
for the versatility and conformability these textile structures provide. Increased awareness of
EMI has led to the formulation of new regulations around the globe for the manufacturers of
electrical and electronic equipment to comply with the electromagnetic compatibility
requirements [5]. Many countries legislating new regulations so that the manufacturers of
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electrical and electronic equipment comply with the electromagnetic compatible (EMC)
requirement. In USA the Federal Communications Commission (FCC) is entrusted with the
responsibility of controlling the interference from and to wire and radio communications [6].

Many devices contribute to such exposure such as cell phones with frequencies of 900
and 1800MHz, microwave ovens of 2450 MHz, radar signal communication systems extending
from 1 to 10 000 MHz, and FM / AM radio broadcasts of 30 — 300 MHz and 300 — 3000 KHz,
respectively. Cell phone use is particularly widespread [7].

Several methods are available for shielding the electromagnetic radiations such as ionic
plating, electroless plating, cathode sputtering, conductive paints, vacuum metallization, zinc
paints, zinc flame spraying, zinc arc spraying, and conductive fillers such as copper, stainless
steel, and aluminum. The above methods can be categorized under two headings, such as
surface treatments and fillers. Surface treatments are often time consuming, labor intensive, and
costly. Conductive fillers in the form of particulates, filament, and woven fabrics are
increasingly being used for shielding electromagnetic radiations. Attempts by researchers using
woven fabric indicate that the shielding effectiveness of the fabrics depends on the conductive
filler content. Various conductive fillers are selected based on their electromagnetic shielding
effectiveness (EMSE) values at different electromagnetic frequencies [5].

Woven metal cloth along with base textile material is being increasingly utilized in
shielding EMI and in anti-electrostatic purposes in various applications such as the defence,
electrical, and electronic industries. This is mainly due to their desirable properties in terms of
flexibility, good formability, mechanical properties, electrostatic discharge, EMI protection, and
radio frequency interference protection [5].

If an electromagnetic wave gets into an organism, it vibrates molecules to give out heat.
In the same way, when an electromagnetic wave enters the human body, it will obstruct a cell’s
regeneration of DNA and RNA. Furthermore, it brings on abnormal chemical activities to
produce cancer cells, and increases the possibility of leukemia and other cancers. Injuries by
electromagnetic waves to the human body are the top priority of professionals and scholars, and
we are most concerned with solving this problem [7, 8].

1.1. Shielding effectiveness

Shielding can be specified in the terms of reduction in magnetic (and electric) field or
plane-wave strength caused by shielding (Figure 1).

Incident Wave hTe, e e

E, Hy, \h
Reflection /

Loss, R

i~ Transmitted Wave
E, H,

g
Second & 1~ —  Re-reflected
Reflection Loss Term
| Skin |
En Ho depth, 5|
| Remaining field
37%Eg, Hy - — — Eirfrjgth' E,, H

l -
0 Distance from shield edge.rt

Figure 1. Graphical representation of EMI shielding.
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The effectiveness of a shield and its resulting EMI attenuation are based on the
frequency, the distance of the shield from the source, the thickness of the shield, and the shield
material. Shielding effectiveness (SE) is normally expressed in decibels (dB) as a function of the
logarithm of the ratio of the incident and exit electric (£), magnetic (/), or plane-wave field
intensities SE (dB) =20 log (£ / £i), SE (dB) =20 log (Ho/ Hi), and SE (dB) =20 log (£ / F),
respectively [9].

2. Experimental
2.1. Materials

Fabrication of sore-spun yarns

The yarns were produced with same thicknesses of stainless steel, copper and silver
coated copper wires. The same thicknesses of stainless steel, copper and silver coated copper
wires covered same amount cotton fibers in same yarn group. Yarns were produced in the ring
machine by core-spun method. Core-spun yarns have two components, which are core
component and covering component. In this our study, the covering component is cotton fibers
and core components are stainless steel, copper and silver coated copper wires. Properties of
materials are given in Tables 1 and 2.

Table 1. Characteristic of metal filaments.

Metal fibers Stainles steel (SS) Copper (Cu) Silver coated Copper (Ag)

Linear density, pm 50 50 50
Density, kg / dm? 9.0 8.9 7.9

Table 2. Characteristic of core-spun yarns.

Yarn counts Structure

Ne 9/1 Cotton / 0.050 mm SS
Ne 9/1 Cotton / 0.050 mm Cu

Ne 9/1 Cotton / 0.050 mm Ag

Fabrication of space knitting fabrics

Produced yarns were formed into weft-knitted fabrics using 7G automatic flat knitting
machine whose model is Stoll CMS 420. Kind of knit structure is namely called spacer knitting
fabric. Four different kinds of spacer fabrics were determined for producing knitting fabrics.
Properties of knitting fabrics are given in Table 3.

19



Electromagnetic shielding and mechanical properties of knitted fabric reinforced composites.

Table 3. Characteristic of spacer knitted fabrics.

Course density, Wale density, Thickness,

Fabric code Structure
courses / cm wale / cm mm
Sample — A
4 5 4.2
Sample - B
4 5 4
Sample - C
TOoOToUTOo0 4 5 3.4
Q00000000
Sample - D = —_— 4 5 3

Manufacturing of composite structures
Matrix resin which is thermoset polyester (Polipol 351) manufactured by Poliya

(TURKEY) were used to fabricate composite structures. Thermoset polyester resin was chosen

to fabricate composite because of its low price.

Table 4. Properties of reinforced composites.

Composites . Fabric Total Thickness,
Structure of fabric , .

Codes weight, g/ m? weight, g/ m? mm
Surface yarn = Cotton

A—Cu The joining yarn = Copper 654 1683 25
Surface yarn = Cotton

A-SS The joining yarn = Stainless steel 695 1975 25
Surface yarn = Cotton

A-Ag The joining yarn = Silver coated copper 667 1858 25
Surface yarn = Cotton

B—Cu The joining yarn = Copper 582 1376 2.3
Surface yarn = Cotton

B-SS The joining yarn = Stainless steel 610 1598 2.3
Surface yarn = Cotton

B-Ag The joining yarn = Silver coated copper 591 1464 2.3
Surface yarn = Cotton

C—Cu The joining yarn = Copper 552 1426 2.1
Surface yarn = Cotton

C-SS The joining yarn = Stainless steel 589 1727 2.1
Surface yarn = Cotton

C-Ag The joining yarn = Silver coated copper 565 1660 2.1
Surface yarn = Cotton

D—Cu The joining yarn = Copper 544 1397 2
Surface yarn = Cotton

D-SS The joining yarn = Stainless steel 599 1627 2
Surface yarn = Cotton

D-Ag The joining yarn = Silver coated copper 556 1455 2
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Thermosetting polyester was applied as a resin. There are several major manufacturing
methods in fiber-reinforced polymer industry. Thermosetting polyester laminates were
manufactured via vacuum infusion. In order to remove air bubbles created at the initial resin-
hardener mixing stage, the mixture was subjected to vacuum (0.91 bars) for 10— 15 min.
Properties of reinforced composites are given in Table 4.

2.2. Methods

EM shielding effectiveness (EMSE) measurement

A coaxial transmission line method specified in ASTM D4935-10 was used to test the
EMSE of the conductive textile composites (Tables 5 and 6). The specimen is prepared with the
standard test size of various thicknesses as shown in Figure 2. The specimen dimension is
133 mm in diameter of the outer ring. It’s needed to prepared two specimens for test, one for
reference and another for load testing. Various researchers have described the detailed set-up
and testing procedure using a plane-wave electromagnetic field in the frequency range of
15 MHz - 3 GHz. The spectrum analyzer and shielding effectiveness test fixture (Electro-
Metrics, Inc., EM-2107A) were used to measure the EMSE (Figure 3), which is measured in
decibels (dB) in this investigation [10, 11].

Table 5. Professional use.

Grade 5 Excellent 4 Very good 3 Good 2 Moderate 1 Fair
Percentage of ES > 99.9999% >  99.999% > 9999 %>  99.9 % >
electromagnetic 99.99999 % ES >99.999% ES>99.99% ES>99.9% ES>99.0%

shielding
Shielding SE > 60 dB > 50dB > 40dB > 30 dB >
Effectiveness 60 dB SE > 50 dB SE>40dB SE>30dB SE>20dB

SE: shielding effectiveness (dB);
ES: percentage of electromagnetic shielding (%) [12].

Table 5. General use.

Grade 5 Excellent 4 Very good 3good 2 Moderate 1 Fair
Percentage of ES > 99.9 % > 99.0 % = 90 % > 80 % >
electromagnetic ~ 99.9 % ES>99.0% ES>90% ES>80% ES>70%

shielding
Shielding SE > 30dB > 20dB > 10dB = 7dB >

effectiveness 30 dB SE>20dB SE>10dB SE>7dB SE>5dB

SE: shielding effectiveness (dB);
ES: percentage of electromagnetic shielding (%) [12].
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Figure 2. A cross-section of the shielding effectiveness test fixture: (a) reference
sample in the jig, (b) load sample in the jig, (c) reference sample, and (d) load sample.
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Figure 3.A Typical coaxial transmitter for EMSE testing.

Mechanical property characterization

Tensile test technique, ASTM D3039/ 3039M-07 was used to determine the tensile
strength of the composite laminates. The specimens were tested using Devotrans Universal test
machine at a crosshead speed of 10 mm/min. At least five specimens for each composition were
tested. Impact strength was checked by means of CHEAST charpy impact resistance based on
ISO 179-1 standard[13, 14] [Bozkurt E., et al., Wu Du G. and Ko F.].

3. Results and discussions

3.1. Electromagnetic shielding effectiveness of knitted fabric composites

The knitting fabric reinforced composites were scanned with electromagnetic
frequencies ranging from 15 to 3000 MHz and the EMSE values were recorded. The values
obtained using measurement techniques in above have been graphically investigated in below.

In these investigations, EMSE of the composite structures have been considered in terms of kind
of conductive wires and the knitting fabric patterns.
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Figure 4. The effect of kind of conductive materials
on electromagnetic shielding effectiveness (EMSE).

The four images in Figure 4 show the variation of EMSE of all knitted fabric composites
with the incident frequency in the range from 15 to 3000 MHz. The EMSE of the composites
increased until 300 MHz and decreased between 300 and 3000 MHz. Among all the composites,
the A—(Ag) composite displayed the highest EMSE whereas the D— (SS) composite displayed
lowest EMSE. All composites exhibit the best Electromagnetic Shielding Effectiveness (EMSE)
between 0 and 450 MHz. Although electromagnetic shielding effectiveness (EMSE) is low
between 600 and 1800 MHz, it becomes stable throughout this frequency range. It is reasonably
decreasing after 1800 MHz. Electromagnetic shielding effectiveness is not remarkable after
2400 MHz. The composite reinforced with knitted fabric, which includes silver coated copper
wire shows higher electromagnetic shielding effectiveness than the others in for four kind of
knitted fabric patterns. This can be explained due to conductivity properties of conductive
material. By controlling the kind of conductive materials, the EMSE of knitted fabric reinforced
composites can be adjusted.

The three images in Figure 5 show the variation of EMSE of all knitted fabric composites
with the incident frequency in the range from 15 to 3000 MHz. The EMSE of the composites
increased until 300 MHz and decreased between 300 and 3000 MHz. Among all the composites,
the A—(Ag) composite displayed the highest EMSE whereas the D—(SS) composite displayed
lowest EMSE.
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Figure 5. The effect of kind of knitting fabric pattern
on electromagnetic shielding effectiveness (EMSE).

All composites exhibit the best electromagnetic shielding effectiveness (EMSE) between
0 and 450 MHz. Although electromagnetic shielding effectiveness (EMSE) is low between 600
and 1800 MHz, it becomes stable throughout this frequency range. It is reasonably decreasing
after 1800 MHz. Electromagnetic shielding effectiveness is not remarkable after 2400 MHz.

When the effect of kind of knitting fabric pattern on electromagnetic shielding
effectiveness (EMSE) of composite structures examine, among the four knitting patterns, the
pattern—A displayed the highest EMSE whereas the pattern-D displayed lowest EMSE. This can
be explained due to knitting patterns. By controlling the kind of knitting patters, the EMSE of
knitted fabric reinforced composites can be adjusted.

3.2. Mechanical properties of composite structures

Mechanical tests were conducted for each sample in one direction and experiments were
repeated as specified in the standards. Tensile strength, three-point flexural and impact strength
tests were applied to the composite materials. Results of the mechanical tests were compared in

the graphics.
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Tensile strength and strain of composites were evaluated in the Figure 6. When graphics
are examined, it is observed that, when considering the type of conductive materials, the
knitted fabric reinforced composite (D-SS) displays higher tensile strength than the others and
the knitted fabric reinforced composite (D—Cu) displays higher tensile strength strain than the
others as well. Among all the composites, when comparing the kind of knitting pattern, the
knitted fabric reinforced composite that is composed of sample—A displays higher tensile
strength and tensile strength strainthan the others.

Three point flexural strength and displacements of composites were evaluated in the
Figure 7. When graphics are examined, it is observed that, when considering the type of
conductive materials, the knitted fabric reinforced composite (A—-Ag) displays Three point
flexural strength than the others and the knitted fabric reinforced composite (B—Ag) displays
Three point flexural strength displacement than the others as well. Among all the composites,
when comparing the kind of knitting pattern, the knitted fabric reinforced composite that is
composed of sample—A displays higher three point flexural strength and sample-B higherthree
point flexural strength displacementthan the others.
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Figure 8. Charpy impact strength (kg J / m?)
of knitted fabric reinforced composites.

Charpy impact strength of composites was evaluated in the Figure 8. When graphic is
examined, it is observed that, when considering the type of conductive materials, the knitted
fabric reinforced composite (C-SS) displays charpy impact strength than the others. Among all
the composites, when comparing the kind of knitting pattern, the knitted fabric reinforced
composite that is composed of sample—C displays higher charpy impact strengththan the others.

4. Conclusions

In this study, stainless steel, copper and silver coated copper wiresare used. Stainless steel
wire is more widely used because it is cheap. Conductive materials are necessary for
electromagnetic shielding. At the same time, conductive materials improve the mechanical
properties of composites. EMSE properties of knitted fabric reinforced composites that are
produced with conductive wires are measured. Based on the present results, it is concluded that
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different knitting fabric pattern and conductive materials in composite have different effects on
its EMSE characteristics. From the experiments, it can be clearly seen that the best
electromagnetic shielding effectiveness become between 0 and 600 MHz. These composites
protect about 90.0 — 99.9 % against electromagnetic wave in this frequency range. Protection is
about 80 % in the other frequency range. The knitted fabric reinforced composite (C-SS)
displays the best charpy impact strength. The knitted fabric reinforced composite (A-Ag)
displays the best three point flexural strength. The knitted fabric reinforced composite (D-SS)
displays the best tensile strength. One of the most important factors affecting the mechanical
properties of the composites is conductive wire properties and the other important factor is the
knitting fabric types.
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1. Introduction

In recent years, board and sheet material that have high water repellency and
permeability attract much attention. These materials are in demand in various fields, such as
moisture permeable and waterproof sheet. However, such material is not used widely in
commercialat present. It is because the material that has both high water repellency and high
permeability is difficult to produce. There is only insufficient one or the production cost is very
high even if producible. Especially moisture permeable and waterproof sheet is used in the
interior part of construction materials, and it is playing an important role which prevents rain
water soaking from the outer wall and holding the permeability which wicks away moisture
from indoors, in order to maintain the interiorof room at comfortable environment. Although
moisture permeable and water proof sheet is tried to manufacture from the nonwoven fabric, in
many cases the water repellency is insufficient. In this research, the development of sheet
material that has both high water repellency and high permeability was attempted paying
attention to the fine structure characteristic of nanofiber nonwoven fabric. In the nanofiber
nonwoven fabric, there are a lot of interstices between nanofibers. Moreover, since the slip flow
effect occurs from nano size structure of fiber, higher permeability material may be obtained, in
comparison with a conventional nonwoven fabric. In addition, it is known that the contact
angle of waterdrop on a smooth surface will not exceed 130 degrees according to the current
theory. However, it is known that bulk contact angle can be improved by building a fine
structure on the material surface. Therefore, the water-repellent material was tried to obtain by
using the fine structure of a nanofiber nonwoven fabric in this study. Furthermore, it the aim of
controlling water repellency of material, building more fine structure on nonwoven fabric
surface by adhering fine particles on the nanofiber nonwoven was tried. As the materials of
nanofiber, polyvinyl alcohol (PVA), which has solubility against hot water, easiness for
handling low cost and environmentally friendliness, was used. If fine particles were adhered to
nanofiber nonwoven fabric afterwards, it is probable that the fine particles drop out or binder
material interfere the formation of fine structure. Therefore, direct electrospinning from PVA
solution containing fine particles was performed. However in that case, usual nozzle based
electrospinning method is not so suitable because of the possibility of nozzle sticking by the
added fine particles. So, in this research, the electrospinning method from bubbling solution
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(electro bubble spinning method, described later in detail) was adopted. By using the electro
bubble spinning method, since bubbles always agitate the polymer solution the separation of
solid-liquid heterogeneous system can be suppressed. In consideration of affinity with nanofiber,
same PVA was also selected as the materials of fine particles. In order to form fine particle,
emulsion method was applied. Moreover, since PVA is highly hydrophilic, nanofiber nonwoven
fabric cannot be served as a water-repellent material without modification. So, the nanofiber
surface was converted to water repellent by treating with a fluorocarbon-based reagent. Since
the reagent reacts only with the surface of nanofibers, it is more preferable at the point of
production cost compared with the material made of entire fluororesin material.

2. Materials
2.1. Material for nanofiber

As a sourcematerial of nanofiber, PVA polymer powder (JF-17, Japan Vam & Poval Co,
Ltd., polymerization degree = 1700, saponification degree = 98.0 ~ 99.0 %) was used.

2.2. Materials for fine particle

As a source material of fine particle, the PVA polymer JF-17, which is the same with the
source of nanofiber, was used. As a medium of emulsion, 2,2,4-trimethyl pentane (Nacalai
Tesque Co, Ltd.) and distilled water were used. As a surfactant, AOT (1,4-bis(2-ethylhexyl)
sodium sulfosuccinate) (Nacalai Tesque Co., Ltd.) was used.

2.3. Fluorocarbon-based water repellent reagent

As a fluorocarbon based water repellent reagent, nonafluorohexyltriethoxysilane (Gelest
Inc.) was used.

3. Experiment
3.1. Preparation of PVA solution

PVA powder was weighted and was put into distilled water so that the concentration of
PVA solution becomes to be 8 wt. %, then it was dissolved on heating for 24 h. After that, PVA
solution was cooled to be 25 °C and it was used for fine particle formation. By the similar
manner, 9 wt. % PVA aquaous solution was obtained for the source of electrospinning.

3.2. Preparation of fine particle

Fine particle was obtained from W/O emulsion of PVA. At first, AOT was dissolved in
2,2,4-trimethyl pentane with the concentration of 50 100 and 150 mmol /1 and then 8 wt. %
PVA solution was added with the volume ratio of 8 vol. %. Then the mixture was stirred with
homogenizer (ULTRA-TURRAX T-25, IKA Japan Co, Ltd.) for 10 min at the revolving speed of
10 000, 15000, 20 000 and 25 000 rpm. For the sample of observation, a drop of obtained
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emulsion was placed on a glass plate and dried. Then, the shape and average diameter of PVA
particle were observed with the microscope (VHX-100, Keyence Co.). Moreover, the obtained
emulsion was heated and concentrated by a factor of ten.

3.3. Electrospinning of nanofiber

As the spinning method of nanofiber, electro bubble spinning method was selected. The
pattern diagram of electro bubble spinning method used in this study is shown in Figure 1.
Firstly, the PVA emulsion was mixed with 9 wt. % PVA solution with the mixing volume ratio
of 5vol. %. Then the polymer mixture was poured into stainless container that has porous
board on the bottom. In the next step, the bubbleswere generated and burst by passing
compressed air from the bottom of container. 10 kV voltage was applied between electrode
plate and container, so the polymer jets are blasted off from the burst bubble on the surface of
solution. Finally polymer jet diverged repeatedly to make a number of nanofibers, and the
nanofibers adhered directly to the nonwoven fabrics attached to the electrode plate. By
generating these bubbles from whole surface of solution, a lot of nanofibers were
simultaneously electrospun.

Nonwoven fabrics Collected nano-fiber

.Ef{\:‘ﬁ-‘\ i

“*— Nano-fiber
—_ Polymer jet

/Bubble

Lo % o %PVA solution

= Compresserd air

T

Figure 1. Diagram of electro bubble spinning method.

\ //" “Electrode plate

The electrode distance was varied from 200 to 350 mm. And the surface of PVA
nanofiber nonwoven fabric was observed with the scanning electron microscope (S-3000,
Hitachi Ltd.), and the average particle size was calculated.

3.4. Water repellent property test

The nanofiber nonwoven fabric was dipped in n-hexane with 3[wt%)] of
nonafluorohexyltriethoxysilane for 24 h. After that, the nonwoven fabric was removed from
the solution and dried in an oven at 100 °C for 1 h. Thus, water repellent nonwoven fabric was
obtained.

The contact angle of sample was measured according to Japanese Industrial standard (JIS)
R 3257. A drop of distilled water was placed on the surface of the nanofiber nonwoven fabric
and the waterdrop was observed with a microscope (VHX-100, Keyence Co.). The contact angle
was calculated by measuring the height and contact radius of waterdrop. The contact angle was
measured for five points as each sample. In addition, in order to keep the waterdrop spherical,
the volume of waterdrop was set to be below 4 ml.
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4. Result and consideration
4.1. The average particle size of PVA contained in emulsion

Figure 2 shows the relationship between the AOT concentration contained in emulsion
and the average diameter of PVA particles. When AOT concentration increases, the average
particle size becomes small. If the concentration of AOT increases, it can cover larger area of
interface between water and oil. Therefore, the average size of PVA particles can be smaller.
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Figure 2. Relationship between AOT concentration and average particle.
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Figure 3. Relationship between revolving speed and average particle size.
Figure 3 shows the relationship between the revolving speed and the average particle

size of PVA. As is shown in this figure, when the revolving speed becomes larger, the average
particle size of PVA becomes smaller.
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4.2. The average particle size contained in the nanofiber nonwoven fabric

Figure 4 is an SEM image of nanofiber nonwoven fabric spun with PVA particles. As is
shown in figure, there are PVA particles in nonwoven. Figure 5 shows the relationship between
the electrode distance and the average particle size contained in the nanofiber nonwoven fabric
after electro bubble spinning. This figure shows that, when the electrode distance becomes
longer, the average particle size in nonwoven becomes smaller. As this reason, when electrode
distance becomes longer at constant voltage, the intensity of electric field becomes weaker and
therefore large and heavy particles seem to be difficult to pass through the electric field against
the force of gravity.

Figure 4. Nanofiber nonwoven fabric surface PVA particles adhered.
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Figure 5. Relationship between electrode distance and average particle size in nonwoven.
4.3. Water repellency

Figure 6 is a photograph of waterdrop on the nanofiber nonwoven fabric containing
PVA particles. Contact angle 8 was calculated form the equation 8= 2 arctan(A/ 1), where A is
the height of waterdrop and ris contact radius. Figure 7 shows the relationship between the
average particle size of PVA contained in the nonwoven fabric and the contact angle. The point
on vertical axis indicates the contact angle of the nanofiber nonwoven fabric without PVA
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particle. From this figure, it can be concluded that the contact angle of the nonwoven fabrics
with PVA particles are larger than the one without particles. Moreover, it is clarified that when
the average particle size becomes smaller, the contact angle becomes larger and water

repellency improves.

Figure 6. Microscope image of waterdrop on nonwoven fabric.
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Figure 7. Relationship between a contact angle and an average particle size.

5. Conclusions

In the aim of obtaining water repellant material, PVA fine particles were prepared by
emulsion method and the PVA nanofiber nonwoven fabric containing PVA fine particles was
spun by electro bubble spinning method. As the result, the following things were clarified.

For the fine particle preparation by emulsion method, when the concentration of AOT
increases and the revolving speed increases, the diameter of particle decreases.

When the electrode distance increases the average particle size in nanofiber nonwoven
fabric decreases. The contact angle of water on the nonwoven improves when fine particles
exists in the nanofiber nonwoven. In addition, the contact angle increases when the average

diameter of fine particles decreases.
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Introduction

In recent years, the efficient use of non-toxic and more selective supported solid acidic
catalyst has received more attention in different areas of organic synthesis because of their
environmentally compatibility, reusability, high selectivity, simple operation and ease of
isolation of the products [1 —5]. The study of polymer supported catalyst is motivated by the
major advantages of the physical separation of the supported catalyst from the substrates and
products, thereby allowing the recycling of expensive or toxic catalyst and thus releases less
waste material to the environment [4 — 6]. The potential use of polymer supported catalysts as
heterogeneous and recyclable catalysts in organic transformation make reaction methods more
convenient, economic and environmentally benign. The reactions can be performed under mild
conditions and product purification is simple due to easy separation of insoluble polymer
support from the reaction medium.

Many reactions can be carried out cleanly, rapidly and in high yields. In the past two
decades, several papers have been published on the preparation and applications of different
kinds of polymeric reagents, such as polymeric condensing reagents [6], polymeric redox
reagents [7] and polymeric alkylating reagents [8]. The greatest advantage in using a polymer-
supported reagent in an organic reaction, compared with the monomeric form, is the
simplification of the reaction work-up, that is product separation and isolation. In the case of an
insoluble polymeric reagent, filtration and repeated washings with suitable solvents can be used
at the end of the reaction to isolate the pure product. Supported reagents may also be used more
conveniently in excess to drive reactions to completion, without incurring a penalty in the
work-up procedure. Ever-increasing environmental concerns have resulted in much attention
being recently directed toward the development of new protocols for the oxidation of alcohols
using transition-metal dichromate catalysts [9]. Among them, cerium based catalyst show very
interesting and promising catalytic activity, and different types of cerium-based homogenous
and heterogeneous catalysts [10, 11] in the form of metal complexes or nanoparticles [12] have
been developed for this purpose. Accordingly, the application of cerium based catalysts has also
been well documented for the oxidation reactions [13, 14]. Although, significant progress has
been achieved in improving catalytic activity, selectivity and substrate scope, there is still the
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major problem that cerium agglomeration and the formation of cerium black can cause catalyst
deactivation in many cases.

Although a large number of reagents are known in the literature for such transformation
of alcohol to aldehyde, there is still need either to improve the existing oxidation method or to
introduce new reagents to obtain better selectivity under milder conditions [15, 16].

In synthetic organic chemistry, oxidation under phase transfer catalysis finds wide
application, but using polymer supported oxidizing agents for kinetic and mechanistic studies
are limited [15 — 17]. The polymer supported oxidizing agent can used and be reused without
loss of capacity, and also very easy work up and safety is the major factors of interest for the
present study. By use of polymer supported oxidizing agent the side reaction decreases and the
oxidation process stops at the product aldehyde step only.

In continuing of our studies on the development of application of polymer supported
reagents in organic synthesis [15, 16, 18, 19], herein we report synthesis and application of
polyethyleneimine supported nano cerium chromate, [PEI-NCeCrOs+] as a green, clean, and
stable polymer supported cerium chromate for conversion of primary and secondary benzylic or
allylic alcohols to their aldehydes and ketones under aprotic, and heterogeneous conditions.

By using this polymeric oxidizing reagent, many problems associated with metal
chromate oxidizing agent, such as the necessity of having an acidic solution, and instability of
metal chromate [20] has been overcome.

For chemical and mechanical stability, highly branched polyethyleneimine is used
nowadays and also because the polymer swells strongly in several solvents. The reactions
carried out using such highly branched polymer result in high yield transformation.
Considering all these advantages the title reaction, in which polymer supported nano cerium
chromate is used as an oxidant, was investigated and the results are given below.

Exprimental

Chemicals

All chemical substrates were either prepared in our laboratory or were purchased from
Fluka, Sigma Aldrich chemical Co., Merck chemical Co. Progress of the reaction was followed
by TLC using silica gel Poly Gram SIL G/UV 254 plates or gas chromatography (GC). All
products were characterized by comparison of their FT-IR, 'TH-NMR spectra, TLC, and physical
data with pure compounds.

FT-IR spectra where run on a Perkin Elmer RXI spectrophotometer. !H-NMR spectra
were recorded on a Bruker Aveance DPX instrument (250 MHz). The Ce analyses and the
leaching test were carried out by ICP-OES analyzer (Warian, Vista — Pro), TEM analyses where
preformed on an EM 912 Omega electron microscope with an acceleration voltage of 120 kV
instrument. Scanning electron micrographs where obtained by SEM, Hitachi S-4700
microscope operated at an acceleration voltage of 10 kV. Melting points where determined in
open capillaries with an Electro thermal 9100 melting point apparatus and where not corrected
all yields refer to the isolated yield unless reported as GC yield.

Preparation of polyethylenimine supported nanoceriumtrichloride
Polyethylenimine (PEI) (1 g, 23.2 mmol) in dioxane was added drop wise to nano CeCls
(1 g, 4.05 mmol) solution in 20 ml methanol. Precipitation occurred immediately. The mixture
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was stirred and kept warm for 30 min and then stored in refrigerator for 24 h. The precipitate
was filtered and washed several times with methanol, then dried in vacuum overnight.

The ratio of polyethyleneimine units to the metal ion as determined, by gravimetric and
atomic absorption technique was about 6 : 1, m.p.: 200 — 205 °C (decomposed).

FT-IR (KBr) v (cm™): 3400 — 3500 (N-H), 1570 — 1620(C-H ben.), 1354 (C-N).

Preparation of polyethyleneimine supported nano cerium chromate (PEI-NCeCrOx)

Polyethylenimine supported nanoceriumtrichloride (1 g, 4.05 mmol) was suspended in
dioxane and added to a cold solution of chromiumtrioxide (2 g, 10 mmol) in water / dioxane
(10 ml /20 ml). The mixture was stirred magnetically at room temperature for 10 h. The
resulting resin was separated and washed several times with deionized water and diethyl ether
and then dried in vacuum overnight to produce reddish, stable and non-hygroscopic powder
(Scheme 1). The FT-IR spectrum showed bonds at 852, 858, 889, 942, and 1722 cm™
characteristics of chromate ion. Capacities of the reagent determined by titration method,
atomic absorption and ICP technique in terms of mmol CrOs per gram reagent was 2 mmol
CrOs / g. m.p.: 218 °C (decomposed).

Scheme 1. Scheme of the synthesis of the polymer metal complexes
on the base of PEI prearranged for nano cerium chromate.
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General procedure for oxidation of primary or secondary

alcohols using (PEI-NCeCrOx") (representative procedure)

To a mixture of primary or secondary alcohol (1 mmol) and dioxane (10 mL) in a round-
bottomed flask (25 mL), 0.5 g of (PEI-NCeCrO«) was added, and the mixture was stirred under
reflux conditions for the time specified in Table 1. The progress of the reaction was monitored
by TLC (ethyl acetate: n-hexane) (2 : 10). On completion of reaction, the mixture was filtered,
and the solvent was evaporated to obtain pure aldehydes or ketones in high yields (80 — 95 %)
(Table 1).The spend polymer was stored for regeneration.
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Heterogeneous nano cerium chromate as a new and selective oxidant ... .
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2 The molar ratio of the oxidant to substrate were near 3.

Preparation of piperonal from piperonol : A typical procedure

To a mixture of piperonol (152.15 mg, 1 mmol) and dioxane (10 mL) in a round-
bottomed flask (25 mL), ~0.5 g of (PEI-NCeCrOs+) was added, and the mixture was stirred
under reflux conditions for 10 h. The progress of the reaction was monitored by TLC (ethyl
acetate: n-hexane) (2 : 10). On completion of reaction, the mixture was filtered, and the solvent
was evaporated to obtain pure piperonal (10.57 mg, 87 % yield).

The melting point: 35 — 34 °C, (37 °C lit.)

FT-IR (KBr): 1687 (C=0), 1488 — 1602 (C=C Ar), 1038 — 1366 (C-O), 2716 — 2846 (C-H
aldhyde).

'H-NMR: 6 (ppm): 6.08 (2H, s), 6.94 (1H, d), 7.34 (1H, d), 7.42 (1H, dd), 9.82 (1H, s).

Determination of the capacity of (PEI-NCeCrOx)

To determine the Ce content of the catalyst(PEI-NCeCrOx), it was treated successively
with 25 cm? mixture of concentrated H2SOs, HNOs and HCl, and filtered.

The filtrate was diluted to 30 cm3® with distilled water and subjected to ICP
determination using calibration curve method. Ce content equal 1.6 mmol g?!, and for
determined the capacity we used atomic absorption technique by the same method used for ICP
determination. The results showed Cr content equal 2 mmol g! reagent that showed the
amounts of mmol g! CrO+ (the capacity of (PEI-NCeCrOx)). The gravimetrical method and
iodometric titration confirm this result.
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General procedure for regeneration (PEI-NCeCrO4

10 g of the reddish spent reagent (originally prepared from highly branched PEI (0.40 g),
was treated with (2N) hydrochloric acid (50 ml). The obtained suspension was dropped into
excess aqueous sodium hydroxide (5N), when a cream precipitate was formed. After filtration
and successive washings with distilled water the precipitate was dried in vacuum at 40 °C for
12 h to give PEI as a fine precipitate 0.38 g. The filtrate showed positive test for presence of
chromium by atomic absorption method. The precipitate was slightly darker than original PEI
The weight loss of the obtained polymer compared to the starting PEI was only 5 %.

Result and discussion

Highly branched Polyethyleneimine-supported nano cerium chromate was prepared by
complexation of the polymer with nanoceriumchloride and then exchanging the chloride
anions with chromates.

Dioxane was the solvent of choice, and all of the oxidation reactions were carried out in
this medium. The nano cerium and chromium ions remained firmly bound to the insoluble
polymer support after the oxidation reactions, in fact which makes this reagent preferable to
most monomeric reagents. The product isolation and purification were easy, simply by filtration
of the reaction mixture, evaporation of the solvent and, if necessary, further separation of the
unreacted starting material by column or plate chromatography shown in Table 1, this reagent
is effective in the oxidation of various types of hydroxy compounds, such as primary and
secondary benzylic and allylic alcohols and acyloins, to their corresponding carbonyl
compounds and no product of over-oxidation was detected in the reaction mixtures at the end
of the oxidation reactions.

In comparison with the already reported chromium (VI)-based polymeric oxidants used
for oxidation of alcohols [21 — 24] this reagent can be used in equimolar amounts with respect
to the substrates. It is non-acidic and useful for oxidation of acid-sensitive compounds, a fact
which was reported essential in the use of some other polymeric reagents [16]. This makes it
suitable for oxidation of water-sensitive compounds.

An excess of the reagent can be used, separation of the product is very easy, and can be
obtained by simple filtration and evaporation of the solvent, no waste or by-products are
formed; and the method can be used for selective oxidation of various alcohols. Also, based on
our observation during the study, the polymeric reagent is stable and can be stored for months
without losing its activity, to demonstrate the stability of polymeric reagent we used th (PEI-
NCeCrOx«) that stored in our laboratory for 6 month, for oxidation of the same alcohols the
results are the same as freshly prepared (PEI-NCeCrOx").

(PEI-NCeCrO+) does not irritate mucous membrane and skin and also this reagent is
nonvolatile and seems to be a nontoxic and non-pollutant oxidizing reagent. The morphology of
the polymeric reagent studied by transmission electron microscopy (TEM) and scanning
electron microscopy (SEM). By SEM images some information about the morphology particles
was obtained as presented in Figure 1. The same image shows particles with good dispersion and
dissociation in the polymer bed. TEM image clearly shows that Ce nanoparticles were formed
and well-defined spherical particles dispersed homogenous in the polymer matrix (Figure 2).
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Figure 2. Transmission electron microscopy images of (PEI-NCeCrOx).

The structure of the products was confirmed by comparing their boiling point, melting
point, FT-IR and 'H-NMR spectra with pure compounds.

Optimization of the reaction conditions showed that for most of the reactions, dioxane at
reflux conditions give the best results and the best molar ratio of the oxidant to substrateis 1/ 1.
All the reactions were performed under reflux conditions Table 1.
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The scope and generality of this process is illustrated with several examples of primary
and secondary saturated, benzylic alcohols, and the representative results are summarized in
Table 1. This polymeric reagent is effective mild and selective oxidizing reagent and can oxidize
the primary and secondary benzylic alcohols, to corresponding carbonyl compounds in high
yields and short time but primary or secondary saturated alcohols remained intact in the
reaction mixture after 24 h, this reagents oxidized in hard conditions for example they oxidized
with the molar ratio of the oxidant to substrate near 3 after 24 h. To demonstrate the selectivity
of this method, a competitive reaction was performed between p-nitrobenzyl alcohol and
pentanol with the molar ratio of the oxidant to substrate 1/1. It was observed that
p-nitrobenzaldehyde is only product in 98 % yield, and pentanol no reacted after 24 h, the
results are shown in Table I.

The oxidizing reagent is able to oxidize primary benzylic alcohols to corresponding
aldehydes and secondary benzylic alcohols to corresponding ketones. As seen in Table 1, the
presence of an electron acceptor group on the ring of benzyl alcohols increases the reaction
time, and the presence of electron realizing group or substituted group on ortho, meta and para
positions of the ring decreases the reaction time (Table 1).

Selected '"H NMR, FT-IR spectra and physical data of the compounds

Para nitrobenzaldhyde — mp = 103 — 105 °C (lit. [25 —27], mp: 106 °C); FT-IR (KBr) v
(cm™): 1706 (C=0), 1347 and 1543 (NO2), 1608 (C=C Ar), 2827 (C-H aldehyde), 'H NMR
(250 MHz, CDCls) 8 (ppm): 8.105 (d), 8.414 (d), 10.186 (s).

2-nitrobenzaldhyde — mp = 41 — 45 °C (lit. [25 - 27], mp: 43.5 °C); FT-IR (KBr) v (cm™):
1736 (C=0), 134716, and 1532 (NO2), 1346 (C=C Ar), 2887 (C-H aldehyde), 'H NMR (250 MHz,
CDCls) 6 (ppm): 7.75 — 7.83 (m), 7.96 (dd), 8.13 (dd), 10.43 (s).

Para chlorobenzaldhyde — mp = 42 —48 °C (lit. [25—27], mp: 44 °C); FT-IR (KBr) v
(cm™): 1699 (C=0), 617 — 841 (Cl), 1486 — 1597 (C=C Ar), 2835 (C-H aldehyde), '"H NMR
(250 MHz, CDCls) 8 (ppm): 7.52 (d), 7.82 (d), 9.99 (s).

Para metoxybenzaldhyde — bp = 247 — 252 °C (lit. [25 - 27], bp: 248 °C); FT-IR (KBr) v
(cm™): 1698 (C=0), 1025 - 1302 ( C-O), 1394 — 1443 (CHs bending), 1461 — 1601 (C=C Ar), 'H
NMR (250 MHz, CDCls) 8 (ppm): 3.86 (s), 6.98 (d), 7.81 (d), 9.86 (s).

2-metoxybenzaldhyde — mp = 33.5-41°C (lit. [25-27], mp: 38°C); FT-IR (KBr) v
(cm™): 1689 (C=0), 1023 - 1305 ( C-0O), 1396 — 1440 (CHs ben.), 1485 -1601 (C=C Ar), 'H
NMR (250 MHz, CDCls): 6 (ppm): 3.93 (s), 6.98 — 7.05 (m), 7.56 (d), 7.83 (d), 10.48 (s).

Cinnamaldehyde — bp = 249 — 253 °C (lit. [25 —27], mp: 248 °C); FT-IR (KBr) v (cm™):
1727 (C=0), 1605 —-1678 (C=C), 1496 (C=C Ar), 2743 -2814 (C-H aldehyde), 'H NMR
(250 MHz, CDCls) 8 (ppm): 9.7 (d), 7.4 (m), 6.6 (q).

Benzophenone — mp = 43 —50°C (lit. [25 — 27], mp: 47.9°C); FT-IR(KBr) v (cm™): 1656
(C=0),1461 — 1601 (C=C Ar), '"H NMR (250 MHz, CDCls) § (ppm): 7.9 (d), 7.7 (d), 7.5 (m).

Benzaldhyde — bp = 176 — 180 °C (lit. [25 —27], bp:179°C); FT-IR(KBr) v (cm): 1703
(C=0), 2696 —2820 (C-H aldehyde), 1456 — 1584 (C=C Ar), 'H NMR (250 MHz, CDCls) &
(ppm): 7.51 = 7.67 (m), 7.87 — 7.91 (m), 10.03 (s).

Piperonal — mp = 35 — 44°C (lit. [25 - 27], mp: 37 °C); FT-IR(KBr) v (cm™): 1687 (C=0),
1488 — 1602 (C=C Ar), 1038 — 1366 (C-O), 2716 — 2846 (C-H aldhyde), 'H NMR (250 MHz,
CDCls) 6 (ppm): 6.08 (s), 6.94 (d), 7.34 (d), 7.42 (dd), 9.82 (s).
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Conclusion

In conclusion, the reagent used has been regenerated several times without noticeable

change in its activity. Thus, high stability and regeneration of the polymeric bed makes this

reagent economically suitable for medium to large-scale operations and is a useful addition to

present methodologies.
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1. Introduction

Porous silicon is a well-known material produced by anodization of silicon in
hydrofluoric acid (HF)-based electrolyte. A number of factors, such as the doping type and level
in silicon substrate and the electrochemical parameters determine the pore morphology. Porous
structures are typically sorted into three categories by the size of the pores, i.e. micropores
(diameters < 10 nm), mesopores (diameters between 10 and 50 nm) and macropores (diameters
>50 nm). All three kinds of pore structureshave found their own applications. Though each of
the three types of pores (micro, meso, and macrospores) has been extensively investigated and
can be produced under a variety of conditions [1 — 3], much less work has been performed on
the multilayer structures with completely different pore morphologies. Other technological
solutions have also been proposed using silicon nano-pillar arrays to create a vertically oriented
field effect transistor for the decoupling of device density from channel length [4].

The ability to insert a thick porous silicon layer on a low resistivity Si wafer, on which
the RF devices can be integrated, enabled the elaboration of insulating / semiconductor mixed
substrates [5]. In fact, this material exhibits low permittivity, whose value depends on the
porosity between those of air (&= 1) and silicon (&= 11.7) [6]. Moreover, most porous silicon
substrates studied in the literature for RF applications are mesoporous and made from p-type
silicon of resistivity below 10 mQ - cm. The materials are generally of moderate thicknesses (10
to 200 um) with porosities of 70 to 80 % [7, 8]. Furthermore, porous silicon on n-type substrates
in the field of radio frequencies has also been demonstrated in terms of electrical insulation
while maintaining low mechanical stresses in the substrate and good thermal conduction [9].

Additionally, the ease and low cost of obtaining porous Si and its particular electrical,
optical and thermal properties make this material a field of development for microsystems. It is
in this context that it appears possible to combine the use of several of these properties in a
single integrated micro device. As of the use of its dielectric properties, porous silicon
implementation has been most often made in the form of thick insulating boxes mainly in the
field of radio frequencies [10, 11].
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In this work, we report an electrochemical study, where new parameters are used in
order to anodize a thick porous silicon layer of the starting silicon substrate formed on p-type Si
of different resistivity, current density and anodization time. The microporous silicon layer
before and after oxidation is characterized by energy dispersive spectroscopy (EDS), X-Ray
diffraction (XRD) and the FTIR. The CPW lines are integrated on the porous Si layer and their
RF characteristics are measured. RF properties of porous Si substrate will be compared with
those of a trap-rich high resistivity (HR) Si substrate.

2. Porous silicon formation

The substrates used in this study were standard p-type silicon (100) wafer with
resistivity in the range of 1-10Q - cm. Electrochemical etching in hydrofluoric acid (HF)
solution is a well-known technique to fabricate different structures in silicon for a wide range
of applications. The electrolytes used for the anodic etching process were based on 2:1 a
mixture of (50 %) HF and ethanol. Ohmic contact was made through a Ga—In alloy at the back
side of the samples. An adhesive tape was used to mask all the substrate except the area where
anodization and electrodeposition were carried out as shown in Figure 1. The sample was
mounted in an electrochemical cell connected to a potentiostat—galvanostat PAR 362. Distinct
morphologies of meso- and macro-pores can be achieved depending on the Si wafer doping as
well as by changing the electrochemical parameters. For the fabrication of a microporous layer
structure, a current density of 15 mA - cm™ and an etching time of 90 min were applied during
the etching process. All specimens were fabricated in the dark on an electrochemical etching
platform inside a fume-hood at room temperature (18 + 1 °C). Finally, the samples were rinsed
in deionised water and dried by blowing argon gas.

g™ L = Nitrogen
- e =" Flow

Pt Electrode

Adhesive

Si Substrate
Al Plate

Figure 1. Electrochemical cell used for electrochemical etching [12].

Surface morphology and microstructure of the etching area were investigated using
JEOL JSM 6360 LV Scanning Electron Microscope (SEM) equipped with energy dispersive
X-ray Spectroscopy (EDS). Analysis tool XRD patterns were measured with Cu K« radiation
(1.54 A) using a D8 advance Bruker diffractometer. The FTIR adsorption spectrum, on the other
hand, was obtained with a Thermo-Nicolet Nexus 670 Fourier transform infrared spectrometer.
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3. Experimental results and discussion
3.1. XRD spectra measurement

In order to reduce the mechanical constraints in porous silicon and have a good
electrical isolation between metallic devices and the porous Si layer, it is necessary to oxidize at
least partially the porous silicon substrate. The XRD spectra of the porous Si p-type layer are
shown in Figure2 with each Bragg peak, assigning its identification and Miller indices.
Figures 2a and b present the spectrum before and after oxidation, respectively. We notice a
bump on the left of the spectrum in Figure 2b indicating the amorphous oxidation of the porous
silicon while the [400] plane of the silicon peak does not change.
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Figure 2. DRX spectrum of porous Si (100) p-type, (a) before and (b) after oxidation.

3.2. Investigation of surface morphology

The morphology of the porous silicon substrate was characterized by SEM. Figure 3
shows the cross-sectional SEM image of a microporous silicon layer formed with moderately
doped p-type Si substrate in HF solution at the condition described in the experimental section.
The pores are found to have a diameter ranging from 1 to 5 nm for a substrate resistivity of
1-10€Q - cm and a current density of 15 mA - cm™. On the other hand, for substrate resistivity
10 -20 Q - cm and high current density, we obtained mesopores with diameter varying from 10
to 50 nm. The depth of the pores can be varied depending on the time period of the
electrochemical process.

In the present work, the thickness of porous silicon layer is about 50 pm for an etching
time of 90 min and current density of 15 mA - cm™. However, the thickness decreases for an
etching time shorter than 90 minutes for the same current density. The recorded energy
dispersive spectroscopy analysis spectrum reveals the presence of oxygen after oxidation
through the whole layer thickness and into the filled pores indicating that the sample contains
silicon and oxygen. The presence of gold is due to the metallization of the samples. The average
compositions of the anodization and oxidation have been estimated quantitatively with value of
84 9% for Si and 16 % for O in the anodized layer as shown in Figure 4.
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Element | Wt%

| At%

Figure 3. A cross-section SEM image of a porous Figure 4. The EDAX

porous silicon layer after oxidation.

spectrum of
silicon layer. The inset is a zoom-in image in
which the micro-pores can be visualized.

3.3. FTIR spectra measurement

The FTIR analysis is widely used to characterize the bonding properties of porous silicon
surfaces. Figure 5a shows the IR spectra of porous silicon sample. The infrared spectra of silicon
were measured in absorbance mode and were referenced against a single silicon crystal sample.
The sample has a small peak at about 1100 cm™, corresponding to the stretching vibration of
Si-O bond (oxygen present in interstitial sites in the silicon crystal lattice). Another more
intense peak around 611 cm™ was also observed, corresponding to the stretching vibrations of
the Si-Si and Si—C which are combined. We observe a periodicity, which is due to interference
phenomena in thin layers. Porous silicon is commonly highlighted by the stretching vibrations
of Si—H, Si—H: and Si—Hs, respectively, at 2110, 2087 and 2140 cm™ [13, 14].

Furthermore, other modes have been observed such as deformation vibration at 915 cm™!
of the Si-H2bond and at 626 cm™ from rocking mode of the Si—-H bond. The torsional and the
rotation modes have also been observed at 665and 512 cm™!, respectively.
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Figure 5. FTIR Spectrum of porous silicon layer, (a) before and (b) after oxidation.
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Figure 5b presents the FTIR spectrum of the sample after oxidation. Besides the porous
silicon peaks, a strip of significant vibration of Si—O bond containing the vibration of symmetric
and asymmetric stretching modes of Si—O-Si at, respectively, 1073 and 1169 cm™, as well as the
stretching vibration of SiO2 at 1069 and 464 cm™' were observed. A wide band at 1084 cm™! and
two simultaneous peaks at 1100 and 1124 cm™! corresponding to the stretching vibration of Si-O
bond coincide with the vibration of the Si—-OC and the deformation vibration at 879 cm™. A
peak at 800 cm™! corresponds to the stretching vibration of Si—-O-Si and Si—~OH. Low intensities
of peaks that appear at 2186 and 2266 cm™' are assigned, respectively, to the stretching vibration
of O2Si—H or OSi-H2and OsSi-H bonds.

Absorbance [a.u]

3000 2500 2000 1500 1000 500

Weavenumber [cm™]

Figure 6. Superposition of FTIRspectraof the 50 um porous Si film after oxidation.

Finally, the superposition of the two spectra in Figure 6 highlights the oxidation of
porous silicon with intense peaks.

3.4. Electrical measurements

It has been demonstrated that the trap-rich high resistivity (HR) Si substrate can present
negligible substrate losses [15, 16]. A comparison is made between this trap-rich HR Si substrate
and the porous Si substrate investigated in this work in terms of effective permittivity and
effective resistivity by integrating identical CPW lines on both substrates. Also, a same
thickness of a 500 nm-thick layer of SiO2 was deposited on top of which the metal lines were
integrated. The CPW lines were fabricated on the porous Si layer using 1 pm-thick Al
metallization with a length of 8 000 yum. RF measurements of transmission lines on porous
silicon substrate were then conducted in the frequency range from 1 to 25 GHz. The values of
the effective permittivity and the effective resistivity were extracted from S-parameters
measurements of the CPW line. The experimental results demonstrate that the porous Si shows
reduced effective permittivity, Eetr, three times lower compared with the trap-rich HR Si
substrate. The effective resistivity pes of the porous Si is also significantly higher than the
original resistivity of the substrate, i.e. 1 —10kQ - cm, and similar to the trap-rich HR Si. As
shown in Figure 7, the measure of effective permittivity is as low as 2.5, and Figure 8 shows an
effective resistivity larger than 10 kQ - cm.
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Figure 7. Effective dielectric permittivity (£e) versus of frequency
of CPW line on the porous Si substrate and trap-rich HR-Si
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Figure 8. Effective resistivity (p.«) versus frequency of
CPW lineon the porous Si substrateand trap-rich HR-Si.
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Figure 9. Second harmonic distortion measurement of
CPW line on the porous Si substrate and trap-rich HR-Si.
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Several 50-Q2 CPWs with different lengths were fabricated on top of oxidized porous Si
substrate. The formation of trap-rich layer on the Si wafer has been described in detail
elsewhere [16]. The nonlinear behavior of the substrate is measured using a characterization
setup based on a four-port Agilent PNA-X vector network. It allows measuring the amplitude of
the corresponding harmonics and S-parameters from 10 MHz to 26.5 GHz. The measured
second harmonic (H2) from a CPW line lying on HR-Si and porous Si substrates are presented
in Figure 9, the introduction of porous Si substrate drastically reduces the harmonics distortion.

4. Conclusions

After different anodizations of porous silicon with different experimental parameters
(applied current density, composition of electrolyte and the time of anodization), we have
chosen the best parameters in this work. We have demonstrated the influence of those
parameters on physical characteristics of porous silicon layer before and after oxidation
according to a range of applied current densities. The results show controllable porous silicon
morphologies, including spongy micropores formed on p-type silicon under dark conditions, by
current density of 15 mA - cm2 Oxidized porous silicon was fabricated successfully, and the
functionalization of the oxidized porous silicon into a RF application was implemented. RF
measurements of transmission lines demonstrate the successful reduction of the permittivity
and an increased resistivity. A porous silicon layer on standard substrate is an efficient
technological solution to reduce the harmonic distortion originating from the substrate.

According to the obtained results, the porous Si, with regard to the simplicity of its
fabrication and its compatibility with CMOS processing, could be a good candidate for RF
applications compared with the trap-rich HR —Si substrate.
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1. Introduction

The role of electromagnetic field is predominantly very much crucial to determine the
content and quality of data transfer at very high frequency ranges. The number of
electromagnetic signals has increased with the advancement of technology and its ever growing
use in telecommunication, biomedical and other electronic systems causes a serious issue due to
electromagnetic interference (EMI). EMI is high frequency signal, disturbs the function of a
circuit, cable or other electronic component originated from other equipment or from the self-
affected components [1, 2]. The EMI caused by these signals necessitate protective materials to
avoid diminished product performance or product failure. EMI is coupled between circuits or
equipment having some mutual impedance through which one circuit can affects the other
circuit [3]. The mutual impedance can be conductive, capacitive, inductive, or combination of
these. When electromagnetic energy affects any equipment adversely by causing it to have an
emergent response then this electromagnetic energy is called EMI and the affected equipment is
said to be susceptible to EMI. EMI may leave a source or enter susceptible equipment by
conduction, coupling, or radiation. Interference occurs between one part of the equipment to
another or through power supply to nearby circuits [3]. EMI is conducted via signal lines,
antenna leads, power cables, and even ground connections, between EMI sources and EMI-
susceptible equipment.

EMI shielding makes plastic enclosures to protect equipment with EMI; also, increases
emphasis on Utorage, protection and safe transmission of data, such as, cyber security, crime
prevention [1, 2]. EMI shielding reflects, absorbs or transmits the electromagnetic waves to
prevent interference from a particular device or zone via an effective placement of shielding
materials to reduce the level of electromagnetic energy radiated by the equipment. There are
many kind of materials are used for removal or minimization of EMI shielding e.g. sheet metal,
conductive paints, electroless plating, ferrites, polymers, composites, etc.

The materials used for EMI shielding are; sheet metal, conductive paint, electroless
plating, conductive plastics and ferrites. Depending on the materials property there are certain
limitations regarding their design versatility and environmental reliability. Ferrite designs are
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made with solid and split beads arranged in versatile geometries and with many types of
material compounds, and they offer many installation alternatives. The shielding property of
ferrites is strongly influenced by the chemical composition, crystalline structure, grain size,
nature of porosity, secondary phase thickness of the grain boundary, magneto crystalline
anisotropy and magnetostriction. Electrical characteristics of these components depend on the
geometry of conductive material and permeability of the core material.

EMI shielding measures in term of shielding effectiveness (SE) which is defined in
decibel (dB), as the ratio of the electric / magnetic field that is incident on the barrier to the
magnitude of electric / magnetic field that is transmitted through the barrier (Figure 1) [4, 5]:

P E
SE=10log—- = 20lo , 1
g5 g (1)

i
0 0

where E; and E, are incident and transmitted electric fields respectively.

SE as given by the above equation can also be divided into three terms of reflection loss,
absorption loss and multiple reflections, i.e.

SE=R+A+8B, (2)
where R = reflection loss caused by reflection at the left and right interfaces; A = absorption
loss of the wave as it proceeds through the barrier; B = multiple reflections and transmissions.

EMI Shielding
Tndident -
nadentwere | __» Diffused Zone

Outside Radiation E Transmitted wave
/ / Eo

Inside Radiation

Figure 1. EMI shielding pattern.

The multiple reflections and transmissions can be neglected because of the shield
thicknesses that are much greater than skin depth, so that the effective parameter which will
affect the SE only initial reflection and transmission at the left and right interfaces [5, 6], i.e.

SE=A+R. 3)

Absorption loss
Absorption loss of a sample can be defined as

A= 2010gexp§, (4)

where, 7 is thickness of the sample and ¢ is the skin depth, which can be defined as

e
poo \ 7 fuc
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when o >> we, and

s=2 |€ 6)

O\VHU
when o << we , so that

t t
A=20logexp—=8.7x—, 7
gexp 5 (7)

A=8.7t1/’u;;a) (8)

A=8.7t\x fuo =131t/ fu.o, . 9)

Reflection loss

or

The reflection loss depends on the mismatch between the incident wave impedance and
the impedance of the shield. Ignoring the multiple reflections, the reflection loss for a plane
wave of frequency f can be defined as

R=31.5+10log-2- =168 —10log /. (10)
uf g
From equation (3), (9) and (10), SE can be calculated with the formula:
SE=131¢/fuo +168—10log?L | 11)
(o}

\
where, o, is the conductivity of the material relative to copper, f is the frequency in Hz and
M. is the relative permeability.

SE can also be defined for the composite materials using Simon formula:

SE=50+101og%+1.7t,/fo, (12)

where o is the conductivity of the material (S/ cm), ¢ is the thickness of the sample in cm, and
f is the frequency (MHz) of the electromagnetic radiation. The first two terms of equation
(12) represent the reflection loss and the third term is the absorption loss.

2. Experimental
2.1. Material preparation

Nanocrystalline Nii2Coi2Fe204 powers were prepared using citrate route method [7].
The chemical reaction of the material preparation has been noted in equation (13):

% Ni(NOs)2 - 6 H20 + Y2 Co(NOs)2 - 6 H20 + 2 Fe(NOs)2 - 9 H20 +CeHsO7 - H20 —

— Ni12Co12Fe204 + 6 CO2 + 8 NH+sOH + 16 O2 + 9 Ho. (13)
The precursors citric acid, nickel, cobalt and iron nitrates were dissolved in distilled water to
prepare the Ni — Co ferrite. The resulting solution was heated mechanically on magnetic stirrer
at 50 °C for 1 h and final suspension was filtered adding NH4OH after fixing pH at 10. The
precipitate was washed, dried and calcined for 3 h at 300 °C. Homogeneous powders were
obtained after milling in mortar about 15 — 20 min.
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2.2. Pellet preparation

The pellets were prepared using 1 % wax as a binding agent at 6 ton / cm? pressures. The
selected die-punch has area 133 mm? The pellets have diameter 13.06 mm and thickness
2.13 mm.

2.3. Characterization

The crystal structure and particle size of prepared sample is characterized by X-ray
diffraction (XRD) pattern by using X-ray diffractometer Rigakuminiflex (Japan) and the particle

size were calculated using Scherer’s formula:
0.94

B BcosB,’
where D = particle size; A = X-ray wavelength; f = full width at half max (FWHM) and 6, =
Bragg angle.

(14)

The structural and morphological property of the prepared material is analysed using
transmission electron microscope (TEM) Philips CM 12 at 25 and 50 kV. TEM had been carried
out by ultrasonic dispersion of powder samples in acetone and placing a small drop on thin
carbon film supported on the copper grid until it dry.

Electrical property of the material is characterized using impedance analyser (Hioki
3522-50 LCRHIiTESTER, Hioki 9700-10 Head Amp Unit). The sample is sandwiched between
two electrodes, which measure the impedance as a function of frequency of the applied signal.
The apparatus evaluate and separates contribution to the overall electrical properties in the
frequency domain due to electrode reaction at the electrode interface and the migration of ions
through the bulk and across the grain boundaries of materials.

Variation of relative permeability component with respect to frequency was calculated
using Agilent 4294 A precision impedance analyser at current 10 mA. The pellet sample was
placed as a coil and an electric current 10mA were applied in transverse direction of the placed
sample. The flowing current produces a magnetic field, hence a magnetic flux generated
through the circuit and the ratio of the magnetic flux to the current will give the inductance
(L) of the circuit. The real and imaginary parts of the permeability components can be
calculated using

ﬂ’—£
L,
and
,u":RS_RO, (15)
2 f L,

where, L _ is the inductance of the coil in presence of pellet sample, L, inductance of the empty
coil (without sample), R, is the coil resistance in presence of sample, R, is resistance of coil
without sample and f is the frequency.

Magnetic loss tangent can be calculated using formula:

tans =& (16)
U

;.
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3. Results and discussion
3.1. Crystal structure and powder size of prepared Ni — Co ferrite

The material preparation and single-phase formation of Ni— Co ferrite (NixCo»Fe204)
samples were confirmed by XRD pattern and POWD technique was used to analyse the lattice
parameter (a). Table 1 shows the Miller indices values of the obtained peaks with respective
angle (26) and the material shows cubic structure [8] with lattice parameter value 8.3584 A.
The formation of the material is confirmed by JCPDS no. 742081 [7]. Powder of the prepared
nickel-cobalt ferrite (Nii2Co12Fe:04) is calculated by Scherer’s formula, obtained 27.7 nm,
which confirms the prepared material is nanocrystalline.

Table 1. XRD Pattern of prepared samples using POWD analytical technique.

Angle 26, ° | Miller indices (h,k,l) | Lattice parameter a, A
30.26 (2,2,0)
35.62 3,1,1) 8.3584
43.26 (4,0,0)
53.64 (4,2,2)
57.25 5,1,1)
cubic structure
62.86 (4,4,0)
74.31 (5,3,3)

3.2. Transmission electron microscope (TEM) analysis

TEM micrographs of citrate derived prepared nickel-cobalt ferrite (Nii2Co12Fe204) were
shown in Figure 2. The particle size estimated by TEM indicates that the calcined powders
composed of mono-dispersive, nanometer size particles. The polycrystalline behaviour of the
material on scales; 21, 50 and 100 nm are shown in Figures 2b — d. The particle size estimated
by TEM and XRD peak broadening indicates that the calcined powder composed of mono-
dispersive nanocrystalline particles (Figure 2a). Such results confirm that citrate route is fairly
effective to produce fine powders without any use of esterification agents.
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Figure 2. TEM of NixCo»Fe2Oa.
3.3. Impedance behaviour

Impedance measurement of prepared material has been analysed using impedance
analyser at 30 — 200 °C temperature range shown in Figure 3. We can see that as temperature
increases the impedance value decreases (Figure 3a). The magnitude of Z’ is dominated with
respect to frequency, which decreases with increase of frequency andsame with magnitude of
Z” . Figure 3b shows the Cole—Cole plotat lower scale, which indicates the clear evidence of the
bulk as well as grain boundary behaviour of the material that shows the porous nature of
material. Conductivity of the sample calculated at room temperature was 3.234 - 10° S/ cm.
Bulk and grain boundary resistivity of the samples at different temperatures are quoted in

Table 2.

50 A
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c
©
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Impedance (Z', kQ2)

Figure 3. Impedance spectrum of prepared ferrite samples.
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Table 2. Resistivity of material with temperature.

Temperature, °C | Bulk resistivity, Ohm - cm | GB resistivity, Ohm - cm
30 3.09 - 10* 8.93.10°
50 2,52 .10 6.97 - 10°
80 1.67 - 10* 6.00 - 105
100 1.49 - 10* 5.89 - 10°
120 1.30 - 10* 5.10- 105
140 1.20 - 10* 428 - 10°
160 1.15 - 10* 290-10°
180 1.03 - 10* 1.25 - 10°
200 9.83-10° 8.24 - 10*

3.4. Conductivity and activation energy

The conductivity of the material at various temperature logo is plotted with respect to

1000/T (Figure 4), the slope of the plot gives the constant value and the activation energy
obtained using Arrhenius equation with E,=0.140 eV.

- - @ - Conductivity

—-—--Linear Fit
~ 1071 .:""-‘-z-:. Intercept = -1.07
E ] "-'Q-_-.‘_. Slope, o, = -0.42
= -~
z e
Iy T=413.22K e
= 1 E] [ S
= c=835x10 S/cm g
& p
=
=
g _EKT Activation Energy
o g =GE E _=0.140 eV

10-5 T T T T T T T T T T T T T T
20 22 24 26 28 30 32 34

1000/T (K'')
Figure 4. Arrhenius plot of ferrite sample.

3.5. Dielectric constant variation with frequency

Figure 5 shows the variation of dielectric constant of the prepared Ni— Co ferrite with
frequency at varying temperatures. We see that as temperature increases, the dielectric constant
increases at lower frequencies (100 kHz) but as frequency increase the dielectric constant
decreases. From Figure5 we can see that the polarization effect is taking places at 5, 10 and
12 MHz frequencies, this show the presence of interfacial and dipolar polarization effect at high
frequencies. The variations of dielectric constant of ferrite have mainly been attributed to the
variation of Fe ions, the greater the Fe concentration, higher the expected dielectric constant
[9]. The polarizability of atoms with a larger number of electrons in their outer shells is more
than that of atoms having relative fewer electrons. The smaller dielectric constant value at
higher frequency in the present work may possibly be explained in terms of smaller grain size.
The dielectric constant of the material at high temperature and high frequency is tending
towards the dielectric constant of the material at low temperature and lower frequencies.
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Figure 5. Dielectric constant variation
with frequency at different temperatures.

3.6. Magnetic loss tangent (tan &)

The tanJ value of the sample has been calculated using equation (16) and the variation
with frequency is shown in Figure 6. Permeability of the ferrite is mainly contributed by spin
rotation and the spin in ferrite precess with a certain frequency @, known as the larmor

frequency. When w=®, the maximum value of permeability is obtained and for w>w,,

permeability decreases. From Figure 6, there is certain change occurs in tand value at frequency
range of 8 — 10 MHz, this change is caused by the change in spin rotation because of larmor
frequency. These values could be correlated with the resonance phenomena in ferrite.

Frrm | LLELARLLL BENLELILLLLLL | LELBLRRLLL DL RLLL '
10" 100 107 10" 1 10 10°
Frequency (MHz)

Figure 6. Tangent delta plot with respect to
frequency x and y axes are plotted on log scale.
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3.7. Shielding effectiveness

The shielding parameters of prepared Nii2Co12Fe204 material with frequency are shown
in Figure 7. The absorption and reflections losses were calculated using equations (9) and (10)
and the addition of these two parameters gives the value of shielding effectiveness at
100 kHz - 100 MHz frequency ranges. From the Figure7, we see that, the shielding
effectiveness of our laboratory prepared material is completely depends on the reflection loss at
100 kHz - 100 MHz frequency range because the value of absorption loss is in 10 — 10! range.
Figure 8 shows the shielding effectiveness of our prepared Ni— Co ferrite samples at different
temperature ranges. The increase in temperature increases the conductivity of the sample
exponentially and the shielding effectiveness is calculated as a function of conductivity and
frequency using equation (12).

20

-4 A
154 & 4 Lo R b **I
‘ - - SE 102 r“!l\‘.‘j

10 I *
fwﬁ\f *
54 ‘__M .

Shielding parameters (dB)
T
/y
L
*
§_.

-20 T LR | T L L |
0.1 1 10 100

Frequency (MHz)
Figure 7. Variation of shielding parameters with frequency. (a) absorption loss (A ),
reflection loss (R ) and shielding effectiveness (SE) with respect to frequency —
frequency is plotted on log scale; (b) absorption loss variation with frequency.

Iy Temperature ('C)
B —d—30-p— 50 - -80
£ —%— 100- & 120--0--140
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Figure 8. Variation of shielding effectiveness (SE) with frequency. Shielding
effectiveness calculation based on equation (12) for composite materials as a function
of conductivity and frequency with varying temperature. (a) SE variation at frequency
100 kHz — 100 MHz range; (b) SE variation at 100 kHz — 1 MHz frequency range.
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4. Summary and conclusions

The monodispersivenanosize of the prepared nickel-cobalt ferrite powders were
confirmed by TEM measurement and the calculated powder size is 27.7 nm using Scherer’s
formula. The activation energy of the samples is about 0.140 eV and the sample has semi
conducting behaviour. The magnetic loss measurement calculated with frequency and shows
the resonance phenomenon through spin rotation about 8 MHz frequencies. The SE calculated
at frequencies 100 kHz — 100 MHz and temperature 30 °C is 15dB to —17 dB while the SE
calculated, as a function of conductivity with different temperature is 20 to — 15 dB. The
calculated SE of the material decrease with frequency and it is strongly influenced with the
refection factor in these frequency ranges. We can see that in 100 kHz — 100 MHz frequency
range the absorption loss is not so effective in comparison to the reflection loss while as
frequency increasing the absorption loss factor taking place.
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1. Introduction

AIN is wurtzite structure material with the largest direct band gap (6.2 eV) in III-V
compound [1]. It possesses excellent properties of thermal conductivity, surface acoustic wave
velocity, piezoelectric coefficient, chemical stability and high refractive index. These
characteristics make it be a proper material for applications of surface acoustic wave (SAW)
device [2], UV optoelectronic device [3], high electron mobility transistor [4], high frequency
and power device [5], etc.

Compared with conventional tube furnace (CTF) and rapid thermal annealing (RTA)
method, the rapid localized heating process of scanning focused CO: laser beam can reduce
thermal expansion, lattice mismatch and film cracks issues caused in CTF and RTA annealing
process [6 —9].

2. Experiment

We use purity 99.999 % aluminum as the target of sputtering system. The sputtering ion
gas and reactive ion gas are purity 99.999 % argon and purity 99.999 % nitrogen. The flow rate
ratio of Ar/ N2 is 50 %. The base pressure and deposition pressure of sputtering chamber are
7 -10®torr and 1 mtorr, respectively. The substrates temperature of deposition are room
temperature. The sputtering DC powers are operated at 225 and 210 W for sapphire and Si (111)
substrates, respectively. The thickness of AIN films are 200 nm on sapphire substrate and
400 nm on silicon substrate. All substrates are cleaned respectively with acetone, methanol, and
isopropanol. Additionally, the Si (111) substrate is cleaned by BOE to remove the native oxide
of its surface. The scan power of CO: laser annealing is 12 W for AIN / sapphire and 30 W for
AIN/Si (111). The CO: laser scan rates are 2.5 and 3 mm /s for samples of sapphire substrate
and Si(111) substrate. The X-ray diffraction (XRD), atomic force microscopy (AFM) and
ellipsometer are used dividedly to characterize the crystallinity, surface roughness and
refractive index of AIN thin films.

3. Results and discussion
3.1. X-ray diffraction — 8-2@scan

Figures 1 and 2 are XRD £-26 scans of AIN films grown on sapphire and Si(111)
substrates at room temperature without annealing and with CO: laser annealing. From the
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results, the XRD (002) preferred orientation of AIN films are increased after CO: laser annealing.
It indicates that AIN films and substrates absorb the energy of CO: laser, then inducing AIN
films recrystallized to improve the crystallinity of AIN films.

100000 { —— No annealing Al,0,(006)
—— After annealing
10000

1000 4 AIN(002)

100

Intensity (counts)

1 — T T T T T T T T " T T T
30 32 34 36 38 40 42 44 46 48 50

20 (degree)

Figure 1. XRD 6-20 scan of a 200 nm AIN film grown on Al:Os
substrate at room temperature before and after CO2 laser annealing.
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Figure 2. XRD #-2¢scan of a 400 nm AIN film grown on Si (111)
substrate at room temperature before and after CO2 laser annealing.

3.2. X-ray diffraction — rocking curve

Figures 3 —5 are the rocking curves (@ scans) of the AIN films grown on sapphire and
Si(111) substrates at room temperature without annealing and with CO: laser annealing.
Figure 3 is the AIN film grown on Sapphire after annealing, the FWHM of the rocking curve is
about 2.717 ° following the 8-26scan. The non-annealing AIN film grown on sapphire at room
temperature has no (002) crystallization, so it does not have the result of rocking curve.
Figures 4 and 5 are the rocking curves (@ scans) of AIN film grown on Si (111). Form these
results, the crystallization of non-annealing AIN film is not good, so the FWHM of rocking
curve is broad and we can't estimate the FWHM. After CO: laser annealing, the FWHM
becomes 10.26 °, and the counts of peak is higher than non-annealing condition. From
Figures 3 - 5, the FWHMSs of rocking curves become smaller after annealing. It proves the
crystallinity of AIN film becomes better after CO: laser annealing, so to achieve improving the
quality of AIN film.
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Figure 3. @ scan of a 200 nm AIN film grown on Al2O3
substrate at room temperature after CO2 laser annealing.
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Figure 4. w scan of a 400 nm AIN film grown on Si (111)
substrate at room temperature before CO: laser annealing.
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Figure 5. @ scan of a 400 nm AIN film grown on Si (111)
substrate at room temperature after CO2 Laser annealing.
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3.3. The surface morphology and roughness of AIN film

Figures 6 and 7 are AFM measurements of 200 nm thickness AIN film grown on sapphire
substrate at room temperature before annealing and after 12 W and 2.5 mm/s scanning
velocity CO2 laser annealing. According to AFM images, the surface roughnesses of AIN films
before annealing and after annealing are 0.600 and 0.549 nm.

Figures 8 and 9 are AFM measurements of 400 nm thickness AIN film grown on Si (111)
substrate at room temperature before annealing and after 30 W and 3.0 mm /s scanning
velocity CO2 laser annealing. According to AFM images, the surface roughnesses of AIN films
before annealing and after annealing are 0.672 and 0.679 nm.

RMS = 0.600 nm RMS =0.54 nm
Figure 6. AFM image of non-annealing Figure 7. AFM image of annealing AIN film
AIN film grown on sapphire substrate at grown on sapphire substrate at room
room temperature for 200 nm thickness. temperature for 200 nm thickness.

RMS = 0.672 nm RMS = 0.67 nm
Figure 8. AFM image of non-annealing Figure 9. AFM image ofannealing AIN film
AIN film grown on Si(111) substrate at grown on Si(111) substrate at room
room temperature for 400 nm thickness. temperature for 400 nm thickness.

From Figures 6 — 9 results, the roughness of samples after CO2 laser annealing don’t have
any obviously decay. Compared with CFT and RTA methods. CFT method causes film surface
interacting with oxygen, then increases the surface roughness. Besides, the annealing AIN films
grown on Si (111) appear cracks, due to the lattice mismatch and thermal expansion coefficient
between AIN films and substrates are huge difference [10]. When using RTA over 800 °C, the
surface roughness become worser [6, 8].
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From the above results, the crystallinity of AIN films are improved and the surface
roughness of AIN films do not become worser after CO:2 laser annealing. Compare CO: laser
annealing with CFT and RTA methods, CO: laser is to anneal thin film locally, then to scan the
whole sample surface, CFT and RTA are to anneal the whole films in the same time. Therefore,
COz2 laser annealing can avoid causing cracks and poorer surface roughness of AIN /sapphire
and AIN/Si(111) films. The surface roughness of AIN films will influence the application of
devices. For example, surface roughness may cause loss in the propagation of sound wave [11].
The AIN films surface roughness by sputtering at room temperature is about 0.6 nm for a flatter
substrate surface in this paper. It’s a good property for application in the future.

3.4. The refractive index of AIN film annealing by CO: Laser

Figures 10 and 11 are the refractive index comparisons of AIN film grown on sapphire
and Si(111) substrates at room temperature before annealing and after annealing. The
annealing conditions are the same with AFM measurement samples. These measurements show
that the refractive indices of AIN films are 2.017 and 2.019 at A =550 nm before annealing for
sapphire and Si(111) substrates. The refractive indices of AIN films grown on sapphire and
Si (111) substrates after annealing are obviously increasing than the results before annealing.
These results indicate that the crystallinity of thin film is better, the porous structure in film is
less, and the film compactness is better after CO: laser annealing.
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Figure 10. The refractive index comparison of AIN film grown on sapphire
substrate at room temperature before annealing and after annealing.
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Figure 11. The refractive index comparison of AIN film grown on Si (111)
substrate at room temperature before annealing and after annealing.
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4. Conclutions

From XRD ® scan results, the FWHMs of rocking curve are decreased and prove the

improvement of AIN films c-axis crystallinity quality after CO2 laser annealing. From the AFM
results, the roughness of samples after CO: laser annealing don’t have any obviously decay and
prove that CO: laser annealing can avoid causing crack and poorer surface roughness of
AIN / sapphire and AIN/Si (111) films. The results of ellipsometer show the refractive indices
of AIN films after CO: laser annealing are increasing. Indicating CO: laser annealing impoving
the compactness of AIN films. All these results show CO2 laser annealing for AIN films will be a
good method to improve its properties and reduce any possible negative effects.

10.

11.
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1. Introduction

The rapid development of microwave dielectric materials as important materials
operating in microwave frequencies have been extensively applied in the fields as resonators,
antennas, cellular phones, wireless local area networks, direct broadcasting satellite and the
global position system and many others [1]. These fields require new materials with singular
and important characteristics such as small size, low power loss, and temperature stable
microwave components [2, 3]. Another challenge in these materials is the high temperature
sintering required, usually above 1400 °C [4, 5].

The dielectric resonator (DR) has greatly influenced the microwave-based wireless
communication industry by reducing the size, weight, and cost. The DR also presents
reasonable bandwidth, low profile, high radiation efficiency, and ease of excitation [6]. DR
ceramics also enable the filter units in the mobile telephone base stations to remove unwanted
sidebands and secondary signals, ensuring transmission of high quality primary signals with
minimum interference [7].

The feed mechanisms vary from probes, slot, microstrip lines, and coplanar waveguide
[8, 9]. Then, various physical characteristics such as input impedance and radiation patterns can
be controlled through different choices for the parameters and feed mechanisms [10].

DR ceramics offers very high radiation efficiency due to its low dielectric loss and it has
no metallic loss [11]. In fact, for conventional metallic resonators, the conductive loss increases
as frequency increases, diminishing its radiation efficiency [12]. The DR present high radiation
efficiency since there is little or no loss due the presence of metals. The use of DRs beyond the
microwave band and up to the millimeter-wave region [13], is under study in the literature for
applications in microwave electronics.

The change of position between the DR and the excitation probe, may also significantly
affect the resonator performance, not only because of the resulting possible change in resonant
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frequency, but also because of the change in the coupling factor between the resonator and the
excitation probe [12].

The perovskite ceramic CaTiOs has been widely used in the electronic devices [14]. This
ceramic exhibit high dielectric (&= 162), low dielectric loss and high temperature coefficient
(zf= 850 ppm /°C) [15, 16]. Some authors reported that complex perovskites with general
formula Ca(X12Nb12)Os present better dielectric properties than calcium titanate [17, 18].

This paper presents the numeric simulation of a probe-feed cylindrical DRA of a
modified perovskite ceramic based on the substitution of Ti* in CaTiOs by (Nb’*12Bi%*12). This
paper studies the effects at antenna features in the 2 -6 GHz frequency range (E, F, and G
microwave bands) as concentration range of b-site substation in CNBTOX
(CaTii-Nb12Bi12):0s) increases (for x=0 through 0.8). The DR is excited by a coaxial probe
placed at different positions to achieve the position with less air gap between the DR and the
ground plane.

2. Experimental methods

This section describes details of methods used to produce the sample materials and the
experimental.

The oxides and carbonates were weighed according to the compositions of each sample.
The mixtures were high-energy ball milling during 4 h using a high energy planetary ball mill
(Fritsch Pulverisette 6). The rotation speed of the disks carrying the sealed vials was 400 rpm.
The milled powders were dried and then calcinated at 900 °C for 5 h. The calcinated powders
were mixed with an appropriate amount of glycerine (5 wt. %) as a binder and pressed into
cylindrical disks of diameter 15 mm and height about 7.5 mm at a pressure of 1.5 ton/cm?
These pellets were preheated at 600 °C for 1 h to expel the binder and then sintered at
temperature of 1100 °C during 3 h.

2.1. Resonator configuration

The resonator consist of the cylindrical disc of the dielectric based on CNBTO placed
above a conducting ground plane (35.5 cm x 30 cm X 2.14 mm), and excited by a coaxial probe,
as shown in Figure 1.

Ground . LI_ T Ir..

." Plana

Figure 1. The geometry of the cylindrical DR.
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The lateral of the cylindrical DR is placed against a coaxial probe, which excites the
HEMi1s mode. The DR is placed above a conducting ground plane, and excited by a coaxial
probe. The coaxial probe goes through the ground plane and is connected to a SMA connector.
In Figure 1a, the DR has radius a, height 4 and dielectric permittivity £ The probe is located on
xaxis at x=aand ¢=0.

The resonant frequency can vary with presence of an air gap between the DR and the
metallic conductors. This effect has been thoroughly studied by Junker et al. [19] and Rocha et
al. [12]. To illustrate the effect, the resonator configuration used in this paper assumes a
existence of two parameters associated to the air gap e1 between the dielectric and the probe,
and e2 between the dielectric and the ground plane, as defined in Figure 1.

2.2. Ressonant frequency measurement

Because of the highly resonant structure of the DR, the input impedance Z= R + j X at
the feeder port presents a frequency response due to the resonant response of each mode.
Neglecting the overlap between the first and second mode, at the resonant frequency fo, the
resistance R shows a maximum and the reactance Xis null.

According with [12], the resonant frequencies can also be determined from the
minimum of the return loss parameter (511) due its relatationship to Z, given by

S _z1 with z=£ .

z+1 R,
When antenna is resonating, the return loss is high (different than 0 dB). With this assumption,
in this paper the produced resonator antennas arrangement were excited by a coaxial probe at
the reflection port of a HP8716T network analyser to measure return loss in 1-3 GHz

frequency band and with it, evaluate the resonant frequency.

2.3. Hakki—Coleman’s experiment

The antenna losses could be represented by quality factor (Q=1/tan d). Typically, there
radiation conduction, dielectric, and surface wave losses. Therefore, the total quality factor is
influenced by all of these losses [11]. This property is very required of microwave dielectric,
because it is related how easily the dielectrics resonate when the material are irradiated in an
electromagnetic wave [20].

The dielectric permittivity is also very important antenna property. It is relationship
with size of mobile equipment, time delay and the signal transmission speed [20]. These
important dielectrical properties at RF (radio-frequencies) and MW (microwave frequencies)
are deduced from the sizes of the sample and the value of the resonant frequency, performing
the Hakki and Coleman’s dielectric resonant TEoi1 and TEo s methods [21] and later modified by
Courtney [22, 23].

A HP 8716ET network analyzer is employed to make the measurements. From the
resonant frequency of the TEon mode, the dielectric permittivity (&) and loss (tan §) are
obtained.
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3. Numerical simulation

The objective of this study is also a numerical validation of the experimental
measurements, shown in Figure 1. The frequency response around the first mode (HEMuis) is
determined by the HFSS and the result is compared to the experimental setup. In this procedure,
important parameters of the DR were obtained, such as: return loss, input impedance and
resonator bandwidth. In the numerical study we calculate the S parameters using a 3D
distribution of the fields inside the passive structures. It is based on a FEM method, dividing the
model in a great number of small regions, as shown in Figure 2.

Figure 3. DRA model simulate in HFSS.

As an alternative to the previous eigenmode analysis, the results that will be presented in
this paper are issued from a harmonic analysis for which the feeder is excited. This method
enables the determination of the port characteristics, such as the input impedance and the
return loss. In a single run, the so-called Fast Frequency Sweep provides these quantities in the
1 -3 GHz.

The results that will be presented in this paper are issued from a harmonic analysis for
which the feeder is excited. This method enables the determination of the port characteristics,
such as the input impedance and the return loss. In a single run, the so-called fast frequency
sweep provides these quantities in the 1 — 5 GHz frequency band.

In order to take into account the effect of an air gap between the probe and the DR the
el and e parameters are optimized to complete the simulation with less than 1 % of error.

4. Results and discussions

This section presents the results of operation of the studied samples. The experimental
return loss (RL) of the cylindrical DRA constructed from the dielectrics CNBTOX and the
numerical fitting using HFSS are presented in Figure 3.

For each DRA, several return losses and input resistance measurements were obtained.
The result with lower resonance frequency is adopted as the real operation of the produced
DRA. The CNBTO1 presents the lowest resonant frequency due its higher permittivity. There is
shift in frequency when increase the amount of niobium and bismuth in solid solution.
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Figure 3. Experimental and calculated return loss (RL) for studied DRAs. For the
calculated RL, the geometry and dielectric characteristics were listed in Table 1.

The frequency for each the return loss (S11) is minimum, whose values are presented in
Table 1 and compared with calculated values. In Table 1, the dielectric permittivities obtained

from the DRA operation are also showed.

Table 1. Simulation parameters.

Amostras | g mm | A, mm | a:h & HEMugs, GHZ | e e

CNBTO1 | 8.309 | 8.300 | 1.001 | 58.536 2.408 0.100 | 0.073
CNBTO2 | 8.121 | 8.084 | 1.010 | 48.030 2.463 0.075 | 0.022
CNBTO3 | 7.729 | 7.734 | 0.999 | 54.409 2.449 0.070 | 0.021
CNBTO4 | 7.634 | 7.346 | 1.039 | 57.742 2.496 0.100 | 0.040
CNBTO5 | 7.522 | 6.512 | 1.155 | 58.573 2.702 0.080 | 0.038
CNBTOG6 | 7.409 | 7.145 | 1.037 | 38.728 2.805 0.055 | 0.014
CNBTOS8 | 7.994 | 6.951 | 1.150 | 28.960 3.156 0.099 | 0.050

The dielectric permittivities measured by Hakki—Colleman experiment using a HP
8716ET network analyser were used as simulated permitity (&). According to the results, the
permitity reduces as b-site substitution increases, so its resonance frequency increases as x
increases.

Figure 4 exhibit simulated and experimental frequencies response of input resistance and
impedance of proposed series, using parameters shown in Table 1. According to these results,
the input impedance becomes more inductive when the permittivity increases. The CNBTO1
sample demonstrates the most inductive behavior (lowest permittivity). For all samples, at the
resonant frequency £, the resistence R is maximum and the reactance Xis null.

The input impedances for the dielectric resonators obtained in experimental data diverge
slightly from simulation curves. In the numerical study, the air gap increase leads to a
frequency shift upward. The resistance values oscillate with bismuth content.
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Figure 4. Experimental and calculated input impedance (2)
for CNBTOX series: (a) resistance (&) and (b) reactance (X).

Both simulated and measured values for frequencies resonance, input impedances, and
10 dB bandwidths are presented in Table 2. There is a good agreement between the calculated
and experimental values of fo, whose error percentage are less than 0.2 %. The resistances
values is general present also present a satisfactory concordance between experimental and
simulated results, with errors amount less than 10 %. Nevertheless, CNBTO5 displays an error
of 20.8 %. The return loss of the series were — 48, — 41, — 33, — 32, — 30, — 32, and — 24 dB for
CNBTO1, CNBTO2, CNBTO3, CNBTO4, CNBTO5, CNBTO6, and CNBTOS, respectively.

Table 2. Experimental and calcultated resonant frequencies, input
impedances and 10 dB bandwidth of the DRAs for the first mode HEM114

Resonant Input resistance .
Sample frequency, GHz atll)‘esonance, Q Bandwidth (10 dB), MHz
Measured | Calculated | Measured | Calculated | Measured | Calculated | Error, %

CNBTO1 2.408 2.409 51.238 51.288 40.094 40.826 3.40
CNBTO2 2.463 2.463 49510 49.293 45.033 42.856 15.6
CNBTO3 2.449 2.449 51.668 46.981 38.725 35.741 481
CNBTO4 2.496 2.493 45.567 47.213 33.173 34.883 1.64
CNBTO5 2.702 2.701 60.735 76.651 38.120 37.309 3.70
CNBTO6 2.805 2.803 48.984 49.115 45.970 50.203 8.51
CNBTOS8 3.156 3.157 70.463 76.137 67.677 91.649 17.5

4. Conclusions

In this work, a new electroceramic Ca(Nb12Bi12)sT11-xO3 (CNBTOX), with x between 0.1
and 0.8 were investigated in the microwave frequency range. Experimental and theoretical
characteristics of the resonator (return loss, bandwidth and input impedance) were in good
agreement. The numerical study was done taking into account the air gaps between the
dielectric resonator and the metallic conductors. These measurements confirm the possible use
of such material for small dielectric resonator antenna.
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1. Introduction

Simulations based on the iterative application of Newton's laws have been used to
simulate the dynamics of molecule systems for many years. There exist several general purpose
molecular dynamics computer programs. They have been optimized for several architectures
ranging from common personal computers to massively parallel computers and, more recently,
to sophisticated general purpose graphics processing units (GPGPU). However, despite of those
technological advances, the process of assembling a simulation of this type is hard. All of these
software applications were, and still are, command-line driven and configured by means of
editing complex data and configuration files files in text format.

In a recent review paper [1] on the state of the art in classical molecular simulations
E. Maginn explained that although advances in computer hardware has reduced the time scale
to perform simulations in almost all areas of application to a few hours or a few days “setting up
a particular calculation can often take longer than the simulation itself” often requiring months
of preparations. He concludes that “the human “setup” and “analysis” times for simulation are a
major barrier to the more widespread adoption of molecular simulations”. As he also states,
“easy-to-use commercial software is available, but in general these closed proprietary codes lack
the capabilities and power of modern open source codes”. In fairness, there are a few easy to
use computer applications for CMD but they address only a small aspect of the simulation
assembly or have a very narrow scope of application.

Moreover, CMDs have reached the nanoscale, even without considering the use of
coarse grained representation of matter that may increase feasible simulations by a time and
scale by factors from tens to hundreds. Prototypes for nanodevices that have been simulated
using CMD include nanopore-based DNA sequencers and supercapacitor membranes among
others. Developing CMD simulation systems that enhance productivity and widens its user base
will be a major development.

This presentation demonstrates how the use of Wolffia, a recently released [2] open-
source graphical user interface for setting up CMDs. After a brief description of the software a
test case consisting of developing a simulation that describes several stages of the process of
preparing the precursor solution for electrospinning of nanofibers consisting of a mixture of
PMMA with carbon nanotubes dispersed in a water-SDS solution. In this way the capability of
the software to significantly reduce the preparation time of many CMD simulations is
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demonstrated. The implications of the resulting simulation to the electrospinning and to the
physical properties of the nanofibers are, however, out of the scope of the presentation and are
addressed in a separate paper.

2. Description of the software

Wolffia is a graphical user interface to setup molecular dynamics simulations. The actual
execution of the simulation is done with a well established general purpose CMD simulator,
currently NAMD [3]. A LAMMPS version is expected to be released in October. However, it is
not meant as a graphical front en to any existing software. It runs on Ubuntu 11.04 and later as
well as in many Debian-based LINUX distributions and Windows 8. A detailed description of
the software, its design and features are being published elsewhere [2]. The software is available
at http://wolffia.uprh.edu/.

The interface is organized based on four stages of the preparation of CMD simulations:
building the system, defining force field parameters, defining a container, minimizing energies
and the actual simulation. A visualization area allows the user to monitor the conformation of
the molecules as well as plots of the energies, kinetics and messages on the progress of the
simulation. Figure 1l shows the general disposition of the features of the interface. The
arrangement of tools serves as a guidance through the preparation CMD simulation without
imposing a linear process such as the ones used by wizards.

ATOM 3748 CL1 CLF A 1 9.052 2.807 3.761 0.00 0.00 CL
ATOM 3749 CL2 CLF A 1 8.141 5.123 4.524 0©0.00 0.00 CL
ATOM 3750 CL3 CLF A 1 8.374 4.612 1.867 ©0.00 0.00 CL
ATOM 3751 02 LIG A 1 23.202 38.466 19.073 0.00 0.00 0
ATOM 3752 (€3 LIG A 1 21.434 36.177 16.401 0.00 0.00 C
ATOM 3753 (C3 LIG A 1 22.884 35.921 18.744 0.00 0.00 &

Figure 1. Portion of a PDB formatted coordinate file.

The Build section is the areas were molecules are incorporated into the system, called
mixture in Wollfia. Molecules can be incorporated from the molecule catalog, or imported from
coordinate files in PDB format, imported from the PDB [4] of NCI-CADD [5] data banks, or
even drawn atom by atom.

With the Force Field editor a user may enter the parameters for a CHARMM-type
potential. Parameter values for molecules selected from the molecule catalog appear with
predefined. Those parameters have been adapted from published work. Molecules drawn atom
by tom will have provisional values for the no-bonded interactions. A mechanism is provided to
search in publicly available CHARMM [6] force field parameters for values that may be used to
complete the preparation of the simulation that will run. Although occasionally these values
very close to rigorously validated ones, as it is the case with glycerol, the user is warned that
simulations performed with those parameters are not validated in any rigorous way and that the
simulation results that use such parameters may fail to reflect actual physical behavior more
often than validated ones.

The Container area is used to define periodic boundary conditions and to solvate the
system. A minimal box containing all the molecules in the system is presented as a starting
boundary which the user modify to suit her needs.
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The Minimization and Simulation areas are used to configure energy minimizations and
the simulation of the dynamics of the system respectively. It presents default values that can be
modified.

Complete production runs of small systems with tens of thousands of atoms can be done
within Wolffia assuming it is being installed in a workstation with the minimal recommended
configuration of an Intel Core I-5 processor and 4 GB of memory. However, the configuration
files for larger simulations may be packed and transferred to a server for the production run.
Then the coordinates of the molecules can be transferred back to the workstation where the
simulation was prepared to update the coordinates of the atoms in the system within Wolffia.

3. Preparation of the simulations

Preparing CMD simulations to be run using general purpose simulators such as NAMD
and LAMMPS requires preparing at least four sets of values: the initial positions of the atoms, a
specification of the connectivity between them, often called the topology, the values for the
parameters used by the force field, and the configuration of the simulator. In this section we
compare how this is often done compared to how it is done with Wolffia. For the traditional
way we will follow loosely the methods explained in the tutorials from the NAMD website. The
simulation of a carbon nanotube CNT surrounded by the surfactant sodium dodecyl sulfate
(SDS) in water. This is the product of a standard method for dissolving CNC by the addition of
the surfactant and sonication. The conformation of the surfactant around the CNT depends non
the concentration of the surfactant and the surfactant nanotube ratio. Detailed simulations of
the process are scarce, though.

3.1. Building the mixture

Conventionally, the concrete goal of this first phase is to produce a file that contains, at
the least, the x, y; z coordinates of the atoms and their type. A PDF formatted file, a format
commonly used, the information of each atom is in one line of text as it can be seen in Figure 1.
Atoms have to be numbered in columns 6 to 12 coordinates from 26 through 54, 8 characters
for each one, the segment names and element symbols. There are other fields that hold
information, in the case of PDB files, mostly designed to describe proteins. Column 63, the
occupancy field, will be mentioned later in this narrative.

The thousands of lines included in the PDB file may come from data banks, such as the
Protein Data Bank. Small molecules may be drawn using molecule editing software such as
Avogadro, periodically structured molecules such as a CNT may require access to software
particularly written or this purpose, more often than not, by the research group that is arming
the simulation. Coordinate files for individual molecules may have to be merged into one file
depending on the simulator. Special care has to be taken with type names and other
information. Placing them in precise initial positions may require another piece of software,
custom programming or even manual editing of the file.

So far only the positions of the atoms have been defined. Sometimes the PDB file may
include a CONNECT section that defines which atoms are bonded. Anyway, additional
topological information has to be described by means of another file. Figure 2 shows a segment
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of such a file in the PSF format. This file format is somewhat more lenient than the PDB format,
but still, attempting to manually edit the file requires adhering to a number of format rules.

Here nonbonded characteristics of the atoms, bonds, angles, dihedrals and improper may be
defined.

42 '"NATOM
1 MAIN A LIG C3 CGOO +0.000000 12.0107 0
2 MAIN A LIG C3 CGOO +0.000000 12.01067 0
3 MAIN A LIG Cc3 CGOO +0.000000 12.0107 0
4 MAIN A LIG C3 cCGoe +0.000000 12.0107 0
5 MAIN A LIG C3 CGoo +0.000000 12.0107 0
Figure 2. Portion of a PSF formatted topology file.

ol el 5 |8l BUEE og
"

5 Conbirer 4 Wi 4]

Nanotube Editor

Figure 3. Wolffia being used to build a molecule system. From top to bottom, left to right,
(a) the molecule catalog is being used to add molecules, (b) a nanotube editor is used to
specify its geometry, (c) a molecule structure if fetched from the NCI-CADD database,

(d) another molecule is being constructed atom by atom, (e) surfactants are being
replicated and placed in the desired positions, and (f) the final system is completed.

Figure 3 show various options available in Wolffia. A molecule found in the molecule
catalog can be created by a simple double click (Figure 3a). Some complex molecules such as
allotrope or polymer pup up a custom dialog to set, for example, the chirality of a CNT or its
length (Figure 3b). In case a molecule is not in the catalog, a simple search in online data banks
(Figure 3c) or from a PDB file or, if everything else fails, drawn atom by atom (Figure 3d).
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Placing them at the desired positions is done by selecting the molecule and specifying its
position. Molecules can be replicated by the common cut-and-paste mechanism, one by one or
in groups (Figure 3e). Figure 3f shows a final conformation for our test case. For the sake of this
illustration two versions of the SDS have been kept, one from the molecule catalog, the other
imported from a data bank. Final conformations can be saved for later use, in this case, for
example, for examining the effect of other solvents.

The PDB coordinates file and the PSF topology file produced for this example have a
total of NNN lines of text combined. A person using Wolffia with the intent of simulating a
small system may even dismiss the fact that these files will be produced.

3.2. Defining force field parameters

Once the molecules have been defined ant put in place a force field has to be defined. A
common procedure described in literature is selecting a predefined force field such as the ones
provided by CHARMM and AMBER [7]. In concrete terms, this means inspecting the file were
the values of the force field are defined (or a other documentation) in search of type names
corresponding to each of the atoms of the molecules (Figure 4). then assigning those type names
to the atoms by editing the PSF file or by other means to update this file. Other more automated
methods, but less reported in literature are the use of programs such as the psfgen plugin of
VMD (8], or other similar programs.

CEL2 CEL1 CTLZ2 CEL1 1.360 3 180.00 !1,4-dipentene
CEL1 CIL2 CEL1 HEL2 0.000 2 0.00 !1,4-dipentene
CELY CTL2 CE1 1. HEL1 0.000 3 0.00 !1,4-dipentene

! 2,5-diheptene, adm jr., 2/00

! for CIS double bonds in polyunsaturated lipids (default)
CEL1 CEL1 CTL2 CEL1 1.000 1 180.00 !2,5-diheptane
CEL1 CEL1 CTLZ CEL1 0.100 2 0.00 !2,5-diheptane

Figure 4. Portion of a PRM formatted coordinate file.

lgljﬁél 2200

1 Build _ 3 Container 4 Minimizatior 5 Simulation I
1 Set Force Fields [ ;8 X (]
Nowsowoeo i
Type e Rm I',"? " q - i
i - L )
2..C1 -0.05500 . 2.17500( _ 0.50900( _ a
3 2 -0.05500 © | 2.17500C . 0.50900C _
463 -0.05500 . |/2.17500( . 0.50900C -
5 H1 -0.03100 - 1.25000¢ . 1.00000C .
6 Hz2 -0.03100 ./ 1.25000¢ . 1.00000( -
7 H3 -0.03100 - 1.25000¢ . 1.00000C .
8 H4 -0.03100 ;. 1.25000¢ _ 1.00000C -
9 H5 -0.03100 - ' 1.25000( . 1.00000C -
10 H6 -0.03100 ; 1.25000¢ . 1.00000C _
11 H7 -0.03100 - 1.25000( . 1.00000C -
12 N1 -0.20000 . 1.85000¢ . 0.50900C _
13 O1 -0.12000 - 1.70000¢ . -0.51400 :
14 THF
15 C1 -0.29000 - 1.53000¢ . 0.08100C .
16 C2 -0,29000 . [1,53000¢ . -0.01200 -
BONDS ]
ANGLES |
DIHEDRALS ]

Figure 5. The force field editor.
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CHARMM Parameter Finder

Select collections
All-Hydrogen Lipid
All-hydrogen ether
All-hydrogen carbohydrate
All-Hydrogen Proteins
Silicates

Time limit: =={§

12 Selected Matches: {H2" 'HBL', %

sl L 'H3": "HBL', 'H1": 'HBL', 'H6" 'HBL,
3 j ¢ 9 'H7'": 'HBL, 'H4": 'HBL', "H5": '"HEL,
i N1 'NH3L, 'C3% CTLY, 'C2"

b 'CTLT, (1 CTLY, 'O "OsLE)

time left matches

Start |
Accept Reject

Figure 6. The force field finder.

The force field editor in Wolffia (Figure 5) lets the user directly define the values of the
parameters of force field of the type in equation (1). For molecules selected from the molecule
catalog these values will be predefined but they could be modified. For other molecules Wolffia
offers various options besides entering the values manually. They can be loaded from a PRM
formatted force field file. Also, a CHARMM parameter finder tool can be used to search in
publicly available CHARMM force field file for the combination of atom-type matches that
maximize the number of parameters from within those matches that are compatible with the
structure of the molecule (Figure 6). Atoms types can be edited and an additional tool
automatically sets type names to atoms according to the structure of the molecule if needed.

3.3. Energy minimization and dynamics simulation

When all the information about the topology and physics of the system have been
defined it is ready for the energy minimization and, after that, the dynamics simulation. Here
the configuration of the simulators have to be specified in at least one other file. A relatively
simple simulation using basic integration parameters, PME electrostatics, Langevin temperature
control, and Nose—Hoover pressure control in NAMD consists of close to a hundred lines. One
often have to reuse configuration files and edit the necessary changes.

Wolffia provides menus to configure the simulator (Figure7). It checks for the
consistency of several parameters and warn the user about problems before the simulation is
submitted. The minimization or simulation is started, paused or stopped by pressing a button.
Energies and kinetic measurements and the conformation of the molecules can be monitored
while the simulation progresses. This is an important feature, for example, for determining if a

energy minimization has reached a local minimum: all the energy plots should be flat or nearly
flat.
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GUE0 S8 00
guild 2 FarceField 3 Container 4 Minimizatior [[ENSHGIRGGRY | | I
Configuration Parameters |
BasicSimulation Parameters | 2
g
"\."d|.JE Property 3 =
* Timesteps* =
1000000 . Timesteps* =
1.0000 Fs . Timestep size* e
] Starting timestep value §
20 . Timesteps per cycle
* Basic dynamics*
300,0 K . Initial kemperature*
Allow center of mass ...
1,000 Dielitric constant For s...
2000 . Random number seed
Inone -| Fixed bonds (ShakeH)
0.00000001700 A Allowable bond-lengt...
Additional Simulation Parameters |
ResettoDefaults B | & [ Run

Figure 7. The result of the simulation after a production run was packed in Wolffia,
transferred to a server and executed and imported back into the interface.

Figure 8. Examples of simulations prepared with Wolffia.

Figure 8 shows other systems that have been recently simulated with the help of
Wolffia: (a) a DNA translocation through a nanopore on a graphene sheet by means of an
electric field, (b) the effect of adding the polymer PMMA to a CNT-surfactant system similar to
the one shown above, (c) tubular carbon pores filled with an electrolyte in water to study
activated carbon electrodes of supercapacitors, and (d) fullerenes to simulate the impregnation
of ionic liquids supercapacitor electrodes made with packed nanodiamonds.
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4. Conclusion

The capabilities of Wolffia, a new tool for the preparation of classical molecular
dynamics simulations, have been examined. A test case was followed through the different
stages of preparation compared to conventional ways of developing such simulations. The
software has shown the potential for significantly reducing de time to prepare classical
molecular dynamics simulations. Additional effort is being made to be able to run the
simulations prepared by this software with more CMD simulator engines.
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1. Introduction

Any foreign inclusion in the ordered crystalline structure creates a field of elastic stresses,
by which it attracts a variety of defects existing in the matrix. As a result, defective shells
appear around the inclusions. If the matrix is semiconducting, these shells may contain defects
creating discrete energy levels in the band gap — the majority carrier’s traps. In this case, charge
carriers and shells of inclusions are like-charged. It means electrostatic screening of the
inclusions from passing the electric current. Below, for definiteness we speak on a
semiconductor material with n-type conductivity and, therefore, electron-traps. Material with
p-type conductivity can be considered similarly.

Obviously, mean thickness of the shells and concentration of the traps ionized by
electron-capturing in shells determine the character of the defects influence on the effective
electron Hall mobility 4, . When inclusions are “dielectric”, i.e. their conductivity is much

lower than that of the matrix, regardless of the degree of screening, current lines bypass them.
The degree of the screening determines distortion of the inner-potential relief in the matrix and,
consequently, leads to additional scattering of charge carriers. Effect of screening is more
palpable in the presence of “metallic” inclusions, whose conductivity is much higher than that
of the matrix. If the screening is weak, the shell will be transparent for electrons. However, in
the case of strong screening essentially “metallic” inclusions effectively behave as “dielectric”
ones.

In general, the shell of a “metallic” inclusion is transparent for some electrons, but not
for the rest of them. Therefore, it is too difficult task to find a first principles theoretical
description of the electron transport in semiconductors with “metallic” inclusions. For example,
negatively charged shells of nanoscale inclusions differ from common electron scattering
charged centres and to account for their influence on electron transport one needs to construct
a realistic model of the electron traps distribution in the shell, calculate the electron
transmission coefficient through the related potential barrier, etc. Instead, in this paper we
propose a phenomenological approach, which for physically reasonable parameters of the
theory provides a satisfactory description of the temperature-dependence of the effective
electron Hall mobility 4, (T) in a semiconductor with “metallic” inclusions.
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2. Theorizing

Let u#, and u, denote the electron effective Hall mobilities, respectively, for the

completely unscreened, i.e. ideally “metallic” (with infinite conductivity), and completely
screened, i.e. ideally “dielectric” (with zero conductivity), inclusions in a semiconductor
material. If g is the electron Hall mobility in the semiconducting matrix, we can write:

M, =C s

My =CiHs
where ¢, and ¢, are some dimensionless coefficients satisfying the conditions: ¢, >1 and
0<c, <1. Therefore, always

S5,

¢y

These values are determined by volume fractions of inclusions, as well as their size,
shape, and orientation relative to the electric current direction, interconnections between
inclusions, etc. [1]. Pay attention to the dependence of these factors on the prehistory of the
sample, e.g. its radiation- and thermal-treatments.

From the point of view of applications in the solid state electronics, one has to analyze
the temperature-region where electrons obey the Boltzmann statistics. This means that the
probability of the absence of an electron on the trap-level E (assuming that the energy is
counted from the bottom of the conduction band) at the temperature 7 is proportional to the
exponent exp(—E/kT). When the concentration of screening traps in the shell is too high,
they are located closely to each other. For this reason, the parameter E can include the
correction for the electrostatic interaction between electrons trapped on adjacent centres.

Apparently, the probability w, that inclusions are unscreened, i.e. behave like

“metallic” inclusions, is proportional to the probability of the electron absence on the trap:

L. (_ij
w P kT )

Here w 1is the temperature-independent coefficient. Its value is determined by the
concentration of traps in the screening shells, their mean thicknesses, and also external
influences on the sample during the electrical measurements, such as IR illumination with the
photon energy sufficient to excite electrons from trap-levels in the conduction band of the
semiconducting matrix. For simplicity, we assume that electron traps of only single-type are
responsible for the screening of “metallic” inclusions. Of course, shells of inclusions may
contain traps of different origins. However, the differences in their concentrations and the
energy levels are likely to lead to dominance one of them in the temperature-range under the
consideration. The concentrations of electron traps of different types are determined by the
sample prehistory, such as parameters of irradiation and annealing processes.

Probability w, that “metallic” inclusions are screened by their shells from conduction

electrons, i.e. these inclusions act as “dielectric”, is:

w,=1-w,_.

Now the effective Hall mobility can be expressed by weighted effective mobility in
samples with ideally “metallic” and ideally “dielectric” inclusions:
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Hyp=w,HM, +W, L,
or

P _ c, +(c, —cd)wexp(—ij .
Y7

kT

To find the temperature-dependence of the effective Hall mobility 4, (T), one should
take into account the temperature-dependence of the mobility in the matrix #(7). Within the
phonon-scattering temperature-range, which is of interest for applications in electronics, this
dependence is the decreasing exponential function

M

u(T)= T

where M >0 is the temperature-independent coefficient characterizing semiconducting

material and n >0 is the dimensionless exponent. Thus, we have to explore the behaviour of
the function

c,M [ _E
U (T)= o [“—(Cd leexp[ ij].

If the main trapping level is sufficiently deep it meets the condition
E

nkT .

and then at the point 7 =7, determined by the transcendental equation

c E E
w| -1 —1|=exp| — |,
c, nkT .. kT ..

the first derivative of this function equals to zero,

My (T =0,
while the second derivative is expressed by the positively defined form:
ne,Eu(T,,) >0,

>1,

Consequently,
c,u(T ;)
Moy (T ) = d!qu :
1 _ min
E
is the value of the function at the minimum. The equivalent form of this expression,
Mg Tin) _ ¢4
;u(ijn ) 1_ nkTmm ’
E

determines the ratio of the effective electron mobility in material with inclusions and electron
mobility in the matrix at the temperature-minimum.

3. Experimental procedure and testing

Experimentally we have studied changes in the character of the temperature
dependences of the concentration N and the electron Hall mobility #, in irradiated silicon
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crystals subjected to isochronous annealing at different temperatures. The samples studied were
] mm x 3 mm x 10 mm n-Si or p-Si single crystals doped, respectively, with P or B to the
concentration of ~6 - 10 cm™. The samples were irradiated with significant doses of high-
energy protons and / or electrons at 300 K. The irradiated crystals were subjected to
isochronous annealing at temperatures in the range 80 — 600 °C; the annealing temperature 7,

was varied with a step of 10 °C. The time of sample exposure to a particular temperature was
10 min. After each isochronous annealing cycle, we recorded the temperature dependences of
the Hall mobility and the charge carrier concentration in the range from the nitrogen boiling
point up to room temperature (77 — 300 K). Hall measurements were conducted not only in the
dark, but also under the IR monochromatic illumination. The ohmic contacts used in the
measurements were fabricated by rubbing Al into the sample surface. The ionization energies of
defect levels were determined from the slope of the dependences N(7') . The concentrations of

various radiation defects were calculated using the stepwise dependences N(7') and N(7,,) in

the temperature ranges 77 — 300 K and 80 — 600 °C, respectively. The sample temperature was
monitored with a copper—constantan thermocouple, and the annealing temperature with a
chromel-alumel thermocouple. In the measurements of 7 and 7,

> the error was no higher
than ~ 10 %.

3. Comparison between theory and experiment

In the temperature range from the nitrogen boiling point to room temperature, we
sometimes have measured the charge carriers Hall mobilities in silicon crystals irradiated by
high-energy particles and isochronously annealed significantly more or significantly less than
those in the initial samples. In such cases, the temperature-characteristics often reveal the
minima located in the phonon-scattering region. In light of the above constructed theoretical
framework, such behaviour is a reliable indicator of the presence of “metallic” inclusions in
form of clusters of certain radiation-induced defects, which can be screened by the radiation
defects of other types, when those are charged by capturing the majority carriers from the
matrix. The degree of screening should be influenced by the irradiation and annealing
conditions.

Before the analysis of the experimental data, we should note that the scattering of
electrons or holes by the acoustic phonons in silicon leads to the exponent of n=3/2, and the
molar thermal energy of the crystal at room temperature is k7 = 0.025 eV. On the other hand,
the trapping levels in silicon are quite deep. For example, for A-and E-centres, which should be
responsible for the screening of “metallic” inclusions in n-Si, the corresponding levels are of
0.17 and 0.44 eV, respectively. Same order of magnitude is characteristic for trap-levels related
to the complexes of vacancies with boron dopant atoms V' + B, which seem to screen such
inclusions in p-Si: 0.45 eV. Thus, below room temperature the condition E/nkT,, >1 for
silicon is satisfied within a larger margin: nk7T  /E <<1 . This fact greatly simplifies
transcendental relation between the temperature-minimum point and magnitude of the
effective Hall mobility at that minimum:

Mo (Tin) -

a1,

c, .
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Thus, the minimum should be observed in case of almost complete screening of “metallic”
inclusions, i.e. at low effective mobility. This ratio will be used for estimating of the parameter
¢, in different silicon crystals of n-and p-type conductions irradiated by high-energy particles.

The u,,(T) dependences for n-Si crystals irradiated by protons were measured by us
previously [2]. As for the data on n-Si crystal irradiated by protons and electrons and p-Si
crystals irradiated by electrons, they are published in this paper for the first time. Obtained
curves are shown in Figures 1 — 3.
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Figure 1. Temperature-dependences of the electron effective Hall mobility in zone-
melted n-Si samples irradiated by 25 MeV protons with the dose of 8.1 - 102 cm™
at 300 K: 1 (#) — before irradiation, 2 (m)— after irradiation, 3 (A ) and 4 (x) — after

irradiation and annealing for 10 min at 110 and 160 °C, respectively, 5 (k) and
6 (®) — after irradiation and annealing for 10 min at 110 and 160 °C and under
IR illumination with photon energies of 0.44 and 0.17 eV, respectively [2].

The temperature-dependence of the electron Hall mobility in the initial zone-melted
n-Si crystals (Figure 1, Curve 1) after the high-dose irradiation by protons with energy of
25 MeV is significantly shifted upward (Curve 2). The strong increase in the effective Hall
mobility clearly indicates that such irradiation leads to the formation of “metallic” inclusions
with ohmic junctions at the boundaries with n-Si matrix. Isochronous annealing at 110 °C
strongly reduces the effective Hall mobility in the irradiated material compared with that in
initial one (Curve 3) indicating formation of the screening shells around the “metallic”
inclusions. The observed temperature-dependence, revealing a minimum, allows the evaluation
of the reducing in the effective Hall mobility value: ¢, = 0.028 . Next isochronous annealing at

160 °C increases the effective mobility (Curve 4) and its values at fixed temperatures become
much higher than those for initial sample, however, still much lower compared to those in the
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irradiated, but unannealed material. Thus, such annealing weakens the screening. Because
screening in n-Si is attributed to A- and E-centers (see below), for the samples annealed at 110
and 160 °C we also carried out photo-Hall effect measurements, i.e. utilize IR illumination with
photon energies of 0.44 and 0.17 eV, respectively (Curves 5 and 6). As noted above, these are
energy levels of E- and A-centers. Therefore, such illuminations should lead at least to a partial
(depending on intensity) depletion of trapping levels and thus weakening in the screening. This
effect manifests itself in upward shifts of the temperature-characteristics of effective Hall
mobility regarding the dark-characteristic.
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Figure 2. Temperature-dependences of the electron effective Hall mobility in
zone-melted n-Si samples irradiated by 25 MeV protons and 2 MeV electrons
with doses of 1.0 - 10! and 1.0 - 10 cm2, respectively, at 300 K: 1 (#) — before
irradiation, 2 (m) — after irradiation, 3 (A) and 4 (x) — after irradiation with
IR illumination with photon energies of 0.44 and 0.17 eV, respectively.

The temperature-dependence of the electron effective Hall mobility in the initial n-Si
sample (Figure 2, Curve 1) after the irradiation with the relatively low dose of 25 MeV protons
and the high dose of 2 MeV electrons is mostly shifted down (Curve 2). This result suggests that
such kind of combined irradiation leads to the formation of “dielectric” inclusions in the n-Si
matrix. From the corresponding temperature-minimum we find: ¢, = 0.038. Apparently, these

inclusions are not truly dielectric, but screened “metallic”. The plausibility of this conclusion is
confirmed by the photo-Hall measurements performed for irradiated samples under the IR
illumination with photon energies of 0.44 and 0.17 eV (Curves 3 and 4, respectively): optical
depletion of the traps associated with E-and A-centers increases the electron effective mobility
and this is manifested in the weakening of the screening.

The temperature-dependence of the hole effective Hall mobility in the initial p-Si
samples (Figure 3, Curve 1) after irradiation by 8 MeV electrons with high dose and annealing
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at 90 and 170 °C moves down (Curves2 and 3), but after annealing at 180 °C moves up
(Curve 4). With increasing annealing temperature, curves move upwards. The reducing in the
effective mobility for samples annealed at 90 and 170 °C equal to ¢, =0.008 and ¢, =0.265,
respectively. As the annealing at 180 °C greatly increases the holes effective Hall mobility in the

irradiated samples if compared with initial sample, we come to the conclusion that in this case
the radiation inclusions are “metallic”.
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Figure 3. Temperature-dependences of the hole effective Hall mobility
in zone-melted p-Si samples irradiated by 8 MeV electrons with the
dose of 1.0 - 10> cm™2 at 300 K: 1 (#) — before irradiation, after irradiation
and annealing at 2 (m) — 90, 3 (A) — 170 and 4 (x) — 180 °C for 10 min.

4, Discussion

In the framework of the above suggested phenomenological theory and based on the
available experimental data, we can offer formation and screening mechanisms for “metallic”
inclusions in silicon. For this purpose, it will be separately analyzed the temperature-
dependences of the effective charge carrier Hall mobility.

All the curves presented in Figure 1 find a consistent explanation within the following
model. As is well known [3], irradiation by high-energy protons (with energies above the
threshold of ~ 8 MeV) induces so strong displacement of silicon atoms from their regular lattice
sites that along with separate pairs of non-equilibrium vacancies and interstitials, there are
formed nanoscale disordered regions in form of clusters of these structural point defects. Since
at room temperature vacancies in silicon are highly mobile and tend to form stable complexes,
mostly — divacancies, the inclusions formed mainly consist of interstitial atoms [4]. The sharp
increase in the electron effective Hall mobility in n-Si after irradiation with high-energy
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protons indicates that n*-Si inclusions are formed in the sample: only in this case it is possible to
detect highly conductive inclusions with ohmic junctions with the matrix. This conclusion
seems quite plausible, if we recall the property of the dopant phosphorus in silicon to diffuse
towards the interfaces and segregate at phase inclusions [5]. During isochronal annealing at
110 °C, quasi-chemical reactions between free (remained outside the complexes) vacancies with
background oxygen O and dopant P impurity-atoms yield defect complexes VV'+ O and V + P.
These are deep electron traps, A- and E-centers, the levels of which are located at £c—0.17 and
Ec—0.44 eV, respectively. On the other hand, clusters of interstitial atoms generate elastic
stresses in the lattice, which are possible attract vacancy-complexes. Therefore, around the
“metallic” inclusions it is formed defective shell consisting of A- and E-centers, divacancies, etc.
Due to electrons capturing by A- and E-centers, these shells become negatively charged and,
consequently, prevent penetration of conduction electrons inside the “metallic” inclusions. This
explains the strong decrease in effective electron Hall mobility in the irradiated and annealed at
110 °C material in comparison with the initial one. It is clear that as the temperature increases
the degree of screening by the charged A- and E-centers in the shells reduces. The relative
contribution of A- and E-centers in screening depends on the temperature: below ~ 200 K both
are involved in the screening, but above this temperature mainly E-centers are responsible for
screening as almost all the A-centers are depleted because of the lower-laying electron-level.
Thermal treatment at 160 °C leads to the annealing of the E-centers and, consequently,
weakening of the screening, which reveals in increasing in the effective electron Hall mobility.
IR illumination with photon energies of 0.17 and 0.44 eV leads to the de-ionization of A- and
E-centers. Naturally, increasing in mobility is pronounced at low temperature region, where
the screening of highly conducting inclusions in the dark is substantial.

In the case shown in Figure 2, pre-irradiation of n-Si by protons only negligibly affects
the effective electron Hall mobility, because the dose is relatively low and for this reason
“metallic” inclusions are formed in low concentration. However, due to high-energies of
protons the sizes of individual disordered regions are significant and they are able to create
strong elastic stresses in the matrix. Therefore, vacancy complexes formed after the high-dose
irradiation by high-energy electrons move toward these inclusions and form the screening
shells. Similarly to the above case, the main role in screening will play ionized A- and E-centers
because the formation of divacancies from a pair of negatively charged vacancies is unlikely due
to the electrostatic repulsion force. The presence of screening shells naturally explains the
decrease (especially, in low-temperature region) in electron effective Hall mobility. Same
mechanism is confirmed by the photo-Hall effect measurements.

The high value of the hole effective Hall mobility in p-Si irradiated by high-energy
electrons and annealed at 180 °C (Figure 3) indicates that in this material p*-Si inclusions are
formed. This fact is not surprising, since dopant B atoms in silicon easily form complexes with
intrinsic interstitials [6]. These boron clusters actively migrate to the structurally disordered
regions, where again dissociate [7]. All this leads to the accumulation of boron dopants. The
formed p*-Si inclusions are screened by the shells containing vacancy complexes '+ B
characteristic of boron-doped silicon [8]. These centers are quite deep acceptors with energy-
level located at £v+ 0.45 eV and, therefore, the majority of them are positively charged (by the
capturing of holes) within the almost the entire temperature range of Hall measurements. A
significant decrease in the effective mobility after the irradiation and relatively low-
temperature (at 90 °C) annealing compared to that in the initial material must be caused by the
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onset of annealing of tetravacancies Vi [9]. Fragments of their dissociation — nonequilibrium
monovacancies — in these conditions actively migrate [10] to inclusions in form of disordered
regions. Quasi-chemical reaction between vacancies and dopant boron atoms results in creation
of additional V' + B complexes in the screening shells around the inclusions. However, by the
thermal treatment at 170 °C most of the '+ B centers taking part in the screening are annealed,
which results in the increased effective mobility. These defects are finally annealed at 180 °C
and the screening of highly conducting inclusions completely disappears.

5. Concluding remarks

In summary, we have proposed the phenomenological theory of the mobility of charge
carriers in the semiconductor with “metallic”, i.e. highly conductive compared with the matrix,
inclusions, which can be screened by the defective shells containing trap-centers for major
carriers. In such heterogeneous samples, depending on the degree of screening the effective
Hall mobility of charge carriers 4, can be either higher or lower than the Hall mobility 4 in

the semiconductor matrix itself. On the decreasing part of the temperature-characteristic of
U, it is expected to appear the minimum. With the proposed theory, it has been analyzed

U, (T) dependences from the nitrogen boiling point up to room temperature in the dark and

under monochromatic IR illumination of n-Si and p-Si samples doped with phosphorus P or
boron B, respectively, irradiated with different doses of high-energy protons (~ 10" — 10" cm™
and 25 MeV) and / or electrons (~ 10— 10% cm? and 2 -8 MeV) at room temperature. We
conclude that screening of “metallic” inclusions is caused by the irradiation-induced defects in
silicon: complexes of vacancies with background oxygen O and dopants. In n-Si these are V'+ O
(A-centers): Fc — 0.17 eV and V + P complexes (E-centers): £c — 0.44 eV, while in the p-Si -
V+ B complexes: Ev+ 0.45 eV.
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1. Introduction

Nanoparticles are particles having a size range from 1nm to several hundred nm.
Physical properties of nanoparticles are different from those of bulk crystals, atoms, and
molecules. For example, if particles are smaller than tens of nanometers, phenomena such as
quantum size effect [1] and quantum confinement effect [2] can be observed. Thepractical
applications of nanoparticles are optical materials [3], catalysis [4], and medical materials [5].
While nanoparticles of inorganic semiconductors have a lot of practical application, organic
nanoparticles have not yet been used widely. Since organic compounds have huge variety, we
can expect wide practical application of organic nanoparticles. For example, the use of organic
nanoparticles rather than inorganic nanoparticles can be expected to reduce the invasiveness of
the human body in the medical field.

Preparation of organic nanoparticles is classified to the build-up method and top-down
method. Examples of the former are a mechanical grinding method and a method of laser
ablation in a liquid [6 — 10], and those of the latter are a reprecipitation method [11 —16] and
chemical synthesis. The reprecipitation method is a method to fabricate nanoparticles, in which
a material is dissolved in a good solvent and the solution is diluted in a stirred poor solvent drop
wise. The reprecipitation method is convenient and easy to modify; properties of nanoparticles,
such as, particle size [15 —17], size distribution, morphology [17] melting point, crystallinity,
etc. can be changed.

In a previous paper, we reported phase transition of nanoparticles of violanthrone 78
(V78) [18]. Nanoparticles of V78 were made by a reprecipitation method using aqueous ethanol
as a poor solvent, and then the nanoparticles were annealed to obtain J-like aggregate.
Temperature of annealing was as low as 60°C.

In the present study, adding ethanol to the poor solvent and heating the nanoparticles
made by reprecipitation method, we have obtained DPP nanoparticles with properties of J-like
aggregates. We think this is a kind of phase transition. In the present paper, we report details of
fabrication and the properties of the J-like aggregate nanopariticles of DPP.Phase transition of
nanoparticles of V79 was also observed.
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2. Experimental

Figure 1 shows structural formulas of organic pigments used. DPP was purchased from
Tokyo Chemical Industry Co. and used without further purification. V79 was purchased from
Aldrich Co. and used without further purification.

DPP V79

Figure 1. Structural formulas of organic pigments used.

Typical condition for preparing nanoparticlesof DPP was as follows: about 0.2 ml of N-
methylpyrrolidone (NMP) solution of DPP (ca. 1.0 - 103 M) was injected using a microsyringe
into 10 ml of vigorously stirred aqueous ethanol at 5°C. The obtained nanoparticles were
filtrated with membrane filter of 800 nm pore size, and the filtrate was annealed at 60 °C for at
least 2 h.

Typical condition for preparing nanoparticles of V79 was as follows: about 0.2 ml of
tetrahydrofuran (THF) solution of V79 (ca. 1.0 - 10-* M) was injected using a microsyringe into
10 ml of vigorously stirred aqueous acetone at room temperature. The obtained nanoparticles
were filtrated with a paper filter, and the filtrate was annealed at 60 °C for at least 15 h.

UV / visible spectra were measured with a JASCO spectrometer V- 550.

3. Results and discussion

We optimized fabrication conditions for DPP nanoparticles of J-like aggregates. The
optimized conditions were concentration of DPP in good solvent, amount of the DPP solution,
drip rate, composition of the poor solvent, temperature of poor solvent, stirring rate, annealing
temperature, and annealing time.

Figure 2 shows UV / visible spectra of DPP nanoparticles together with a spectrum of
NMP solution of DPP. The light blue line shows the spectrum of nanoparticles made under
optimized conditions. The blue line shows that of the same nanoparticles before annealing.
Annealing made the main band sharper and shifted from 530 to 545 nm. A sharp and red-
shifted band is a characteristic of J-aggregates. However, the sharpness of the main band does
not look sufficient to describethe particles as J-aggregates; we describe the nanoparticles as
J-like aggregates.

We were unable to obtain J-like aggregates of DPP at any annealing temperature when
we used pure water as a poor solvent. We also used pure ethanol as a poor solvent, but only
large microparticles were obtained. Finally we found that a mixture of water and ethanol was
suitable to obtain nanoparticles of DPP with J-like characteristics. We believe ethanol
molecules are included in a nanoparticle, andethanol molecules work as a lubricant in a
nanoparticle upon phase transition.
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Figure 3 shows the dependence of UV / visible absorption spectra of DPP nanoparticles
on the composition of the poor solvent. The other experimental conditions were optimized ones.
The best ethanol concentration of the poor solvent was 25 vol. %.

Normalized Absorbance
/ Arb.Units

300 400 500 600 700
Wavelength/ nm
Figure 2. UV / visible absorption spectra of DPP nanoparticles with
(red solid line) and without (dark blue solid line) annealing. Spectrum
of DPP in an NMP solution (light blue dotted line) is also shown.
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Figure 3. Dependence of UV / visible absorption spectra of DPP nanoparticles on the ethanol
concentration of the poor solvent. The ethanol concentration was in a range from 5 vol. %
(the darkest blue line) to 45 vol. % (the lightest blue line). The inserted figure is a plot of
maximum absorbance and wavelength of maximum absorption vs. ethanol concentration.

Figure 4 shows the dependence of UV / visible absorption spectra of DPP nanoparticles
on annealing temperature. The other experimental conditions were optimized ones. The
dependence was rather critical; 60 °C was the best annealing temperature. UV / visible
absorption spectrum of nanoparticles annealed at 70 °C has a broad band which was often
observed for microparticles. We think that aggregation at a high temperature is the cause of the
broad band. Thought we observed phase transition of DPP nanoparticles at as low as 60 °C,
generally phase transition of organic crystals needed much higher temperature than
nanoparticles. For example, the single crystals of 2,3-bis(phenylethenyl)-5,6-dicyanopyrazine
underwent a morphological phase transformation from a yellow crystal to an orange one via a
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thermal phase transition without the crystal state collapsing. The transformation began at a
single starting point in the yellow crystal and then spread out into the whole crystal like a
domino at 174.5 °C [19]. We expected that phase transition of organic crystals in small size, i.e.
in nanoparticles, can occur much more easily.
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Figure 4. Dependence of UV / visible absorption spectra of DPP nanoparticles on
annealing temperature.Annealing temperatureis 50 (light gray solid line), 55 (dark gray
solid line), 60 (black solid line), 65 (purple dotted line),and 70 °C (dark red broken line).

0.4
560
0.3 § 340 g
@ g
[ =) -‘a —
= z 520 ‘%1-
£02
2 3 300 E
f’ﬂ e
0.1 430
0 50, L00 150 200
(

300 400 500 600 700 800 900 1000
Wavelength/ nm

Figure 5. Dependence of UV / visible absorption spectra of DPP nanoparticles
on annealing time. Annealing time is in a range from 0 (the lightest red line) to
10 min (the black line). The increment is 2.5 min. The inserted figure is a plot of

maximum absorbance and wavelength of maximum absorption vs. annealing time.

Figure 5 shows the dependence of UV / visible absorption spectra of DPP nanoparticles
on annealing time. The other experimental conditions were optimized ones.Annealing time
must longer than 0.5, and 2 or 3 h are desirable.

Figure 6 shows the dependence of UV / visible absorption spectra of DPP nanoparticles
onthe temperature of the poor solvent in which a solution of DPP was diluted.The other
experimental conditions were optimized ones. First, we thought if we diluted DPP solution in
the poor solvent at 60 °C, annealing process might not be necessary. However, the best
temperature range for the poor solvent was from 5 to 15 °C. Nanoparticles made at high
temperature in the poor solvent may be in greatdisorder and it is a little difficult to change
them to J-like aggregates upon annealing.
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Figure 6. Dependence of UV / visible absorption spectra of DPP nanoparticles on temperature

of the poor solvent. Temperature of the poor solvent is 10 (light gray solid line), 20 (dark
gray solid line), 30 (black solid line), 40 (black dotted line),and 50 °C (black broken line).

In a previous paper, we reported that addition of poly(vinyl alcohol) (PVA) even at
concentration as low as 1 ppm in water as a poor solvent improved production of anthracene
nanoparticles drastically [20]. We only obtained anthracene microparticles instead of
nanoparticles without PVA. This time we studied the effect of addition of PVA to the poor
solvent for DPP nanoparticles.
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Figure 7. Dependence of absorbanceof DPP nanoparticles of J-like
aggregates on poly(vinyl alcohol) concentration in the poor solvent.

Figure 7 shows the results; absorption spectrum of DPP nanoparticles made without
PVA shows very low absorbance, which means existence of few particles. Addition of PVA into
water at a concentration of as low as 1 ppm drastically improved nanoparticle formation. We
also changed stirring rate of poor solvent. Final concentration of J-like aggregate nanoparticles
increased with stirring rate, but this effect was very limited.

The diameter distribution of the J-like aggregate nanoparticles was estimated by
measuring UV / visible absorption spectra after filtration with membrane filters. Figure 8 shows
the results; most particles have diameters in a range from 300 to 450 nm.
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Figure 8. UV / visible absorption spectra of DPP J-like aggregate nanoparticles after filtration

with membrane filters of specified pore size. Pore size was 800 (green solid line), 450 (light blue
broken line), 300 (blue dot-and-dash line), and 200 nm (purple dotted line)
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Figure 9. Dependence of UV / visible absorption spectra of V79 nanoparticles on the
concentration of the poor solvent. Etanol : Water = 35 : 65 (glay lines), Acetone : Water
=50:50 (black lines). V79 nanoparticles with (solid lines) and without (dotted lines)
annealing. Annealing time is 17 and 22 h respectively. Temperature of annealing: 60 °C.

Figure 9 shows the dependence of UV / visible absorption spectra of V79 nanoparticles
on the composition of the poor solvent.Phase transition of V79 did not occurin water. Also,
phase transitionof V79 nanoparticles did not occurin aqueous ethanol. Only the phase transition
of V79 nanoparticles occurredin aqueous acetone. The best acetone concentration of the poor
solvent was acetone : water = 50 : 50. The best annealing temperature was 60 °C, and the
annealing time should be longer than 15 h. The best temperature of the poor solvent was
25 °C.However, the UV / visible absorption band of V79 J-like aggregates was a little broad.

4. Conclusions

Phase transition of DPP nanoparticles to J-like aggregates was observed. Nanoparticles of
DPP were made by a reprecipitation method using aqueous ethanol as a poor solvent, and then
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the nanoparticles were annealed to obtain J-like aggregates. The fabrication conditions for J-like
aggregate nanoparticles of DPP were optimized as follows:

Ethanol concentration of poor solvent: 25 vol. %
Annealing temperature: 60 °C

Annealing time: longer than 0.5 h

Temperature of the poor solvent: 5 °C

The fabrication conditions for J-like aggregate nanoparticles of V79 were optimized as follows:

10.

11.

12.

Acetone concentration of poor solvent: 50 vol. %
Annealing temperature: 60 °C

Annealing time: longer than 15 h

Temperature of the poor solvent: 25 °C
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1. Introduction

Electrospinning is a unique and facile technique which has recently attracted many
researchers for producing ultrafine and continuous sub-micron fibers and / or nanofibers. While
electrospinning of purely polymer material systems had gained significant interest by scientific
world, recent studies also proved that incorporating inorganic nanoparticles into nanofibers to
form nanofibrous composites have made electrospinning very attractive in fulfilling some
specific functional applications, in particular, for bone tissue engineering [1].

Natural bone structure is an innate example of inorganic—organic biocomposite form
which is consist of the composition of nearly 70 wt.% inorganic crystals (mainly
hydroxyapatite with a chemical formula of Caio(PO4)s(OH)2) and 30 wt. % of organic matrix
(mainly Type I collagen) [2].

It is difficult to electrospin HAp-incorporated collagen nanofibers for bone tissue
engineering applications because of high cost, low spinnability, and lack of a proper solvent for
collagen. Hence, it is appropriate to use an alternate polymer with high spinnability that mimics
collagen chemically and structurally might have potential in this field. Nylon 6 (PA6) has some
similarities to collagen protein in terms of its backbone structure and has satisfactory stability in
human body fluid. In addition, it can be easily electrospun by applying a wide range of process
and solution parameters [3].

Chitosan is a potential candidate for bone tissue engineering applications due to its
structural similarity to the glucoseaminoglycan found in bone, biocompatibility,
biodegradability, antimicrobial activity and substantial mechanical properties. Since, there are
many studies focusing on the electrospinning of chitosan successfully in the literature, it might
be possible to use chitosan to form novel nanofibrous biocomposites for potential uses in bone
tissue engineering [2].

In the past few years, various types of electrospun nanocomposite fibers, such as; PCL /
CaCOs [4], Hap / gelatin [1], silk / HAp [5], PLA / HAp [6], and triphasic Hap / collagen / PCL
[7] have been investigated and characterized for potential bone regeneration applications. It is a
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strong blief that related studies has provided a huge contribution to the field with amazing
concepts and ideas as well as impressive experimental results, because, nanofibrous forms could
help the osteoblast cells in terms of proliferation, differentiation, and mineralization [8].

The purpose of this study is to realise a successful electrospinning process from the
blended solution including polyamide 6 / chitosan / hydroxyapatite, and to explore the
morphological and mechanical properties of the final nanofibrous biocomposite structures that
may be used in the field of bone tissue engineering.

2. Materials and methods

Polyamide 6 (PA6) was acquired from Eurotec (Turkey). Chitosan (CS) which has a
molecular weight of 60.000 —120.000 g/ mol was purchased from Sigma Aldrich (Germany).
Hydroxyapatite powder was obtained from Acros Organics (Belgium). All polymers and
solvents were used as received without any additional chemical processing.

PA6 (11 wt. %) was dissolved in Fromic Acid (FA) at 80 °C for 6 h. CS (2 wt. %) was
dissolved in 90 % aqeous acetic acid for 24 h in room temperature. After the polymers were
completely dissolved, they were blended with a blend ratio of 90/10% (PA6/CS) by
laboratory type magnetic stirrer (Stuart, SB 162) for three hours at room temperature. Then,
HAp was added to the blended solution in different amounts (1 and 3 wt. %) and stirred for
about 24 h. pH values of each blended homogenous solutions were measured with pH indicator
strips (Merck, Germany). The viscosities of the solutions were identified with a Brookfield
Digital Viscometer by using s21 type spindle with a rotational speed of 30 rpm / min. The
electrical conductivity of the blended solutions was also measured with a laboratory type
conductivity meter (WTW, Cond 3110) under ambient atmosphere.

Electrospinning was performed in the laboratory spinning unit (NS24, NanoFMG),
which was designed in terms of a vertical working principle. Each solution was placed in a 3 ml
syringe and sent to the drum collector (covered with aluminum foil) through a 20 gauge nozzle.
The power supply (AC) was set up for a positive voltage of 34 kV. The flow rate of the solution
was also determined by setting up the syringe pump at 0.50 ml / h. The rotational speed of the
drum collector was 35 rpm / min and its distance was set to 15 cm (optimum distance based on
preliminary tests) away from the nozzle. At the time of the experiments, relative humidity and
temperature values ranged from 35 — 42 % RH and 26 — 31 °C.

Electrospun fibers were characterized by Scanning Electron Microscopy (SEM, JSM-
5910 LV from JEOL), equipped with an Oxford Instruments INCA Energy Dispersive
Spectrometer (EDS) at 5 kV with the SE 2 detector using a 30 mm final aperture. First of all,
fibers were coated with a thin gold palladium (20/80 %) layer using a sputter coater from
Polaron (SC7620) and the morphology of the nanofibrous membranes were observed by SEM
analysis at an accelerating voltage of 20 kV. The fiber diameter distribution was calculated over
50 fibers with the Image] software (Image], 2011) from the SEM images obtained at a
magnification of 20 000 x.

In order to determine the mechanical properties (tensile strength and extension rate) of
the PA6 / CS / HAp blended nanofibrous biocomposites, tensile and recovery tests were carried
out using an Instron Machine (Instron 4411) in the textile laboratory at Marmara University.
The mechanical properties of the blended nanofibrous composites were examined at ambient
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environment (22 + 3 °C temperature and 50 + 5 % relative humidity). The specimens were cut
into approximately 30 mm x 10 mm (length x width) in both machine direction and width
direction in order to be loaded into the uniaxial testing machine. During the experiment, 50 N
load cell under a cross-head speed of 10 mm /min was applied to the specimens. Three
repetitions were taken for each specimens in order to calculate the tensile strength and
elongation at break values.

3. Results and discussion
3.1. Solution properties

Solution viscosity and conductivity are two major parameters for electrospinning process.
Thicker fibers are obtained from more viscous polymer solutions, however, thinner fibers are
fabricated from more conductive polymer solutions, because of the increase in the conductivity
of polymer solution which is subjected to more stretching under the high electrical field [9].
Solution properties (viscosity, conductivity and pH values) of the electrospun polymers are
shown in Table 1. According to the table, viscosity of the solution was increased when CS was
added to the blend. It could be explained by the chain entanglements among the Chitosan
molecules as well as the molecules between CS and PA6 [10]. Soultions, which were prepared
from neat PA6, were found highly conductive. The conductive behaviour of PA6 solution was
explained by the ionization of polymer amide groups in formic acid [11]. Also, increasing the
amount of HAp in the blend resulted more conductive solutions. This was hypothesized that an
acidic solvent used for dissolution of PA6 could ionize HAp when mixed with PA6 solution
prior to electrospinning [3].

Table 1. Solution Properties of electrospun polymers.

Polymer Blend ratio, % Viscosity, cp Conductivity, mS/cm) pH

PA 6 100 142 4.43 0-1
PA6/CS 90/10 198 3.34 0-1
PA6/CS/HAp (1 %) 90/10 110 3.75 0-1
PA6/CS/HAp (3 %) 90/10 124 3.99 0-1

3.2. Morphological and structural properties of nanofibrous biocomposites

It is very well known that the morphology of the nanofibers is significantly influenced
by the electrospinning parameters such as; applied voltage, polymer solution feeding rate and
the distance between feeding unit and the collector [12]. Therefore, in order to explore
precisely the effect of HAp amount in the solution to the morphology of resulting electrospun
nanofibers, all electrospinning parameters were remained the same. The morphologies of the
as-prepared electrospun PA6 / CS nanofibrous biocomposites with different amounts of HAp
are presented in Figure 1. In general, beadless and uniform nanofibers were obtained through
the electrospinning process. In Figure 1C and D, deposition of HAp particles onto fibers as well
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as composite surface could be observed easily. Increasing HAp content in the blends caused
fiber break up and fragmentations in some of the regions of the nanofibrous composites. It
could be explained by the increase in conductivity of the polymer solution in where polymer
jets would be exposed to stronger electrostatic forces during electrospinning. In addition,
agglomeration might be happened among the HAp particles which could be a reason for fiber
fragmentation.

Figure 1. SEM images electrospun nanofibers. A: PA6 (100 %);
B: PA6/CS (90 /10 %); C: PA6 / CS/ HAp (1 %); D: PA6 / CS/ HAp (3 %).
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Figure 2. EDS diagram of PA6 based electrospun nanofibers.
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Figure 3. EDS diagram of PA6 / CS based electrospun nanofibers.
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Figure 4. EDS diagram of PA6 / CS / HAp (1 %) based electrospun nanofibers.
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Figure 5. EDS diagram of PA6 / CS / HAp (3 %) based electrospun nanofibers.
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Structural details (elemental composition) of the electrospun nanofibers can be seen in
Figures 2 — 5. Figures belong to electrospun PA6 and PA6 / CS nanofibers showed C, O and Au
peaks. C and O are the main elements found in the structure of PA6 and CS. Au was also found
because of the sputter coated nanofibrous composites surfaces before SEM analysis. In Figures 4
and 5, peaks for Ca and P were also recorded unlike the other EDS graphs. This was attributed
to the addition of HAp (Cai0(PO4)s(OH)2) in the blend.

The diameters of electrospun nanofibers are shown in Figure 6. The thicker fibers were
obtained from neat PA6 polymer solution. Adding CS into the blend solution slightly decreased
the fiber diameters. This was explained by the decrease in the solution surface tension, because
of the introduction of acetic acid to the solution system [13].

125+

100+

Nanofiber diameter (nm

Figure 6. Diameters of electrospun nanofibers: PA6 (100 %), 87 + 22; PA6 / CS
(90/10 %), 81 + 18; PA6/ CS/ HAp (1 %), 77 + 34; PA6 / CS/ HAp (3 %), 55 + 17.

Increasing the amount of HAp in the blend declined dramaticaly the final fiber diameter.
This was due to the formic acid which caused the dissociation of HAp molecules and the
degradation of polymer molecules, rising the amount of short-chain ionic molecules in the
solution system. These ionic species can easily increase the conductivity of the solution.
Furtmermore, PA6 ionic species could form ionic bonds via electrostatic interaction and
promote the formation of thinner fibers [3].

3.3. Mechanical properties of nanofibrous biocomposites

The mechanical behaviour of electrospun blend fibrous composites is exhibited in
Figure 7. Mechanical characteristics of the fibrous structures depend on the properties of the
blend components, and the interaction between each polymer fiber [14]. According to the
figures, tensile strength of the nanofibrous composites was increased with the addition of CS
and HAp into the blend system. As it has previously been mentioned in the literature that
Chitosan possesses amino groups and hydroxyl groups in its backbone and it is a rigid and brittle
natural polymer [15]. As a result of that when Chitosan added into the blend, the avarage value
of tensile strength of the materials increased, however, elongation at break decreased. Results
also clearly showed that the incorporation of HAp enhanced the tensile strength and elongation
at break values of the composite materials. The ultimate tensile strength slightly increased at
higher HAp reinforcement. The high mechanical strength may be due to the strengths of
hydrogen bonding formed during electrospinning process of the nanocomposites and presence
of noticeable chemical interaction between PA6 molecules and Cax* from HAp. Also, it is
possible to state that incorporation of HAp into the nanofibrous composites might alter the
crystalline structure of the materials [3].
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Figure 7. Tensile strength (A) and elongation (B) of the electrospun nanofibrous composites.

It was observed that the tensile strength of the nanofibrous scaffolds was greater in the
machine direction comparing with the width direction, however, reverse is true for the
elongation at break values. This is due to the fibers laid in parallel along with the same rotation
direction of the drum collector.

Although coherent results obtained through the experiments, in literature, there are
critical challenges were emphasized for accurate determination of the tensile properties of
nanofibers. For example; fiber size distribution in the mats, porosity, individual fiber
orientation in the structure, fiber—fiber interaction, entanglement of the fibers, existence of
imperfections (beads, etc.) and branching of fibers are important parameters that have great
influence on the tensile response of the nanofibrous composites [16].

4. Conclusions

Polyamide 6 (PA6) / Chitosan (CS) based nanofibers containing different amount of
Hydroxyapatite (HAp) were electrospun successfully. Properties of the blended solutions were
explored before electrospinning. Viscosity of the solutions was increased when chitosan and
HAp were introduced to the system, however, conductivity was declined when adding chitosan
into the solution. On the other hand, HAp enhanced the conductivity of the blend solutions.
Smooth and beadless nanofibers were obtained through the electrospinning process. The
diameters of the electrospun nanofibers were ranged from 55+ 17 to 87 +22. The results
revealed that uniform nanofibers were obtained with the addition of a various amount of HAp.
It was observed that HAp particles were deposited onto both fibers and the composite surface.
Tensile strength and elongational characteristics of the nanofibrous biocomposites were also
measured. Results indicated that tensile strength of the blend composites including CS and HAp
was greater than the composites made of neat PA6. On the other hand, elongation at break
results were smaller for the blend nanofibrous composites compared with the composites
including only neat PA6. It can be mentioned that electrospun nanofibrous composites showed
well performance for developing novel materais which may be potential candidates to be used
in bone tissue enginnering applications.
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1. Introduction

Grain refinement by severe plastic deformation is increasingly being developed as a way
of processing materials with improved mechanical properties, such as high mechanical strength
and plasticity. Cold gas dynamic spray (CS) is widely known as a surface coating technique in
which a coating is formed due to bombardement of a metallic substrate by metallic particles
accelerated to high velocities and consolidation of these particles due to impact. This process
can generate nanocrystalline layers in the impact zone of both the particles impinging upon the
substrate and the substrate itself. Understanding the physical mechanisms underlying the severe
deformation of the impact zones and grain refinement of material being deposited by CS is
crucial for the optimization and improvement of the CS technology.

Localised shear is known to be an important mode of deformation which leads to super
high strains and development of interparticle bonding in various powder composites. The CS
technology is known to be the process of metallic particles impacting the substrate with a
velocity of about 600 — 1000 m / s that results in particle deformation at strain rates in the range
of 103 - 10° s7.. That is why it is well recognized that localization of deformation induced by an
adiabatic shear band formation in the impacting particles is one of the dominant mechanisms
for successful bonding in CS [1-6]. However, there is a lack of experimental data
demonstrating the contribution of SPD to CS coating bonding as well as numerical simulation
of the process.

In this article, an experimental investigation of properties and structure formation of the
CS deposited Cu coatings has been conducted together with the finite element (FE) simulations
of multiparticle impact to characterize the severe deformation in the areas impacted by the
impinging particles; the influence of SPD on the nanocrystalline structure of the formed
coatings-substrate interface has been shown.

2. Experimental procedure

The CS process was used for depositing Cu coatings on A516 low carbon steel substrates.
Commercially available Cu powder, with particles ranging in size from 5 to 100um, has been

111



Mechanical properties of nanostructured copper coatings made by cold gas dynamic spray.

used. The particles were accelerated to a high velocity by injecting them into a stream of high
pressure carrier gas which was subsequently expanded to supersonic velocity through a
converging—diverging de Laval nozzle. After exiting the nozzle, the particles were impacted
onto a substrate, where the solid particles deformed and created a bond with the substrate. As
the process went on, particles continued to impact and form bonds with the previously
consolidated material resulting in a uniform deposit with very little porosity and high bond
strength.

The A516 Gr.70 low carbon steel substrates were grit blasted (blasting air pressure
0.75 MPa, stand off distance 150 mm, traverse speed 20 — 40 mm / s) with alumina (mesh 36) to
remove the scale layer formed due to the hot rolling process used to produce the substrate
material. Commercially available low oxygen Cu powder (Tafa, Inc., Concord, NH, USA) with
an average diameter of about 22 pm was used. To form a Cu coating, the following CS
parameters were utilized with Plasma Giken CS machine: propellant gas — Nitrogen, gas
pressure — 5 MPa, gas temperature — 800 °C; powder feed rate — 100 g / min, and nozzle traverse
speed — 500 mm /s.

(b)
Figure 1. Cut out “dog bone”-shaped samples for adhesion tests (a) and the sample holder (b).

To determine the adhesion strength of the deposited Cu coatings, tensile testing was
carried out according to ASTM E8/E8M-09 and the following steps have been carried out:
“dog bone”-shaped samples (Figure 1a) were cut out across the coating substrate interface, so
that one of the sample shoulders would be cut out of the deposited Cu coating, while the second
shoulder and the gauge would be cut out of the A516 low carbon steel substrate; a small copper
insert was brazed to the coating surface to make the Cu shoulder of the sample larger for a more
convenient gripping; a special sample holder was designed and fabricated (Figure 1b) to fit the
dimensions of the “dog bone”-shaped sample with a working length of 20 mm; the sample
holder was placed in the ZWIK machine, which was used for Cu coating adhesion testing.

Optical light microscope Leica DMI5000 M with a digital camera DFS 320 R2 was used
for metallographic characterization of Cu coating / A516 (Gr.70) low carbon steel interfaces.
The FEI Quanta 200 FEG scanning electron microscope (SEM) was used for microstructural
analysis of Cu coating/A516 (Gr.70) low carbon steel interfaces, including characterization of
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both the substrate and the coating, as well as adhesion and cohesion interactions. The TEM
examinations were conducted using JEOL 2010 ARP (200KV) analytical scanning TEM. The
details are described in [7]. The surface roughness of the grid based A516 Gr.70 low carbon steel
substrates was measured by Seimitsu 2800 E roughness measurement machine. The profile
diagram is shown in Figure 2.
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Figure 2. Roughness of the substrate after grit blasting with Al>2O3 0.7 mm grit:
(a) roughness profile of the cut off distance 10 mm; (b) the profile of a shaded
area (length — 400 pm). The impinging upon the substrate particles are shown in red.

3. Numerical simulation of multiparticle impact

3.1. Simulation procedure

To study the Cu particle deformation during deposition with the CS process, a dynamic
simulation of multiple impact of the Cu particles impinging upon the carbon steel substrate was

run, using commercial Lagrangian Finite Element software Abaqus / Explicit Version 6.9 [8]. A
3D FEM analysis was performed for 25 and 50 pm particle size configurations. Figure 3 shows
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the scheme of the simulated model. The bottom surface of the simulated substrate was fixed and
additionally the horizontal movement of the substrate in two perpendicular directions was
limited by fixing the substrate sides. For both the 25 and 50 pm Cu particles impinging upon
the substrate, their temperature was 7, = 80 °C, the substrate temperature was 7; = 20 °C and the
impact velocity was 1,=800 m /s.

Ve

ol o/

4’/////////////////#?

Figure 3. The schematic diagram of impact model with boundary conditions.

Flow stress of both materials was defined using the Johnson—-Cook model which is
described by the following equation:

o=(A+B&")(1+Clné*)A1-T*")
where 0 is the (von Mises) flow stress, A is the yield stress at reference temperature and
reference strain rate, B is the coefficient of strain hardening, n is the strain hardening
exponent, € is the plastic strain, £* = £/ ¢, is the dimensionless strain rate with £ being the
strain rate and &, the reference strain rate, and T * is the homologous temperature and

expressed as:

T-T,
TH=— "
Tm _T;'ef

A, B, C, m and n are Johnson—Cook constants which were taken from [1, 5].
3.2. Numerical simulation results

Figures 4a and c demonstrate the von Mises stress distribution in the particles and
substrate during impact of two parallel particle columns (shown in Figures 4b and d). It can be
seen from the images in Fig. 4a,c that the plastic deformation of the substrate due to impact is
considerable in spite of the fact that the yield strength of carbon steel substrate is higher than
that of Copper particles.

The calculated particle penetration depth into the substrate is about 32.1 pm for the case
shown in Figure 4a, and 14.8 pm for Figure 4b. A comparison of Figures 4a and c shows the
influence of the distance between columns and eccentricity of the particle location on the
plastic deformation of both the particles and the substrate. In the case of the gap between
particle columns in the range of 5 pm (Figure 4a) the substrate material is severely deformed in
the area between particles which results in the formation of substrate material jets. Another
specific feature of multiparticle impact is nonuniformity of the particle deformation in the case
of non-symmetric impact (Figure 4c).
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(d)

Figure 4. Numerical simulation results of the multiparticle impact with the carbon steel
substrate. (a, c) von Mises stress distribution for symmetric (b) and non symmetric (d) particle
impact. Particles — copper, diameter of 20 um; impact velocity — 1000 m / s; eccentricity —
11 pm (d); gap between particle columns 5 pm (b) and 12 ym (d); impact time — 80 ns; depth
of penetration — 32.1 pym (a) and 14.8 pm (b); crater diameter — 34.5 um (a) and 36.4 pm (c).

To characterize the particle deformation process during multiparticle impact the
equivalent strains in various nodes (Figure 5a) on the particle surface were calculated. The
results are shown in Figure 5b. One can note that the total strain of the nodes # 6 — 10 varies in
the range of £=15 — 25, which is related to the severe strains due to localization of deformation
at the interface. The strains of the nodes in the particle core are in the range of £=2 -5 in the
case of multiparticle impact. Thus the main conclusion of numerical modeling is that CS
technology is characterized by severe deformation of both the particles and the substrate, which
depends on the technological parameters of CS. The localization of deformation, severe
deformation and formation of material jets seem to be the main processes that lead to obtaining
nanostructured coatings with high mechanical properties.
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Figure 5. Equivalent strains in the various nodes of the bottom particle:
(a) nodes location; (b) equivalent strains at the various times of impact.

4. Experimental results and discussion
4.1. Coating surface morphology and structure at the interface

The morphology and structure of the cold spray deposited coatings in general depend on
the substrate roughness is usually reflected in the topography of the formed coating. The
morphology also depends on the mechanical properties of the substrate and the impact
conditions of the powder material sprayed at high velocity. It also depends on the
coating/substrate interface formation mechanism. In the case of Cu coating / A516 Gr.70 low
carbon steel substrate, the interface is formed by the deposition of Cu by high pressure Nitrogen
carrier gas which accelerated Cu particles at a velocity around 800 m /s [9]. It was found that
the initial substrate surface roughness at the interface produced by alumina grit-blasting
(Figure 2) was considerably altered by the accelerated Cu particles impacting the grit blasted
substrate surface. As can be seen in Figure 6, the formed interface structure is comprised of
micropeaks up to 50 pm high and craters with a mean diameter of 20 — 40 um and a depth of
10 — 15 pm.
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Figure 6. Vortex morphology of the sublayer. Substrate
preprocessing grit size: (a) 0.4 mm and (b) 0.7 mm.

Figure 7. Structure of coating / substrate interface.

A

WD | Mag | HV |Spot HFW | Sig — YTV
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Figure 8. The “turbulent” structure of the sublayer
in angled cross-sections. Deep etching with nital.

The alumina grit size increase, which results in higher surface roughness, leads to
obtaining the mechanical interlocking of Cu particles at the interface. The presence of the
interlocked Cu localized in the substrate craters can be seen (Figure 7). The substrate surface
roughness considerably influences the vortex structure of the Cu layer. The role of the substrate
surface roughness micropeaks in mechanical interlocking of the impinging copper particles and
forming the vortex structure of the Cu layer is well observed (Figure 8) in prepared 45 °-angled
cross-sections.

117



Mechanical properties of nanostructured copper coatings made by cold gas dynamic spray.

4.2. Nanostructure of cold sprayed coatings

The severe deformation of the deposited material and strain localization result in
formation of the vortexes that are presented in Figures 6 — 8. It is interesting to note that the

vortexes have a 3D structure, which is shown in the microstructure of coatings cut parallel to
the substrate surface (Figure 9).

HV | m WD det | mode |
20.00 kV|2 000 x|10.0 mm|ETD| SE |

Figure 9. Microstructure of Cu coating in the plane parallel to a substrate surface.

The vortexes seen consist of small grains being generated during recrystallization of Cu
because of high temperature and strain created at the interface due to multiple particle impact.
The influence of the nozzle traverse speed on the grain structure of copper coating is shown in
Figure 10.

30 —4
30 —+

047 —
0351
02444

300 mm's 400mm’s S00mm’'s

Figure 10. Effect of secondary deformation during the following
pass deposition on the coating structure (core of coating).

The increase of the nozzle traverse speed from 300mm/s to 500mm/s results in
diminishing of a single pass thickness, which leads to an additional strain accumulation and
increase of total strain of the Cu grains. This leads to submicro and nanograins similar to those
shown on TEM micrograph (Fig. 11)
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Figure 11. HRTEM image of the copper nanograins at the interface.

The separate recrystallized nanograins free from dislocations and similar to those
described by Borchrs et al. [10] can be seen. The presence of low angle boundaries confirms the
assumption about the influence of severe plastic deformation taking place during the CS process
on the nanocrystalline structure formation at the coating-substrate interface.

4.3. Adhesive strength of copper coatings

To single out the separate mechanisms contributing to the Cu layer / low carbon steel
substrate bonding, the adhesion tension tests were performed in accordance with the procedure
described above. The results are shown in Figure 12.
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Figure 12. Dependence of roughness on adhesion strength
of copper coatings deposited on carbon steel substrates.

The microstructures of the Cu — carbon steel interface shown in Figures 6 — 8 exhibit the
effect of interlocking. Moreover, fracture topography (image is not shown) examination shows
that the fractures take place in the localized “necks” within the interlocked particles. In other
words, a partly ductile fracturing of Cu grains is taking place in some areas of the formed
interface.
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The interlocking effect is associated with the effect of nanostructuring, which allows to
achieve the proper bonding between Cu and Fe. Both effects caused by severe plastic
deformation result in considerable increase of adhesion strength. As can be seen in Figure 12
the adhesion strength reaches approximately 150 — 160 MPa which is 2.5 — 3 times higher than
that of thermal spray coatings.

5. Conclusion

The experimental and simulation study of nanostructured Cu coating formation by cold
spray allows us to make the following conclusions:
° Severe deformation of both particles and substrate is defined by numerical modeling of
multipaticle impact. The total strains of the nodes at the particle interface are found to
be in the range of £=15 - 25.

° Considerable vortex formation process is experimentally demonstrated by the proper
selection of the CS process parameters.

° Severe deformation of Copper particles results in effective nanostructuring processes.
TEM microscopy confirms the presence of nanograind in the copper — carbon steel
interface.

° Coupling of nanostructuring and interlocking effects due to strain localization and severe

deformation at CS results in obtaining a coating with high adhesion strength.
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1. Introduction

Spinel ferrites with general formula MFe20s shows unique and interesting structural and
electrical properties depending on their chemical composition, method of preparation, nature of
ions and their site preference among tetrahedral and octahedral sites in the lattice. Nano ferrites
is extensively studied due to their various technological applications in sensors, electronic
communication devices like digital diary, video camera, recorder, cellular phones, floppy drives
etc., bubble devices, high density magnetic storage devices, also for magnetically guided drug
delivery [1 —3].Preparation method playsa vital role in obtaining ferrites with high quality.
Several synthesis techniques like solid state reaction, sol-gel, co-precipitation, citrate precursor
technique, ball milling etc., could be used or the fabrication of ferrites [4,5]. Good
stoichiometric control and production of ultra fine particles in the nano range at a relatively
low temperature makes sol-gel method as an attractive preparation technique for ferrites [6].
Normal spinel zinc ferrite (ZnFe204) is commercially important due to its wide application as
gas sensors, absorbent material and photo catalyst [7, 8].

The incorporation of metal ions to the spinel structure can considerably change the
magnetic and electrical properties.Several reports on the magnetic properties of nano crystalline
zinc ferrite are available in literature [4, 9, 10]. However the structural and electrical properties
of Cr®* substituted zinc ferrite has not been investigated in detail. In the present paper, the
effect of Cr3*substitution on structural and electrical properties of nano crystalline zinc ferrite
prepared by Sol-gel technique is reported.

2. Experiment

2.1. Synthesis

Ferrite Sample with chemical formula ZnCrsFe»xO4 (x = 0.0, 0.2, 0.4, 0.8) were prepared
by simple sol-gel technique. AR grade of zinc nitrate, chromium nitrate, ferric nitrate in the

Stoichiometric ratio were used as chemical precursors in ethylene glycol as the solvent. The sol

121



Structural and dielectric studies of Cr3* doped ZnFe204 nanoparticles.

was heated at 60 °C until a wet gel of metal nitrates was obtained. The gel was dried at 120 °C,
which self ignites to form a fluffy product by the redox reaction of the gel where ethylene
glycol acts as thereducing agent and the nitrate ions acts as the oxidant. The obtained powder
was ground well and sintered at 400 °C for 2 h. For dielectric measurements, cylindrical disc
shaped pellets of diameter 13 mm and height 1 —2 mm were made using a hydraulic press by
applying a uniform pressure of 5 tons.

2.2. Characterization

The structural characterization of the prepared samples were done using the X-ray
diffraction (XRD) patterns recorded using BRUKER make AXS D8 ADVANCE powder X-ray
diffractometer with Cu — K« radiation (1= 1.5406 A) at 40 kV and 35 mA from 20 to 80 ° in
steps of 0.02 ° per second. The Fourier Transform Infrared (FTIR) absorption spectra of the
prepared sample were recorded using FTIR spectrometer (Thermo Nicolet, Avatar 370) in the
wave number range 4000 to 400 cm™! with potassium bromide (KBr) as binder. Morphological
analysis of the zinc ferrite samples were performed by transmission electron microscope
(Hitachi Japan H7650). Dielectric measurements were carried out using precision impedance
analyzer Wayne Kerr 6500B in the frequency range (20 Hz to 5 MHz) at 300 K. The two faces of
the pellet are coated with silver paste to form a parallel plate capacitor with zinc ferrite as the
dielectric material.

The capacitance of the parallel plate capacitor is given by

_EEA

i W

where A is the area, d the thickness of the pellet, &, is the permittivity of free space and £ is

the permittivity of the dielectric material. Thus real part of permittivity of the sample can be
calculated from the relation
,_Cd
g A
From the values of dielectric permittivity and loss tangent the imaginary part of
permittivity and AC conductivity of the sample can be calculated using equations (3) and (4),

&

2)

£ =¢tand, 3)
wheretan o is the dielectric loss factor, the energy dissipated in the form of heat when field is
applied to the sample

o, =27wfg,tand . (4)

The XRD patterns of all the samples were refined using the GSAS program developed by
Larson &van Dreele [11], from X-ray powder diffraction data. The space group and initial
structural parameters for all the samples were taken as: Fam and Wycokoff positions of metal
and iron atoms as (0.125, 0.125. 0.125) and (0.5, 0.5, 0.5) respectively and oxygen in (x; x, x)
special position, where x=0.2555. All the octahedral, tetrahedral and oxygen sites were
assumed to be fully occupied. Multi term Simpson’s rule integration of the pseudo-Voigt
function was used to model the diffraction profiles. The fitting quality of the experimental data
is assessed using the following parameters: the goodness of fit (y2?) which must tend to 1 and 2
reliability factors R, and Rwp (weighted difference between measured and calculated values),
which must be close to or less than 10 % [12].
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3. Result and discussion

3.1. Structural analysis

XRD pattern of ZnCrxFe2.O4 (x = 0.0, 0.2, 0.4, 0.8)nano particles is depicted in Figure 1.
The patterns were compared with standard data (JCPDS card No: 82 — 1042).
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Figure 1.XRD pattern of ZnCrxFe2»O4nanoparticles (x= 0.0, 0.2, 0.4, 0.8)
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Figure 2. Hall-Williamson plots for ZnCrxFe2Ouseries.
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The crystallite size of all the samples was calculated using the Scherrer formula. The
angle 0 for maximum intensity and full width at half maximum (FWHM or f) were determined
by fitting the peaks with Lorentzian curve. The fvalues were calculated using the equation [13]

B =B = B> 5)
where [, is the observed FWHM from the XRD pattern of the sample and 3, , is the FWHM

nst

of the standard sample. For Lorentzian shape
P cosf = % +4¢, siné, (6)

where £, is the strain due to imperfections in the crystal. Hall-Williamson plots between
S cos@ and 4sin @ for all prominent peaks for all the samples is shown in Figure 2.

From the graph strain as well as average crystallite size corrected for micro strain has
been tabulated in Table 1. From the table it is clear that the crystallite size obtained by Hall-
Williamson method is greater than that obtained by Scherrer’s formula. It is because the strain
correction factor has been taken into account in Hall-Williamson method, where as it was not
taken into account in Scherrer’s method.
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Figure 3. (a) to 3 (d): Rietveld refinement pattern for
ZnCr-Fe>xOsmanoparticles(x = 0.0, 0.2, 0.4, and 0.8).
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Table 1.Structural parameters of the Zn—Cr ferrite series.

Dopin Average particle size Average particle size Strain calculated by
Pg calculated by calculated by Hall- Hall-Williamson
concentration , s
Scherrer’smethod, nm | Williamson method, nm method, %
x=0.0 18.64 + 0.3 23.66 + 1.7 0.125
x=0.2 16.69 + 0.2 20.09 + 0.5 0.109
x=04 12.90 + 0.1 15.61 + 0.3 0.139
x=0.8 6.67 + 0.1 6.89 + 0.6 0.052

Rietveld refinement pattern for the samples is represented in Figure 3a —d. X-ray data
points are shown by plus marks; the solid line is the best fit to the data and the tic marks show
the positions for the allowed reflections. The lower curve represents the difference between the
observed and calculated profiles.

The values of goodness of fit (y?), reliability factors (X, and Rwp), and the lattice constant
calculated from Rietveld method are listed in Table 2. The low values of y?, R, and Rwp
confirms the goodness of refinement.

Table 2. Lattice constant and Rietveld agreement
factors for zinc chromium mixed ferrite series.

Parameter x=00| x=0.2 | x=04 | x=0.8
Ry, % 2.850 2.700 2.700 3.130
Rwp, % 2.290 3.400 3.430 3.920
X2 1.049 1.505 1.414 1.347

Lattice constant, A 8.433 8.427 8.410 8.325
Unit cell volume, A3 | 599.717 | 598.438 | 594.823 | 576.969

From Table 2 it is clear that the lattice constant decreases with increase in chromium
content. This decrease in lattice constant with Cr®** content can be explained on the basis of the
difference in ionic radii of Fe3(0.67 A) and Cr? (0.64 A).

Figure 4. TEM image of the sample ZnCrosFe1.60a.

Figure 4 shows the representative TEM image of the sample ZnCrosFe1sOs. From
Figure 4 it is clear that most of the nano particles are spherical in shape and agglomerated.
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3.2. FTIR Spectra

FTIR spectra of the investigated samples are shown in Figure5. The two main
absorption bands in the ranges 600—-550 and 450 —-385 cm!, the typical bands of spinel
structure are attributed to the stretching vibrations of the unit cell of the spinel in the
tetrahedral (A) site and the metal-oxygen vibration in the octahedral (B) site [14].
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Figure 5.FTIR spectra of ZnCr.Fe2-xOsseries.

From Figure 5 it is clear that Cr®* ion doping, the absorption band v:broadens and shift to
the higher frequency side which indicates that Cr® ions occupies the octahedral site. It can also
be noted that as the band broadens and intensity decreases which can be explained on the basis
that more disorder states give broader and less intense bands in IR spectra [15]. The bands
around 3400 and 1600 cm™ are the contribution of the stretching vibration of free and absorbed
water.

3.3. Electrical properties
3.3.1. Dielectric constants

Variation of real and imaginary part of permittivity with frequency at 300 K is depicted
in Figures 6 and 7.

It can be clearly seen that both real and imaginary part of permittivity exhibits an
inverse dependence on frequency. The decrease in both real and imaginary part of permittivity
is sharp at the lower frequency region and remains almost a constant at high frequencies. The
rapid decrease of permittivity in the low frequency range can be explained by the basic Koop’s
phenomenological theory [16], which considers the dielectric structure as an inhomogeneous
medium of Maxwel-Wagner type [17]. In this model, the dielectric structure of ferrites is
assumed to be consisting of highly conducting grains, separated by poorly conducting
boundaries. It is known that the grain boundaries are more effective at low frequencies and the
grain at high frequencies [18].
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Figure 7. Frequecy variation of imaginery part of dielectric constant.

During the electron hopping process between Fe* to Fe3, the high resistance of the
grain boundaries makes the electrons accumulate on the grain boundaries, producing space
charge polarization, resulting in comparatively high value of dielectric constant at low
frequencies, But as frequency increases the grains come into action reducing the dielectric
constant rapidly due to decrease in space charge polarization. Even if the conductivity increases
with frequency the hopping of electrons cannot follow the applied frequency of the alternating
field, consequently the dielectric permittivity attains a constant value at higher frequencies.

It is evident from the figure that both real and imaginary part of dielectric constant
increases with Cr3* ion doping. It should be noted that the dielectric constant is higher for Cr*
substituted zinc ferrite than zinc ferrite. Similar result has been reported for Nd3* substituted
zinc ferrite [19]. The electron exchange between Fe? «> Fe? ion pairs determines the dielectric
polarization and whose magnitude depends on the percentage of Fe?* and Fe3* ion pairs at A and
B sites. The increase in dielectric constants (£ and £”) in the present case can be explained by

low concentration of Fe?* ion at the B site leading to low value of resistivity, hence high value of
dielectric parameter [20].

3.3.2. AC Conductivity

The frequency variation of AC conductivity at room temperature for zinc chromium
mixed ferrite is depicted in Figure 8.
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Figure 8.Variation of AC conductivity with frequency.

The increase in AC conductivity with frequency for all the compositions can be
explained using Maxwell Wagner two layer model of polycrystalline ferrite [21]. At low
frequency the poorly conducting grain boundaries are more prominent hence leading to low
value of conductivity. But as frequency increases, conductive grains become active, which
results in increase of conduction. The plots of all the Zn—Cr ferrite samples are almost linear,
which points to conduction due to small polaron hopping [22]. The AC conductivity is found to
increase with chromium ion concentration.

3.3.3. Dielectric loss tangent

The energy loss within the ferrite is termed as dielectric loss tangent (tan¢d ). The
variation of tano with frequency at room temperature for all the samples is shown in Figure 9.

tansé
i

Log f (Hz)
Figure 9. Variation of dielectric losstangent with frequency.

Relaxation peak is observed in all the samples except for un-doped zinc ferrite. This

peaking behaviour can be explained by Rezlescu—Rezlescumodel [23]. According to this model,
the conduction mechanism in ferrites is considered to be due to hopping of electrons between
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divalent and trivalent iron ions situated in octahedral sites. The peaking behaviour is obtained
when the hopping frequency exactly matches with the frequency of the external applied field.

It is also observed that all the samples show greater values of dielectric loss at low
frequencies and there after decreases rapidly with frequency. This can be explained well using
Maxwel-Wagner two layer model of poly-crystal ferrite. As the grain boundaries are active at
low frequency region, more energy is required for electron hopping, resulting in high loss,
where as in high frequency region, a small energy is required for electron transfer between the
two Fe ions as grains are prominent.

4. Conclusions

A series of Cr3 substituted zinc ferrite were synthesized by the sol-gel technique. All the
studied samples were pure cubic spinel type ferrite without any impurity phase. The lattice
constant of all the samples calculated from Rietveld analysis suggests the contraction of the unit
cell with chromium doping. The crystallite size is observed to decrease with chromium doping.
The TEM image shows that the particles are spherical in shape and agglomerated. The
absorption bands in FTIR spectra are found in the expected range of ferrites and this
corroborates the spinel structure of the samples. The absorption bands v2 broadens and shifts to
the higher frequency side which indicates the substitution of Fe?* ions on octahedral sites by
Cr3+ ions. Frequency dependence of dielectric constant shows normal behaviour and agrees well
with Koops theory. AC conductivity increases with frequency in all the samples. Low value of
dielectric loss at high frequencies makes nano sized chromium doped zinc ferrite particularly
useful in high frequency applications.
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1. Introduction

Artificial magnetic materials provide a wide range of exciting physical phenomena that
are not achievable with the omnipresent materials. These magnetic materials are realized with
metal and dielectrics elements [1]. These elements can be found in different shapes (SRR, Spiral,
Rose curve ...). Periodic arrangement of these particles provides enhanced positive or negative
permeability at radio frequencies [2]. Since metamaterials offer new exciting physical
phenomena, there is an increasing amount of interest in these materials and they are considered
as a good candidate for several applications. Recently, complementary split ring resonators
(CSRRs) defined as the negative image of a split ring resonators (SRRs) have been investigated
for negative permittivity and left handed metamaterial in microwave application [3].

Low-pass filters are circuit structure very attractive in modern microwave
communication systems. These circuits allow removing undesired harmonics or spurious mixing
products in radio frequency front-end circuits. For these purposes, various low-pass filter
structures have been proposed. Stepped impedance resonators [4], Defected ground structure [5]
and compact microstrip resonator cell [6] are the studied structure to implement low-pass filter
with good performance.

All the sub-mentioned structures of low loss filters present a gradual cut-off response
and don’t permit to have a sharp pass-band to stop-band transition which is a very important
quality to design low pass filter. In fact, by increasing the number of cascade subdivision, the
rejection characteristic of circuit structure can be improved. Nevertheless, adding more parts to
the circuit structure will deteriorate the pass-band insertion loss and also increase the physical
size of the low-pass filter.

In fact, complementary split ring resonators (CSRRs) are new categories of structures
used to design planar microwave circuits [7]. The complementary split ring resonator must be
etched either the ground plane or the conductor strip line. In fact, the electric field in this
specific region is maximal. Therefore, the electric field must be applied in axial direction to
have the maximum coupling between the conductor strip line and the CSRRs.

In 2006, Mandal et al. propose low-pass filter using complementary split ring resonators
(CSRRs) for the first time. To eliminate spurious response an open stub was added as a
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capacitive load, but this added stub has increased the dimension of the circuit structure.
Recently, complementary split ring resonators (CSRRs) are used to improve the rejection
characteristics of the low-pass filter without increasing the size of the proposed circuit structure
[8]. Using complementary split ring resonator etched to the ground plane, the slow-wave factor
of the microstrip line increase and can be improved by using this structure which also indicates
a reduction of the geometry size of the proposed filter [8].

The proposed low-pass filter by Zhang et al. was designed using multi-CSRR cells
cascaded perpendicularly to the conductor microstrip line. To obtain a set of gradual
transmission zero frequencies, the complementary split ring resonator CSRR was modelled by
changing the radius and line width. In fact, compared to the complementary split ring resonator
CSRR, the complementary rose curve resonator CRCR could enhance the miniaturization factor
and decrease the circuit dimension [9].

In this letter, a low-pass filter is realized by cascading complementary rose curve
resonator cells to obtain controllable transmission zeroes with reduced dimension circuit
structure and large bandwidth. Several CRCRs are used to underscore the geometrical effect on
the microstrip line performance and size. First, the complementary rose curve resonator will be
presented and its frequency response will be analysed. The second part deals with the new
design of the low-pass filter. Finally, the new low-pass filter will be compared to other
structures and its performance will be discussed.

2. Complementary rose curve resonator (CRCR)

The complementary rose curve resonator is the only broken looped resonator which can
be tuned to provide specific resonant behaviour [10]. In fact, it is based on a circular shape and
for highly miniaturized cases, it creates spurious resonances. For that, this structure has more
degrees of freedom compared to the split ring resonator SRR, which provide more design
flexibility in filter synthesis.
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Figure 1. Different CRCRs unit cells (The upper metallization is represented
by color orange and the ground plane are is represented by color grey).

Figure 1 shows different complementary rose curve resonator CRCR cells etched in the
ground plane and the microstrip on the surface located between two 50 Q lines. There first
microstrip line is wider and it is located just above the complementary rose curve resonator cell.
This microstrip is applied as compensated shunt capacitance which is usually realized by open
stub. Furthermore, there are no discontinuity elements to connect the open subs (the small and
the wide microstrip line). In fact, three complementary rose curve resonators are modelled by
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modifying the geometrical parameters (the radius, the gap, the slit, the trace width). Figure 2 is
an illustration of the geometrical parameters of the three complementary split ring resonators.
The Table 1 lists with more details the parameter configuration of the CRCR.

Trace width

radius

slit

gap

Figure 2. Geometric parameters of the CRCR unit cell.

Table 1. Geometric parameters of different CRCR unit cells,

Unit cell Radius, mm Trace width, mm Gap, mm Slit, mm

CRCR_1 2.8 0.5 1.0 0.10
CRCR_2 2.3 0.4 0.8 0.07
CRCR_3 1.8 0.3 0.6 0.03
CRCR_4 1.5 0.2 0.5 0.02
0
3dB e ..
J /_'.)rf ———
.10
20 -
E fclo chr fc3
<
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Figure 3. Frequency response of three CRCR
units cells with different geometric parameters.
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Using Ansoft HFSS, the S-parameters of the complementary rose curve resonators have
been simulated. This full-wave three-dimensional electromagnetic commercial software is used
to perform the numerical analysis of the frequency response of the CRCRs. Figure 3 describes
the simulated frequency response of the three CRCR cells with different geometrical parameters.
Lero is described as the transmission zero frequency which nulls the shunt impedance [8]. From
Figure 3, it can be noticeable that the frequency at 3 dB is very close to the transmission zero
frequency fen. Consequently, there is a sharp rejection from pass-band to stop-band in this
frequency range. By changing the geometry parameters of the CRCR cell, the frequency
response of the complementary rose curve resonator change drastically. In fact, by decreasing
the radius of the rose, the width of the two rings and the slit, the frequency at 3 dB and
transmission zero of the CRCR cell increase considerably. As a result, the frequency response of
the complementary rose curve resonator could be tuned by a simple altering in the geometry
parameters of CRCR cell.

3. Low-pass filter design

In this section, a low-pass filter will be presented by using two different categories of
complementary unit cells resonators. First, the complementary split ring resonators CSRRs are
etched in the ground plane, beneath the microstrip line in two different positions. Then, to
reduce the circuit dimension and to perform his response, the complementary rose curve
resonator will be introduced.

3.1. Wide stop-band LPF using complementary split ring resonators (CSRRs)

Figure 4 illustrates the layout of the low-pass filter using CSRR proposed by Zhang et al.
[8]. In fact, this structure consists in three CSRRs cascaded in position 1. Position 1 indicates
that the slits of the CSRRs are positioned in the direction perpendicular to the host microstrip
line.

Figure 4. Low-pass filter with CSRR in position 1.

The frequency response of the low-pass filter based on the CSRR in position 1 is
illustrated by Figure 5. In this structure, the transmission zero of the CSRR unit cells were
adjusted at 4.0, 4.9, and 5.9 GHz. The design is done by tuning the geometric parameters of the
three CSRRs. From Figure 5, the return loss in pass-band is better than — 20 dB. The 20 dB stop-
band width is from 3.8 to 6.1 GHz.
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Figure 5. Frequency response of the low-pass filter with CSRR in position 1.

In order to have a wide stop-band, the complementary split ring resonators CSRRs are
now etched in the ground plane, beneath the microstrip line in position 2. Position 2 shows that
slits are positioned along the microstrip line. Figure 6 shows the structure of the low-pass filter
with CSRRs in position 2.

Figure 6. Low-pass filter with CSRR in position 2.
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Figure 7. Frequency response of the low-pass filter with CSRR in position 2.
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The simulated results of the low-pass filter with CSRR in position 2 are presented by
Figure 7. It can be seen from this graph, that stop-band width is increased. In fact, this stop-
band is from 4.4 to 7.9 GHz. Moreover, the return loss in pass-band is better than —20 dB.
Accordingly, by changing the CSRR from position] to position 2, the response of the low-pass
filter has been noticeably performed. In addition, the stop-band width has increased by 35 %.

3.2. Novel LPF using complementary rose curve resonators CRCRs

In order to reduce the size of the low-pass filter based on the CSRRs unit cells, the
complementary rose curve resonators will be applied to the microstrip line instead of the CSRRs.
The complementary rose curve resonators CRCRs are applied to enhance the miniaturization
factor. The miniaturization factor is defined as the ratio of the wavelength at which the CRCR
resonate to the length of the microstrip line. In Figure 8, three CRCR cells with adjustable zeros
transmission frequencies are cascaded and etched to the ground plane. These CRCR cells are
modelled by tuning their geometric parameters as shown in Table 1.

Figure 8. Low-pass filter using three complementary
rose curve resonators etched to the ground.
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Figure 9. Frequency response of the low-pass filter with three CRCRs.
Simulation results for the low-pass filter using three CRCRs are shown in Figure 9. In

fact, the stop-band width is from 4.3 to 6.8 GHz. We can notice from this graph, that stop-band
width is increased compared to the stop-band width of low-pass filter with CSRRs in positionl.
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Additionally, the return loss in pass-band is better than — 25 dB. Moreover, the size of the low-
pass filter is reduced by 30 % compared to low-pass filter loaded by the CSRRs.

For the same size of the low-pass filter based on the CSRRs unit cells, four
complementary rose curve resonators have been applied to the microstrip line instead of the
CSRRs as shown in Figure 10. The geometrical characteristics of the CRCRs unit cells are
depicted in the Table 1.

Figure 10. Low-pass filter using four complementary
rose curve resonators etched to the ground.
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Figure 11. Frequency response of the low-pass filter with four CRCRs.

By cascading four different CRCRs unit cells, the transmission zeros frequencies could be
tuned. Four transmission zeros of the CRCR cells were adjusted at 4.2, 4.7, 5.5 and 6.5 GHz.
Consequently, the 20 dB stop-band frequency range of the filter increase. In fact, the stop-band
width is from 3.8 to 7.0 GHz. Furthermore, the return loss in pass-band is better than — 25 dB as
shown in Figure 11.

4. Conclusions

In this work, we proposed a novel low-pass filter based on complementary rose curve
resonators CRCRs. The transmission zeros of the filter are tuned by adjusting the geometric
parameters of the CRCRs leading to smaller circuit structure. In fact, a size reduction factor up
to 30 % is achieved compared to the filter based on the CSRRs. It was observed that the stop-
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band bandwidth of the filter using CRCRs is increased by 35 % compared to the filter based on
the CSRRs. Finally, this new filter can be easily implemented in microwave integrated circuit.

10.
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1. Introduction

Quasi-one-dimensional semiconducting structures have been recently studied as
potential candidates for electronic applications. Semiconducting nanowires (NW) have been
implemented as the active channel of field effect transistor (FET) with linear and Schottky
barrier source and drain contacts [1, 2]. SINW FETs are of particular interest because they could
allow the combination of one-dimensional transport and self-assembly techniques with the
well-established Si technology. Of fundamental importance is the method in which contacts to
the nanowire channel are being formed. Nickel silicide / silicon contacts used in FET can be
formed by thermally activated axial intrusion of nickel silicides into the silicon NW (SiNW)
from e-beam lithography pre-patterned Ni reservoirs located at both ends of the NWs.
However, the formation of a precisely controlled nanostructure remains one of the most
challenging problems in nanotechnology today.

Transformation of the longitudinal NW segments into single-crystalline nickel silicides
throughout the entire NWs bulk has been interpreted by some investigators as evidence of a
volume diffusion control process. However, the volume diffusion coefficients of nickel in Ni2Si
at 300-400°C are inconsistent with observable nickel silicide intrusion lengths. The
experimental results published so far show a distinct dependence of nickel silicide intrusion
length on the silicon NW diameter [3], which is indicative of a surface diffusion or a surface
reaction controlled process.

The kinetics of nickel silicide growth in Si NWs found by different authors [3 —13]
varies substantially, and the growth rates may differ by some orders of magnitude at the same
temperature (for example, from ~0.01 nm/s at 500 °C [5] to ~4nm/s at 450 °C [9] and
~5nm/s at 420 °C [10]). Kinetic analysis of nickel silicide formation through point contact
reaction between Si and Ni nanowires in the temperature range 500 — 650 °C was performed by
Kuo-Chang Lu et al. [5]. A linear time dependence of the silicide length was found for all
temperatures investigated, with growth rates of 0.01 —0.1 nm /s [5]. Activation energies were
obtained for the case of nickel diffusion through the silicon part of the NW (1.25 eV) and for
diffusion through the nickel silicide phase (1.7 eV). The authors [5] proposed that the observed
epitaxial growth of NiSi may be an interface reaction controlled process limited by the rate of
dissolution of Ni into Si at the point contact interface and accompanied by very fast volume
diffusion of interstitial nickel atoms. The kinetics of Ni silicide phase formation was studied by
Dellas et al. [9] in the temperature range 400 — 550 °C for 50 — 75 nm-thick SiNWs grown in
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<112> and <111> directions. For <112> oriented SiNWs, growth of the 0-Ni:Si phase exhibited
parabolic kinetics with activation energy of 1.45 + 0.07 eV / atom. In the case of <111> oriented
SiNW, the NiSi> was the only formed phase and the NiSi> growth demonstrated linear kinetics
with activation energy of 0.76 + 0.10 eV / atom [9]. Square root time dependence of the total
silicide intrusion length was found by Ogata et al. [10] for different crystallographic
orientations of SiINWs and core diameters ranging from ~ 10 to 100 nm. They found that the
NiSi2 was the first forming phase whereby Ni-rich silicide phases subsequently nucleate close to
the Ni reservoir. Ogata et al. [10] also observed the retardation of silicide growth in oxidized
SiNWs. A square root time dependence of the total intrusion length was found for nickel
silicides formation in SiNWs at temperatures 350 —440 °C [11]. Subsequent anneals of the
samples at different temperature revealed Arrhenius-type temperature dependence of the
square intrusion length increase with an activation energy of 1.45+0.11 eV [11]. Transition
from linear to parabolic growth of nickel silicides in SiINWs was analyzed by Yaish et al. [12].
The linear regime can be realized when transition of Ni atoms from the Ni reservoir towards
the wire is hindered and limits the silicide growth, while the parabolic regime corresponds to
fast transition of Ni atoms from the reservoir and the silicide growth is controlled by diffusion
of Ni atoms along the silicide surface toward the silicon part. Intermediate regimes are realized
in many cases [12]. Analysis of published experimental results [14] revealed that in many cases
formation of nickel silicides in SiNWs can be controlled by diffusion of nickel along the silicide
surface or silicide / SiO2 interface.

The axial intrusion consists usually of different nickel silicides which grow
simultaneously during thermal annealing. The kinetics of their growth inside the intrusion can
be different with (or without) predominant growth of one of the silicides [15]. The growth is
often accompanied by local thickening and tapering of the silicide NW [16 —20], up to full
disintegration of a NW segment adjacent to Si. Up to date, comprehensive understanding of
these processes is still missing.

Simultaneous growth of different silicides in SiNWs during rapid thermal annealing
(RTA) was recently analyzed in the framework of the model, taking into account the balance
between transition of Ni atoms from the Ni reservoir to the NW surface, diffusion transport of
these Ni atoms from the contact area to the interfaces between different silicides and nickel
silicide / Si interface, and corresponding reactions of Ni atoms with Si and the nickel silicides
formed [15]. Thickening and tapering of the silicide intrusion during repeated anneals can be
explained by the presence of opposite atomic fluxes caused by curvature gradients. The latters
are connected with the presence of two or more different nickel silicide phases along the
intrusion segment [19, 20]. In order to understand what processes actually control the nickel
silicide formation, corresponding activation energies should be found. For this purpose, time
and temperature dependences of the silicide intrusion length should be properly measured.

In the present work we analyzed the experimental results on time and temperature
dependencies and possible instability of two-phase nickel silicide intrusions in <110> and <112>
oriented SiNWs for a temperature range of 300 — 440 °C and nanowire diameters of 30 — 60 nm
obtained previously in our laboratory [11,12,19,20]. The results were analyzed in the
framework of diffusion model which was developed. This model includes the fluxes of Ni and Si
atoms along the nickel silicides formed as well as the reactions at Si / silicide and silicide /
silicide interfaces. Quantitative agreement between experiments and theory was obtained and
discussed.

140



A. Katsman et al. Nano Studies, 2013, 8, 139-152.

2. Experimental details

The SiNWs were synthesized by the vapor-liquid-solid growth technique in an ultrahigh
vacuum chemical vapor deposition chamber, with silane as the silicon precursor and gold as the
catalyst [21, 22]. Typical diameters of NWs grown in the <112> and <110> directions were
35 - 60 nm and 25 — 40 nm, respectively. SINWs were oxidized at 700 °C by CVD reactor in
oxygen flow with rate of 200 sccm and pressure of 1 atm. Samples were fabricated by a method
described previously [11], with the lone exception being that the SiNWs were randomly
dispensed from an ethanol suspension onto a sacrificial 150 nm-thick PMMA resist layer
(deposited on the SisNs / Si substrate) which allowed to obtain a suspended SiNW structure. In
order to form nickel silicide/silicon contacts, a series of anneals of the Ni/SiNW sample were
performed: the first, at 420 °C for 15 s, followed by a few subsequent anneals, each at 440 °C for
5s. Each anneal was carried out in a rapid thermal annealing (RTA) machine in a nitrogen
atmosphere and included heating to (and cooling from) the annealing temperature with the rate
of 1°C/s. After every annealing, the silicide intrusions were investigated by high resolution
scanning electron microscopy (HRSEM) and atomic force microscopy (AFM).

3. Main experimental results

The axial nickel silicide intrusions were formed as a result of a series of subsequent
anneals at 420 and 440 °C. Simultaneous growth of two nickel silicides in SINW's was observed
in a number of works [11, 12, 15]. The typical results obtained in our laboratory are presented
in Figures 1 —6. Two-phase nickel silicide intrusions with different thickness of particular
intrusion segments are shown in Figure 1. Time evolution of intrusion length in different
SiNWs at 420 and 440 °C are presented in Figure 2. In order to estimate effective activation
energy of the process, a number of samples were annealed for 30 s subsequently at 300, 350, 400,
420 and 440 °C. One of such samples is shown in Figure 3.

420°C,75s

uuuuuuuuuuuu =

17:

Figure micrographs of SINWs with Ni—silicide intrusions formed
during rapid thermal annealing (RTA) for different times at 420 (a) and 440 °C (b).

141



Formation and evolution of nickel silicides in silicon nanowires.

Figure 3. HRSEM images of SiNW covered by 140 nm Ni/ 2 nm Au
after subsequent RT anneals at 350, 400, 420, and 440 °C for 30 s each;
the SINW has the core diameter of 30 nm and native oxide shell of 3 nm.

Figure 4. HRSEM images of a 28 nm-thick Ni/ SiNW structure after five subsequent thermal
cycles with annealing temperatures of 420 °C for 15 s (two first) and 440 °C for 5 s (three last).

Figure 5. HRSEM image of Ni / SINW structure after thermal annealing
at 420 °C for 1 s: (a) total view of the NW structure with two tapered
NiSi regions; (b) and (c) bottom and upper parts of the NW structure.
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Figure 6. HRSEM images of the a 52 nm-thick Ni / SINW structure as a result
of TA at 420 °C for 15 s (a), followed by two subsequent anneals each at
440 °C or 5 s (b); (c) magnification of the dissolved NW section in (b). (The
NW integrity is apparently kept here by a 5 nm-thick thermal oxide shell).

The morphological peculiarities of the silicide intrusions observed sometimes as alternate
thickening (pea- and ring-like structures, Figure 4), and tapering of the NW segments
(Figure 5). In some instances the NW tapering continued up to full dissolution / disintegration
of the silicide segment adjacent to the Si NW (Figures 6b and c).

4. Theoretical model

Simultaneous growth of several nickel silicides in Si nanowires (SiNWs) is controlled by
some sequential processes: (a) transition of Ni atoms from the e-gun deposited Ni reservoir
through an intermediate contact layer (formed by Si oxides or another contamination of the Si
surface before Ni deposition) to the silicon or the nickel silicide surface; (b) diffusion transport
of these Ni atoms from the contact area to the reaction interfaces; (c) reaction of Ni atoms with
Si or nickel silicides at the reaction interfaces resulting in the growth of different nickel silicides
(Figure 7).

2R, Si

Figure 7. Evolution of nickel silicide intrusion during RTA, schematic diagram.
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Experimentally observed thickening and thinning of different parts of the nickel silicide
intrusion, up to full dissolution of some part of the intrusion, cannot occur without some
diffusion of silicon atoms. In the model considered below, the Si atoms diffuse along the NiSi
surface, reach the boundary NiSi / NiwxSi (x> 0) and react there with the Ni atoms arriving this
boundary from the Ni source to form a new portion of Niw.xSi phase (Figure 7). Without loss of
generality, we use x= 1 in the following discussion.

The flux of Ni atoms from the reservoir through the contact layer of thickness /4 is
proportional to the contact area, s

con *

Jcon = _Atr % Scon 4 (1)

where A, is the kinetic coefficient for transition of Ni from the reservoir to the silicide surface,
M., and po are the Ni chemical potentials in the Ni reservoir and on the intrusion surface near
the Ni source, respectively. This flux is equal to the total flux of nickel atoms, J,;, diffusing
then along the nickel-rich silicide surface:

TN = eon- )

The total flux of nickel atoms arriving the Ni2Si / NiSi boundary (B:) can be divided into
three parts:

Jor= gt gy g @, (3)
where J|) and J are the fluxes of Ni atoms reacting with Si atoms arriving this boundary and
with NiSi phase, respectively. J1" is the flux of nickel atoms that diffuse along NiSi surface and

reach the NiSi / Si boundary (Bz). The corresponding reactions at boundary B: can be written as

follows:
2 Ni + Si — Ni2Si (B1) (4)
Ni + NiSi — Ni2Si (B1) (5)
Ni + Si — NiSi (B2) (6)

NiSi

The reaction (4) is provided by supply of Si atoms along the NiSi surface by the flux J,~.

Assuming J % =0J " and J§) =2J5, Eq. (3) can be rewritten:

i =T (1+20)+ 7). (7)
In a steady state condition, diffusion fluxes of Ni atoms are the following:

1ot Hy—H
JNi:Al%Sl’ (8)
T =A, A ;ﬂz S35 9)

where A, and A, are the kinetic coefficients along the Ni:Si and NiSi segments of intrusion,
L, and L, are the lengths of Ni.Si and NiSi segments, x4 and g, are the Ni chemical potentials
at the Ni2Si / NiSi boundary (B1), and at the NiSi / Si boundary (B2), respectively. s, =27RJ,

and s, =27R,J, where § is the diffusion surface layer thickness. The reaction flux J{;’ can be

written by analogy to the fluxes (8) and (9):
Jj(\]%) — A ﬂl _ﬂreac s (10)

reac R reac’
1

where L, is the kinetic coefficient of reaction (5) and x,,, is the chemical potential of Ni

reac reac

atoms at the NiSi / Ni2Si interface (B1) after reaction.

144



A. Katsman et al. Nano Studies, 2013, 8, 139-152.

Using Egs. (1, 7 - 10) one can find the values of po and i as functions of 1, , &,,.., &,

and of dimensionless intrusion lengths /, =L /R, and [, =L,/ R;:

ﬂ() — llﬂres + %;u1 , (1 1)
li+4q,
lul = folz’uf’eé‘ + (qo + ll)(ﬂz + pOZZIureac) (12)
fola +(qy +1)(pyl, +1)

where f,=Ls,/Ls,(1+260), q,=Lsh/Ls,. R, and p,=L,_,.5S,.,./Ls,. When the fluxes of

tr=con
nickel, described by Egs. (8) and (9), are directed from the Ni reservoir to the silicon part of the
NW (“positive” direction), the silicide intrusions, /, and /,, grow with different kinetics, from
linear to parabolic, depending on kinetic, geometric and contact parameters.
The nickel-rich silicide grows due to reactions (4) and (5) at a rate proportional to
corresponding fluxes:

dL1 (2 + X)Ql (2) NiSi 391 (2) NiSi
— =2 (J xS =] +6]"). 13
dt x7R? S ) 7er( N W) (13)

The monosilicide grows at the NiSi / Si interface due to reaction (6) and it is contracted due to
reaction (5) at the intersilicide interface:

by 2 jus 2402, o (14)
dt RS X7R;

In the dimensionless form it can be rewritten as follows:
% _ 60 (A, — ... )L,p, + (4, — 1,)0)— py(q, + )4, —L)1-60)]f , (15)
dr R/(1+286) Lf,+ (g, +1)(pl, +1
dl, 4RV (I~ )+ Hpe —Ho) gt L)y fy 2RV dl (16)
dr  R(1+6) L fy + (g0 +1)(poly +1) 2+x)R; dt’

where 7=AQKkTt/R’, v=Q,/Q,,and I = u,/kT.
It should be noted that for zero initial values /) =0 and [ =0, a solution of the equation
system (15) and(16) satisfying the following initial conditions has to be found:
ll :0, 12 Sl_z = qO(lureac_ﬂZ)(l_e)_(ﬂmx_lu2)9f0/p0 , (173)
fO (Il'lres - ﬂreac)
l,=0, t=0, (17b)
The first condition corresponds to the requirement g, > .. —6(y, —ui,)/ p,l, providing the

reac

growth of the nickel-rich silicide. It means, that the monosilicide starts to grow first, and the
nickel-rich silicide starts to grow only when the length of the monosilicide reaches a critical
value [,. If #=0, the requirement (17a) simply provides reaction (5) as has been found in [14].
Introducing the contact “window™ w=s, d/sh and dimensionless parameters
r=R/8, rn=R/6, d,=LJ/L , d,=L /L , and d,,. =L,./L , one can write
fo=nld+0)rd,, q,=1/1d
The system of Egs. (13) and (14) was solved numerically for different parameters u

1tr

w,and p,=rd,,  W/hd,.

1tr 1reac

res?

ﬂreac’ﬂ2’97 n, rzav, dlZ’d and d

1tr lreac *

Typical solutions shown in Figure 8 demonstrate

possible dominant growth of one of two phases.
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Figure 8. Calculated dimensionless nickel silicide lengths for different kinetic
and geometrical parameters: (a, b) — square root like and (c, d) linear-like
dependencies with dominant growth of mono- (b, d) or Ni-rich silicide (a, c).

In two limiting cases: (1) L, =0 and (2) L

reac

=0, =0 — only one silicide phase grows

(Ni-rich or NiSi, respectively). In these cases the system of Egs. (13) and (14) is reduced to one

equation
ﬂ:ﬁﬁr’es—ﬁZ (18)
dt r [ +gq

with the following solution:

I=+ar+(,+q) —q;, (19)
where o, =2(1t,,, — 1,)n; /1, and g, = A, /A
above. Eq. (18) is similar to the relationship obtained earlier for the case of one nickel silicide
growth [8]. The dependence /(7), Eq. (18), is linear-like for experimental times:
=y +q) @ (20)
Such a case may be realized for sufficiently small contact “windows”, w , and can be referred to
as “contact” growth regime. In the opposite case, 7 >> 7, , the dependence [,(7) is square root-

crit ?

rw, i=1 or 2 for the two limiting cases mentioned

i

T<7T

crit

like, and the silicide growth is diffusion controlled.

5. Analysis of experimental results

The silicide intrusions were obtained by annealing of SiINWs for different temperatures
and times as described in [12]. Examples of linear and square root-like time dependences
observed for the Ni-rich part and NiSi part of intrusions at 420 and 440 °C are presented in
Figure 9.
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Figure 9. Typical kinetics of total and particular silicide intrusion lengths; dots are
experimental values [12], solid lines are calculated with parameters given in Table 1.

Table 1. Fitting parameters used in the calculation of particular silicide intrusion lengths.

T,°C| Iy |l | w,10% | dy | d,,, w | h|h| C
N1 | 420 | 4.7 |39 3.03 1 | 0.01 1 |36(30]0.56

T11 | 440 |25.6|2.1 10 271 0.7 1 {36]30|0.51
T18 | 440 | 6.7 |65| 043 |27 | 0.2 1 |36(30|0.50

The experimental results are well described by Egs. (15, 16) with the corresponding
parameters mentioned in Table 1. It should be noted that preliminary heating of SiNWs to
400 °C, exposure at this temperature followed by slow heating to 420 or 440 °C resulted in
preliminary formation of both Ni-rich and NiSi parts; their lengths are used in the present
calculation as initial lengths /;, and [, .

Substantial growth of NiSi at 420°C and 440°C as compared to the dominant growth of
Ni-rich silicides at lower temperatures (usually [, >, ) is indicative of relatively lower rates of

reactions (4) and (5) at higher temperatures. Surface diffusion coefficients along Ni-rich silicide
can be evaluated as 5-10"“m?/s at 420°C and 1-10"m?/s at 440 °C. The diffusion
coefficient along the monosilicide surface is of the same order at 420 °C (d,, = 1), but of about 3
times higher at 440 °C (d,, =2.7). For sample N1, the critical time, 7, =1.5 - 103, Eq. (20), the

growth occurs mainly at 7>7,,, and the time dependence of the total intrusion length is

rit
square root-like; the same is true for the NiSi part, but the Ni-rich silicide part grows almost
linearly, due to a low reaction rate, d,,. For sample T11, the “window” value, w =0.1, is

sufficiently high, 7,

i =140, and the growth occurs in the diffusion controlled regime for both
parts of the intrusion. For sample T18, the contact “window” is small, w=4.3- 10", the

experimental times 7<7,, =7.3-10% and both parts of the intrusion increase linearly with

time; in this case the total growth rate is determined by the transfer of Ni atoms from the

reservoir, and the particular rates depend on the reaction rate, d,, , at the Ni.xSi / NiSi interface.

In general case, square root time dependence can be realized for the total silicide length (in the
diffusion controlled regime), while particular silicides may have different kinetics (square root,
linear or intermediate) depending on the reaction rate of the silicide transformations. In this
case, assuming close values of diffusion coefficients of Ni along different silicide / SiO2 interfaces,
or, at least, their close activation energies, the total silicide length can be well described by the
simplified dependence
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L' - I, =8DAt(C,, - Cf)% = 4] exp(— %jm = A*(T)Ar. (1)

Analysis of temperature dependence of the square length increase, AL , after RTAs at
subsequent temperatures, 7, and 7,,,, each for 30 s, allows evaluating the activation energy of
the process by using L, as the initial length, L, , for the subsequent anneal at temperature
T

n+l :
AL =Ly, =Ly, =L, ~ L, = AT,.)A, (22)
Such analysis should take into account the silicide growth during heating to and cooling from

the annealing temperature. The increase of the silicide intrusion length during heating / cooling
with the rate o from 7|, to T ,,. can be evaluated with the following expression:

Lz _l; —AOZTeX _L dt_Az(T )Tex i dt =
o~ = S P T NPT+ an

2
= AT o g By L TE 08 | E (23)
Ea| Pk, 21,

where At=(T,,, —T,)/ & is the heating time. The activation energy of the diffusion process, £,

can be found by the iteration procedure described in detail in [9]. The activation energy
averaged over the examined NWs is £ =1.45%0.11 eV. This activation energy is typical for
nickel silicide growth in thin film silicide reactions controlled by interface and grain boundary
diffusion processes [23 — 26].

5.1. Possible instabilities of two-phase nickel silicide intrusions

The sign of the flux J,", Eq. (9), is determined by the difference of the chemical

potentials:

ﬂl _ﬂz — fO(lLlres _ﬂ2)+p0(CIO +ll)(ﬂreac _ﬂz) . (24)
fot (g, +1)(p,+1/1,)

As stated before, the chemical potentials &, , 4., and &, depend on the surface curvature
[18]:

Hyog = Hioyo + IRy, Hyeae = Mreaeo + Y2/ R, Moy = o + V2R, (25)
where y is the surface energy. If 1, < i, (can be possible due to the curvature term), the
difference x4, —u, decreases with increasing of the nickel-rich silicide length, /,, and reaches
zero at a critical value:
et = Jo Mo — Moy —VQAR/RR,

Po Moy = Hreaeo + YQAR/ R R,
For values [, > [, the flux J) reverses its direction, and the nickel atoms are transferred

qo - (26)

from the NiSi to the Ni-rich part of intrusion. The critical value /" can be estimated assuming
fo=1, o=ty =kT >>yQAR/RR, and | i,, — i, I<< YQAR/RR, and using typical values
y=2]/m? Q=12-10%m3 kT =9.29-102 ], R, =12 nm, R, =10 nm:

_ KTRR, 30

—qy=——4q,- (26a)
1 PoYQAR ’ Do ’

lcrit
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This length can vary over a wide range of values depending on parameters of reaction (5)
(incorporated in parameter p,) and on supply of Ni atoms from reservoir (parameter g,). For

example, for p, =g, =1, [ =29. It should be noted that the flux J} does not change its
direction since the difference of chemical potentials, x4, — 4, remains positive for all values of
l:

Hyos = My + Poly (Brey = Hyeo) . 27)
folo 1L+ A +qy/1L)(poly +1)

Hy — 1 =

5.2. Local thickening: formation of rings and pea-like bulges

As it was found, first anneals resulted in formation of two-phase silicide intrusion
consisted of two segments with different radii (Figures 1a, b, and 3a). Repeated anneals are
often resulted in local thickening of the intrusion with formation of periodic rings and pea-like
bulges. Annealing at comparatively low temperatures (during heating and cooling in the
temperature range 350 —400 °C) may cause evolution of the intrusion in the NixSi / NiSi
boundary region: the critical length, [, decreases with temperature (mainly, due to increase
of p,~ L

oue! L, » Eq. (23)). As a result, the length /,, achieved in a previous annealing may
exceed the critical value, [/, Then, the flux of Ni atoms along the NiSi part of intrusion
reverses its direction, and the net flux of atoms along the NiSi part becomes negative, since the
flux of Si atoms is always directed from Si towards the nickel pad. It provides dissolution of the
NiSi phase and thinning of its segment adjacent to the NixSi and thickening of the latter. The
result of such process can be seen, for example, in Figure 3a. The Ni atoms diffusing from the Ni
pad reach the Ni»Si / NiSi boundary region and accumulate here, in the region of the minimal
chemical potential, . In order to evaluate possible thickening of the Ni»Si / NiSi boundary
region, one can estimate the number of additional Ni atoms reaching this region for the case
fo=pPy=q,=1and [, [, >>1:

=N g pF e o B b FoT e T 28)
n 2 1

where Al =1 —[". Using the following expressions for kinetic coefficients: A, = D, /kTQ
where D, and ¢, are the surface diffusion coefficient and average Ni concentration on segment
i of intrusion (i =1, 2) and Egs. (25), one can obtain:
AN _ 27:3(01 “~%4p, @&ﬂ;j . (28a)
At Q L, kT I, R,
Assuming thickening in the shape of torus with the tube radius Ar, additional volume can be
written as AV = ANQ = 7°R,(Ar)’ . The thickening Ar can be estimated as

Ar = 2—5D1At£ 1+&@ﬁﬂg , (29)
R, [ D, kT I,Ac R,

For D,=D,=4-10"m?/s, At=30s, 6 =0.5nm, /, =40, [, =10, R, =15 nm, AR =2 nm, and

yQ/kT =2.6 nm, one can obtain Ar =5 nm, that is close to real size of pea-like bulges.
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Next annealing at higher temperature (when [, turns out to be less than the critical
value, ["™"), providing supply of nickel atoms from the Ni pad causes further growth of both
parts of the silicide intrusion.

5.3. Tapering and dissolution of the NiSi segment

Thickening and formation of rings and bulges in the Ni:Si / NiSi boundary region during
repeated anneals may cause substantial decrease of the critical length [ due to local increase

of AR (see Eq. (23a)). By this way the condition /, >/ can be met at higher temperature, and

the flux of Ni atoms along the NiSi part of intrusion reverses its direction. In this case the flux
cannot be longer constant along the NiSi intrusion. At the Si / NiSi interface the flux of Ni
atoms should be equal zero (there is no a source of Ni atoms here). Maximum atomic flux from
the NiSi to the Ni»Si will be realized at the NiSi / Ni2Si interface where the gradient curvature is

lcrir

maximal. For [, >/ the difference of chemical potentials, Eq. (9), can be approximated as

follows:

U — I, = Allpo(lureac _luz) ~ _& 7QAR ) (30)
Jo+(qy+1)(py +1/1,) i RR,
The corresponding Ni flux determines the rate of dissolution of the NiSi part of intrusion. It

should be emphasized that dissolution of NiSi phase requires both Ni and Si fluxes being equal

NiSi __ 2JN1S1

in their value and direction. Then, the total atomic flux along the NiSi intrusion, J,,

Assuming a linear increase of J** from zero to 2J};, the rate of dissolution can be written as:
NiSi m _
dRZ — Qé‘a‘]wt — 952.]1\,1 — _chlﬁ 7Q§(R13 RZ) . (31)
dt ox L 11, KTR'R,

Furthermore, let R, and /, be constant, and [, =" + a/t , where a = (2/R)y/D,6/R, [8], then

integration of Eq. (28) results in the following equation:

2
RinS=h _poyp - B{ Zlm'f g 2o [1+dn (32)

o’ l

where B=D,C,yQ5/kTR]l,. The time of full dissolution (when R, =0) can be found from
Eq. (32). For the case ot << [ it can be estimated by the expression:

2/3
3l R,
t, it | R In - R . 33
dis (2 B ( 1 R _ R jj ( )

For D,=D,=2-10"m?/s, R, =15nm, R) =13nm, § =0.5nm, & =(2/R)/D,6/R =5.4s"2,
[, =30, C,=0.67, yQ=2nm, [, =10 one can obtain B=1.0nm /s and ¢, =70 s. Such values

crit
of dissolution time were often observed in the experiments.

1 2 crit

6. Conclusion
Evolution of nickel silicide intrusions in the NiSi / Si NWs after a series of rapid thermal

anneals at different temperatures of 350 —440 °C was analyzed in the framework of the
phenomenological model taking into account the balance between transition of Ni atoms from
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the Ni reservoir to the NW surface, diffusion transport of these Ni atoms and corresponding
Ni/Si and Ni/nickel silicide reactions. Simultaneous formation of different nickel silicide phases
during RTA was considered. Linear or square root-like growth kinetics of particular silicides
and of total silicide intrusion length can be realized depending on both the “contact window”
value and the relative rate of Ni-rich silicide formation. A square root time dependence of the
total intrusion length was indicating of diffusion controlled process. The NW curvature
gradients appearing due to different radii of different silicides may play substantial role in
tapering and dissolution of monosilicide segment of intrusion. Subsequent anneals of the
samples at different temperature revealed Arrhenius-type temperature dependence of the
square intrusion length increase with an activation energy of 1.45 + 0.11 eV typical for diffusion
of Ni along the nickel silicide surface or nickel silicide / SiO2 interface. Thermal cycling resulted
in sequential thickening of nickel-rich part with formation of rings or pea-like bulges at
different sides of the same NW. It was accompanied by tapering of the monosilicide part up to
its full dissolution and breaking of the NW. For a certain set of model parameters formation of
the pea-like profile on the nickel-rich silicide surface, tapering and dissolution of the
monosilicide part of intrusion were obtained.
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1. Introduction

Phase change materials (PCM) are used in thermal energy storage applications where
energy is stored (as latent heat of fusion) by melting the PCM and is released during
solidification [1 — 3]. Dispersing highly-conductive nanoparticles into the PCM enhances the
effective thermal conductivity of the PCM, which in turn significantly improves the energy
storage capability [4 — 6]. The resulting colloidal mixture with the nanoparticles in suspension is
referred to as nanoparticle enhanced phase change materials (NEPCM). A commonly used PCM
for energy storage application is the family of paraffins (CzH2n2). Mixing copper oxide (CuO)
nanoparticles (treated with surfactants for stability) in paraffin produces a stable and highly
conductive NEPCM for energy storage. However, after long term application cycles, the
functionality of the NEPCM deteriorates and it is required to replace it with fresh supply.
Disposal of the used NECPM containing the nanoparticles is a matter of great concern as it
cannot be discarded directly into the environment because of the short and long term
environmental and health hazards [7 — 10]. Due to the widespread application potential of
NEPCM, it is very important to develop proper technology to separate the nanoparticles before
the disposal of the NEPCM. This is the motivation behind the present study.

Separation of particles / impurities from a solid-liquid mixture has been an age old
problem. Various separation methods have been developed for various types of applications
over the years. The separation method for a specific class of solid-liquid mixture depends on
various factors such as the size of the particles, type / class of the liquid, mass / volume fraction
of the particles in the mixture, physical properties of the base liquid and the particles, etc.
Following methods are most widely used to separate particulate matter from solution: filtration,
distillation, centrifugation, electrophoresis, magnetic separation, chromatography and chemical
methods. Every separation method has various operating requirements and one of the most
critical one being physical, chemical and electrical properties of entities to be separated and
solution to be processed [11 —16]. By studying and analysing such properties of NEPCM,
various methods have been attempted. In this work following methods: distillation,
centrifugation, chemical methods, and chromatography which have produced successful results
have been reported with brief description followed by analysis and conclusion.
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2. NEPCM configuration

In this work Dodecane (Ci2H26) was used as a PCM base fluid and CuO (copper oxide)
nanoparticles [17] were employed to enhance thermal conductivity of dodecane. Dodecane of
99 % pure technical grade was used. Dodecane is a colourlessliquid with a slight gasoline-like
odour, has density of 0.753 g/ cm? and boiling point of 216 °C [18].The spherical shapedcopper
oxide nanoparticle size varies from 5 — 15 nm with majority of them being about 9 nm. The
density of CuO is 6.31 g/ cm3 and they appear black in colour [17]. A weight basis approach was
adopted to prepare NEPCM with required nanoparticles concentration.

3. Experimental setup and procedures
3.1. Atmospheric pressure distillation

Generally, distillation is used to separate a liquid from a liquid mixture containing
components of different volatilitiesor boiling points. In thesimplest form of distillation, the
liquid mixture is heated in a container until the liquid component with lower boiling point is
vaporized and then subsequently condensed to yield the distillate [19 — 22].

The distillation process can also be used to separate suspended solid particles from a
colloidal mixture. In the present context, the separation of the nanoparticles from the NEPCM
was accomplished by evaporating the dodecane (base fluid) at 218 °C using a distillation process.

(a) (b)
Figure 1. Distillation at atmospheric pressure: (a) before distillation — sample 100 ml
1 mas. % NEPCM and (b) after distillation — flask bottom showing nanoparticle residue.

A standard distillation unit was used to carry out the distillation process at atmospheric
pressure. An energy meter measured the amount of energy consumed during each experiment.
Figure 1a depictsthe 100 ml NEPCM with a 1% by mass concentration of the CuO
nanoparticles. The black colour of the colloid is due to the presence of black CuO nanoparticles.
Figure 1b shows the nanoparticle residue left in heating flask after completion of distillation.
Nanoparticles weredeposited in the form of a layer at the bottom of the flask.

3.2. Vacuum distillation

The boiling point of the liquid varies depending upon the surrounding environmental
pressure. A liquid at high pressure has a higher boiling point than when the liquid is at
atmospheric pressure. Conversely at lower pressure or under vacuum boiling point of liquid is
lower than that at atmospheric pressure conditions. Distillation has long been criticized as slow
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and highly energy intensive process. Hence, in order to make distillation more energy efficient
distillation, distillations were performed at reduced temperature. To perform distillation under
reduced pressure a complete new setup was required, as the distillation unit for this purpose has
to be airtight and of sufficient strength to withstand applied vacuum. Hence a new vacuum
distillation unit with vacuum pump of 1/6 HP power rating, 2.4 CFM free air displacement and
10 Pa ultimate vacuum was used. All the standard procedures and safety measures were
followed while conducting the trials. Fig.ure 2 shows the vacuum distillation setup used to
conduct trials.

Receiving Boiling Flask
= Flask— |

Figure 2. Laboratory vacuum distillation unit.

3.3. Centrifugation of NEPCM

Due to the density gradient between CuO nanoparticles (6.31 g/ cm3) and base fluid
dodecane (0.753 g/ cm?), it is anticipated that centrifugation at higher speeds would sediment
the nanoparticles. Initial trials were performed on a micro-centrifuge at speed up to 10 000 rpm
and no sedimentation was observed for centrifugation duration of 30 min. Hence, in order to
bring the nanoparticles out of the suspension it is required to apply larger centrifugal forces to
overcome the stabilization effect. This force can be applied using higher centrifugation speeds
on a large size centrifugation machine. A SORVALL RC6 super-speed centrifuge floor model
with maximum speed rating of 21 000 rpm which is equivalent to over 50 000 x gravity or
relative centrifugal force (RCF) was used to conduct high speed trials in conjunction with
SM-24 rotor which is fixed angle rotor. Initial trials were done for up to 6 h duration at
18 000 rpm which showed partial sedimentation of nanoparticles indicating RCF for this
duration is not enough to overcome stabilization completely. Further trials were done using 0.5,
2, and 5 % concentration (by mass) of NEPCM for the same operating conditions of 18 000 rpm
for 19.5 h.

3.4. Nanoparticle ligands / surfactants destabilization

The nanoparticles in the NEPCM are stabilized by means of steric stabilization by
chemically attaching large and bulky oleate ligands on to the particle surface that provide a
physical “cushion” between colliding particles and stable suspension of the particles in the base
fluid after mixing [23]. In this type of stabilization, the ligands have their polar heads attached
to the nanoparticle surface and non-polar tails lying in non-polar base fluid (dodecane). This
kind of stabilization is proved to be very efficient and strong due to the fact that being heavier
than base fluid (density: 0.753 g/ cm?), nanoparticles (density: 6.31 g/cm?) stay stable for
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months with no or negligible precipitation [17]. Hence, if the ligand end attached to
nanoparticle surface is detached, then steric stabilization will break down leading to
nanoparticle destabilization and consequential precipitation due to gravity. After conducting
several experiments and getting unsatisfactory results, interaction of potassium hydroxide
(KOH) with NEPCM in the presence of ethanol produced the desired result. It was observed
that KOH interaction with NEPCM results in steric stabilization break down which makes
nanoparticles fall down primarily due to gravity.

3.5. Silica column chromatography

Chromatography is a separation process in which sample mixture to be processed is
distributed between two phases in the chromatography bed (column or plane). One phase is
stationary known as stationary phase while the other phase passes through the chromatography
column and is known as mobile phase or eluent. The substances in the mixture to be processed
or separated must have different affinities for these two phases. The substance with a relatively
higher affinity for the stationary phase moves with a lower velocity through the
chromatography column than the substance with lower affinity. This difference in migration
velocities of the components of the sample ultimately leads to physical separation of the
components [24, 25].A component of the sample mixture that leaves the stationary phase and
moves with mobile phase is said to be eluted in a process known as elution.

Figure 3. NEPCM chromatography.

A manual column chromatography using powder silicate was used to carry out NEPCM
chromatography trials. A glass chromatography column of 10.5 mm internal diameter and
200 mm length was purchased from The Lab Dept., Inc., which came with a straight stopcock
with a poly-tetrafluoroethylene (PTFE) plug. A cotton plug, sand (coarse) and silicagrain size
(230 — 400 mesh), were used to establish the column where cotton plug and coarse sand served
as column base. In this formation silica gel was used as stationary phase and hexane was used as
mobile phase. Figure 3 shows NEPCM chromatography set-up. A silica column of 4inch
(approx.) was used for all the trials. After the column is established, NEPCM sample to be
processed was added followedby hexane to aid in elusion process. Hexane was added till the top
end of the glass column, this hexane column (5 ml approx.) on the top of NEPCM sample to
help in faster elusion. Due to the pressure exerted by the hexane, movement of NEPCM was
observed through silica column, which was easier to observe due to its black colour. After
reaching a certain length of the column the nanoparticle elusion stopped. At this point
nanoparticles are considered to be trapped by silica matrix or column allowing only transport of
base fluid dodecane under action of hexane as an eluting agent.
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4. Results and discussion

Distillation

Figures 4 and 5 show distillate collected after atmospheric pressure and vacuum pressure
distillation respectively. Distillate collected resembles to pure colourless dodecane used to
prepare the nano-colloid. Absence of any colour clearly indicates that collected distillate is free
from any trace of copper oxide.

Figure 4. Distillate: atm. Figure 5. Distillate:
pressure distillation. vacuum distillation.

Table 1 summarizes the data collected using the atmospheric pressure distillation process.
A total of six trials were performed for different combinations of NEPCM volume and
nanoparticlesconcentration. The mass concentration of nanoparticles chosen was 0, 1 and 3 %.
A trend was observed for time required and energy consumed in relation to the amount of
NEPCM used. Also it was observed that for the same volume, NEPCM with higher
concentration of NPs distilled faster than NEPCM with lower NP concentration. This is
consistent with an increase in thermal conductivity claim of the dodecane uponthe addition of
copper oxide nanoparticles.

Table 1. Atmospheric pressure distillation trials summary.

, NEPCM Nanoparticles Total Total Distillate [ Energy /
Trial mass . energy
volume, . time, volume, volume,
number ol fraction, min consumed, L KW - h / mL
% M kW - h
1 100 0 40 0.68 96 0.0068
2 50 1 35 0.6 48 0.0120
3 100 1 40 0.63 95 0.0063
4 150 1 40 0.65 146 0.0043
5 200 1 40 0.66 197 0.0033
6 100 3 32 0.51 97 0.0051
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Table 2 shows the data collected for vacuum distillation trials conducted at 33.6 kPa
vacuum. For a 100 ml volume of NEPCM, it was found that, as the amount of nanoparticles
increased, the time required for vacuum distillation decreased which resulted in less power
consumption. This is consistent with the fact that high heat conducting nanoparticles present in
NEPCM increases the rate of distillation as was observed in atmospheric distillation case as well
(vide supra). The final volume of distillate measured was found to be lower than initial volume
of 100 ml due to the removal of nanoparticles and loss of dodecanevapours.

Table 2. Vacuum (33.6 kPa) distillation data summary.

| nEpo | Namoparticles |y | Tol pyillate | Energy /
Trial mass . energy
volume, . time, volume, Volume,
number L fraction, . consumed, L KW - h / mL

m % min W - h m m

1 100 0 20 0.35 96 0.0035

2 100 1 15 0.24 97 0.0024

3 100 3 12 0.18 96 0.0018

50

0.7
E06 _ 100ml 40
Z 05 Atmospheric Pressure 100 ml

= = 30 Atmospheric Pressure
2 0.3 \ ; 20
= o Yacuum = Vacuum
= — =
< = 10
= 01 =
0 0
0 1 2 3 0 1 2 3
CuO Mass Fraction ( %) CuO Mass Fraction (%)
Figure 6. Distillation data Figure 7. Distillation data
comparison on energy basis. comparison on total time basis.

Figsures 6 and 7 presents the distillation data for atmospheric pressure and vacuum
distillation processes on energy required and time basis, respectively, It is evident that vacuum
distillation is much more efficient process to carry out distillation of NEPCM, as it consumes
lower energy and takes lesser time than distillation at atmospheric. Based on calculations it is
found that for the same volume and nanoparticle concentration of NEPCM distilled, vacuum
distillation consumes about 60 % less energy as well as time. Though initial equipment cost for
vacuum distillation setup is higher than that for atmospheric distillation the operating cost for
vacuum distillation is much lower. Thus it can be concluded that for long term applications and
higher volumes of NEPCM to be processed, vacuumdistillation is a better alternative.

To verify the nanoparticle removal efficiency of the distillation processes, Scanning
Electron Microscope (SEM) was utilized. All samples were prepared on a standard nickel grid
having carbon coating and were dried for 48 h before imaging. Figure 8 shows comparison of
SEM images taken for base fluid (pure dodecane), NEPCM before distillation, distillate at
atmospheric pressure, and distillate collected by vacuum distillation. Figure 8a shows the SEM
image of the 99 % pure dodecane, which has been used as a base fluid for the NEPCM
preparation. The structure of carbon coating on the grid is clearly discernible from this image
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which shows no signs of any nanoparticle present. Figure 8b shows the structure of the NEPCM
containing 0.5 % (by mass) concentration of the CuO nanoparticles. The lump of nanoparticles
sticking to the carbon web structure is clearly visible in the image. As 0.5 % by mass is a higher
concentration especially after preparing SEM sample where it is dried which makes
nanoparticles to agglomerate. These two images in Figs. 8a and 8 were compared with the SEM
images of the distillate samples. Figure 8c shows the image of the distillate collected from the
atmospheric pressure distillation while Figure 8d shows the image of the distillate collected
from the vacuum distillation. No trace of the nanoparticle is detected in the distillate in these
images asserting that the distillation results in complete separation of nanoparticles from the
NEPCM.

Figure 8. Scanning electron microscope (SEM) images of: (a) dodecane, (b) NEPCM,
(c) distillate after atmospheric pressure distillation,and ( d) distillate after vacuum distillation.

Centrifugation

Figure 9 shows the results for trial 1 and 2, showing partial precipitation of nanoparticles.
It is observed that centrifugation could not remove all of the nanoparticles from the given
sample volume, as all the centrifuged samples have reddish colour indicating some of the
nanoparticles are still in suspension. As the pure dodecane is colourless, an unclear centrifuged
sample indicates presence of nanoparticles. As the centrifugal force is proportional to the
particle volume, the larger particles are precipitated and the smaller ones remain in suspension.
The nanoparticles still in suspension after the centrifugation giving the reddish colour to the
centrifuged samples are of lower size in the nanoparticle size range of 5 — 15 nm, this is due to
the fact that being light in weight small particles need greater force to sediment than that
required by nanoparticles of large size. Figure 10 shows SEM image of non-precipitated
particles after trial 1, which indicates these are particles of size less than 10 nm.
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—

Figure 9. Centrifugation: nanoparticle

precipitation. Sample: volume — 13 ml, Figure 10. SEM image of

speed — 18 000 rpm, duration —19.5 h. centrifuged sample (a).
Trial 1: (a) 0.5, Trial 2: (b) 2 and (c) 5 mas. %.

Table 3. Centrifugation results.

NEPCM Sample . . . Separation,
. Centrifugation, Time, .
Sample | Concentration, | volume, m (x gravity) h efficiency,
NP mas. % mL P gravity %
A 0.5 12 15000 (27.820x g) | 19.5 58.68
B 2.0 13 18 000 (40.173 x g) | 19.5 69.15
C 5.0 13 18 000 (40.173 x g) | 19.5 78.42

In order to quantify the particle removal efficiency of the centrifugation trials, a weight
based analysis was done by neglecting the volume occupied by individual nanoparticles which
introduced maximum 1% error in the calculations. The efficiency is estimated by measuring the
weight of the same volume of the NEPCM before and after centrifugation. The difference in the
weight when normalized by the weight of the nanoparticles in the measured sample volume
before centrifugation gives the normalized fraction of the precipitated nanoparticles. This was
done by using 5 ml pipetted out volume of sample before and after centrifugation. Table 3
shows the separation efficiencies and summary of trial results. It can be seen that for the same
duration and speed, the efficiency of the centrifugation increases linearly with the
concentration of the nanoparticles in the given sample, which proves the general hypothesis of
centrifugation.

Nanoparticle ligands / surfactants destabilization

An initial trial was conducted using 5 ml of 0.5 % CuO mass fraction NEPCM, 3 ml of
saturated aqueous solution of KOH, and 0.5 ml of ethanol. The 5 ml of NEPCM was taken in a
test-tube and 3 ml of KOH solution was added followed by manual shaking for about 1 min. At
this point little mixing was observed with no sedimentation of nanoparticles. A few drops of
ethanol were added followed by continuous shaking. Nanoparticles were observed to form a
dense black layer at bottom and a colourless top layer. Figure 11 shows the end result of trial 1.
The clear layer on top of precipitated nanoparticles is thought of as a mixture of base fluid
dodecane and ethanol. Hexane was added to wash the test-tube walls and to make layers look
distinct. The removal of the oleate ligands from the CuO nanoparticles is believed to occur via
the reaction mechanism is illustrated in Figure 12. On left hand side, a CuO nanoparticle is
shown with the oleate group attached to its surface.
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Nanoparticles - 4

Figure 11. Nanoparticle destabilization using saturated KOH solution.

KOH KO,
cuo |—¢o » CUO| o+  J—CirHy,
NP pu— NP 0
0

Figure 12. Schematic of the chemical reaction between olate and KOH.

It is proposed that KOH saponifies the oleate ester linkage, resulting in the formation of
potassium oleate. The detachment of oleate from the nanoparticle surface makes the particles
unstable and results in precipitation as shown in Figure 11. The top clear layer in the test tube
in Figure 11 was analysed by UV-Vis spectrometry to detect the presence of nanoparticles. To
record data a freshly prepared sample was irradiated at 20 °C by a dual source of light. The
solution was removed at fixed times and its UV spectrum recorded until no further spectral
changes occurred. Pure dodecane (99 % technical grade) was used as reference sample (baseline).
For the same sample UV-Vis spectrum was recorded and was compared with spectrum of 99 %
pure dodecane and 0.0167 % conc. NEPCM as shown in Figure 13.

3 .
= Bascline
= Run 1
2 == NEPCM
2
=
£1
(=]
Z
< 0 ———

300 400 500 600 700 800
Wavelength (nm)

Figure 13. UV-Vis spectrum of trial 1.

Absorbance spectrum of sample i.e. run 1 resembles to spectrum of baseline where as
NEPCM spectrum possess very different behaviour with high absorbance values. Hence it can
be concluded that treated sample is free from the CuO nanoparticles. This demonstratesthat
aqueous KOH in the presence of ethanol is capable of removing oleate ligands from the particle
surfaces resulting in the precipitation of all of the nanoparticles from the sample NEPCM
yielding 100% separation efficiency.

Chromatography

Table 4 shows the chromatography data for different volume and concentrations of
NEPCM. It was observed that elusion length of the column varies in relation with NEPCM
volume and concentration, whereas time required for the complete elusion is a function of
elutant volume used.
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Table 4. Silica column chromatography results.

. ; | NEPCM NP Elusion | Elutant | .
Trial : Time,
N volume, | concentration, | length, | volume, min

o mL mas. % inch mL

1 0.5 0.5 0.25 15 70
2 1 0.3 15 70
3 2 0.3 15 75
-+ 2 2 0.3 10 55

UV-Vis spectrometry was employed to confirm complete removal of nanoparticles.
Figure 14 shows UV-Vis spectrum of the elutant obtained after trial 3. To record data a freshly
prepared sample of elutant was irradiated at 20 °C by a dual source of light. The solution was
removed at fixed times and its UV spectrum recorded until no further spectral changes occurred.
To capture the data pure dodecane was used as a base or reference solution. UV—-Vis spectral
range captured (Figure 14) incorporates the UV and visible portions of the electromagnetic
spectrum from 300 to 800 nm. This spectrum was compared with pure dodecane (baseline) and
0.0167 % conc. NEPCM spectra as shown in Figure 14. Comparing three spectra reveals that for
chromatography sample spectrum resembles closely to baseline spectrum whereno
lightabsorbance is detected for the entire wavelength spectrum indicating absence of any
particulate matter. Difference in NEPCM spectrum and sample spectrum provides additional
evidence that processed sample is free from nano-particles. HenceSilica gel chromatography is
proved to be an efficient, simple, and cost-effective alternative for nanoparticle separation from
the NEPCM.

3
—Run 1

\ Baseline
2

\ —NEPCM

™

¥

0 b—r;
300 400 500 600 700 800
Wavelength(nm)

Figure 14. Trial 3 (2 % nanoparticle conc., 1 ml NEPCM) UV spectrum.

Absorbance

=

5. Conclusions

Out of numerous methods attempted some of the successful methods have been
presented to facilitate safe disposal of NEPCM by removing CuO nanoparticles. With the
primary objective of establishing simple, safe, and economical methods of separating CuO
nanoparticles from an alkane based nano-colloid: Distillation, centrifugation, chemical
treatment, KOH reaction, and silica gel chromatography produced successful results. Among
presented methods using resources available centrifugation was found to be only 80% successful
as compared to other methods which yield 100 % separation efficiency. Every method has some
merits and demerits over other methods. Distillation works best by offering complete
nanoparticle separation along with operational simplicity. However it has drawbackof high
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energy requirements and in case of vacuum distillation initial set up costs are high. Though it
demands careful separation of phases NEPCM reaction with KOH in presence of ethanol is one
of the efficient methods to have nanoparticles separated. Even being comparatively slow,
chromatography was found to be one of the safest and simple methods.
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1. Introduction

Antibacterial and photocatalytic activity of metal oxide nanomaterials has been
extensively studied [1]. Materials such as TiO2 and ZnO are usually considered for these
applications [2]. In particular, TiO: photocatalysts are the most commonly used in industrial
products and applications [3]. However, comparative studies of both photocatalytic pollutant
degradation and photocatalytic antibacterial activities for different TiO:2 nanostructures
morphology have been scarce. In this study, TiO: nanotubes are synthesized by simple
anodization method, while single crystalline particles are produced by one-step solution
method. The morphology is confirmed by scanning electron microscopy (SEM) and
transmission electron microscopy (TEM). The antibacterial and photocatalytic activities have
been investigated.

2. Experimental section
2.1. Sample preparation

Synthesis of TiO2 nanotube array (TNT) — titanium foils (0.25 mm thickness) were
cleaned by sonication in acetone, ethanol, and deionized (DI) water sequentially and then dried
by N2 gas. Then the foils were immersed in the electrolyte consisting of 1.36 g NH4F (99+ %,
Aldrich) and 8 mL DI water in 400 mL ethylene glycol (99.8 %, Aldrich) for 2 h at 30 V, similar
to previously reported procedures [4]. The as-grown TNT samples were sonicated in DI water
and dried in N2 gas. After that, the samples were annealed in tube furnace in air at 450 °C with
ramping rate 1 °C / min. The TNT sample after annealing is labeled as TNT450. The morphology
of the prepared samples was examined by SEM using JEOL JSM-7001F field emission SEM.

Synthesis of single crystalline particles (SC) — in typical preparation similar previous
reported procedures [5], 22.5 mL of 73 mM TiCls in 2.0 M HCl was added to 45 mL teflon-lined
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autoclave with 0.015 M NaF and kept at 100 °C for 72 h in an oven. After the reaction, the
white powder was collected by centrifugal separation and washed with DI water several times.
All products were dried in a vacuum oven for 1 day at 80 °C. The prepared powder was
dispersed in DI water (1 mg/ mL) and then drop-cast on Ti foil and then dried in ambient for

1 day. After that, the samples were annealed in tube furnace in air at 450 °C with ramping rate
1 °C/ min. The SC sample after annealing is labeled as SC450.

2.2. Test of antibacterial activities

A Gram-positive bacterium B. atrophaeus ATCC 9372 was used for antibacterial activity
testing. Luria—Bertani (LB) broth was used for culturing B. atrophaeusat 30 °C, while 0.9 %
(w/v) NaCl solution was used as suspension medium [6]. All samples before the antibacterial
experiment were sterilized by UV—C illumination. Blank Ti foil without any treatment was used
as a control. Both TNT and SC samples with / without annealing were tested. 10 pL of bacteria
suspension (108 CFU/mL) was dropped on the plates and then 500 pL 0.9 % (w/v) NaCl
solution was added on the plates in order not to dry up under UV or ambient illumination. For
the UV illumination, the plates were then exposed to UV illumination (365 nm, Blak-Ray®
B-100 AP Lamp, 50 mW /cm? measured by power meter) with cooling (maintaining the
temperature at 25 °C) for 15 min, while for the ambient illumination, the plates were exposed to
ambient 1h. Serial dilution was then performed and 10 pL of dilution was pipetted onto a
culture agar in triplicate to ensure reproducibility of the results. The agar plates were then kept
at 30 °C for 24 h.

2.3. Test of degradation of dye under UV illumination

The dye solution was prepared by dissolving 10 mg of Acid Red 27 (AR 27) in 1 L of DI
water. Samples with/without annealing were placed on the Petri dish and covered with 50 mL
AR 27 dye solution for 30 min and stirred with a magnetic stirrer in dark to achieve equilibrium.
Then the solution was exposed to UV illumination (365 nm, Blak-Ray® B-100 AP Lamp,
60 mW / cm? measured by power meter) for a specified time. Absorption spectrum of the
solution was measured immediately before the start of UV illumination, and at 10 min intervals.
3 mL of the solution was withdrawn for absorption measurements at each time.

3. Results and discussion

Figures 1 and 2 show the SEM and TEM images of TNT and SC with / without annealing.
From the SEM images, it can be observed that there is negligible difference of morphologies of
both TNT and SC before and after annealing. From SAED patterns in TEM, the crystalline
structure of both SC before and after annealing is anatase. While from the TEM images, SC
samples seem to become rough after annealing. TNT samples are single wall nanotube according
to TEM images shown in Figure 2, but annealing would make the nanotube more fragile. So the
tube-shape morphology cannot be observed in the TEM image (Figure 2b) of TNT450 (unlike
SEM images, Figures 1c and d).
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%

Figure 1. SEM of different TiO2 nanostructures a) top view and b) side
view of TNT; c) top view and d) side view of TNT450; e) SC; f) SC450.

Figure 2. TEM images of a) TNT, b) TNT450, c) SC, and d) SC450.
SAED image of e) TNT, f) TNT450, g) SC, and h) SC450.
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The results of antibacterial tests for B. atrophaeus are summarised in Table 1 and
Figure 3. All samples exhibited excellent antibacterial activities under UV illumination. Under
ambient illumination, the antibacterial activity of TiO: nanostructures is decreased. Annealed
samples have better antibacterial activities under ambient illumination. The antibacterial
activities under ambient illumination of TiO2 nanostructures follow the trend TNT450 > SC450
> SC > TNT. Annealed nanotubes exhibited improved performance compared to SC450 samples
under ambient illumination. This indicates that the sample morphology plays a significant role

in its antibacterial activities.

Table 1. Number of bacteria colonies for different TiO2 nanostructures
with / without annealing under UV and ambient illumination.

UV 15 min
Set 1 Set 2 Mean S.D.

Blank 850 993 893 995 1045 1100 979 85

TNT 0 0 0 0 0 0 0 0
TNT450 O 0 0 0 0 0 0 0
SC 0 0 0 0 0 0 0 0
SC450 0 0 0 0 0 0 0 0
Ambient 1 h
Set 1 Set 2 Mean S.D.

Blank 500 595 488 430 420 388 465 59
TNT 389 486 377 320 298 307 361 66
TNT450 O 0 0 0 0 0 0 0
SC 289 209 198 141 130 108 179 61
SC450 32 28 19 86 45 68 46 24

(6]
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Figure 3. Percentage of survival of B. atrophaeus bacteria
colonies for expore to different TiO2nanostructures with
/ without annealing under UV and ambient illumination.
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Figure 4. Degradation of Acid red 27 dye for different
TiO:2 nanostructures under UV illumination.

On the other hand, the result of photocatalytic degradation of AR 27 under UV
illumination shown in Figure 4 was strongly dependent on morphology and annealing. Both SC
and TNT have better ability of dye degradation after annealing. It also shows that TNT sample
has better performance compared to SC sample after annealing.

4. Conclusions

We have studied the properties, dye degradation and the antibacterial activity of
different TiO2 nanostructures prepared by anodization and a solution method. The antibacterial
activities and dye degradation were highly dependent on the morphology and crystalline
structure. Nanotubes exhibited improved performance compared to SC samples. Regardless of
morphology, the performance was improved after annealing at 450 °C.
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1. Introduction

Presently, lithium ion batteries (LIBs) are the canonical rechargeable power sources
suitable for portable appliances and have the enough higher energy densities than the other
available secondary batteries and are being used for the low power consumed appliances
successfully [1, 2]. For hybrid vehicles, defense and space applications, the parameters to be
noted to grade a material as perspective LIBs anode are: high volumetric and gravimetric
capacities, high energy and power densities [1]. Much improvement is required to achieve the
above mentioned goals and immense research is underway on LIB components (cathode, anode
and electrolyte). Since the commercialization of LIBs in 1990, mainly the LiCoO: and specialty
graphite are being used as the cathode (positive) and anode (negative) materials, respectively
[1, 2]. The battery works on intercalation and de-intercalation of Li-ion in to the host structure
of cathode as well as anode [3 —5]. The theoretical capacity of graphite is relatively smaller,
372 mA h g1 to find its application in hybrid vehicles, space crafts and defense applications,
various compounds in different shape, size and morphologies have been investigated and
proposed as a prospective anode material for Li-ion batteries depending upon their reaction
mechanism with Li [1 —5]. These are: Li«TisO12 (intercalation-deintercalation), Sn, Sb and Zn-
based compounds (alloying-de-alloying) and transition and non-transition metal oxides
(‘conversion’ or ‘displacement’ reaction).

Conversion reactions have been realized for metal-oxides [6 — 9], nitrides [3], sulphides
[3], fluorides [10], and hydrides [11], become a general equation for their Li-cyclability. Apart
from above mentioned inorganic compounds, the metal carbonates may also be considered as
the subject of interest and exploring the feasibility of their conversion reactions involving the
carbonate anions. Recently, Tirado’s group reported the preliminary studies on Li-cyclability of
sub-micron MnCOs prepared by reverse micelles method and showed the different Li-reactivity
than the MnO prepared by the thermal decomposition of MnCQOs [12]. Their results, shown for
MnCO:s indicate the feasibility of conversion reaction involving the carbonate anion. However,
the observed capacity of 650 decreased to 450 mA h g! with in 25 cycles. Detailed studies need
to be carried out to show the feasibility of conversion reactions involving the carbonates anions
and therefore stable long-term Licycling.

Nano-CdCOs which could be prepared at ambient temperature and pressure without
water of crystallization [13], can be considered as a viable material to investigate its licyclability
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involving alloying-de-alloying and conversion reactions. Studies on nano-phase ZnCo204 [7]
and nano-(Cd13Co13Zn13)CO3 [13] have shown that it is viable strategy to achieve high and
stable capacity of given compound employing the dual mechanism of lireactivity (alloying-
dealloying and conversion). Despite the toxicity of metal cation Cd, it is worth to consider this
as a subject of interest because it can consume 3.0 moles of Li to form alloy-LisCd [14] and
2.0 moles of Li for conversion [13]; as a result total 5.0 moles of Li do contribute to capacity as
high as of 777 mA h g'. Therefore, in the present work, nano-CdCOs is prepared and
investigated as an anode material for LIBs. The observed reversible capacity was found to be
deteriorated extensively up on cycling and to improve the Li-storage properties of CdCOs,
strategy of using an active matrix element (Co in present case) along with electrochemical
active host (Cd) is used.

The results showed a noticeable improvement in the Li-cycling of cicos. Further, based
on the observed capacity values, CV results, ex-situ XRD and ex-situ TEM of charged electrode
to 3 V, a Li-storage mechanism is proposed and results are discussed.

2. Experimental

The Stoichiometric amount of CdClL-HO (Merck; > 98 %) and CoClL-H.0 (M & B;
> 98 %) was separately dissolved in to distilled water (300 ml each) and then mixed together for
about 30 min at magnetic stirrer cum-hot-plate at 50 °C. Na2COs3-H20 (300 ml, J. T. Baker;
> 99 %) solution was added drop by drop to the metal chloride solution using burette. The
white, pink and brown colored precipitates were obtained of final product (Cdi-+Cox)COs for
x=0, 0.25 and 0.5, respectively. The precipitate were filtered, washed, and dried at 80 °C in hot
air oven for 12 h and finally dried powders were grounded using pestle and mortar. XRD
(Philips, Expert equipped with Cu K« radiation) and SEM (FESEM / EDX — JEOL6700 F) and
HR-TEM (JEOL JEM 3010) were used for the structural and morphological characterization,
respectively. The doping of Co in CdCOs was confirmed by the Electron dispersive spectroscopy
(EDX) using SEM / EDX analyzer (JEOL FESEM / EDX). Thermogravimetric analysis (TGA) and
differential thermal analysis (DTA) were carried out by TA Instruments (SDT-2960
Simultaneous DTA-TGA) at a heating rate of 5 °C min!, in N2- atmosphere.

The composite electrodes were fabricated on Cu-current collector (~ 10 pm) using the
70 : 15 : 15 weight ratio of active material, binder (Kynar 2801) and super P carbon (Ensaco),
respectively. The electrode fabrication procedure is described in our earlier reports [7 — 9]. Coin
cells (size, 2016: 20 mm diameter and 1.6 mm thickness) were assembled in the glove box
(MBraun, USA) which maintained the O: and H20 content < 1 ppm. Li metal (Kyokuto Metal
Co., Japan) foil as the counter electrode, glass micro-fiber filter (Whatman) as separator and 1M
LiPFs dissolved in ethylene carbonate (EC) and diethyl carbonate (DEC) (1:1, v/v, Merck
Selectipur LP40) as electrolyte were used.

The mass of active material and area of the electrodes were in the range of ~3 -4 mg
and 2 cm?, respectively. Galvanostatic charge—discharge cycling and cyclic voltammetry were
performed on several duplicate cells after ageing the cells for 24 h to ensure the homogenous
percolation of electrolytes in to the grains of the electrode before test using the computer
controlled Bitrode Multiple battery tester (Model SCN, Bitrode, USA) and Mac-pile II (Bio-logic,
France), respectively.
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For doing ex-situ XRD and TEM analysis, the coin cells were dismantled in the glove box
and composite electrode was recovered. The identical cells were discharged or charged to
various voltages and aged for 3 h at that specific voltage. These were then dismantled and the
recovered composite electrode was washed with DEC to get rid off the electrolyte. Then
electrodes were dried inside the Glove box at about 50 °C and stored inside the vacuum tight
container and transfer to the XRD sample holder to ensure the minimal contact to air
atmosphere.

3. Results and discussion
3. 1. Structural and morphological characterization

As prepared dry powders of CdCOs3 and Co-doped CdCOs were characterized by XRD
and corresponding patterns are shown in Figure 1. These were found in pure-phase form with
the rhombohedral-hexagonal crystal structure (space group R 3 C(167). The lattice parameters
were evaluated using the Rietvield refinement of XRD pattern using software TOPAS R2
(version 2.1). The evaluated hexagonal lattice parameters a =4.920 and ¢ =16.28 A for bare
CdCOs match well with literature [12] and values, a =4.930 and ¢ =16.27 A reported in JCPDS
# 08-0456.

@ o 3 (Cd, Co)CO,
2 ©
- l g of8] 3ggx=00
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=
g |(b)
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2 6 (degrees))(Cu-K_radn.)
Figure 1. XRD pattern.

Although it is well known that CoCOs can only be prepared under hydrothermal
conditions, but, presently, the smaller ionic radius of Co* (~0.74 A: high spin) than the ionic
radius of Cd* (~0.95 A) [15] made it possible to prepare solid solution containing Cd- and Co-
carbonates. A small variation in the c axis is noted when Co was doped into the CdCOs and the
corresponding lattice parameters are a=4.90 and c¢=16.13 A for x=0.25 and a=4.90 and
¢=16.10 A for x=0.5.

The morphological characterization was carried out by scanning electron microscopy
(SEM) and HRTEM. The agglomeration of fine particles of the order of 10 — 20 nm for CdCO:s
and sphere-like morphology of agglomerated fine particles is seen for x = 0.25 and 0.5. HR-TEM
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also shows the nanophase nature and the agglomeration of fine particles. (Figures are not
shown). The crystallite sizes of prepared compounds are evaluated and tabulated in Table 1
using the maximum intensity peaks of corresponding XRD patterns in the Scherrer’s formula,
P=KA/p,,cos6 [8,9,13]. Here, K is a constant (0.9), A is the wavelength of Cu K« radiation

in A (1.54059), f3,,, is the full width at half maximum (FWHM) of maximum intensity peak

(104) in radians after subtracting the instrumental broadening of 0.15 ° and @ is the scattering
angle. As can be seen in Table 1, the crystallites size decreases as Co-content increases in the
solid solution from 75 to 25 nm. The calculated particles sizes < 100 nm establish them as a

nano-phase materials.

Table 1. Values of lattice constant, crystallite size, observed capacities at different cycles.
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c=16.27 (5.00) B8.1) (40) (4.1 (1.9)
- a=491 33 716 1300 750 550 475
: c=16.13 (4.25) (77) (@45 (33) (2.98)
S hiEn a=491 23 643 750 920 830 500
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 EDX patterns (d)

X =0.0

Figure 2. SEM micrographs (a) x=0, (b) x=0.25, (c) x=0.5, and (d) EDX pattern.

As mentioned earlier that CoCOs can only be prepared under hydrothermal condition

therefore, one may suspect the presence of Co-ion in the solid solution of (Cdi-Cox)COs,
because both, bare and Co-doped CdCOs exhibit the similar hexagonal-rhmbohedral crystal
structure therefore it is difficult to distinguish using XRD. To elucidate, the EDX analysis is
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carried out and pattern are shown in the Figire 2d. EDX pattern shows the several peaks which
can be assigned to Co-metal and the corresponding intensity increases as the Co-content in the
solid solution increases. The ratio of Co and Cd, 2.8:1.0 for x=0.25 and 0.95:1.0 for x=0.5
was observed in solid solution(Cdi-+Cox)COs, respectively, matches well with the stoichiometric
proportion of starting material.

3.2. Electrochemical characterization
3.2.1. Galvanostatic cycling

The capacity vs. voltage profiles are shown in Figure 3 for (Cdi-«Cox)COs for x= 0.0, 0.25
and 0.50 at a constant current, 60 mA g in the voltage window, 0.005-3.0 V vs. Li. Only
selected cycles are shown for clarity. As can be seen in Figure 3a, for x=0 (CdCOs), first
discharge commences from the open circuit voltage (OCV — 2.6 V) and the cell potential drops
down quickly to ~1.1 V where a flat plateau is seen till the capacity, 450 mA g (2.61 Li) is
reached. This is followed by a large slopping region till the cut-off potential, 0.005 V and the
total first discharge capacity, 1300 (+ 10) mA g! which corresponds to 7.5 moles of Li per mole
of CdCO:s is obtained.
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Figure 3. (a) galvanostatic cycling for Nano-CdCOs (x=0),
(b) x=0.25 (first cycle) and (c) x= 0.25 (second cycle to 50 cycles).
Only selected cycles are shown. Number refers the cycle number.

During charge process, the small kinks in the charge profiles within the range of
0.25 - 0.75 V followed by two plateau at ~ 1.35 and ~ 1.85 V are seen. Beyond 2.0 V, an almost
vertical line shows a small capacity contribution to the total first charge capacity. The observed
first charge capacity of 630 (+ 10) mA g corresponds to the 4.0 moles of Li per mole of CdCO:s.

During 2nd discharge, the plateau seen at ~ 1.1 V during first discharge now shifts to the
higher potential ~ 1.5 V and the observed total discharge capacity ~ 730 mA g is quite smaller
than the first discharge ~ 1250 (+ 10) mA g! but nearer to the first charge ~ 630 (+ 10) mA g'.
This indicates that electrochemical behavior of CdCOs during 2nd discharge is different than
first discharge but almost identical to first charge. The capacity vs. voltage profiles for selected
cycles shown in Figure 3a displays the continuous capacity-fading upon cycling. Nano-
(Cdo.75C0025)COs is also subjected to galvanostatic cycling in the potential range, 0.005 to 3.0 V
cathodically vs. Li metal at the current rate of 60 mA g! and the capacity vs. voltage plots are
shown in Figures 3b and c. As it is evident in Figure 3b, the first discharge starts from the OCV
and similar to bare CdCOs potential drops quickly to ~ 1.1 V where a flat plateau is seen. The
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observed total first discharge capacity of 1300 mA h g! corresponds to 7.71 moles of Li per mole
of (Cdo75C00.25)COs. 2nd discharge curve shows a flat plateau region at higher potential ~1.5V
followed by a slopping tail extending to the capacity ~820 mA h g (Figure 3b). A small
capacity fading till 8 —10 cycles and thereafter almost constant capacity of 475 mA h g! is
achieved (Figure 3c).

3_{3} (CdE.EvCoD.S)COS

21 Range: (0.005-3.0 V)

1 60 mAg”'(~ 0.1C) 1000
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> 24 % 500 “I:I .‘......................
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Figure 4. (a) galvanostatic cycling for nano-(Cd1-+Cox)COs (x= 0.5, first
cycle), (b) x = 0.5, second cycle to 40 cycles. Only selected cycles are shown.
Number refers the cycle number, and (c) capacity vs. Cycle number plot.

As Co increases till x=0.5 in (Cd1-xCox)COs, similar charge—discharge profiles to x= 0.25
are observed except a higher capacity contribution during first discharge and charge. The
observed first discharge- and charge capacities of 1750 (+ 10) and 920 (+ 10) mA h g!
correspond to the 9.50 and 5.0 moles of Li per mole of compound, respectively. Diminishing
plateau regions, seen in Figure 4b indicates capacity fading upon cycling. To illustrate better the
Li-cyclability of bare nano-CdCOs and Co-doped cacos, the discharge and charge capacities vs.
cycle number plot up to 50 cycles (25 cycles for CdCOs3) are shown in Figure 4c. As can be seen,
the first discharge capacity is larger than the first charge capacity for all the synthesized
carbonates. The irreversible capacity loss (ICL) varies as the value of xin (Cdi-»Cox)COs changes.
The co-rresponding values of ICL are tabulated in Table 1. For x = 0, the reversible capacity fads
extensively till the end of 6 — 8 cycles, thereafter slow capacity fading is noted. At the end of
25 cycles, the reversible capacity, 320 (+ 10) mA h g'1 is achieved. For x=0.25, unlike to the
bare CdCOs, slow capacity fading is noted for first few cycles and then almost constant capacity
of 475 (+ 10) mA h g! which corresponds to the ~ 3.0 moles of Li per mole of compound is
obtained with the coulombic efficiency, > 98 % in the range of 15 —50 cycles. In the case of
x=0.5, a drastic fading in capacity from 920 (+ 10) to 500 (+ 10) mA h g! till 30 cycles and
thereafter slow fading is noted. At the end of 50th cycle the observed reversible capacity of
500 (+ 10) mA h g! is achieved. The Li-cyclability of nano-(CdosCoos)COs was inferior to the
nano-(Cdo.75C00.25)COs.

3.2.2. Ex-situ XRD and TEM

The identical cells were discharged / charged to a specific voltage and aged for 2 h.
Composite electrode was recovered after dismantling the cell in the Ar-filled glove box and
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washed with DEC to remove the electrolyte and processed as described in our earlier reports.
Figure 5 shows the XRD patterns recorded on bare nano-CdosCoosCOsz and on those discharged
to 1.5 and 0.005V during first discharge, and at 3.0 V (charged state) after 15 cycles. The
characteristic peaks of hexagonal-rhombohedral system are seen in the XRD patterns of bare
electrode and discharged to 1.5 V. The peaks are disappeared in the pattern recorded at 0.005 V
and charged to 3.0 V after 15 cycles, and only peaks due to substrate Cu are seen. This indicates
the products formed up on fully discharged (0.005 V) and charged (3.0 V) are either amorphous
or crystalline regions which are smaller than coherence length of X-rays. This implies that XRD
may be unable to detect them.

JNano-Cd Co . CO,

0s 0.5

Cu

3V(15 cycle)

Counts (arb. unit)

20 3 40 50 60
2 6,(degrees)(Cu-K -radn.)
Figure 5. Ex-situ XRD pattern recorded on the composite
electrode of nano-CdosCoosCOs at different depth of
discharge during first cycle and charged to 3 V after 15 cycles.

CdCo,(104)
,_ £dcOoy(110)

CoCO,(202)

CoCO,(116 or 018)

Figure 6. Ex-situ TEM recorded on the composite electrode of nano-CdosCoosCO3
charged to 3 V after 50 cycles (a) lattice image. Encircled regions refer to
small crystalline regions dispersed in amorphous regions. (b) corresponding
electron diffraction pattern. Rings are referred to metal carbonates formation.

To investigate the charged product formed upon charging the electrode of nano-
CdosCo05CO3 to 3.0 V after 30 cycles which could not be detected by XRD, HR-TEM analysis
along with SAED studies were carried out corresponding lattice image and SAED pattern are
shown in Figures 6a and b. Careful investigation was executed by analyzing the various parts of
sample. The lattice image (Figure 6a) shows the dispersion of small crystalline region (4 — 6 nm)
in to amorphous matrix. The darker and bright regions seen in lattice image can be referred as
crystalline and amorphous regions. From the HR-TEM lattice images, the evaluated d-values
(interplanar distance) corresponding to some of the regions marked as 1, 2 and 3 are 2.74, 2.52
and 2.43 A, respectively. These values are assigned to the hexagonal-CoCOs (JCPDS file No.
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#11-0692), and CdCOs (JCPDS file No. # 72-1939). Within the range of experimental error in
the d -values measurement from the lattice image, we also cannot rule out the presence of
partially unreacted Li2COs in the charged samples. However, the presence of Li2COs is unlike
since during first charge we get higher capacity than the theoretical where complete reversible
consumption of Li2COs is assumed (proposed reaction mechanism in next section). The observed
d -values of 2.74 and 2.43 A can be ascribed to the hexagonal-CoCOs and CdCOs separately,
respectively.

SAED pattern shown in the Figure 6b is comprised of concentric diffuse rings overlapped
by occasional diffuse spots which indicate the dispersion of nano-crystalline regions in to the
amorphous matrix complements HR-TEM lattice image data. The derived d -values using
diameter of the rings / spots with in the limit of experimental error (+ 0.05 A) are 2.88, 2.43 and
1.65 A, respectively. The former two values can be ascribed to the (104) and (110) planes of
hexagonal-CdCOs, respectively. The d -value of 1.65 A is attributed to the (202) plane of
hexagonal-CoCOs. On the basis of ex-situ-XRD, TEM and SAED analysis, we can conclude that
the first discharge cycle is the crystal structure or amorphisation of the lattice and the
formation of very small particles (3 -5 nm) embedded in to the amorphous matrix. The CdCO:s
and CoCOs formation occurs when electrode is charged to 3.0 V. We do not see any oxide or
other decomposition products of carbonates in our ex-situ TEM analysis.

3.2.3. Reaction mechanism

Based on the ex-situ-XRD, TEM, SAED and observed capacity values, a plausible
reaction mechanism is proposed Egs. (1 —4),

(Co:Cdi-)COs + 2 Li* + 2 e — xCo + (1-x) Cd + Li2COs (x= 0, 0.25 and 0.5), (1)
(1-%) (Cd + 3 Li* + 3 e~ <> LisCd), )
(1-%) (Cd + Li2COs <> CACOs + 2 Li* + 2e), 3)
x(Co + Li2COs <> CoCOs + 2 Li* + 2 &), (4)

in which the first discharge reaction is the crystal structure destruction or amorphisation of the
lattice process in which the metal carbonates first reduce to metal nano-particles (Cd and / or
Co, depending upon the value of x) embedded in to amorphous matrix of Li2COs, corresponding
plateau potential seen at ~ 1.1 V in galvanostatic cycling (Figure 4) can be assigned for structure
destruction — forward reaction of Eq. (1). Further deep discharge to cut-off potential, 0.005 V,
the alloy-LisCd formation occurs as per forward reaction of Eq. (2). During first discharge, a
long tail without any clear plateau is seen which indicates that alloying reaction of Li and Cd
occurs in the stages ranging from 1 to 3.

Theoretically envisaged number of moles of Li participating in the 1st discharge reaction
are 5, 4.25 and 3.5, respectively for x= 0, 0.25 and 0.5 in (Cdi-xCox)COs as per forward reactions
of Egs. (1) and (2). The experimentally observed capacity values of 1270 (+ 10), 1300 (+ 10) and
1750 (+ 10) mA h g! correspond to ~8.2, 7.7 and 9.5 moles of Li per mole of compounds,
respectively for x=0, 0.25 and x= 0.5. These values are higher than theoretically predicted ones
by 3.2, 3.45 and 6.0 moles of Li, respectively. The excess consumption of Li can be attributed
partly to solid electrolyte interphase (SEI) formation at the electrode—electrolyte interface
[7 - 9], partly to polymeric gel-type layer formation on Cd and / or Co metal nano-particles due
to the catalytic decomposition of solvent of the electrolyte [7 — 9, 13]. The formerly mentioned
factor becomes more prominent when the nano-phase of starting materials is used. It is also
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evident in our experiment that observed discharge capacity increases as the Co-content
increases. Electrochemically in-situ formed Co-metal has some catalytic effect either on SEI
formation or on polymeric gel type-layer formation, thereby huge extra capacity is observed
specially for x=0.5. Studies have shown that the adsorbed water also plays a significant role in
enabling extra capacity through the reduction of H20 to form LiOH upon reaction of H.O with
Li[16].

During first charge, firstly the de-alloy reaction (backward reaction of Eq. (2)) of Li-Cd
followed by the metal carbonate formation occur. Similar to alloying reaction, this de-alloy
process occurs in stages and corresponding phase changes are depicted by small kinks in the
capacity-voltage profiles in the range 0.005 to 1.0 V (Figures 3 and 4). The de-alloying of Li-Cd
completes at ~ 1.5 V where a plateau is seen.

Upon further charging, the newly formed Cd-metal nano-particles react with amorphous
Li2COs and forms CdCOs as per forward reaction of Eq. (3) corresponding voltage plateau is seen
at ~1.85V. The observed first charge capacity of 630 (+ 10) mA h g! corresponds to the
4.0 moles of Li per mole of CdCOs. This is almost 150 mA h g smaller than the theoretically
envisaged value of 777 (+ 10) mA h g}, this indicates incomplete participation of CdCOs in the
reaction with Li. Co-doping does not show any significant change in the plateau potential
~1.85V of carbonate formation but increases the capacity significantly. The observed first
charge capacity increases as the Co-content in (Cdi1-«Cox)COs increases from x=0 — 0.25 — 0.5
(Table 1, and Figures3 and 4). The observed first charge capacities of 750 (+10) and
920 (+ 10) mA h g! respectively for x=0.25 and 0.5, correspond to 4.45 and 5.0 moles of Li per
mole of compounds. These values of capacities are slightly higher for x=0.25 and quite high for
x= 0.5 than the theoretically predicted ones. Part of this excess capacity can be attributed to the
dissolution of the polymeric layer, formed during the first-discharge reaction, and possibly, the
catalytic decomposition of the LiOH, aided by the metal nano-particles. However, the observed
huge capacity for x= 0.5 degrades extensively up on cycling till 35th cycles. The observed high
capacity during cycling extensively degrades in the range 2 — 8 cycles for x=0 and 0.25 after
which a stable and reversible capacity of 320 (+10)mAhg' (2 moles of Li ) and
475 (+ 10) mA h g! (3 moles of Li) is observed. Thus, we conclude that the proposed reaction
mechanism in which the metal carbonates first reduced to the metal Cd- and / or Co-
nanoparticles embedded in the Li>COs matrix followed by formation of the alloy-Li—-Cd upon
deep discharge and metal carbonates re-form upon charging (Figure 5) is well supported by the
experimental data.

3.2.4. Cyclic voltammetry

Cyclic voltammetry is used to complement the galvanostatic data and support the
proposed reaction mechanism. Cyclic voltammograms during 1 — 6 cycles for Cdi-xC0-COs (x= 0,
0.25 and 0.5) at a slow scan rate of 58 uV s! in the range of 0.005 -3.0 V vs. Li are shown in
Figure 7. The cathodic scans commence from OCV with an intense peak at ~0.9 V and a broad
peak at ~ 0.3 V followed by a split to fully discharge to 0.005 V (Figure 7a). The former intense
peak is attributed to the crystal structure destruction or amorphisation of lattice followed by the
nano-metal particles formation embedded in to the Li2COs matrix as per forward reaction of
Eq. (1). The broad peak along with a small splitting is ascribed to the alloying reaction of Li and
Cd in stages Li.Cd (x=1 - 3), therefore a distinct peak is not seen Figure 7a. Upon charging to
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3.0 V, the anodic scan exhibits multiple peaks at ~ 0.30, 1.12 and 1.85 V along with small humps
in the range of 0.50 —0.75V indicating different electrochemical processes occurring in this
range of voltage than the first discharge. The former peak along with the minor shoulders in the
range of 0.50-0.75V ascribed to the de-alloy of Cd in stages which finally completes at
~1.12 V. The latter peak at ~ 1.85 V is ascribed to CdCOs-formation.
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Figure 7. Cyclic voltammetry scans recorded for the electrode of nano-
Cd1-xCoxCOs (a) x=0, (b) x=0.25 and (c) x= 0.5. Numbers refer the cycle number.

Second discharge, in which cathodic peak position shifts towards higher potential at
~1.35V followed by the alloying reaction depicted by a broad peak from 0.50 —0.005V, is
different than the first discharge. Anodic peak shows a continuous decrease in the peak
intensities with slight shift in redox peak positions for metal carbonate formation /
decomposition, inferring the capacity fading analogous to the galvanostatic cycling.

During first discharge the CVs for Co-doped CdCOs are similar to the bare CdCOs in
nature as a whole and Co-doping does not show any effect on the peak position for crystal
structure destruction (Figures 7b and c). However, upon charging, a significant difference in the
peak positions and their shape is noted. For x=0.25, peak which is assigned to complete de-
alloy of Li-Cd moves slightly towards lower potential 1.1 V and becomes broader. For x= 0.5,
two separate peaks are seen in the range of 0.8 — 1.4 V. One of them can be assigned to the
complete de-alloy and other may be ascribed to onset of CoCOs formation which finally
completes. However, the peak, seen at ~1.85V in Figure 7a for CdCOs shifts towards higher
potential (~ 2.1 V) for x= 0.5 (Figure 7c). The peak intensities decrease faster in CdCOs than the
Co-doped CdCOs indicating capacity fading upon cycling. The findings are in good agreement
for at least first few cycles that capacity fads quickly in two cases: bare CdCO3 and Cdo.sCo05COs.
However, slow fading is noted for Cdo.75C0025COs.

3.2.5. Theoretical consideration

The feasibility of the any electrochemical / chemical reaction can be established using
the thermodynamics calculations. Change in Gibbs free energy of a system is one of the tools
which can be used to estimate the electromotive force in the reaction using Nernst’s equation
[3]:

AG = —nEF , (5)
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where AG is the change in Gibbs free energy of formation of a product from the initial
compound. E is electromotive force (emf), and F is the Faraday’s constant (~ 96500 ] K-! V1),
If the calculated emf is positive then the proposed reaction is feasible. We also have carried out
some thermodynamic calculations using Gibbs free energy. The change in Gibbs free energy of
formation of forward reaction of Eq. (1)

AG = AG, (Li2COs3) - AG, (CdCOs) = —nEF, (6)

The theoretical emf value, E ~2.38 V is calculated using the Gibbs free energy of Li2COs
=-1132 and CdCOs = — 671 k] mol! at 25 °C from the literature [17], number of Li involved in
the reaction were n=2. The emf value refers to a cell where Li activity is given by the Li-metal
on one side and by three phase contact of Li2CO3, CdCOs and Cd on the other side. Li-solubility
is negligible and hence, neglected in calculation.

The solid solution of CoCOs and CdCOs does not show any significant difference in
Gibbs free energy of formation. Gibbs free energy of the solid solution is calculated using the
general Eq. (7), given for ideal mixing [17]:

AG (Cd1-xCoxCO3)= xAG (CoCOs) + (1— x)AG (CACO3)+ RT (xInx+(1—x)In(1—x)), (7)
Calculated AG for x=1/4 and 1/2 were — 668 k] and — 665 k] mol!, respectively at 25 °C using
the AG =-650k]J mol" [17.]. The emf values, ~2.40 V(x=1/4) and ~2.42 V (x=1/2) for these
solid solutions were slightly higher than the bare CdCOs (~ 2.38 V). On the basis of calculated
values of emf, which is always positive, supports the feasibility of proposed reaction of Eq. (1).
The slight increase in emf values is noted up on the Co-doping in to CdCOs.

4. Conclusions

Solid solution of nano-Cdi-xCoxCOs (x=0, 0.25 and 0.50) is prepared by aqueous
precipitation method at ambient temperature and pressure. Rhombohedral-hexagonal structure
is confirmed by XRD. Sphere-like morphology of agglomerated nano-particles was observed.
Solid solution of Cd-CoCOs was prepared at ambient temperature and pressure. EDX analysis
confirmed the presence of Co in the solid solution. As prepared metal carbonates are tested as
anode materials for LIBs at a constant current rate of 60 mA g! in the voltage range
0.005-3.0V vs. Li. The reaction of Li with metal carbonates leads the crystal structure
destruction or amorphisation of the lattice followed by the formation of metal nanoparticles (Cd
and / or Co) embedded in the amorphous Li2COs matrix. Further, electrochemically in-situ
formed Cd reacts with Li to form alloy LisCd during deep discharge. The first discharge
capacities of 630, 750 and 920 mA h g! are noted for x=0, 0.25 and 0.5, respectively. The
reversible capacity fads extensively for x=0 and 0.5 and the capacities of 320 (+ 10) and
500 (+ 10) mA h g! are observed after 25 and 50 cycles, respectively. However, for x= 0.25, the
slow capacity fading is noted for first few cycles and thereafter a capacity of 475(+10)mAhg-1 is
noted within 15 —50 cycles with good Coulombic efficiency of more than 98 %. Ex-situ XRD,
HR-TEM and SAED analysis is carried out to support the reaction mechanism. We have shown
that alloying-de-alloying and conversion reaction aids each other to get stable and high capacity
involving the carbonate anion similar to oxides. Cyclic voltammetry (CV) supports the
galvanostatic cycling. To support the feasibility of proposed reaction mechanism, electromotive
force (emf) values were calculated using Nernsts’ equation. Theoretical studies were found to be
in good agreement with experimental values.
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1. Introduction

Ion implantation is becoming an important technique in physical metallurgy by which
surface composition changes are produced by introducing controlled amounts of selected atomic
species into the near surface region of material, but unfortunately a maximum concentration of
the implanted species is imposed by sputtering phenomena. it is possible to overcome this by
using ion beam mixing technique by the deposition of a layer of element on another layer of
different element and subsequent irradiation with energetic ions will introduce a cascade of
atomic collisions in the solid [1]. If the ion energy is sufficient to penetrate at least to the
interface between two layers then the amount of different atoms can be intermixed.

Therefore a controllable amount of the material can be incorporated into solid at a depth
which is dependent on the energy of incident ions and on the stopping power of the target
material to be implanted [2].

Different processes such as a collisional mixing can bring intermixing of elemental
layers. In the collisional mixing process, target atoms are either displaced directly by the
incoming ions (recoil mixing) or displaced in the cascade of low energy recoils (cascade
mixing ) [3].

Electrical resistivity measurements detected interface structural changes since it is
sensitive to the presence of defects and changes in the structural state of material. In addition,
Rutheford backscattering spectrometry (RBS) is an ideal tool to study the inter-diffusion in
bilayer thin film system (diffusion profiles) or kinematics of compound formation.

In this work, the ion beam mixing at normal incidence of 400 keV Ar* ions in
Te / In-glass and Se / In-glass bilayer thin film systems are studied by means of AC-electrical
resisitivity measurements, our main purpose is to show that asimple conduction model allows
to estimate the volume fraction of the mixed layers at the interface of these systems, and 2 MeV
He* RBS, which indicate that the width of intermixed layers are 50 and 100 nm of (Te-In)
and (Se—In) layers, respectively [4].

Also these systems are studied theoretically by means of collisional cascade mixing [5],
which shows that the amount and width of mixed layer of (Se—In) is larger than that of (Te—In)
layer, which are good agreement with experimental results.

In this paper, I only want to introduce collisional mixing model as a tool for studying ion
beam mixing and to estimate the mixing efficiency between materials of layers.
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2. Experimental

Bilayer thin film were prepared by leybold thin film evaporator with vacuum of
10-5 mbar, during deposition, was used with a mean evaporation rate of nearly 4 A /s.

The inner layer (In) with lateral dimensions 1.4 cm x 0.2 cm was first deposited, then Ag
contacts of 500 A thickness were deposited on both sides of glass such that they touch the inner
layer on both ends, at the top of the inner layer — a Te- or Se-layer with the same lateral
dimensions as the inner layer. In this investigation, bilayer systems Te/In and Se/In are
prepared. It is worth mentioning that the layer thickness of Te /In and Se/In systems was
chosen such that the projected range of incident ion exceeded the over laying layer and were
calculated from the TRIM computer code [6].

The samples were mounted in vacuum of 10 mbar and then irradiated, at room
temperature with 400 KeV Ar* ions. In situ AC resistance measurements were carried out using
the component evaluation technique by means of AC voltage and current measurements
utilizing a lock-in-amplifier [7]. The RBS measurements were performed using 2 MeV He* ions,
the surface barrier detector was mounted at scattering angle 135 ° [8].

3. Results and discussion
3.1. Electrical resistivity measurements

Variation in the electrical resistivity of the irradiated thin film were calculated from
continuously measured electrical resistance and film geometry after each ion irradiation with a
certain fluence ¢.

Figures 1 and 2 show the variations in the electrical resistivity of Se/In and Te/In
systems with fluence. The initial resistivity for Se/In and Te/In systems are 38 and
212 uQ - cm, respectively. As a decrease of the electrical resistivity (increase of conductivity) of
these systems are observed for low fluence up to a critical fluence. The observed increase of
electrical conductivity of Te / In and Se / In systems is due to growth of an intermixed layer at
Te-In or Se-In interfaces, after the critical fluence there is no dependence of resistivity upon
fluence, which means that the mixing process is ended.

40 250
_ »oy | —o—Te,’In-gIass‘
§ 0 | § 200 1
o] ¢
2 2 150 -
£ 20 g
z £ 100 1
¢ W & 50 -
—e—Se/In-glass
0 : 0
0 1_2 3 4 5 &
0 Fluenct{Ar ionsicm?)¥40's 0 Fluence (Arions !cm’]X10"g
Figure 1. Resistivity of Se / In Figure 2. Resistivity of Te / In
system versus fluence. system versus fluence.
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A semi-empirical conduction model [1], which allows the estimation of the volume
fraction of the intermixed layer, C(¢) was used to study the mixing kinetics of the bilayer thin

film, as shown in Eq. (1):

O'f -0,

where 0, 0,,and o(@) are the initial, final and instantaneous conductivities respectively.

The value of volume fraction, at certain fluence, gives an idea of the growth of
intermixed layer at the interface. Thus, the mixing kinetics can be understood via the
dependence of the volume fraction on the ion fluence. Since the volume fraction of the
intermixed layer is proportional to the number of intermixed atoms, it can be used to explain
the relative contributions to ion mixing of each of the collisional processes. C(¢) will has at
least two components. Independent events such as recoil mixing will introduce a linear (¢)

dependence while a \/5 behavior will result from collisonal cascade mixing. Therefore, C(¢)

can be expressed as [2]:
C(p)=Dyp+Rp. 2)
It was shown that the systems Se / In and Te / In follow collisional cascade mixing [4].
The critical (saturation) fluencies are estimated from Figures 3 and 4 for both systems
which are 3.955 - 10" ion / cm? for Se / In system, and 4.954 - 10%ion / cm? for Te / In system,
indicating that the mixing efficiency of Se / In system is larger than that for Te / In system. It is
noted that volume fraction of Se / In system is larger than that of Te / In system, which means a
large extent of mixing for Se / In.
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o 1 1 =
c c 08 + *
2 08 1 =
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= 06 A
£ 06 = .
p £
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S g2 [eeee = 09 « *
' + Selln-glass 1*
0 T U
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o 1 2 3 4 5 78
Fluence (Arions fcm?)X10'® Fluence {Arions /em?) X10'®
Figure 3. Variation of C(¢) Figure 4. Variation of C(¢)
versus fluence for Se / In system. versus fluence for Te / In system.

3.2. RBS measurement

Figures 5 and 6, show the backscattering spectra of Se / In and Te / In systems before and
after irradiation by 400 KeV Ar+ ions, the depth distribution of the Te and Se concentration
deduced from the RBS data using the RUMP-computer code for Te /In and Se / In systems, a
mixed layer with nearly uniform composition of a thickness 50 and 100 nm for Te/In and
Se / In systems respectively.
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Figure 5. RBS spectrum of Se / In Figure 6. RBS spectrum of Te / In
-glass before and after irradiation. -glass before and after irradiation.

4. Theoretical aspect

Ion beam mixingis a process for adhering two multilayers, especially a substrate and
deposited surface layer. The process involves bombarding layered samples with doses of ion
radiation in order to promote mixing at the interface.

As an ion penetrates a solid, it slows down by depositing energy to both the atoms and
the electrons of the solid.during the nuclear collision portion of the slowing process, target
atoms can be permanently displaced from their lattice sites and relocated several lattice sites
away. When this process takes place at the boundary separating two different materials,
interface mixing results.

Recoil mixing, a highly directed process, in which one atom receives a large amount of
kinetic energy in a single displacement. Collision cascade — atoms in a collision cascade undergo
many multiple uncorrelated low-energy displacement and relocation events. Atomic mixing
resulting from a series of uncorrelated low-energy atomic displacements is referred to as cascade
mixing.

It is found experimentally that amount of mixing (Q ) depends on fluence (¢ ) as shown
in the following equation [9]:

0=Ap+BJp. (3)
The first term on the right hand side of the Eq. (3) represents recoil mixing, but the second term
represents collisional cascade mixing.

4.1. Collisional cascade model [5]

There are many models suggested to interpret physical processes occur during ion beam
mixing, which are: collisional models, and relaxational and diffusion mixing models.

Haff & Switkowski are the first who beginning with collisional cascade model, and their
calculations depend on diffusion model.

The mixing rate ( Dt ) expressed by the following formula:

pr =24 (d—Ej , (4)
NE,\ dx ),

186



B. A. M. Ibrahim. Nano Studies, 2013, 8, 183-190.

where:
D - diffusion coefficient,
t - diffusion time,
E, - displacement energy,
) - interatomic spacing ,
N - atomic density,
[0 - irradiation fluence (ion / cm?),
d - mean free path,
i)
— | - nuclear energy loss.
dx

Depending on Thomas—Fermi model [10], the parameter d is expressed by the following
formula:

__ (TET)" , (5)
3NC, (T, —-T,")
where:
E - projectile ion energy,
T, - maximum energy transfer to the target
T = AMM, E, (6)
M, +M,
T, - minimum energy transfer to the target,
M, - projectile atomic mass,
M, - target atomic mass,
c, - parameter expressed by the following formula
C, =22, (221—2262}%1 , )
2 A
where:
Z, - projectile atomic number,
zZ, - target atomic number,
Ay — Thomas—Fermi screening distance,
m - constant m=1/3,
A, - constant 4, =1.309,

Finally, the amount of mixing (Q) is proportional to the fluence and nuclear stopping

power, which in turn depends on the diffusion length D¢ , so that:
dE
Qo«q{d—j = QD1 . (8)

X

5. Conclusions

The stopping power is calculated by TRIM computer code as shown in Figures 7 and 8
for Se / In and Te / In systems.
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larger stopping power of Te atoms than that of Se atoms.

The maximum energy transfer from Ar- ions to the top layers (Te or Se), as shown in
Figure 9. It is noted that the energy transfer to Se layer larger than that of Te layer because of

The amount of mixing is plotted with square root of fluence as shown in Figure 10,
which shows the linear dependence, indicating that the mixing occurs upon cascade collisional

mixing.
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After that the amount of mixing is plotted with the depth of lower layer as shown in
Figure 11, which indicate the high mixing efficiency of Se atoms than Te atoms, which agreed
the electrical resistivity measurements. Also it is shown that the large extent diffusion of Se
atoms than that of Te atoms, which are 117.3 and 62 nm for Se/ In and Te / In, respectively,
and coincidence with the RBS results.
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Figure 11. Amount of mixing Q versus depth of In layer.

The conclusion of this study indicate that, there is a large extend of mixing in Se /In
system compared with the Te/In system, which give that the mixing efficiency of Se/In
system is larger than the mixing efficiency of Te/In system and this result give good
coincidence with experimental data.

This study is a tool to determine the possibility of mixing between the upper layer and
the lower layer for any bilayer system before the preparation of sample and irradiated by van de
Graaff accelerator, which provide the effort and money. It is possible to find out how to
penetrate the upper layer atoms in the lower layer for the purpose of determining the incident
of ions energy to get the desired width of intermixed layer to achieve the desired purpose.
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Introduction

Nanotechnology provides powerful instrumentation tools to solve application-based
goals in pharmaco-chemistry, enabling visualization and manipulation at molecular and atomic
levels. Structures of more and more protein targets become available through X-ray
crystallography, nuclear magnetic resonance (NMR) spectorscopy and bioinformatics methods.

Newly invented pharmacologically active moieties require chemical modification to
become drug-like enough to be tested biologically or clinically. One or more of these steps may
involve computer-aided drug design.

In this study use softwares ChemDrow and Mnova, as methods of computational
simulation for chemical structure prediction, synthesis and analysis. ChemDrow provides tools
for design of molecule and predict its chemical and physical characteristics. ChemDraw is useful
for creatiion of molecules and reactions for generation of associated properties, systematic
names and spectra. ChemDraw includes versions for more detailed numerical analysis.

MNova is the software for the processing of NMR spectra of molecular structure. Mnova
provides automatic detection and characterization of 'H - NMR spectral peaks with the
applicable molecular structure. Mnova is NMR prediction and analytical software developed by
Mestrela, Mestrelab Research (University of Santoago de Compostela, Spain), which provides an
NMR spectrum from molecular structures, providing virtual NMR prediction desktop tools and
methods.

In this study is described the NMR spectroscopic analytical model of organic azides and
products of cycloaddition reaction with the formation of 1,2,3-triazole molecule.

Why’s and how’s of “click” chemistry

The first step in drug design is finding of the appropriate chemical structure for the exact
target cells, receptors, or particular molecules.

Chemical transformations of small molecules have served as a rich source of “click”
reactions for the development of new polymerization processes. The fields of pharmaceutical,
materials, and polymer sciences, as well biotechnology industries, enthusiastically embraced the
concept of click chemistry, as a versatile tool for introducing structural control [1]. Ideally,
these efforts will offer molecular-level control during the preparation of nanostructured
materials.
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Concept of “click” chemistry was first introduced by the Nobel scientist K. Barry
Sharpless, Hawker, Fokin and coworkers in 2001 [2]. Nature served as a source for inspiration of
the concept idea. By joining small units together “click” chemistry simplifies compound
synthesis and is assessed in chemistry domain as “everything is as easy as a click” [3, 4] for
designing small modular components and has the potential to become a powerful
polymerization technique [5].

Applications are increasingly found in all aspects of drug discovery making each reaction
faster, efficient and reliable. In his breakthrough review published in 2001 Sharpless and
coworkers defined click chemistry as reactions that are high yielding, wide in scope, create only
byproducts that can be removed without chromatography, are stereospecific, simple to perform,
and can be conducted in easily removable or benign solvents.

Among the multiple reactions that could be named “click” the prime example is the
copper-catalyzed Huisgen’s 1,3-dipolar cycloaddition of azides and terminal alkynes (CuAAC)
[3, 6, 7], which became classic in contemporary chemistry, and has been widely employed to
synthesize or modify various polymers and dendrimers [8].

Fundamental and mechanistic aspects are fully described in the several recent reviews of
the use of Cu-catalyzed azide—alkyne cycloaddition (CuAAC) for the synthesis of dendritic,
branched, linear and cyclic co-polymers [9 — 13]. Materials, polymer and dendrimer sciences
were also approached in publications [14], as well the area of drug discovery, bioconjugations,
peptidomimetics, chemical ligations, etc [15].

Important aspect of the success of this reaction pertaining to materials science and
biotechnology is that the starting materials, azides and terminal alkynes, are exceptionally
stable and can be introduced in a wide range of macromolecules.

Variety of the starting monosubstituted alkynes and organic azides are commercially
available, or even can be easily be synthesized with a wide range of functional groups.

Cycloaddition reaction selectively gives 1,2,3-triazoles. Several reviews have previously
developed applications of the triazole chemistry in many areas [16 —19]. The copper-(I)-
catalyzed 1,2,3-triazole formation from azides and terminal acetylenes is a particularly powerful
linking reaction, due to its high degree of dependability, complete specificity, and the bio-
compatibility of the reactants. The triazole products are more than just passive linkers; they
readily associate with biological targets, through hydrogen bonding and dipole interactions [6].

In spite of the undisputable success of the concept of click chemistry within just a few
years, there are still some limitations associated with the concept. Exogenous metals can have
mild to severe cytotoxic effects and can thus disturb the delicate metabolic balance of the
systems being studied [2]. However, copper is believed to be cytotoxic and demonstrated side
effects associated with excessive copper intake include hepatitis, Alzheimer’s disease and
neurological disorders [20, 21].

For click reactions to be used in contact with living systems, the copper catalyst must be
completely removed or alternatives must be employed.

Remarkable progresses have been made in recent years in the exploration of metal-
mediated, as well metal-free click polymerization systems and in the syntheses of linear and
hyperbranched polytriazoles with regioregular molecular structures and advanced functional
properties [22].
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A non-catalytic variation of the 1,3-dipolar azide-alkyne cycloaddition was also utilized
with interesting applications in the biochemical area, because of the removal of copper toxicity
(23, 24].

A subclass of click reactions which components are inert to the surrounding biological
milieu is termed bioorthogonal [25]. This goes one step beyond the typical definition of a click
reaction because of the added complications of biocompatibility.

A group of these bioorthogonal reactions that are cycloadditions lacking exogenous
metal catalysts, the so-called Cu-free click reactions are another aspect of practical application
of click chemistry.

Azides are also often associated with potential toxic side effects, as may bear a very real
explosive potential [19]. But the appearance of NaNs and organic azides in azide-alkyne
cycloaddition reactions was the first step to overcome pre-existing azidophobia. In organic
chemistry azides are precursors to amines while participating in the “click reaction”, which is
generally quite reliable.

Sodium azide is very toxic, similar to sodium cyanide. The use of additional metals as
well as halogenated solvents such as dichloromethane in the presence of the sodium azide must
be avoided. Dealing with organic azides “Smith’s rules” must be followed to keep compound
non-explosive: (i) the number of nitrogen atoms (/VN) must not exceed that of carbon (N C),
and (ii) (VC+ NO)/ NN =3 [26]. Similarly, the “rule of six” indicates that six carbons (or
other atoms of about the same size) per azide provides sufficient dilution to render an organic
azide relatively safe.

Some azides are valuable as bioorthogonal chemical reporters [27], and can be carried
out in an aqueous environment at physiological temperatures, and also have high efficiency.

In addition, azides for surface decoration of polymer are favorable as they are pluripotent
reactants, which eagerly establish hydrogen bonds, also bind to polysaccharides, amino groups
and other molecules. Thus, polymeric nanoparticles decorated with the azides-functionalized
surface corona opens up the possibility to address challenges in targeted drug delivery [28].

Regardless existing limitations and challenges, click polymerization has promising
opportunities and directions to serve as a versatile tool for the construction of new
macromolecules with well-defined structures and multifaceted functionalities.

The benefits of the click reaction, namely high yields and biocompatibility, enable the
very efficient application of this cycloaddition reaction to the synthesis of molecular
architectures for their general application in living systems.

Triazoles in medical applications

Triazole compounds containing three nitrogen atoms in the five-membered aromatic
azole ring are readily able to bind with a variety of enzymes and receptors in biological system
via diverse non-covalent interactions, and thus display versatile biological activities (Figure 1).

The development of 1,2,3-triazoles for drug discovery and industrial use has been shown
to be very promising [29]. The uses for triazoles have been found in various areas and are
continuously growing. The applications of these triazoles are increasingly found in all aspects of
drug discovery. These triazole products are more than just passive linkers; they readily associate
with biological targets, through hydrogen bonding and dipole interaction [6]. Derivatives of
1,2,3-triazole have been found to have anti-HIV [30], anti-allergenic [31], antimicrobial,
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cytostatic, virostatic, anti-inflamatory [32] and anti-bacterial [33], but also fungicidal and
herbicidal activities [34, 35]. Triazoles are also being studied for the treatment of obesity [36]
and osteoarthritis [37]. They have xenobiothic metabolizing enzyme Cytochrome P450
aromatasa inhibitory effect, thus widely used as anti-estrogen in cancer treatment and for
relevant applications [38].

Substitution
Positions

Figure 1.

The increased interest in the 1,2,3-triazole is due to it being non-toxic, benign and stable.
Triazoles are particularly interesting for medicinal use because they are more likely to be water
soluble than normal aromatic compounds, and are stable in biological systems [39].

This allows for the applications of 1,2,3-triazoles to grow exponentially due to their
reliability, tolerance to a wide variety of functional groups, regiospecificity and the readily
available starting materials. Through this, 1,2,3-triazoles are very attractive to use and apply in
many fields.

Historically there have been many creative methods devised to synthesize 1,2,3-triazoles
ranging from complex, step-by-step processes of structural transformation, to the simple
cycloaddition of an azide and an alkyne.

The synthesis for the 5-membered triazole ring is accomplished through a synthetic
approach known as “click chemistry”. The syntheses of a variety of 1,2,3-triazoles have been
carried out via a new “green” synthetic method which involves the absence of solvent and
catalyst, and is carried out using a microwave irradiation [40]. This synthetic method provides a
fast and efficient technique to obtain various types of triazoles in good to excellent yields.

General concepts of azide-alkyne cycloaddition reaction with triazole ring formation

The products of the click reaction is 1,2,3-triazole, which is a desired target as provides
additional functionality, such as hydrogen bonding and coordination prospects. 1,2,3-triazole
finds use in research as a building block for more complex chemical compounds, including
pharmaceutical drugs.

The perspectives of the foreseeable future in the research and development of triazole-
based compounds are also sought rational designs of more active and less toxic triazole
medicinal drugs [41, 42].

Specifically, click chemistry has been applied to address dendrimer synthetic concerns.
Dendrimer synthesis will dramatically improve as additional clean, efficient reactions are
developed to create non-immunogenetic, biofunctional scaffolds [18, 38, 43 — 46].

Another issue concerns the generation of surface-modification of dendrimers with a
high density of outer azide—alkyne moieties, which subsequently are reacted with the
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appropriate functional groups, capable of attaching a large number of these moieties into the
outer shell of the respective dendrimer [6, 32, 47 —51].

Triazole containing dendrimers can be generated by convergent or divergent methods,
using the azide-alkyne click reaction as internal bond for the synthesis. This can lead to
hyperbranched polymers either in one step or via sequential reaction [52 — 56]. CuAAC reaction
has been widely employed to synthesize or modify various dendrimers [38, 57 — 59].

The whole dendrimer structure may be assembled via the azide—alkyne click reaction,
using appropriately functionalized dendrons [1, 2, 6, 7, 43, 60].

A large variety of different dendrimers, such as triazole-containing dendrimers in each
generation have been prepared, where the buildup of the central structure has been achieved by
linking azide-alkynes [20, 61, 62]. Two monomers (Cl and alkyne) are reacted with an azide in
the first step, and in the second step Cl is replaced by an azide using sodium azide (NaNs). The
generations are grown by repeating both steps up to higher generations. They are coupled to a
certain core to afford the corresponding dendrimers.

Materials and methods

MNova software is used for the processing of NMR spectra of molecular structure.
ChemDraw software was used for selection of starting molecules for the synthesis of dendrom
and core to demonstrate synthetic strategy for dendrimers linked by the 1,2,3-triazole units
containing in each generation of corresponding generation. Click cycloaddition performed
between the azide and alkyne selected from the virtual library to obtain 1,2,3-triazole ring in
each generation, then subsequent generations obtained similarly. Each new generation of
dendrimers has corona decorated with azide group, which is reacted with alkyne group.

=
o_l-%/”kw_.

Figure 2.

In the Figure 2 is presented the schematic demonstration of the model of dendrimer
containing the core and 1,2,3-triazole group in each generation, while /N is the generation
number.

1,2,3-triazole group is a surprisingly stable structure compared to other organic
compounds with three adjacent nitrogen atoms. Cleavage is possible at the site of methylene
group of ester by means of protease, or influence of pH, or due to photo-sensibility of this locus.

The dendrimer core obtained by cycloaddition reaction contains three azide molecules
on the surface corona which is corresponding to six protons of hydrogen molecules (Figure 3).
Obtained 1st generation of dendrimer contains 6 molecules of azide which is corresponding to
12 protons. On the spectra are detected 12 protons of the ester from methylene group and 6
protons of triazole ring. In every subsequent generation is doubled amount of protons
corresponding to organic azide, thus 2nd generation contains 24 protons corresponding to 12
azide molecules; 36 protons of ester and 18 of triazole ring. In the 3rd generation are 48 protons
corresponding to 24 molecules of azide; 96 protons of ester and 42 of triazole ring. This
prediction spectrum could be compared with the real time NMR analysis of the reaction.
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Figure 3.

NMR prediction model is dedicated to compare real time results of the synthesized
dendrimers to ensure that reaction is complete and to follow-up reactions with upper
generations. This feedback control helps to avoid synthetic pitfalls and to control the efficacy of
chemical reaction on every stem of synthesis.
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ITpunsara 23 anpens 2013 roga

[Tpu BraBIMBAaHUYM Pa3TUYHBIX METAJIJIOB B IEOJIUTHl OBLIO OOHAPYXKEHO, YTO IIOJIOCTH B
IIeOJINTAX 3aIIOJHAIOTCS JIMIIh YaCTUYHO. TaK, HaIpuMep, IPU YCIOBUH IIOIHOTO 3aII0OTHEHUS
pPTyThIO OONBUIMX TOJNOCTeH B IeosuTe NaX BeIMYMHA CKAavyka oOBeMa [OJDKHA OBITH
0.43 cm®/ cm® xpucTania, a ¢pakTUUeCKH NMOTydeHHbIH ckadok paseH (.24 cm®/ cm® xpucrania.
AmnanoruyHas KapTuHa Habiiofaercs mpu BaaBiauBaHuK Mertayaa B meoautsl CaX, NaY, NaA,
CaA u NaM.

Kak u3BecTHO, XXUZKMe METAIBI He CMAYMBAIOT I[€OJNUTHL. JTO O3HAYAET, YTO MEXIY
CTeHKaMH IIOJIOCTH B LIEOJIHTE M KUAKUM MeTaJJIoM 0OpasyeTcs 3a30p, BEIUYUHY KOTOPOTO
OOGBIYHBIMU METOJaMU M3MEPHUTHh IIPAKTUUECKH HEeBO3MOXHO. IIpoBeleHHBIE SKCIIEPIMEHTHI IO
3aIIOTHEHUIO ITYCTOT LIEOJIUTOB XXUAKUMU MeTajlJIaMH TTO3BOJIAIOT OIeHUTHh BETMYMHY 3a30pa Ha
HeCMa4YUBaeMOCTbh, COIIOCTABIIASL IOJIHBINH O0BEM IIOJIOCTEH C SKCIIEPUMEHTAJIBHO ITOTy4YeHHOMH
BeJIMYMHOM CKayKa oObeMa.

s mpuMmepa BBIYHCIMM 3a30p Ha HECMAaYMBA€MOCTHh BHCMYTOM CTeHOK IeosuTa NaX.
O6muit 06veM mycToT meonura NaX CcKiIagbIBaeTcs U3 oObeMa OOJBIIMX ITOJIOCTeH, MMEeIomX
muamerp 12.00 A u oGBeMa MaBIX IOJOCTEH, MMEIOLIHX nuametrp 6.60 A. Ins BHUCMYTa
KpUTHYeCKoe JaBieHue cocrasigeT 8.5 x6ap. [Ipu sToMm fmaBieHMU, OZHAKO, 3aNOIHAIOTCS, IIO-
BUJVMOMY, TOJBKO Ooiblnve IOJOCTH. Masble ITOJOCTH OCTAlOTCA IYCTBIMM, T.K. AJS HX
3aII0JIHEHU TpeOyIoTCcs ropaszfo OGosbluive maBieHUs. VI3 MMONTydYeHHBIX AAaHHBIX CIeLyeT, 4TO
6oJBlIINe TTOJIOCTH 3aAIOIHAIOTCA BucMyToM Ha 58 % mx o6bema. O6BeM OOMBIION TOJIOCTH B
neomure NaX pasen 822 A3 [1]. Tlpeamonaras paBHOMepHOe pacIpefieleHHe MeTaiIa IO
IIOJIOCTAM II€OJINTA, BBIYUCIUM OOBEM, KOTOPHIH 3aHMMAaeT MeTa/I B OJHOM IIOJIOCTH:
0.58 - 822 A® = 476 A®,

[Tockonbky Gospuias mosocTs B meonute NaX mmeer ¢popmy, 61U3KyI0 K chepruecKoit,
MOJXHO, IIO-BUJUMOMY, IIPEJIIOJOXUTh, YTO AaTOMBI MeTa/l/Ia, BBEJLEHHOTO BHYTPH IIOJIOCTH,
o6pasyioT Kammio chepudeckoii ¢opmsl. g BUCMyTa guaMeTp 3TOH KalKd ITOJIydaeTcs
pasubiv 9.68 A. Kax merpymmo BumeTs, mpu mmamerpe Gombmoit momoctu 12.00 A 3azop ma
HecMayHBaeMoCTh BucMyToM meomuta NaX pasen 1.16 A. AmamoruaueM 06pasoM BHYHCITEHEI
3a30phl Ha HecMauuBaeMocTs Metayutamu Ga, Hg, Sn, In, Pb u Bi meonura NaX. Otu mamusre
IIpuBesieHs! B Tabmume 1.

[Tpu BpaBnuBaHuMM MeTamna B IeonuT NaA, MMeOmUil HHble JUaMeTPhl OOJBIINX
II0JIOCTEeH, TaK)Xe HaGII0aI0Ch TOIBKO YaCTUYHOE UX 3amoiHeHue. /luameTp 60Ib1I0MH IT0I0CTH
B NaA 11.40 A, o6pem Gomsuroit monoctu paser 776 A3 [1]. Vcmonssys oTH JaHHBIE, a TaKxKe
ITAHHBIe II0 3AII0JHEHWIO MEeTAIAMM ITyCTOT B IeosuTe NaA croco60M, M3JI0KEHHBIM BBIIIE,
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Non-wetting of cavity walls of zeolites by metals.

MOXXHO PpacCYMTaTh 3a30phl Ha HECMAYMBAEMOCTH JTOTO I[€OJIMTA Pa3IMYHBIMM MeTaJUIaMH.
ITory4yeHHBIE pe3yIbTaThI TAKXKe IIPUBEIeHEI B Tabuume 1.

Tabmuna 1.
BBogumsrit BenuunHa 3a30pa Ha HecMayuBaHue, A
MeTaII NaX NaA
Bi 1.16 1.57
Hg 1.22 1.57
Sn 1.90 1.57
Pb 1.72 1.57
In 1.58 1.84
Ga 1.58 1.70

IIpu cpaBHeHMU DpUBeZeHHBIX B TaOIHIle pe3yJbTaTOB BHUAHO, YTO 3a30pHl Ha
HeCMa4yMBaeMOCTh MeTajUIOM Pa3HBIX II0 THUIIy II€OJUTOB XOpOIIO coBmajgaioT. OTiaudyue He
mpessimaer 15 %. Ilo-BupumMoMy, 3TOro M cCiaemoBajo OXHUAATh, T.K. HeonuTsl NaX um NaA
6JIM3KY IO XMMHYECKOMY COCTaBY.

MoOXXHO OXHZATh, YTO U [JII NPYTHX LIEOJIHTOB BeJIMYMHA 3a30pa Ha HECMAYUBAEMOCTH
OCTaHeTCA IIPUMEpPHO TOH >Xe. DKCIIEPUMEHTHI II0 BBEIEHUIO PTYTH M BUCMYTa B KaHAJBI
neosuta NaM KOCBeHHO NOATBEp)KJAIOT dTO IpexlnonoxeHue. CpenHWI AUaMeTp cedeHUS
KaHarma B Mopgenute 6.60 A. Eciu yuects 3a30p Ha Hecmaumpaemocts MetannoM (Hg unu Bi)
CTEHOK KaHaja B I[€OJIUTe, CPeJHAS BeIUYMHA KOTOPOrO IIO JAHHBIM TaOJHUIBI COCTAaBIIAET
~1.5 A, ocraercs cBoGommbIil mwamerp, TpuMepHO paBHBIH 4 A. Dra BenmumHa GrM3Ka K
pasMepaM OJHOTO aTOMa.

o mammsmm Ilymeme [2] MeTammuueckuit paguyc pryTu cocrasager 1.60 A, Bucmyra —
1.62 A. Takum 06pasom momydaeTcs, 4TO B KaXKAOM KaHaje MOXET MOMECTHThCA TOJBKO OIHA
OJHOATOMHAasA Ierouka MeTauna. [Ipu 3ToM 0O6BeM BBeZeHHOTO MeTaslja JOJLKEH COCTaBIAThH
4 - 6 % ot o6BeMma 1eonuta (4.3 % pna prytu u 5.6 % f19 BucMyTa). DTO CylLeCTBEHHO MEHBIIE,
yeM 114 HeonuTtos Tuna NaX, rae ckagok oo6sema B cixyuae Hg u Bi cocrasnster mpumepso 25 %.
B neonure NaM Gosbinas mond o6beMa KaHala yizeT Ha «BaKyyMHBIN» 3a30p MeXIy aTOMaMU
MeTaJIIa ¥ CTeHKaM{ KaHaJa Ie0JIUTa. DKCIePUMEHTAIbHO Hal/leHHbIe 00beMBI, 3alI0THEHHBIE
MeTaJUIOM B KaHaiax meonauTa NaM 6inusku k pacyeTHbIM. CieflyeT OTMETUTH, YTO Pa3Iudue B
KOJIMYeCcTBaX BUCMyTa U PTYTH, KOTOPbIe MOXXHO BBECTU B OJWH M TOT JKe IIe0JIUT, IIPOUCTEeKaeT
Y3 Pa3IUYHBIX [JUAaMeTPOB aTOMOB BHCMyTa M PTYTH, T.e. 3(PdeKTsl aTOMHOTO IOpALKa
IIPOABJIAIOTCA B MAKPOCKOIIMYECKUX MacIITabax.
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Introduction

The main reason of this research was to find the answer to the question has changing
water level in the boreholes the same effect on the earthquake appearance as the variations of
magnetic fields or not.

The hypothesis for possible correlations between the earthquakes and the variations of
magnetic fields, Earth’s horizontal and vertical currents in the atmosphere, was born when in
early 1988, the historical data on the Black Sea was systemized. The achievement in the Earth
surface tidal potential modeling, with the ocean and atmosphere tidal influences being included,
makes an essential part of the research. In this sense, the comparison of the Earth tides analysis
codes [1] is very useful. The possible tidal triggering of earthquakes has been investigated for a
long period of time [2].

The earthquake-related part of the models has to be infinitely repeated in the “theory-
experiment-theory” process, using nonlinear inverse problem methods in looking for
correlations between the different fields in dynamically changing space and time scales. Each
approximate model supported by some experimental evidence should be included in the
analysis. The adequate physical understanding of the correlations among electromagnetic
precursors, tidal extremes and the impendent earthquake is related to the progress of an
adequate Earth magnetism theory and electrical currents distribution, as well as to the quantum
mechanical understanding of the processes in the earthquake source volume before and during
the earthquake.

Simultaneous analysis of more accurate space and time measuring sets for the Earth crust
condition parameters, including the monitoring data of the electromagnetic field under and
over the Earth surface, as well as the temperature distribution and other possible precursors,
would be the basis of nonlinear inverse problem methods. It could be promising for studying
and solving the “when, where and how” earthquake prediction problem.
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The discovery of geomagnetic quake as reliable
precursor for increasing of regional seismicity

In December 1989, a continuous measurement of a projection of the Earth’s magnetic
field (F ) with a magnetometer (know-how of JINR, Dubna, Boris Vasiliev) with absolute
precision less than one nano-Tesla at a sampling rate of 2.5 samples per second was started. The
minute’s mean value of F, its error mean value, the minute’s standard deviation SDF , and its
error were calculated, i.e., every 24 hours, 1440 quartets of data were recorded.

Minute standard deviation of F is defined as:

) l N, ) ) 1/2
SDFW—((NJZ(E me)] , (1)

i=1

where m is the chosen time interval and » is the number of simples during the period,

1\
Fmean = (sz Fmean (2)

i=1
with N, the number of samples per minute.

The connection between variations of local geomagnetic field and the Earth currents was
established in INRNE, BAS, Sofia, 2001 Seminar [3]. The statistic of earthquakes that occurred
in the region (1989 —2001), confirmed the Tamrazyan notes [4, 5] that the extrems of tides are
the earthquake’s trigger. The Venedikov’s code [6, 7] for calculating the regional tide force was
used [8].

The signal for imminent increasing regional seismic activity (incoming earthquakes) is
the “geomagnetic quake” (Gq), which is defined as a jump (positive derivative) of daily averaged
SDF. Such approach permits to compare by numbers the daily behaviour of the geomagnetic
field with those in other days.

Among the earthquakes occurred on the territory under consideration in certain time
period, the “predicted” one is the earthquake with magnitude M and epicentral distance Dist,

which is identified by the maximum value of the function:
S oy = 10171148 /(D + Depth,, + Dist , )2 [.en.ergy/km2 ], 3)

where D =40km is fit a parameter.
The physical meaning of the function S,,, is a surface density of earthquake’s energy in

the point of measurement. It is important to stress out that the first consideration of the
earthquake magnitude M and epicentral distance dependence was obtained using nonlinear
inverse problem methods. Obviously, the close distance strong earthquake (with relatively high
value of §.,,, ) will bear more electropotential variations, which will generate more power

geomagnetic quake.

It is very important to note that in the time scale of one minute, the correlation between
the time period of increasing regional seismic activity (incoming earthquake), and tide extrema,
recognized of predicted earthquake was established using the Alexandrov’s code REGN for
solving the over determined nonlinear systems [8, 9]. The very big worthiness of Alexandrov’s
theory and code is possibility to choose between two functions, which describe the
experimental data with the same hi-squared, the better one.
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Day-difference analysis

The role of the electromagnetic variations as earthquake’s precursor can be explained in
general by the hypothesis: the strain accumulation in the Earth Crust during the earthquake
preparation causes medium’s density change, within which a chemical phase (“dehidratation”)
shift and a corresponding electrical charges shift appears. The Earth tides extremum as
earthquake’s trigger could be based on the hypothesis of “convergence of tidal surface waves” in
the region (territory with prominent tectonic activity as consequences of chemical phase shift)
of impending seismic activity.

For every occurred earthquake was calculated “day-difference”; the smaller absolute
time difference between the hypocental time and the daily times of pre and post tide’s
extremum time at that site on the Earth surface (the earthquake epicenter). This procedure was
provided on all reported earthquakes in ISC catalogue (http://www.isc.ac.uk/) for the time
period 1981 —2011 and MN 3.5 and MN 4.0. The program for calculating of daily averaged
module of vector movement Rmeanis based on Dennis Milbert TIDE programe (solid.for), by
which Tide data could be calculated only for the time period after 1981. The DailyTide time of
the Tide extremes Rmeanwere calculated by analogy of center mass calculation.

The statistic of day-differences for the earthquakes that occurred worldwide (1981 —
2011) and the Gaussian fitted curve (see below), confirmed the Tamrazyan notes [5, 6] from
1960th, that the extrems of tides play a role of earthquake’s trigger.

Data and stations

The main reason of this research was to find the answer to the question has changing
water level in the boreholes the same effect on the earthquake appearance as the variations of
magnetic fields or not.

The hypothesis for possible correlations between the earthquakes, the variations of
magnetic fields, Earth’s horizontal and vertical currents in the atmosphere, was born when in
early 1988, the historical data on the Black Sea was systemized. The achievement in the Earth
surface tidal potential modeling, with the ocean and atmosphere tidal influences being included,
makes an essential part of the research. In this sense, the comparison of the Earth tides analysis
codes [6] is very useful. The possible tidal triggering of earthquakes has been investigated for a
long period of time [7].

After studying this fact a hypothesis was born may be we can forecast earthquake using
the same methodology.

Before discussing our methodology let stop our attention on the boreholes, which are
located in different parts of Georgia. We have Ajameti borehole (depth 1300 m); Axalkalaki
(1400 m); Borjomi-70 (1300 m); Kobuleti (2000 m); Lagodehi (800 m) and Marneuli (3500 m).
The detail description of these boreholes is shown in Table 1.

The location of these boreholes is shown in Figure 1 a. While the locations of epicnters
of earthquakes during 2011 — 2012 are shown in Figure 1 b.
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Figure 1. (a) Map of boreholes in Georgia,
(b) Earthquakes during 2011 - 2012.
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Table 1. Description of the boreholes located in different parts of Georgia.

Depth Filter Geological Water
Borehole o ’ interval, Lithology intervals, level,
m m m
Ajameti 1330 520 - 740 Litostone 520 - 740 - 6.0
Tuff
. Andezit
Ahalkalaki 1400 1000 580 — 1000 - 0.2
Basalt
Dolomite
Borjomi-70 1330 1260 — 1300 Clay 0-12 -22.0
Tuff
Kobuleti 2000 187 — 640 Andezit 0-150 - 05
150 — 2000
Basalt
Sand
Lagodehi 800 255 — 367 + 0-24 -15.8
Gravel
Marneuli 3500 1235 - 1600 Gravel 0-50 - 5.0
Methodology of analysis

We have selected earthquakes with magnitude > 3.5 at distance < 500 km from boreholes
for 2011 and 2012 years. We have modified water-data, calculate water-level-signal, precursors,
select earthquakes, which could be connected with precursors and then analyzing the data and
their graphic presentations, using Dennis Milbert Fortran code for local tidal behavior,
http://home.comcast.net/~dmilbert/softs/solid.htm, in accordance of geomagnetic quake’s
methodology. Like time scale in used methodology is hour normalized standard deviations,
mean of them for a day and calculate the precursors. By definition the precursor is the
difference (jump) between standard deviation of today and the previous day. Then we have
created twelve files with result-data. Each file has result-data for one borehole during 1 year,
which is divided on three month intervals.

As we see in Figure 2 the first graph in the left corner is the picture of tidal behavior [m],
the next shows the energy [J / km?], the next — magnitude, and the last describes precursors (red
points) and water level signals (blue points). The blue points has been count using normal
standard deviation and the red points so called precursors were obtain by subtraction of the
daily standard deviation of today and the previous day [10, 11].

The first graph in the right corner is water mean during 23 October the period of great
Turkey earthquake and the next describes standard deviation of water level [12].

The same emplacement is shown for another period in the Figure 3.
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Figure 2. Marneuli borehole daily monitoring
including period of great earthquake in Turkey (2011).
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Figure 3. Marneuli borehole daily monitoring (2012).
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We have done the Gauss distribution for day difference as for 2012 year period also for
the two years from 2011 until 2012 (see Figures 4 and 5).

Marneuli 2012 Gauss Distribution = Frequency Counts of DayDiff
30 - — Gauss of Count

25 4

20 +

15 +

Count

10 H

-10 -8 -6 -4 -2 0 2 4 6 8 10 days
Bin Center

Figure 4. Marneuli borehole Gauss Distribution for day difference (2012).
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Figure 5. Marneuli borehole Gauss Distribution for day difference (2011 —2012).
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As we can see from the figure according to the results we get very good Gauss
distribution with the R-square not less than 0.90.

The next step was finding frequency count for the distance of the selected by precursors
quakes, for the whole period 2011 - 2012 (see Figure 6).
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Figure 6. Two boreholes frequency counts
for distance of selected by precursors quakes.

The increment was taken 10 km. The highest number of the earthquakes is at the
distance 300 — 350 km (Turkey earthquakes), the earthquake at distance 350 — 450 km are Iran
earthquakes and the other one that are at distance less than 300 km are regional local
earthquakes.

So, as we can see from the material before, our daily monitoring has not the same effect
and could not be used as precursors for prediction of regional seismic increase. Another and not

210



A. Sborshchikovi et al. Nano Studies, 2013, 8, 203-212.

less important idea is to make not daily monitoring of the water level and then count normal
standard deviation use another time interval, for example week or two weeks or may be month.
And for this period count normal STD and look if it will be possible to use it as precursors
[13 - 15].

One more chance to use water-level daily monitoring for predicting regional seismic
increase is to use it together with radon monitoring and it will be more useful for getting
precursors. So we can discuss some facts about radon as well.

Conclusion

As we could see from the results of experience, using daily water-level changing in the
boreholes and after that counting STD and use it as precursors has no physical arguments. It
could not be true precursors that could predict the earthquakes at long distance and cause
water-level change. The way to overwrite this problem is to use not daily but another time
interval for getting precursors. And after this we hope water-level changing in the boreholes
will have the same effect on the earthquake appearance as the variations of magnetic fields.

References
1. A. P. Venedikov, R. Arnoso, R. Vieira. A program for tidaldata processing. Comput. &

Geosci. 29 (2003) 487-502.
2. G. P. Tamrazyan. Tide-forming forces and earthquakes. ICARUS 7 (1967) 59-65.

3. S. Ch. Mavrodiev, C. Thanassoulas. In: Proc. Seminar “Possible Correlation between
Electromagnetic Earth Fields and Future Earthquakes”. 2001, Sofia: INRNE BAS.
4. L. Knopoff. Earth tides as a triggering mechanism for earthquakes. Bull. Seismol. Soc.

Am. 54 (1964) 1865-1870.

5. G. P. Tamrazyan. Tide-forming forces and earthquakes. ICARUS 7 (1967) 59-65.

6. G. P. Tamrazyan. Principal ragularities in the distribution of major earthquakes relative
to Solar and Lubar tades and other Cosmic forces. ICARUS 9 (196) 574-592.

7. A. Venedikov, R. Arnoso. Program VAV /2000 for tidal analysis of unevenly spaced data
with irregular drift and colored noise, J. Geodetic Soc. Jpn. 47 (2001) 281-286.

8. A. P. Venedikov, R. Arnoso, R. Vieira. A program for tidal data processing. Comput. &
Geosci. 29 (2003) 487-502.

9. L. Alexandrov. Program code REGN, PSR 165 RSIK ORNL. 1983, Oak Ridge.

10.  S.Ch. Mavrodiev. On the reliability of the geomagnetic quake as a short time
earthquake’s precursor for the Sofia region. Nat. Hazards & Earth Syst. Sci. 4 (2004):
433-447.

11.  S. Ch. Mavrodiev, L. Pekevski. Complex regional network for earthquake researching
and imminent prediction. In: Electromagnetic Phenomena Related to Earthquakes and
Volcanoes (Ed. B. Singh). 2008, New Delhi: Narosa Publ. House, 135-146.

12.  T. Chelidze, T. Matcharashvili, G. Melikadze. Earthquakes’ signatures in dynamics of
water level variations in boreholes. In: Synchronization and Triggering — From Fracture
to Earthquake Processes (Eds. V. de Rubeis, Z. Czechowski, R. Teisseyre). 2010, Springer,
287-304 .

211



Boreholes water level and earthquake’s daily monitoring.

13.

14.

15.

G. Kobzev, G. Melikadze, T. Jimsheladze. New method of hydrodynamical data analysis,
In: Mater. Workshop—Seminar Black Sea Haz Net Ser. 2011, Thilisi, 25-72.

T. Jimsheladze, G. Melikadze, G. Kikuashvil, S. Mavrodiev, L. Pekevski,
M. Chkhitunidze. Study of geomagnetic variations in Georgia and establishment the
anomaly Nature of earthquake precursors. In: Mater. Workshop—Seminar Black Sea Haz
Net Ser. 2011, Thilisi, 205-214.

S. Ch. Mavrodiev, L. Pekevski, T. Jimseladze. Geomagnetic-quake as imminent reliable
earthquake’s precursor: Starring point for future complex regional network. In:
Electromagnetic Phenomena Related to Earthquakes and Volcanoes (Ed. B. Singh). 2008,
New Delhi: Narosa Publ. House, 116-134.

212



A. Rcheulishvili et al. Nano Studies, 2013, 8, 213-216.

3oR3ANIBOL S3IFINSGNS MI3S60L (Ocimum basilicum), J06d0L (Coriandrum sativum)
RS BdBMI60L (Crocus sativusL) 303 39R30IJFNM 353RORAHISIRO 605R5NRS6

5. ®Bgmeodzomo!l, m. ®Rgmwodzowmo -2, b. ®Bgmeodzomo?,
9306060, . Heylo’, ). QIEsRYGdZowo’

9. 96006H™b0 3583000l goBo3ol 0bLEGHOGMEGHO

0. X 5356033000 Lob. MdOErOLOL Labgedfogm MboggdLodg®o
2005l Bobgedfogm «boggdbodg@o

30. %9395008300b Lob. MdooLol bLobgedfoxzm Mbogzgdlo@g@o
d00l0, LodsGMMzgEm

archeuli@gmail.com

3009005 2013 ferols 23 ogerolls

OMamO3  3bMdoEos,  I9gBHomo  Bbmbsfowrszgdol  GmdLbogmdmds  ¥93Mo
Bo3ergd0s dg@EHoms 0mbgdol GHmJLolzm®mdsbY, Mg Ibodzbgermgzsbgl Gl Msdsdmdl
bemREol dgm@bgmdsdo. 58 M0 80dE0bsMIMBL Goyo 30MMgdEYdol sdwdsg9ds, MM
39O MH0  b3bMbsfows3zgdol  asdmygbgdom BB s MLsgOPbmE  doghmmb
1533900 6030009093900 93965699gdL. 58 FoDbOL FobbmEM309wgdOLIMZ0L 30 5(30egdgE0s
99LHo300o 04656 803MMggdgbEgdol 53300l 3OHMEILO 396936M030 MdOYE OO,
30639 Mogdo 1533900 9396sMggd0L BogH. 0bEMLEMOSEOBE0OL BOHEILMD gBHmo©
b MBO™ 9GO 0330603905 3d0dg 3939w go0oL 3MB3gbEHMmIE00L  BOHS A56Mgdmdo.
o {jgmgddo OO gMMOEMYds 9J3930 93MM3IMWEGHMM9doL doge ddodg dg@Eowgdol
5398M@5305L §yerosb [1]. do3mmgergdgb@gdo dmbsfowgmdgb mMasboBddo dodwobaty
963500 bom  3Mm3gLgddo.  OHmymeE 3bmdowos,  d3gbsGgms  Bm®PswrmEo
35390 d890900LsmM30L  J03MM9wqdbEHgool  mdbodzbgwm  MomEabmdsg BszdsMoboo.
1533900 939bsGadoL doge  TYBHIWMS SOLMMBBZ0S YYXOIJOMS 0LYM FYbJ30MboIME
X3NBJOMBsd 53530060900, MHMYMEOOEs  dMbgdcmo30 3MM3HJobgdo, w030Ydo,
396M0M300M53H9d0.

1533900 9396569900056 >PLYB0TEs300 93560, Jobdo, DogMsbs. LojoMmzgermdo
39360390939 0s dmbGbol Gg3sbo (Ocimum basilicum), H™3gEoE 30030 Ids MJBEPO.
693560l bsglio LsFoMMIOIL MMP6MWo s FobgmoeMHo (MBOM sSBMEGH0560) Lolivmdgdoom
39609g409©M9d5L. L53939GOEG0M 39HOMPOS (IMR30D IMLOZ3EOL 5©gdsdY) 130 — 150 Y.
Jobdo (Coriandrum sativum) geOH®fermgzsbo 9396sMgs JmEoambobms mxsbosh. bsgmao
39033931 99D IMgOL s 3H0dgdL. Logs@mzgermdo Jobdo 4953039 gdMEros ©9dz9wqlo
©OMO0EsH. 59 43b3w09gds Jobdol €sdgbodg 3MWEHMOMWO Lobgmds. 1533900 9396969
Doxg®obs  (Crocus  sativus L) godom@  250m09gbgds 1339050,  OHmame3
3556MB5GH0B0MGOG0.  LodoOmM3gwmdo  Dog®msbols bmomo  Lobgmdos 493039 gdmEo.
50b0dbmo 1533900 9396969930l OMWOo 3FBMBOE0S BOGMMYMH305303. LBsdwdsmdo [2]
991530005 dMLEBBOL M9g3s60L gduBGod@Hol 3mAGHIbE0vemo 3339w MdomO B30
I GSI9EHO0bDY, OG0 3959mfI3gmE0s 9¢d0bMMH Msa390d0 b9z3MmEHMJLo3MNOMdOM.
Dog®bs LOLIMAIOXOMS 5¢3350d9MOL [3] S 95 IMYOMO [4] 99350 JOJOOLSL. 93560l
3096 130gbdol HBBMMBE0s HIMI0Yd0s pH-DBY [5]. 50b0TbM 153390 F39bsMdTdo

213



Accumulation of cadmium by basil ..., coriander ... and saffron ... from ... soil.

9@ ms 0mbgdol 99339 ™dS @S oo G096 9BITMS SBOLMOD300LS S 939N ES300L
B0 MomMJdol 565 Jgufogurowo, vy 96 Bsgm3zwom Msdmgbodg IOMAsL, L3
3036009 gdgbEgdos 4obLsBzMmeo [5 - 9].

93990 Lsddoml JoBbL Fo®mdmoygbl 300T0wdol 53mFMes300l 3MMEqLOL
d9bPogams M93s60L, Jobdobs s Bog@Msboll Jogh s Fsmo A5BFowgds MGYsBMgdTo
(3913900, VIOMYO0, BOMMEG0), HMEILSE gU I3965699d0 23DPMHPOE0s B0SIAT0, LOSS
§0obsLHot 0465 99g@oboero 3oedodo JermGoob Loboo.

®B0ggG0 s 33Eg30L dgmmegdo

330930L Md0gIEHO© 950900 0gbs 11533900 I(39656099d0 ©q3sb0 (Ocimum basilicum),
Jobdo (Coriandrum sativum) @5 ©sg®msbo (Crocus sativus L) s 9dodg d9@swo 35¢0d0vdo.
Cd 993039690 900X M50 OO BMAoL, 0656939005996 2oLBMO390E Boswagdo
CdCl2 3s6oob blbstol bLaboo (1.5 ¢ Cd 15 gro@®o dmEemdol dJmbg boswagom Loglyg
1393000 363JobgMdo).  FM3sbObgm  Bosoyol  3mBMAb0BI30s.  Bosoyosbo
30b390b9M0 8Mm35003L9  dMMIGMMOM J0OHMdJOTo s I3MILYm  T3965M9d0.
Bosog0 0M(94399m©s 39MH0MPIWH.

239BMo 3396910l 300900 60506  ~ 30 oo  0bEHZsom.
50mqden 939656990l 3693bog30m OLEH0WoMmdMEo fiywwom s 3sbabom dsm
©565(j930905L 3030w MORBMIPBIE (oMo, ©IOM  ©d BJb3Ydo). Forgdrw
6081093l 359MMdOom, 8949603MM0 Loxrdzszol Lodmswgdom gsbgbom bodxdqdol
©533953905L, 3PMmboom s 35M93LgdEOm LobxsMGddo. LobxsMGOdo 3535EHJOOM
3M6396GH®0MgdM SHMmGHTPo395L O 3953bgergdom 3MmIMbmMo blbsGOL dowgdsdY.
3dmygboboMgde 60ddgdl 35H5390OM doOLEOWIEH0 10 Jew JmEEPMdSIY.

390dodol  999(3300Md0L  sbsewobo  2obbm®mEogws  95EHMING-53BMOBEOMEO
139dBHM™AgBH®OL  Analyst — 900-0b  259mygbgdom. 3Jo@doMdol g@swmbm@mo  blbsGgdo
©53Ds©gdwo ogm Perkin Elmer-ob g3o®3dob 9&ombo)Ho ©qs-blbotologsb (1 8y / e).

390092900 5 30 35bLYXS

BobobBy 1 65B3969005 3500F0mdol F99(339¢0MdS IMGLZ0D QoLEO oM 339ME0
©O™Mol 9909y M93560L, Jobdols s BoBEmsbol (3939w 3033mbybEgddo (39b39ddo,
©96H™gdd0, Bnmgddo). OMYMeOE bobsHBob BRbL, M93sbols F9dmbggzsdo 3sdomdol
Y39wsDg 0O MoMmEIbMdom 938MEs30s BJL39dT0 033063905 WIMYL30E 92-9
@O, ®53 d99bgds FmOgAL s ©YMHMIOL, I3gbstol BOHOL dmgwmo  3OHMEgLOL
39605303530 3500F0Tob EIMM39ds FomFo F306M95 BJU39dMB FJEIMGOOM. Dog®msbsdo,
©OM3900L g39@sbY 39Ho 9BIIGUOMBOM gd53moMhg3s> BgL3gdo, 890y BMOWIBO ©s
y39wsbg 65300900 MomEqbmds Cd-obs 90dmbbs gMm™mgddo. smglzoEsb golivyaro
©OMOL BOHEOLLL I30MYds I(39656MH0L (3539 MOYBMgdol doge BOHOL 3OM3EgLdo
53006 gdmwo Cd-ob 9993390mds. 92-9 gl gmomwgddo Cd-ol 8993390 ™dsd
295535605 39ggddo dobo Jgd;339wmdol 3sB3969gdgl, MoEg 0330603905, MM,
9306 123-9 MgLs3. 148-9 ol dobggzom, Cd-ob gobsfiowrgds d98gabsoco
bgds:  89lggdo >  FmoOgdo > 0gH™MIdo.  90bodbm  3mI3mbgbEgddo  Cd-ol
09933000Mdq0L  dmGol  Bogergdo  4oblbgegqds 0330603905,  omMgLlgosb  160-9
©EOoLsM30L. Cd-oll EogMm3z900L s gobofoegdol gl BH9bgbios d9bs®bbadmEos
930056 197-9 OlmZoLY.
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Accumulation of cadmium by basil ..., coriander ... and saffron ... from ... soil.

J4obdob 8096 350300l 53799305 Y39WsBY d9B 00 B9L39YdT0, 89009y VIOHMIOLS
©S BmmEgddo. FogJloToE  53FMEISEFOSL  SRAOWO 5J3L WIMYLZ0Ib 62-9 EIL.
Jobddo 35003030l 53999300 62-9 IV FMMWGOMID TJMGO0m TGEH0S, bererm
©SM9L306 92-9 ML  350F0MAL  BIL3JB0, BMMEGOO S VIOMGdO  MOoMJIoL
9ONBI0GMS© 0m30L9dL.

506050, JoMgdMEo d9wgago0oL sbserobo bsygmxal, MHmI 9Judgmodgb@qddo
509dmo  1sdogg 1533900 93gbsMOLIM30L  BHMJLozMMo  gwgdgb@ol -  3sdordol
5305305 B05og0sb  Y3gwsBg dgBHo bmO®E0gwgds  3gLlggddo.  do®9gdMYEO
090092000 ®96b3wgds WO EIOIGHMOE dmbo(3999dL, MMAEolL dobgz0msi3  TYEHIWMS
AGOBL3MO GO B3Tom LGSR0 3OMEILOS.

Allium  sativum-%g Bs@GHo6qdmeds (3009005 5B396s [8], ®mT 6 Lvsmol 99y
39003d0)dol 399339c0MdS 250DBsM©s Bgggddo s 12 Lssmol 909y — BMmEgddo. MH9g3s60
AMEIOMbGHMwos  B3owgbdol s  MMYEPOool  FoLowo  3Mmb3gbG®S309d0L  B0ToGIo.
L3R OO 4obsflowgdol  Tgufogasd  ggbzgdls s FmmErgddo  shg9bs, ™A
130 gbdoll s MMOOL ooo  3Mb3gbBM30930L  539FMW0Mmgds bgds 390l
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CBOVMICTBA HUTPUJIA BOPA, CUHTE3UPOBAHHOTO 1O/
BO3JEMCTBUEM KOHIITEHTPMPOBAHHOI'O CBETOBOTI'O U3JIYYEHUA
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U. N. Tumodeena !, A. IO0. Kosans !, T'. A. ®ponos!?, T. Open?, D. Anraii?
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Kues, Ykpauna

sart@ipms.kiev.ua

2 Nnpy KUt TeXHUYeCKUi YyHUBEPCUTET

Cram6y, Typuus

ITpunsara 26 utonsa 2013 roga

1. Beepenue

Hurpum 6Gopa (BN) mpusmekaer 3HauWTeIbHOEe BHUMaHMe OJarofiaps CBOUM
YHUKAJIBHBIM QU3UKO-XUMUYECKUM M MEXaHUYeCKUM CBOMCTBAM, TAKUM KaK HU3Kas IUIOTHOCTS,
BBICOKAas TeMIepaTypHas CTaOMIBHOCTb, HU3KafA IUIJIEKTPUYeCKasd IIOCTOSHHAA, BBICOKAA
TeIJIONPOBOAHOCTh M XMMHYecKasd MHePTHOCTb. Marepuaisl Ha OCHOBe HAaHOCTPYKTyp u3 BN,
ABJIAIOTCA TEePCIeKTUBHBIMU JJIS CO3LAHUA HOBBIX IIOJTYIIPOBOZHUKOB, CETHETOIIEKTPUKOB U
CBEPXIIPOBOZHUKOB. YBEJIWYMBAETCA TaKXKe CIPOC HAa KOMIIAKTHBIE JIa3epHBIE YCTPOICTBA
yIBTPadHOIETOBOTO CIEKTPA, TaK KaK OHU MMEIOT BAKHOe IPUMEHeHMe B TaKUX O0JIACTAX KaK
ONTHYeCKHe HAKONMUTeNIW, (POTOKATATH3, CTEPWIM3ALMA, OPTAIBMOJIOTHYECKAS XUPYpPrus Hu
HAaHOXUPYPIHs, M TeKcaroHambHbIii Hutpug 6opa (h-BN) saBagercs wMHoroob6emamomum
MaTepHajoM [ IPUMeHEHUs B Jla3epHbIX ycTpoiicTax [1 — 2].

NsBectHO, uTo BN HaHOCTPYKTYpHI ABJIAIOTCA aHAJIOTOM YIJIEPOAHBIX HAHOCTPYKTYP,
IIO9TOMY JJIf UX IIOJyYeHUS HCIIOIB3YIOT Te Ke, HO, HeCKOJIBKO MOAU(PUIINPOBAHHBIE, METOBI
cunTe3a. IIpomeccsl cuHTe3a, HCIIOIB3yeMble I IIOTYYeHHUsS HAHOCTPYKTyp u3 BN MoxHO
paszenuTh Ha BbICOKOTeMmeparypusle (> 1500 °C,) u HH3KOTeMIIepaTypHBIE, KOTOPbIE MOTYT
WCIIO/IB30BAaTh Jake O0ObIYHyI0 MydenpHylo meuys [3—7]. K BbIicOKOTeMIepaTypHBIM
(busnyeckrM) MeTOZAaM OTHOCATCA METOJ AYTOBOTO pa3pAza, IUIa3MEHHBIE METOZIBI, U METOZ
Ja3epHON abaALMM, KOTOpBle OOBIYHO MCIIOJNB3YIOT IS M3TOTOBJIEHUA HAHOCTPYKTyp. Bce
BBICOKOTEMIIepAaTypHbIe METOZABI BKIIOYAIOT abJANUIO U / MIN IOBEPXHOCTHOE HCIapeHue B
COOTBETCTBYIOIIell aTMocdepe (BaKyyM MJIM HHEPTHBIE Ta3bl) IPU BBICOKUX TeMIlepaTypax U
KOH/IEHCAIUIO IIOJyYeHHOTO Iapa II0J, BIUSHUEM BBICOKUX I'pafuieHTax TeMmueparyp. Hamuune
KUZKOM (Pa3bl ABIAETCA HEOOXOLUMBIM YCIOBHEM JJIA IOMy4YeHHUS HAHOCTPYKTyp. OCHOBHBIMHU
OTINYUAMU PA3JTHYHBIX IIPOLIECCOB ABJIAETCA METOJ, UCIIOIb3yeMbIH IIg abiaanuu u / win
IIOBEPXHOCTHOTO HcHapeHusd. HarpeB mop Bo3meiicTBHEM KOHIIEHTPHPOBAaHHOTO CBETOBOTO
M3Ty4YeHUsA, WCIHONB3YeMBIH aBTOPaMH, TaKXKe OTHOCUTCA K BBICOKOTEMIIEPATYPHBIM
(dusuueckum) metozmam [8 — 10].
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Hamorpy6ku m3 BN ABIAIOTCA CTPYKTYPHO-YCTOMYMBEIMU  IIMPOKOIIOJIOCHBIMU
norynpoBogHuKaMu. OHU BBI3BAIM 3HAYUTETBHBIM WHTEpeC B IIOCIEeJHHE TOABI B CBA3U C
pasBuTHEM (PYHKIIMOHAJIBHBIX MAaTEPHAJIOB U HAHOYCTPOMCTB. DJIEKTPOHHBIE U CTPYKTYPHBIE
cBoiicTBa HaHOTPYOOK u3 BN Ipe/ckasaHHBIE TEOPETUYECKHU ITOKA3aIU, YTO UMEIOT OOJIBIIYIO U
CTaOMJIPHYIO IIMPHHY 3alpellleHHOH 30HBI, KOTOpas He 3aBUCHUT OT paguyca TpyOKw,
XHPAJIbHOCTA M KOJHWYECTBO CTEHOK. OTO JenaeT HAHOTPyOku u3 BN  ocobGerHO
IIePCIIEKTUBHBIMHU [IJI1 HAHODJIEKTPOHUKY U OITO3IeKTpoHuKH [11].

K coxameHuio, mUpOKOe IpUMeHeHME HAHOCTPYKTyp U HaHOTPy6ok mu3 BN
C/IepP>KUBAETCs, B IIEPBYIO OdYepe/b, HU3KOHM IPOU3BOAUTEIBHOCTHIO METONOB UX IIOTY4YeHU, a
IpUMeHeHHe B HAHOYJIEKTPOHWKE U  OITOdJIeKTPOHHKe TpeOyeT CTAaOMIBPHOCTH U
BOCIIPOM3BOJUMOCTH CBOMCTB. B CBA3M C 3THM, HCCleflOBaHMe BIUSHUA YCIOBUII CHHTe3a Ha
Mopdosoruro u  cBoiictBa BN  HaHOCTPYKTYyp, IIOJIy4YaeMbBIX IIOJ,  BO3JeHCTBHEM
KOHIIEHTPUPOBAHHOTO CBETOBOTO U3JIyYeHU, ABIAETCS BAXXHOU 3aZiadel [I MCCIeJOBAaHUH.

2. Meropuka npoBeieHUA SKCIIEPIMEHTa

Cunres BN 6511 mpoBefieH B ONTUYECKOH IIeYM C KCEHOHOBBIMM MCTOYHHMKAMU CBETa B
IIOTOKe a30Ta NPU IUIOTHOCTH SHEPruu B (oKanbHOIH 30He ycraHOBKH ~ (0.7 - 10*xBr/m2 B

Teuenue 1 4. Cxema IIpOBEEHMA DKCIIEPHMEHTA IIPE€CTAB/IE€HA Ha PUCYHKE 1.

4

Pucynox 1. CxemaTudyeckoe n3obpakeHue IIpoBeIeHU SKCIIePUMeHTa.
1 — razoo6pasHslii a30T; 2 — peJyKTOp; 3 — MaHOMeTp; 4 — CTeKJIIHHAsA TPyOKa,
sanonunenHas KOH; 5 — meus; 6 — MmeHas cTpy’kKa; 7 — paboyas Kamepa;
8 — xBapueBas TpyOa; 9 — BomooxIaXK JaeMble MeJHbIe SKPAHBI;
10 — ucxopusrit oopaser; BN; 11 — neBsiit raner;
12 — KOHIIeHTPUPOBAaHHBIH CBETOBOM NMOTOK; 13 — mpaBslit 1aHel.

g mosydeHWs [OCTOBEPHBIX [AAaHHBIX M YCTPaHEHUA BIUSHUA [JOIOJIHUTETBHBIX
(GaKTOpOB B OTAENBHBIX SKCIIEPUMEHTAaX IIPOBOAUJIOCH JOIOJHUTEIBHOE AOCYIIMBAaHHE IIPU
nomom KOH u ounmenve asora THTaHOBOM T'yOKoi. B kKagecTBe MCXOZHOTO OBLI UCIIOIB30BAH
aMopdHEI TOPONIOK 60pa (PUCYHOK 2).
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Pucynoxk 2. SEM u3o6paxeHue ucxogHOTo 60pa.

CTpyKTyphl MCXOZHOTO IIOpPONIKAa Oopa ¥ IOJXydYeHHbIX nopomkoB BN Osumm
nccrnemoBansl ¢ momompbio SEM. M3yyeHme CIeKTpaapHOM 3aBHCHUMOCTH OITHYECKOTO
IoTJIomeHus ObUIO IpoBefieHO Ha crekTpodoromerpe Specord UV-VIS. Penrtrenosckas
nudpakuus (gudpakromerp JPOH-3.0, msnyuenue Ko— Cu) pgomosnnmiaa wuHGOPMAIUIO O
nmosnygaeMbrx BN mopomkax. B kauecTBe KaTanamsaTopa B MCXOJHBIH IIOPOLIOK Gopa BBOAVIIN
nopourox NiSOs4 u Cu.

3. PesympTaTs! 1 06CyXHeHMe

SEM wuccnemoBaHusA IOKasaayu GOpMHPOBaHME PAaBHOOCHBIX M KPYIIHBIX IIACTHMHYATBIX
vyactun, BN pasmuussix pasmepoB mpu mnpsamom cuHTese BN (pucymok 3 a). Bsegenme
KaTaJn3aTopa CIIOCOOCTBYeT IOTy4YeHHUIO HaHOJUCIEPCHBIX U BOJIOKHUCTHIX CTPYKTyp u3 BN, a
TaK)Ke, COXPaHEHHIO CTPYKTYPhI HCXOJHOTO 60pa (pUCYHOK 3 6).

7723 103

a 6
Pucynoxk 3. SEM uzobpakeHre IOTy4YaeMbIX IIPU CHHTe3e
BN manocTpykTyp: (a) 6e3 kaTanuzaTopa u (0) ¢ KaTaJIU3aTOPOM.
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ITockonbKy HarpeB B OITHYECKOH IleYM JIOKAJIM30BaH, ObLIO IIPOBENEHO H3ydeHUe
OITHYECKUX CBOMCTB HAHOYACTHUI], ITOIydYaeMbIX Oe3 KaTajusaTopa (PUCYHOK 3 @) B Pa3IMYHBIX
30HaX peaKIMOHHON Kamepsl. JIid wHCCIeOBaHMSA YAaCTHIBI IIOPOIIKA OBLIM B3ATHI HA
KpardJaifiieM PacCTOSHUU OT PEaKIMOHHOM 30HBI C IIOBEPXHOCTH MEIHBIX SKPAHOB, KBapIeBOi
TpyOBI, seBoro (Ompkaiimiero) u mpaBoro ¢aHueB (pucyHok 1). Benwmuwna mupuHE
3aIpeleHHOM 30HBI HAHOCTPYKTYp BN, mosyuaempIx Ha pasIHYHBIX PACCTOAHUIX OT
PeaKIMOHHOM 30HbI, PacTeT C YBeIMYeHUeM PAaCCTOSHUA U JOCTHUTaeT CBOoero Makcumyma 5.1 5B
Ha MaKCHMaJIbHOM paccTogHuHU — Ha 20 MM (pUCyHOK 4).

5,2 1
i ]
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3,8

3,6 [ ]
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Pucynox 4. 3aBrcuMOCTb IIMPUHBI 3apeleHHoM 30HpI BN HaHOCTPYKTYD,

LLInpnHa 3anpeLeHHON 30HbI, 3B

IOJTy4aeMBbIX IIPH CUHTe3e 10/, BO3Z,eliCTBeM KOHIIeHTPUPOBaHHOIO
CBETOBOT'O M3JTy4YeHUsA OT PACCTOSHUA [0 PeaKIIMOHHOM 30HBL.

CrpyKTypHBIX 1 MOPQOIOrudecKux ocobeHHOCTel acTul, nopoumka BN ¢ yBenrnyenunem
PacCTOSHUA OT PeaKIIMOHHOW 30HBI HAWTU He yganock. Beck mopomoxk u3 BN, ocaxgeHHEINH B
KaMepe B IIpollecCe CHHTe3a, B OCHOBHOM, fABIAETCA aMOPGHBIM MU COCTOUT U3 [IBYX,
oGorameHHbIX 60poM, TerparoHanbHbIX a3 BN (Bsi2N u BxsN), a Taxke gByx okcupgHbIX (a3
B:0 u B:03 mo paHHBIM peHTreHOBCKOH audpakuuu. Ilpumdyem, B GOMbIIMX KOJIUYECTBAX
okcuzusie ¢assl B2O u B203 mpucyTcTBYIOT B ITOPOLIKE, IOJyYeHHOM B 00yacTH, Garpkaieif K
PeaKIMOHHOHM 30He (PHCYHOK 5 a), IOCKOJBKY B TEXHHYECKHM UYUCTOM a30Te IIPUCYTCTBYET
IIpUMeCh KHCJIOPOJA. JTOT pe3yJbTaT TOBOPUT O TOM, YTO IIOHIKEHWE BEeJIWYWHBI LUIMPUHBI
3aIIpelleHHOM 30HBI OCAXZEHHOTO IIOPOILIKA, ITOJIYYeHHOTro Ipu mpsamMoM cuHTe3e BN, moxer
MMeTh MeCTO He TOJBKO 33 CYeT HeCTeXeOMEeTPUYHOCTH COJepsKaHus Oopa B coemuHeHuU [12],
HO M 3a CYeT IpUMecH Kucaopoga. K m3MeHeHMIO BeTHMYWHBI IIMPHUHBI 3alIPELIEHHON 30HBI
MOT'YT NPUBOJUTH TakKe AedOpMalMH U, KaK pe3ysbTarT, JedeKThl, KOTOpble BO3HUKAIOT B
IIOPOIIKOBOM MaTepuajie IpH OOJBUIMX TpajueHTaX TeMIepaTypsl IIpU CHHTe3e IIOf,
BO3/IeICTBHEM KOHIIEHTPHUPOBAHHOTO CBETOBOTO M3JIyYeHUS
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Pucynoxk 5. ®asoBsrii cocTas yactui nmopourka BN ¢ yBesndeHreM pacCTOSHUA
OT pPeaKIIMOHHOM 30HBI: (a) BOIM3M 30HHI U (6) Ha MAaKCHMaJIbHOM PACCTOSHUU.
4. 3axmoueHue
IToy, BO3melicTBMEM  KOHIIEHTPHPOBAaHHOTO  CBETOBOTO  M3JIy4YeHHSI  IIOTydIeHBI

HaHOJUCIIEpCHBIe M BOJIOKHUCTBIE CTPYKTyphl IIpu IpsAMoM cuHTese BN B mpucyrcrBum
KaTaJIM3aTopa.
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Properties of boron nitride synthesized under the effect of concentrated light radiation.

BenuumHa mupUHBL 3alpelleHHON 30HBI CTPyKTyp BN pacrer ¢ yBenuueHueM
PACCTOSHHA OT peaKIIMOHHOI 30HBI U JOCTUTAeT CBOero MakcuMmyMa 5.1 B npu makcumanabHOM
PacCTOSHUU B KaMepe.

[TormxeHHOe 3HAaYeHWe IIMPHUHBI 3alpelleHHOW 30HBI BOIM3M PeaKIIMOHHOW 30HEI
MOXXeT OBITh BBI3BAHO IIPUCYTCTBHEM OKHCJIOB B IIOPOIIKE.
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The investigation of interaction of mercury vapor with the sensitive element has been
carried out for optimization of the parameters of the mercury vapor sensor developed by us
[1 - 3]. In this work, the influence of absorption of mercury on the structure and morphology of
gold in a running cycle of the sensor was investigated. The gold film was located in mercury
vapor of high concentration (103 wt. %) for 10 min. Then the structure and morphology of the
film was studied by the methods of X-ray diffraction and electronic microscopy. For
experimentation it was used the gold film of thickness 300 A deposited on NaCl crystals by
thermal vacuum evaporation.

Figure 1. Structure (a) and morphology (b) of the gold film
of thickness 300 A after interaction with mercury vapor.

a | b
Figure 2. Structure (a) and morphology (b) of the
gold film of thickness 300 A after heat treatment.
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In the Figure 1, the microphotograph of the gold film after interaction with the mercury
vapor is presented. The formed gold—mercury conglomerates are distinctly visible. Presence of
mercury is also visible on the electrogram taken from the same film (Figure 2).

In addition to the basic diffraction rings belonging to gold, the dot orbits of the rings
corresponding to mercury also are visible on the electrogram. The structure of the gold film did
not change, i.e. it represents a polycrystal without any distingushed orientation.

For investigation of the structure and morphology of the gold film after its regeneration
(removal of mercury), another film prepared similarly was heated in flow up to 400 °C for 5 s.
(operating conditions of restoration of the sensitive element). Then the investigation utilizing
electronic microscopy and X-ray diffraction was performed. As we can see on the photos,
mercury has been completely removed from the gold film.

The investigation of the dependence of resistivity p of the gold film on the time of
absorption for various thickness of the film was carried out. It was carried at the constant
concentration of the mercury vapor of 10 wt. % and at the film temperature of 20 °C. The
thickness of the film varied in the range of 0.06 — 0.15 ym. This dependence is presented in
Figure 3. As we see from the resulted curves, the increase in p for all the samples initially rather
intensively and then gradually passes to saturation (approximately in 30s). After that any
changes in p do not occur. The fact that saturation takes place practically simultaneously for the
gold films with mercury of different thickness of the sensitive element is very intriguing.

Aplp, %,
0.06 pm
15 ~ 0.08 pm
P '
/ 0.10
10 um
10 /[ —
/ 4 0.20 um
[ — _
/ / 0.15 pm
5 G
0 15 30 45 60 Zs

Figure 3. Dependence of the relative change in the resistivity of the gold
film on time of absorption of mercury vapor. Concentration of mercury is
10-® wt. % and thickness of the film is within the range of 0.06 — 0.15 pm.

To find the explanation of this phenomenon, it has been studied the mercury
distribution in the depth of the gold film.

This study has been carried out for gold film of the thickness 0.25 um at absorption of
mercury vapor of concentration 10 wt. %. Rather thick film was chosen so that the restriction
on thickness would not affect the mechanism of distribution in the depth of the gold film.

In the Figure 4, the density of distribution of mercury in the depth of the gold film for
various time phases of absorption of mercury (in 5, 10, 20, 30, and 60 s) is shown.
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Figure 4. Relative density of distribution of mercury in the depth of the gold
film at different stages of absorption: in (1) 5, (2) 10, (3) 20, (4) 30, and (5) 60 s.

It is evident from the Figure 4 that at the beginning of the process of mercury
accumulation, basically, proceeds only in the surface layer of the gold film of thickness
~60 - 80 A. To this phase corresponds a fast increase in Ap. Mercury gradually penetrates into
the volume of the gold film and in the surface layer accumulation of mercury proceeds not so
intensively. The rate of increasing in Ap decreases as well. After certain time (in this case 30 s.)
accumulation of mercury in the surface layer does not proceed any more (there comes
saturation), and since this moment Ap does not change, in spite of the fact that in the volume of
the film accumulation of mercury goes on.

The results of the conducted investigation allow draw the conclusion that the changes in
the resistivity of the gold film occur due to accumulation of mercury in the near-surface layer
of thickness of ~ 60 — 80 A; penetration of mercury into the gold film practically does not affect
p. That fact indicates that with reduction of the film thickness sensitivity of the sensor
accordingly increases.

The study of the distribution of mercury in the depth of the gold film at heating of the
substrates at different temperatures was carried out in following way.

Gold film was kept in mercury vapor at 20 °C before saturation (till the moment when p
ceases to change). Then the film was heated at different temperatures for 30s, and the
distribution of mercury in the depth of the film was studied by the method of secondary ionic
weight spectroscopy. It appears from the obtained results (Figure5) that at 20°C the
accumulation of mercury occurs, basically, in the surface layer of the film. After heating the
film up to 100 °C, there is some redistribution of mercury in the volume of the film and
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reduction in the total amount of the absorbed mercury. At heating the film at higher
temperatures (150, 200, 300, and 350 °C), the quantity of absorbed mercury gradually decreases
and simultaneously it takes place its redistribution in the volume of the film. This phenomenon
explains the fact that at absorption of mercury at lower temperatures, the change in p is much
more significant. Full evaporation of mercury from the film occurs at temperatures of
~ 380 - 400 °C.

I'Hg

4

1.0
0.8
0.6

0.4

0.2

0 1000 2000 dA

Figure 5. Relative density of distribution of mercury in the depth of the gold film after
heating at different temperatures: (1) 20, (2) 100, (3) 150, (4) 200, (5) 300, and (6) 350 °C.

The results of our investigations allow drawing the conclusion that the optimal
measurement time of the sensor is 20 — 25 s. Measurements are desirable to be carried out at
low temperatures (40 — 50 °C), minimal temperature necessary for restoration of the sensitive
element at 400 °C.
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For investigation of horizontal-inhomogeneous structure of Earth crust and upper
mantle the most useful is the method of tomographic alradiography by body and surface waves.
Tomographical models of inhomogeneous structures of Earth crust based on velocities of surface
waves with different resolution levels are created for many regions of World (Eurasia, South
America, Arctic and so on). For Georgia and nearest territories such investigations have not
been performed. Before the study of surface-wave tomography begin, our team disposed of
archive records of surface waves, which had been collected in the past in the Institute of
Geophysics of Georgian Academy of Sciences. These were seismograms from Georgian seismic
stations and, also the copies of Armenian and Azerbaijan records in period of 1961 — 1985,
approximately 1000 seismograms in all recorded on 21 stations of Transcaucasia.

On the first stage these records had been classified by quality and regional basis. Besides
the quality, the main criterion of collecting records was the condition of reciprocal crossing of
different traces — epicenter—station. This condition is basis of surface wave tomography. After
studying of seismic activity in the given period the Eastern Turkey and Southern-Eastern Iran
had been chosen as the main regions. In this case the condition of reciprocal crossing of traces
was kept. Dispersion curves of group velocities for various traces, which are the initial material
for tomography calculations, were built manually using specially developed program of semi-
manual method of plotting. The most qualitative records had been digitized and then processed
with special developed computer program of frequency-spectral analysis for getting the
dispersion curves. Tomography calculations were carried out in two steps as seismic records had
been collected. The first tomography models were built for 30 collected earthquakes of Turkey
and Iran. For this region 59 traces epicenter-station had been collected. Out calculations were
held within beam tomography. It was considered, that wave lengths are much smaller then
studied inhomogeneities.

Later, as the works progressed, the new tomography method had been developed, which
was able to use remote earthquakes with epicentral distances over 2 000 km. and does not
demand the condition of traces crossing [1]. Implementation of this method allowed involving
new records for calculations, notably from eastern and western directions — Aegean Sea,
Northern Africa, Central Asia, Pakistan and China. After adding of new data the 110 traces
from 55 earthquakes were additionally collected. This database served as the basis for aggregate
calculations and building of the tomography models.

227



Tomographical model of inhomogeneous structure of Earth crust for Georgia ... .

On the Figure1l the traces used for calculations of periods 20s are shown. After
classification and collection of records it became clear, that dispersion data for periods between
10 till 22 s turned out as a representative. The upper interval of periods was determined by the
amplitude-frequency characteristics of the applied seismometers.[2].

T=20s

Figure 1. Pattern of traces for periods 7 = 20s.

It could be approximately considered that the main part of energy of the surface wave
propagates in the layer of thickness of half-length of the wave, which accordingly gives
information of structure up to these depths. Thus, the depth of “raying” of the Earth’s crust is
determined by formula A =CT /2 (where A is the length of the wave, C — phase velocity, T —
wave period). Therefore the carried out tomography calculations gives the conception of
horizontally-inhomogeneous structure of the Earth’s crust up to 40 km depths.

The tomography calculations were carried out by three ways: (1) semi-manual method,
(2) program that demands reciprocal crossing of traces, and (3) program for remote (over
2000 km) earthquakes. When building solution for lateral distribution of velocities the
resolution characterized by the effective radius of smoothing area, simultaneously has been
estimated for periods 10 —20s. The solution has been considered acceptable if the radius of
smoothing area did not exceed 200 km.

T=10 sec
T 4pt 44° 45" 487 50

26 28 3.0

Figure 2. Tomographical model for depth H =15km (7' =105).

T=14 sec

21 24 27 30 33 36

Figure 3. Tomographical model for depth H =24km (T =14s).
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Figure 4. Tomographical model for depth H =32km (7 =18s).

T=20 sec
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Figure 5. Tomographical model for depth H =37 km (T = 20s).

T=22 sec
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Figure 6. Tomographical model for depth H =40km (7T =225s).

The main feature of the surface wave is the presence of the free surface of Earth. Thus
after tomography calculations for each specific period we receive the averaged model of the
horizontally-inhomogeneous structure of the Earth’s surface for depths equal to half length of
the wave corresponding to this period. On the Figures 2 — 6 the tomographical models of the
Earth’s surface for different depths are shown. We can compare tomographical consturctions
with available information onstructure of the Earth’s crust and area’s tectonical peculiarities [3].

Figure 7. Comparison of depth and :égn{:)nal faults with tomographical model for 7' =20s.

229



Tomographical model of inhomogeneous structure of Earth crust for Georgia ... .

On the Figure 7 the comparison of tomographical constructions for the 20 s with data of
depth and regional faults with various penetration in the Earth’s crust [4].

The high-velocity inclusion in the southwest part of the region is related to continuation
of the mega-anticlinorium of Zagros mountains towards the Small Caucasus direction in Iran.
That results into coarse lineament zones: Erevan—-Megris and Nakhichevan—Aragats.

The high-velocity inclusion shown on Figures 2 and — on the Northern latitude 40 ° in
the Eastern part of the map is related to Javakheti upland on the south of Georgia, which is also
visible on the northwest part of Armenia. This is area of former volcanic activity and in its
structure dominates the formations of volcanic origin.

The presence of extensive high-velocity inclusion in the southwest part of the region for
24 — 37 km depths with phase velocities 3.4 — 3.7 km / s leads to conclusion that thickness of the
Earth’s crust in this region is the subject of more precise definition. The evidence of reliability
of tomographical constructions obtained for big depths is the fact, that models for periods 20
and 22 s (Figures 5 and 6) are practically identical. The calculations are more complicated for
lesser depths. The Earth’s crust in the studied region is far from horizontally-inhomogeneous
model and has a block structure, or increasing of the resolving capacity of the method the
distance between stations should be 50 — 100 km.

For more precise tomographical study of the upper horizons of Earth’s crust the
resolving capacity of surface-wave tomography should be increased. This can be achieved only
by increasing the quantity of broadband seismic stations in the region. The digital records could
make possible to recede the lower level of recorded periods to 4 s. In this case the resolving
capacity of the method will reach 10 km. This will allow studying lateral structure of the lower
horizons of the sedimentary basin, forecast oilfields, gas fields and mineral products; also carry
out works of long-term strong earthquake prediction. The necessity of increasing of initial data
and, accordingly the quantity of the reciprocal crossing traces results from the fact that marked
high-velocity zone for period 18 s is shifted by 1 ° of longitude to the East.

The usage of the broadband recordings should also considerably expand the frequency
range for big period sideways and allow to make tomographical constructions for periods
30 - 80's, and obtain information about horizontally-inhomogeneous structure of the Earth’s
crust foot and upper mantle layers.
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Table 1 lists some of such terms in English, German, and Russian taken from dictionaries
and scientific periodic chemical publications [1 — 18] and the corresponding terms in Georgian
with appropriate definitions. In comparison with the previous parts in this section are more
extended definitions of some terms. Synonyms are designated separate line.

Table 1. English, German, Russian, and Georgian
terms used in nanochemistry and nanotechnology.

Terms
in English in German in Russian in Georgian
Aerogel Aerogel n Asporens 59MHMYPJO
Aerogels Aerogele pl Absporenu 596 Mg gd0
/ Aerogels pl
300060 5030009MgdGd0,

533L 93069 bLod33(039 S FoVSWO
BO0s6MdS, 3gBMBMOM3560
3sbol Fsbogrgd0s, dodo
BMOJO0 0353900 50-99%-b. obobo
59OBMO FoboErgdos,

390 98Ls3 593 MENWMBOMNO
0530mbEOYIEOS

656mLEGHOMIGHMOHMOo bLygOryewo
Bofowszgdom bmdgdoo 4-10 63

©5 MIgdog Ho®dmoygbl
39WgdL, HMIgdTdoi MbY350

35D Jnw0sbo Rsbozegdmeos
5065000 (359G 96 bbgs

5060m); 530 253m oo 5J3L
930mOHEW© d30609 Lod33M03g
(0.002-0.25 @/ 1b3®),
3993300350995, L0IBH30EY

(«99egdl 2000-x% 96 3@
©GH30M™M35L 153290056 Tobolicrsd

39005MHI00m), B0

Lo o030l oMmJLOEOL S9MHM o d0O@aOYbb 8:Bg06939¢0
SR © d Y J SN (1.00-1.05) @5 LOCBMYSI BV,
. . 0963IYMQMBS, POQO
http://stardust.jpl.nasa.gov/home/index.html b3gEBOMO BYEs3060, B0
LEOBdE0O M30LgdGdO
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4353000 IMmo3Lg0Ie0s 335M30L 9g9MMAgol bsFqgMby,
HMd9o3 396H960L LsbPMMOL BYBMMss. 59MMAWL
593L 15939m9gLM MYOTMBIODBMEWS30M MZ0LYdS

Q05 Y3930Q0 QOSBGOS SEOBOYSO

http://www.sculptors.com/~salsbury/House/panels.html
http://galspace.spb.ru/index143.html
stardust.jpl.nasa.gov

(98993HMo dmsbmgsgl CO-U,
CO2-b, NO-b, NO2-bs s v3x96
BobJomfgodogdl), dbgers
2396030000 dgMYAL.
596My9gdo msgobo 15
396L03MOOIRdMOo
3obsb0sMGIOL 25dm Fg@Esbogros
30bgbol M193mMEIOOL Foabdo.
306395 59O MRG0 J0OOM
509603935 d93609@3s Samuel
Kistler-ds 1920-1930 fangddo

33960 30L56, Mol Ggbobgdss

1931 §. 299mogd3996s bGsGos
J1Obsewdo Nature. obs 3)dsmdo
LEBHMIGHMBOL (35eoRMMBOs, 533)
96560 m39560L 3megxdo. dsligg
3059096 BHgMBobol “sgMmygeo”
©05933000M705L. oom. “aer” —
35960, “gelatus” — gogobwyaro.
5909 gdL SoMYd96
39995690 bo3boL Jox3ls. Joom
39940bam, 8ys 3350eloi 9dsbosb,
6000653 dgbgdobsls dysMos.
93M9™39, 359F300350MdOL 25Tm
000 “0go® 3590L53” Mfm©gdgb.
0b0b0 99.99%-0 35960bysh
89@a9ds. 0ggbgdgb 9@ddH®- ©s
09OIMB0bBMEsE0om obos
(0535000050, 53910329000
30L9mbrOHO 135856MHIBOOL o
“Bo@ol” 3mbLEHGNMJ300Lm30L),
656m©0ob3gMLr ©bsTs@o©
30360 MmOHY6w ©s
565066 3mI3mbozom®
0oLoegd80, 39GSOBIGHMMIOOL
5 LEOB¥YHEIOOL LaHBYES,
656mBMTol 5069d0L BowGHOYdS©
(Qog900005¢, 3d0dy
99396¢g00bsgsb fyawob
39Lv9530053900L bogddgdo), Bogswo
96963000 sIMbEwo
Bofownszgool gBaddmmgddo,
90650MmF30L5 5 Fo®awwo
3m0mpgbmdol dobol
LsfoMmIMmgds. JOM-9)HO0
29Mmygol “Airglass” bo9d33M0395
0.05-0.20 p/13, ob
00mB0DME0M MHZ0LYdIOO
65009bx Mg 50905390

B399 gd®0g d0bsl, sgMgmgy
3O 259330035gs (2= 1.05)
300069 b39090gdG030 dobo

(= 1.5); 899§d6og0os 53 doboewols
M350, 5G3LbgMY3500 Loby.
4039039 Jdbolb 3gML3gdEHogzsL 50
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30L0mbrOIs 535Mo@B0s “Stardust”
9ON-9OH®0 SLEHIOMOEOL
00030056 SbErml BsgzErolisl
2004 §. 350565 3099E0b 3o ©s
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396HM900 — HMYMO3 IBHZMOL
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1003360030 dgmbg s9OMygom
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F9lodEgdIO 2obES OO
LoBgsr00 (20-30 30/(d) Bmdtsgo
30L0mbeOo bsfomszgdol
53bOMFGdo 25bOYBdOl
396939 ©5 533565 9306
0gb5 530gdw0 F5m0 TS,
050030 503mBBs> BobyGmowMGo
65030009M909d0L oM
obmwo bogmoghgdgdos
(B8gmowsdobo, gmowsdobo), Gog
00935 Fo®dmoagbols
©gsd0fsbg Logmabarols
§oMIdMdOL Fglobyd
http://galspace.spb.ru/index143.html
. 36Md00s 59MMYgE9d0,
300900 s3mOHBYo SiO2-0bs
5 Al03-0b boggmdggwby,
5309039 878730 9wgdgbHgdob
0gbogdol bsgzwydzgedy: Li, Na,
Ca, Mg, Ba, Zn,Sn, Cr, Ge, Te, Sb,
W, Fe, Ni, Mn, Ti, V, Gr, Sn oo
bbg.; dogdveos 53HJoMdsOL
656m30s3900L 5gMMmygEgdo —
359, 59OMM5x80G0. Si02-0l
59609000 SGOL
L356%mdoegdosbo
396HMA30@0 3EsbiHy®o,
GmIol Jugero 4 63-ob bmdol
Bobmbsfos3gdl dg0303L;
3sbBgMedl mGol LogMEy
3939005 359HOM; MoEYB3
50 bLOEIMOgEIgMS BMIYdO

(~100 69) s00x g6 s BgFHo©
3009053905 3abBHIMgd0L DML,
d000gds Abddo dsbaers. SiO2-ol
56mIb 001836 HIBOIMO-
ONMLOoE03s¢ oL Si(OCH2CHs)4
095056 dmgdggdoom, domgdmen
39l 39pmd fgseb sg0wgdgb
9obmom: gl Bg3G0EH03MW
39939M5GHMEbS o (159359
3953bgEgd6 >
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6500bmdgd0L gMhg3000 gobyz00m.
65bJoMmBSOL SgMMYIEGdO
39002905 9M0obgNm b

3035 96HIO@ 89353806980
Bobmbsfogszgdologsb. obobo
©960L 2583509805 5 0
o0 0O Jobogsbo
Bgo30600 (800 3%/) ¢odm
04969096 396~
3MbgbLoG™MMgdol Fo®dmgdsdo.

Aerographite
/ Carbonnanotube
aerogel

Aerographit m

Asporpadur

39OMAMORBOGHO

59MMPM580G0 9530 BYIMHOLYY,
Lobogbm®o Jogos, Mmdgwos
39033936 BMOM3560 bobdoMdool
90053900 B¢ F3mgdob
©9bMmoG M Juganl. 2012 §. ob
d000gL 29636gwds d9360969ds
Kiek-obs o> Hamburg-ols

0)6039ML0¢IHI0 (3B).
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AbedMJglo 59OHMYMOR0GHO JergdBHOMb 9030ML3M3A0: 0l MOMIIOL 5Mex39ML ofjtbols
(d=0.20 3y/13%), Bgpagds 0.004 83 Logsbol s 0.007 33 LosE Ol BMOHMZB0 Bsffowszgdologsb
http://www.spiegel.de/wissenschaft/technik/aerographit-
leichtestes-material-der-welt-entwickelt-a-843819.html

3M053960L 59MHMge0 3596HBg 7-% 96 MBROM AbBMJ0s s BdEbOL BBy 89353009095
dobo 1 L3*-ob Bsbss 0.16 3y (Zhejiand University, China). gb sbaens 12%-00m MgGHM
L9ddos, 30MY H73MHEEo d5hgz9b9dolL 3dmbg B99B3039, JLgIBOMYSBBHIGO
3900358030, 0b 3596y 6-x9O MGO® AbYBYYJos s Bobo 1 LF*-ob Bsbiss 0.20 Ay
(Kiel University, Hamburg University of Technology, German)
http://inhabitat.com/newly-developed-graphene-aerogel-is-the-worlds-lightest-material/

59OMPMOBOGL 2558605
D93000OMBMOO™dS, Jobo
39933900 Fsbo¢rgd0 d00b0©Yds
©531bEo babgdom, SGOL
9099 GOM3 G900, 3596 Bg 6-x9O
RO Jv90w9Jos. 59MMYMox0Gdo
0.01% 3658030 ©s 99.99%
359605. 2013 iersdg ob

03 YOMEs Y3gesby Blrydryg
3sL5ero — dobo d=0.20 9p/L35.
2013 §). Bobgomdo, Zhejiand-ol
6039MLoGYEGHT0 Joogl
30013960l sgMmygwo (graphene
aerogel), ®m3gwog 3s596:by 7-x9M
3O Awydmdos, dobo

d=0.16 9/3° s ob 12%-0m
3O o s0dmBbs,
30006 59OMYMOR0GO.
85b35606989 JEgIHOMEY@
9036mb3m3do 10000-x 96
390000900l BB, MM
596MAM5530G0L LEHOMIGHMOS
6obJoMmB>0L b56MmT053900l6
39009905, HMdgems Jgefyds
9600056900056
L356%mdoegdosbo
LAOIIHTOL “@Ordgel”
§o63mddbols IGsg5cMoEbmgsbo
BMOIPOm, HMIOTO3 359M00.

Azahomoazafullerene Azahomoazafulleren n

CssN(NH)R

AszaromoazadyiuiepeH
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“In first-principles simulations of nanodiamond, (a) the surface of

a 1.4-nanometer nanodiamond with 275 atoms spontaneously
rearranges itself into (b) a fullerene at about 300 kelvins. These
carbon clusters have a diamond core (yellow) and a fullerene-like

reconstructed surface (red). (c) A classic 60-atom carbon buckyball”.
Science and Technology. When Semiconductors go Nano. Nov. 2003
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Space Elevator
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1. Introduction

In a number of works, it was suggested using the effective “negative” pressure realized
when the layers grow on the substrates with a high lattice constant for creation of the dielectric
state [1 — 3]. The strain formed due to the mismatch, for instance, in the layers of PbSe and also
of PbSnTe and PbSnSe solid solutions, grown on the BaTe and BaF: substrates, cause the
increase in the forbidden gap width. If such semiconductor layers are doped with the impurities
having variable valency, such as In or Cr, the impurity level shifts to the midgap.

Also, if the concentration of impurities exceeds the concentration of nonstoichiometric
defects, it compensates the electric activity of the defects and of one another. At the same time,
being stabilized, the Fermi level matches with the impurity level. In works [4, 5] the layers of
that kind were considered.

In this work, we model the shift of the In and Cr levels in the PbSnTe and PbSnSe solid
solutions during their growth on the BaTe and BaF: substrates, and analyze the decrease in the
concentration of current carriers in the layers.
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II. The model of creation of the stabilized Fermi level in the forbidden
gap of IV-VI semiconductors under effective “negative” pressure

Showing donor and acceptor properties at their high concentration, In and Cr impurities
with variable valency in IV-VI semiconductors compensate the electrically active
nonstoichiometric defects (their concentration is >5 - 10"® cm™) and one another. For both
compositions of solid solutions PbSnTe and PbSnSe, the Fermi level stabilizes, changing its
energy level. For binary compounds, the above-mentioned impurity levels are detected in the
conduction band, while in the solid solutions they shift first to the bottom of the conduction
band and then to the midgap, as the concentration of tin increases [6, 7]. The stabilized Fermi
level shifts to the midgap not only with increasing tin concentration in the solid solutions, but
also with increasing effective “negative” pressure.

By using both these factors, it is possible to shift the stabilized Fermi level significantly
into the forbidden gap depth and to decrease the concentration of current carriers. The Figure 1
shows the pressure dependence of the changes in the locations of In and Cr impurity levels for
the semiconductors of the compositions PbSnTe:In and PbSnSe:Cr.

£

c

E,

Figure 1. Impurity level shift to the midgap of IV-VI semiconductors under effective
“negative” pressure: I — PbSnSe:Cr and II — PbSnTe:In (this case is considered in detail).
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It should be noted that the location of the Cr impurity level does not change in respect
to the midgap with increasing pressure. In the general case, the modulus of energy distance of
the impurity level from the changed edge of the conduction band (as a result of an increase in
the forbidden gap width), as is obvious from the Figure 1, can be represented by subtracting
energy AE by which the impurity level is away from the midgap of the new half-width of the
forbidden gap. This energy makes up

AE =E, +AEg —aﬁ,

2 dp
where E; is the initial location of the impurity level in the unstrained semiconductor; AE, /2 is

the initial half-width of the forbidden gap; o0 dE/dp is the impurity level shift under effective

“negative” pressure. Then the new location of the impurity level modulo from the new edge of
the conduction band will be determined as follows:

E;:—X—Ei——g+a£: g—El.+cr£. (D
2 2 dp 2 dp

Here the values of dE,/dp are taken from the experimental data. The values of o are
calculated by the formula o =E¢/(1-v), where E is the elastic modulus; v is the Poisson
ratio; £ =1-a,/aq, is the deformation, a, and g, being the lattice constants of the substrate and

the layer, respectively. The values of AE, for different orientations of substrates are determined

by the formulae:

AE, (100) = 2(3D, +D, )(1 - Cﬁ)g , @)
3 ),
AE,(111)= 2{1)[, O _p Cutcn =2 jg , 3)
¢, +2¢,+4c,, ¢, tc,t4c,

where D, and D, are the deformation potential constants; c,,, ¢,, and c,, are the elastic
constants. The locations of impurity levels at partial deformation are calculated via the relation
e=¢.,. /r. (r,=24,...). The concentration of current carriers is determined by the formula
n=N_F,,(n), where N, is the effective density of states, N, =4.82-10”(T'm,/m,)*"* cm3,
F,,,(n) is the Fermi—Dirac integral, n=(E, —E,)/kT .

II1. The decrease in the concentration of current
carriers in PbSnTe:In and PbSnSe:Cr nanolayers

The deformation in the layers € under effective “negative” pressure is determined by the
layer thickness [1, 2]. At £=0.01 and higher, the layer thickness is < 200 nm. The Table 1 gives
the data on the components considered in the model and entering formulae (1 —3) for solid
solution compositions PbSnTe and PbSnSe with the value of x (SnTe, SnSe) = 0.1, 0.2. For
computation of the strain, the elastic modulus was varied within the range of
E =(5-8)-10" dyne / cm?, the Poisson ratio v =0.38—0.40. At computation of AE_,the elastic

constants made up ¢, =134, ¢,=1.97 and ¢, =1.56 dyne/cm? for PbSe, and ¢, =109,
¢,=0.77 and ¢, =1.21dyne / cm? for PbTe. For the In- and Cr-doped solid solutions, the

increase in the elastic constants was within 35 — 40 %.
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Table 1. The properties of the doped layers of IV-VI
semiconductors at 77 K in the conditions of mismatch.
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The deformation potential constants were taken equal to Da = 4.57 eV and Du = -2.17 eV
for tellurides, and equal to D,=6.48 and D, =-2.11eV for selenides [8]. The derivative

dE,/dp was taken from works [7, 9], and it varied in the range of 1 —5 meV / kbar.

As is obvious from the Table 1, after serial calculations of the new locations of impurity
levels in the forbidden gaps of solid solutions of IV — VI semiconductors, the concentration of
current carriers decreased by 5 — 8 orders of magnitude. With consideration of some increase in
the mobility in uniform layers at stabilization of the Fermi level, the resistivity of layers can
reach 10* - 10°Ohm - cm.

IV. Conclusions

We developed the model of determination of the locations of the In and Cr impurity
levels in the system of semiconductors PbSnTe:In and PbSnSe:Cr at mismatch corresponding to
effective “negative” pressure and when Fermi level is stabilized.

At doping of IV-VI semiconductors with those impurities at the level of > 10! cm3, the
concentration of current carriers decreases by 5 — 8 orders of magnitude, while the resistivity
increases and the narrow width of the forbidden gap is retained.
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To formulate the problem of attenuation of concomitant y-radiation in the boron-based
neutron-shields, let describe construction and operation of a nuclear reactor as it already made
in text-books — see, e.g., [1].

Almost all the nuclear reactors can be defined as a device designed to produce and
sustain a long term controlled fission chain-reaction, and made from properly selected and
placed materials. Their majority is the thermal reactors wherein thermal-neutrons cause the
fission reactions (generally, thermal neutrons are associated with a kinetic energy of 0.025 eV
that translates into a neutron velocity of 2200 m /s or “room temperature” 300 K neutron-
beam). Figure 1 shows a schematic for a simple thermal reactor of cylindrical form. The tubes
containing radioactive fuels such as uranium are called as fuel cladding. The fuel elements are
arranged in a regular pattern mainly dictated by the neutronics with the moderator, which
slows down the neutrons to sustain the fission reaction with thermal neutrons. The fuel-
moderator assembly is surrounded by a reflector, the purpose of which is to direct the neutrons
generated toward the reactor core so that neutron leakage can be controlled, thus improving the
neutron economy. On the outside, the reactor is lined by shielding materials that absorb
neutrons and y-rays that escape the core and reduce the radiation intensity to a tolerable level
so that personnel working near the reactor are not exposed. A rod of regulating or safety types
helps to control the chain reaction by absorbing neutrons, maintaining the steady state of
operation, or permit shutdown in the case of emergency. Coolant (not shown in this figure) is
an important component of a reactor as a huge amount of heat is generated in the fuel elements
and needs to be removed continuously in order to maintain a safe, steady-state reactor
operation.
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Control rod

_~ Fuel element

_~ Moderator

| — Reflector

|~ Shield

Figure 1. A schematic of a simple reactor design [1].

In the process of rector operation, the thermal neutrons induced fission of 25U nuclei is
the most significant reaction. Note that U is the only naturally occurring radioisotope — fissile
atom — in which fission can be induced by slow neutrons. When a thermal neutron gets
absorbed by a 2°U nucleus, it leads to the formation of an unstable radionuclide 2¢U
immediately followed by the creation of smaller fission fragments. The fission reaction of U
can occur in ~ 30 different ways leading to the possibility of ~ 60 different kinds of fission
fragments. About 2.5 neutrons on average are also released per fission. A generally accepted
equation for a fission reaction is U + 'n — *’Kr + #’Ba + 2 'n + energy. To sustain a continuous
chain-reaction, released neutrons should be able to initiate the fission of at least another fissile
atom.

The neutron energy spectrum is affected by various factors, including the specific type of
reactor, positions of components in the reactor, and their immediate surroundings. Neutronic
properties are of significant consideration in the design of nuclear reactors because the chain
reaction requires continued supply of neutrons. The materials in the reactor can absorb
neutrons and undergo nuclear reactions that lead to the production of different radioactive
isotopes, which would decay by emitting a-, f- and y-rays of different energy levels. The
energetic radiation plays a significant role in modifying the microstructure of the materials
involved. The effects of radiation can be diverse, including radiation hardening and
embrittlement, void swelling, irradiation creep, and so forth, with all having significant effects
on the performance of the reactor components. Another effect of radiation is the radiolytic
decomposition of coolant. Fission fragments also cause damage, but they are limited to the fuel.

So, for selecting materials for a nuclear reactor, designer must know the effects of
neutron and concomitant radiations on these materials.

The current understanding (based on the light-water-rector case study) of radiation-
induced degradation in nuclear reactors structural materials induced mainly by thermal
neutrons and y-rays is presented, e.g., in [2]. Results of the spectral emissivity measurements of
candidate materials for reactors have been given in [3]. Heat dissipation by radiation is
especially important consideration in very-high-temperature-reactor components because of
the fourth power temperature dependence of radiated heat. The emissivity was found to be
strongly dependant on the alloy chemical composition.

To control the chain reaction, the reactor materials should have high neutron absorption
cross section. It is reason why the control rods are made from neutron-absorbing materials,
usually B, as well as Hf. For the shielding materials one of the major requirements also is the
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absorption of neutrons and y-radiation as well. Such a material can be broal — a B and Al alloy.

However, aluminum is not too good material for gamma absorption and therefore broal is not used
for absorption of gamma.
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Figure 2. Variation of total cross section of elemental boron of

natural isotopic composition as a function of neutron energy [1].

As is known, neutron shield can be made from materials of different chemical
composition, not only boron-containing. Water, plastics and other materials containing high
concentrations of hydrogen provide protection against relatively weak neutron radiation. But,
in case of high neutron flux densities effective shields are those materials that contain boron or
cadmium. We focused our attention on the use of boron-rich materials [4 — 8] because boron
compounds and composites combine attractive physical-technical characteristics with a very
large neutron capture cross section of 1°B nucleus: it is equal to 3835 barns for thermal-neutrons
and keeps fairly high values also for fast neutrons. One more advantage of boron is the ~ 1/ JE,
where E is the neutron energy, dependence of neutron cross section over the entire possible
neutron energy spectrum (Figure 2). Most nuclides exhibit both the ~1/ JE dependence of
total neutron cross section as a function of neutron energy and the resonance effects. Other
nuclides show abrupt increases in neutron cross section at certain narrow energy ranges due to
resonance effects, which happens when the energy of the incident neutron corresponds to the
quantum state of the excited compound-nucleus.

Boron carbide, the hardest material after diamond and cubic boron nitride, has been
characterized for its neutron shielding behavior in [9]. Experiments were performed using a
Howitzer device. The lowest neutron permeability rate (62.1 %) and the lowest total
macroscopic cross section were found for pellet, which is the sample composed of 12.5 g of
boron carbide powder and 3 g of wax. It can be concluded that for equivalent thicknesses,
boron carbide is a better shield material than kurnakovite or inderite. Boron carbon oxynitride
(BCNO) is a low effective-nuclear-charge (= 6.8), near tissue equivalent, material useful in a
y-dosimeter. The thermoluminescence characteristics of doped and undoped BCNO material
were studied and compared with each other [10]. The main interesting feature is concerning
these properties in a very wide range 5-10>—-4-10* Gy of gamma doses for nanocrystalline
BCNO-phosphors. The Dy leads the
thermoluminescence. The synthesized BCNO nanophosphor shows a linear response from

doping with Cu or to quenching of its
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1.0 - 10! up to 4.5 - 10> Gy, what is the range in which it may be used as thermoluminescence
dosimeter material.

Most (~93.9 %) of 1°B — n elementary acts is accompanied by radiation of a high-energy
y-quantum: °B +'n — "B — 7Li (0.84 MeV) + “He (1.47 MeV) +y (0.48 MeV) (energies of the
nuclear reaction products shown in parenthesis correspond to the limit of zero-velocity neutron
incident on a stationary boron nucleus). For this reason, one of the main problems associated
with the use of boron-containing neutron-shields is the need to provide additional protection
against the concomitant y-radiation.

A series of Japanese Evaluated Nuclear Data Libraries (JENDLs) of special and general
purpose-types seem to be the most complete database to be used in various fields for nuclear
science and technology [11]. The special purpose libraries have been issued in order to meet the
needs for particular application fields. As for the general purpose libraries, they have been
updated periodically by considering the latest knowledge on experimental and theoretical
nuclear physics. The newest library (the fourth version) for nuclear science and engineering
released is JENDL - 4.0 [12]. We have analyzed the problem taking into account the
compatibility of the various elements with boron in the composition and their y-absorption
capacity, according to JENDLs, and came to conclusion that the layered composites of boron or
its compounds with heavy metals, in particular, tungsten, are promising neutron shields, which
would allow the protection from the concomitant y-radiation as well.

The general structural classification of layered composites, which are promising as
functional materials, was given in [13]; some of thermophysical and mechanical properties of
multilayer metal-ceramic composites that operate under extreme heat and mechanical
conditions also were considered [14, 15]. Cases, when the effective properties deviate from the
rule of additivity, are of special interest. In particular, ceramic—metal layered composites with a
specific set of properties, and also layer thickness, may exhibit marked (by an order of
magnitude) higher impact strength and heat resistance compared with monolithic ceramics.

The possible geometries of three types — hexagonal (h), triangular (t) and mixed
hexagonal-triangular (ht) — of monolayer boron sheets adsorbed on deferent metal (Mg, Al, Ti,
Au, and Ag) surfaces were studied theoretically [16] using density-functional-theory. It has
been found that, when adsorbed on metal surfaces, h-B sheet is more energy-favorable than t-B
or ht-B sheets, and the atop-site adsorption geometry is the most favored. For all h-B sheet /
metal geometries, electrons are observed to transfer from metal to boron sheets, due to intrinsic
electron deficiency of all boron structures.

The spectral properties of La/B, La/B4C, and LaN /B, LaN / B«C multilayer mirrors
consisting of ~ 50 bilayers with a bilayer thickness of approximately 4 nm were investigated in
[17]. The measured maximum reflectance at various wavelength values around the boron
K-absorption edge was compared to theoretical values from model systems. From these
calculations, it was shown that the boron chemical state has to be taken into account because a
significant amount of boron is probably bound to La. This results in a shift of the B absorption
edge to a longer wavelength, which significantly changes the optical properties. The reflectivity
of LaN /B and LaN/B«C multilayers can be well described by using the measured atomic B
optical constants, which suggests that in both multilayers boron atoms are in a similar state as in
a boron film. Consequently, nitridation of the La layer in the multilayer prevents the formation
of La — B compounds.

262



G. Nabakhtiani et al. Nano Studies, 2013, 8, 259-266.

Present paper provides an assessment of radiation properties of boron—tungsten layered
composites as neutron shields of different sizes. All calculations were performed using the
computing code Micro Shield.

The calculations were carried out for three geometries of the neutron source, which
corresponded to the parameters (standard: diameter of the base X height) of cylindrical nuclear
reactors: (1) 3.84 m X 4.50 m, (2) 2.88 m x 3.20 m, and (3) 12.00 m x 8.80 m [18]. For each of
these geometries, there are considered two cases: lead Pb as standard material often used for
protection against y-radiation and tungsten W as a heavy metal forming a number of
compounds with boron. It was assumed that these metallic layers are placed on the outer
surface of the boron-containing layer, so that the y-rays concomitant neutron-capture in boron
must pass through the y-absorbing metal layer.

In each of the 6 analyzed cases, the thickness of the protective layer was varied in the
range of 0.2 —2.0 cm, and the calculations were performed in 19 points of the interval. It was
obtained the two curves of exposure dose (mR / h) with and without the factor of accumulation.
The use of the factor of accumulation meant the account in the main beam of already scattered
rays. Flux densities were calculated at the same form (Figures 1 — 3). Conventionally, the y-ray
flux incident on the protective layer was assumed to be 10° photons /s, i.e., the equivalent of
1 GBq (1 Becquerel is the source of radioactivity, which is 1 decay /s). Since the curves define
the degree of attenuation of gamma radiation, the absolute value of output flow from the
protective layer is easily counted for each part of the incident flux.
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For geometries (1) and (2) dose rate is calculated for a distance of 200 cm from the center,
and for the geometry (3) — 410 cm. These distances correspond approximately to a range of
regions near the surfaces of cylinders and, therefore, allow comparison of the results. Since the
exposure dose is the old value, graphics are presented for effectively equivalent (or effective)
dose in mSv / h (Sv=]/kg). As we see, initial dose rates are too low and tungsten layer further
reduces them (remember that natural background is in the range of 10 — 20 mSv).

According to international standards, it is acceptable to people (not professionals)
receiving a maximum of ~ 1 mSv without an accounting background. If we assume that the
person is irradiated from several sources, then the annual dose from each of them should not
exceed ~ 0.3 mSv (the so-called dose-limiting). In the general case, if the radiation received
from a source does not exceed 10 mSv / h, such a source is not considered as a radioactive (is at
the level of acceptability). Getting a dose by man depends on the scenario of his relation to the
source. According to most of the considered scenarios, the considered case should be taken out
of the regulation. We should emphasize that we talk about protecting only from the
concomitant y-radiation, when the neutron flux is completely absorbed by boron-containing
protective layer.

We have also calculated the power of equivalent doses for different organs. In this case,
we referred to the ICRP (International Commission on Radiation Protection), which presents
the model estimates of such doses.

These results lead to the conclusion that monoisotopic °B-layered compositions of boron
and tungsten can be used successfully to protect against the different neutron flux intensities.
Simultaneous protection from neutrons and concomitant y-radiation associated with formation
on the inner surface of the enclosure first tungsten layer and then boron coating of certain
thicknesses.

We can say that the state diagram of the W — B system is among the most studied phase
diagrams of transition metal-boron systems. This indicates the existence of a series of binary
W / B phases which differ in crystal structure and value of the W : B ratio. This allows thinking
the adhesion in such layered structures will be good due to the formation of a transition layer,
the mixture of tungsten borides, as is the case of well-known technique of growing boron fibers
coating a tungsten wire with boron.

When creating the coating that protects against neutron radiation and the concomitant
y-radiation from the boron-containing and tungsten layers, the authors intend to draw on their
experience in technologies of boron doping with tungsten and growth of boron-rich tungsten

boride phases.
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Hartree had introduced the concept of the effective charge number for atomic nuclei
simultaneously with the self-consistent field (SCF) in multi-electron atoms [1]. Its physical
meaning can be understood as follows. The inner electric field is purely Coulomb only for
hydrogen-like atoms. As for the atoms with two or more electrons, each of electrons is affected
by the Coulomb field of positively charged atomic nucleus, which however is partially screened
by the rest of electrons as electrons are negatively charged. Consequently, the SCF acting on the
electron with the principal and orbital quantum numbers n=1,2, 3,... and
/=0,%x1,£2,...,2(n—-1) one can still imagine as the Coulomb field of a “nucleus” with some
effective charge number Zu, which however is less than the charge number of the nucleus 2
Zni < Z, where Z > 1.

Parameters Zu serve for the important characteristics of the intra-atomic SCF.
Unfortunately, they are not defined unambiguously — their numerical values are essentially
dependent of the chosen scheme of evaluation. The results of calculations performed on the
basis of SCF approach by Clementi et al. can be found in web [2]. However, when it comes to
the use of Zu parameters of electrons of the constituent atoms in the calculation of the electron
energy spectrum of molecules or condensed matters, it seems more rational to introduce them
by direct equating the energies of atomic electron orbitals followed from the analytical
expression for the corresponding “hydrogen-like atom”, on the one hand, and ab initio
calculations, on the other hand.

Such a parameterization we used in the quasi-classical theory of substance ground state
[3] The values of the quasi-classical parameters of electric field potential and the electric charge
density distributions in the most of atoms were tabulated by us in [4, 5] based on the energies of
the electron orbitals calculated by Froese—Fischer [6] within the Hartree—Fock approximation.
Works [7, 8] are the most recent examples of the successful use of such a quasi-classical
approach to estimate of relative stabilities of ultra-small radius boron nitride nanotubes, and
binding energies and electron energy levels of metallic dopants in boron.

In this paper, we publish our results in the parameters Z. They are presented in the
Table 1. In parentheses, there are shown the values previously obtained in [2].
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Once more on effective electrical charge of atomic nuclei.

Table 1. Effective electric charge numbers of atomic nuclei.

Atom 1s 2s 2p 3s 3p 3d 4s

1H | 100 (1.00)

2He | 135 (1.69)

3Li 2.23 (2.69) 1.25 (1.28)

4 Be 3.08 (3.68) | 157 (1.91)

5B 3.92 (4.68) 1.90 (2.58) 157 (2.42)

6C 476 (5.67) | 2.38 (3.22) | 1.86 (3.14)

7N 5.59 (6.67) | 275 (3.85) | 2.13 (3.83)

80 | 643 (7.66) | 3.16 (4.49) | 225 (4.45)

9 Fe 726 (8.65) | 355 (5.13) | 242 (5.10)
10 Ne 8.10 (9.64) | 3.93 (5.76) | 2.61 (5.76)
11Na | 9.00(10.63) | 4.73 (6.57) | 3.48 (6.80) | 1.81 (2.51)
12Mg | 9.90(11.61) | 549 (7.39) | 427 (7.83) | 2.13 (3.31)
13 A1 | 10.82(1259) | 627 (8.21) | 5.07 (8.96) | 2.66 (4.12) | 194 (4.07)
14 Si 11.73(13.57) | 7.02 (9.02) | 5.84 (9.95) | 3.12 (4.90) | 231 (4.29)
15P 12.65 (14.56) | 7.75 (9.83) | 6.57(10.96) | 3.54 (5.64) | 2.66 (4.89)
16 S 13.56 (15.54) | 8.49(10.63) | 7.31(11.98) | 3.98 (6.37) | 2.81 (5.48)
17Cl | 1448(16.52) | 9.21(11.43) | 8.04(12.99) | 439 (7.07) | 3.02 (6.12)
18 Ar | 1540 (17.51) | 9.93(12.23) | 8.75(14.01) | 4.80 (7.75) | 3.26 (6.76)
19K | 16.34(18.49) | 10.77 (13.01) | 9.60(15.03) | 5.61 (8.68) | 4.14 (7.73) 2.17 (3.50)
20Ca | 17.28 (19.47) | 11.60(13.78) | 10.44 (16.04) | 6.36 (9.60) | 4.91 (8.66) 2.50 (4.40)
21Sc | 18.22(20.46) | 12.35 (1457) | 11.20 (17.05) | 6.80(10.34) | 532 (9.41) | 249 (7.12) | 259 (4.63)
22Ti | 19.15(21.44) | 13.09 (15.38) | 11.93 (18.06) | 7.19(11.03 | 5.68 (10.10) | 1.99 (8.14) | 3.76 (4.82)
23V 20.08 (22.43) | 13.82(16.18) | 12.66 (19.07) | 7.57 (11.71 6.03 (10.79) | 2.04 (8.98) | 4.04 (4.98)
24Cr | 21.00(23.41) | 14.54(16.98) | 13.38 (20.08) | 7.94(12.37) | 6.36 (11.47) | 2.07 (9.76) | 4.27 (5.13)
25 Mn | 21.93 (24.40) | 15.26 (17.79) | 14.09 (21.08) | 8.29(13.02) | 6.68 (12.11) | 2.11(10.53) | 4.52 (5.28)
26 Fe | 22.86(25.38) | 15.98 (18.60) | 14.81 (22.09) | 8.66(13.68) | 7.03 (12.78) | 2.16(11.18) | 4.55 (5.43)
27 Co | 23.79 (26.37) | 16.70(19.41) | 15.52 (23.09) | 9.02(14.32) | 7.36(13.43) | 2.19(11.86) | 4.65 (5.58)
28 Ni | 24.72(27.35) | 14.42 (20.21) | 16.23 (24.10) | 9.38 (14.96) | 7.68 (14.09) | 2.23(12.53) | 4.76 (5.71)
29 Cu | 25.65 (28.34) | 18.13(21.02) | 16.94 (25.10) | 9.73(15.59) | 8.00(14.73) | 3.65(13.20) | 3.02 (5.84)
30Zn | 26.58 (29.32) | 18.84 (21.83) | 17.65 (26.10) | 10.07 (16.22) | 8.31(15.37) | 3.75(13.88) | 3.06 (5.97)
31Ga | 27.52(30.31) | 19.63 (22.60) | 18.44 (27.09) | 10.73 (17.00) | 8.98 (16.20) | 4.63(15.09) | 3.69 (7.07)
32 Ge | 28.47 (31.29) | 20.43 (23.36) | 19.23 (28.08) | 11.38 (17.79) | 9.64(17.01) | 5.42(16.25) | 4.21 (8.04)
33 As | 29.41(32.28) | 21.22 (24.13) | 20.03 (29.07) | 12.02 (18.60) | 10.29 (17.85) | 6.17(17.38) | 4.68 (8.94)
34Se | 30.36(33.26) | 22.03 (24.89) | 20.84 (30.07) | 12.68 (19.40) | 10.95(18.71) | 6.91(18.48) | 5.18 (9.76)
35Br | 31.31(34.25) | 22.84 (25.64) | 21.64 (31.06) | 13.33(20.22) | 11.60 (19.57) | 7.61(19.56) | 5.64 (10.55)
36 Kr | 32.25(35.23) | 23.64 (26.40) | 22.45 (32.05) | 13.97 (21.03) | 12.25(20.43) | 8.30(20.63) | 6.07 (11.32)
37Rb | 33.21 (36.21) | 24.50 (27.16) | 23.31 (33.04) | 14.78 (21.84) | 13.07 (21.30) | 9.23(21.68) | 6.98 (12.39)
38Sr | 34.17(37.19) | 25.36 (27.90) | 24.17 (34.03) | 15.57 (22.66) | 13.88 (22.17) | 10.12(22.73) | 7.79 (13.44)
39Y | 35.12(38.18) | 26.20 (28.62) | 25.01 (35.00) | 16.30 (23.55) | 14.61 (23.09) | 10.90 (25.40) | 8.33 (14.26)
40 Zr | 36.80 (39.16) | 27.04 (29.37) | 25.84 (35.99) | 17.00 (24.36) | 15.31 (23.85) | 11.63 (25.57) | 8.80 (14.90)
41 Nb | 37.03 (40.14) | 27.87 (30.13) | 26.68 (36.98) | 17.69 (25.17) | 16.00 (24.62) | 12.34 (26.25) | 9.24 (15.28)
42 Mo | 37.82 (41.13) | 28.71 (30.88) | 27.51 (37.97) | 18.37 (25.98) | 16.67 (25.51) | 13.03 (27.33) | 9.65 (16.41)
43 Tc | 38.94 (42.11) | 29.54 (31.63) | 28.34 (38.94) | 19.04 (26.79) | 17.34 (26.38) | 13.71 (28.35) | 10.04 (17.20)
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—
4p 4d Af 5s 5p 5d 6s 6p
258 (6.22)
3.03 (6.78)
3.43 (7.45)
3.59 (8.29)
3.82 (9.03)
410 (9.77)
5.09 (10.88) 2.63 (4.98)
5.93 (11.93) 2.99 (6.07)
6.45 (12.75) | 251 3.53 (6.26)
6.90 (13.46) | 2.58 410 (6.45)
7.32 (14.08) | 2.63 450 (5.52)
7.71 (15.05) | 2.68 485 (6.98)
8.08 (15.81) | 2.72 5.22 (7.23)
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3

Atom 1s 2s 2p 3s 3p 3d 4s

44 Ru | 39.89(43.09) | 30.37 (32.38) | 29.18 (39.95) | 19.71 (27.60) | 18.01 (27.22) | 14.39 (29.36) | 10.45 (17.66)
45Rh | 40.85 (44.08) | 31.21 (33.15) | 30.01 (40.94) | 20.37 (28.44) | 18.67 (28.15) | 15.06 (30.41) | 10.83 (18.58)
46 Pd | 41.80(45.06) | 32.04 (33.88) | 30.84 (41.93) | 21.03 (29.22) | 19.32(29.02) | 15.72 (31.45) | 11.21 (18.99)
47 Ag | 42.76 (46.04) | 32.87 (34.63) | 31.67 (42.92) | 21.68 (30.03) | 19.97 (29.81) | 16.37 (32.54) | 11.58 (19.86)
48 Cd | 43.71 (47.03) | 33.71 (35.39) | 32.50 (43.91) | 22.33 (30.84) | 20.61 (30.69) | 17.01 (33.61) | 11.93 (20.87)
49In | 44.67(48.01) | 34.57 (36.12) | 33.37 (44.90) | 23.09 (31.68) | 21.37 (31.52) | 17.79 (34.68) | 12.62 (21.76)
50Sn | 45.63 (48.99) | 35.44 (36.86) | 34.23 (45.89) | 23.85(32.42) | 22.13 (32.35) | 18.57 (35.74) | 13.28 (22.60)
51Sb | 46.60(49.97) | 36.31 (37.60) | 35.10(46.8)7 | 24.60 (33.21) | 22.89 (33.18) | 19.35 (36.80) | 13.93 (23.54)
52Te | 47.56 (50.96) | 37.18 (38.33) | 35.97 (47.86) | 25.37 (34.00) | 23.65 (34.01) | 20.13 (37.84) | 14.58 (24.41)
531 48.52 (51.94) | 38.05(39.07) | 36.84 (48.85) | 26.13 (34.79) | 24.42 (34.84) | 20.91 (38.90) | 15.23 (25.30)
54Xe | 49.49 (52.92) | 38.92 (39.80) | 37.71 (49.83) | 26.89 (35.58) | 25.18 (35.67) | 21.68 (39.95) | 15.86 (26.17)
55Cs | 50.45 (53.90) | 39.81 (40.55) | 38.61 (50.82) | 27.72 (36.38) | 26.01 (36.58) | 22.54 (40.98) | 16.68 (27.04)
56 Ba | 51.42 (54.89) | 40.71 (41.25) | 39.50 (51.81) | 28.55 (37.16) | 26.85 (37.32) | 23.39 (42.02) | 17.49 (27.92)
57 La | 52.38 (55.87) | 41.57 (41.95) | 40.36 (52.80) | 29.24 (37.94) | 27.53 (38.14) | 24.08 (43.06) | 17.92 (28.80)
58 Ce | 53.34 (56.85) | 42.42 (42.94) | 41.21 (53.78) | 29.92 (38.66) | 28.21 (38.96) | 24.76 (44.09) | 18.33 (29.68)
59 Pr | 54.31(57.83) | 43.27 (43.46) | 42.07 (54.77) | 30.59 (39.50) | 28.87(39.82) | 25.42 (45.15) | 18.71 (30.33)
60 Nd | 55.27 (58.81) | 44.13 (44.22) | 42.92 (55.76) | 31.25 (40.34) | 29.53 (40.69) | 26.08 (46.16) | 19.10 (30.99)
61 Pm | 56.23 (59.80) | 44.98 (44.97) | 43.77 (56.74) | 31.91 (41.18) | 30.19 (41.55) | 26.73 (47.10) | 19.47 (31.64)
62Sm | 57.19 (60.78) | 45.83 (45.73) | 44.62 (57.73) | 32.57 (42.03) | 30.84 (42.42) | 27.37 (48.23) | 19.84 (32.29)
63 Eu | 58.15(61.76) | 46.67 (46.47) | 45.46 (58.72) | 33.22 (42.87) | 31.49 (43.28) | 28.02 (49.25) | 20.19 (32.87)
64 Gd | 59.11(62.74) | 47.53 (47.22) | 46.31 (59.71) | 33.88 (43.71) | 32.14 (44.15) | 28.66 (50.28) | 20.57 (33.44)
65Tb | 60.07 (63.73) | 48.3747.97) | 47.1660.69) | 34.5344.55) | 32.7945.01) | 29.3151.30) | 20.9334.02)
66 Dy | 61.0864.71) 49.22 (48.71) | 48.01 (61.68) | 35.18 (45.39) | 33.43 (45.88) | 29.94 (52.33) | 21.29 (34.59)
67 Ho | 61.99 (65.69) | 50.07 (49.46) | 48.86 (62.67) | 35.83 (46.24) | 34.07 (46.75) | 30.58 (53.35) | 21.65 (35.31)
68 Er | 62.96 (66.67) | 50.92 (50.20) | 49.70 (63.65) | 36.47 (47.08) | 34.71 (47.61) | 31.21 (54.36) | 22.00 (36.23)
69 Tm | 63.92 (67.66) | 51.77 (50.95) | 50.55 (64.64) | 37.11 (47.92) | 35.35 (48.48) | 31.85(55.37) | 22.35 (37.14)
70 Yb | 64.88 (68.64) | 52.61 (51.69) | 51.40 (65.63) | 37.75 (48.76) | 35.98 (49.34) | 32.47 (56.40) | 22.69 (37.52)
71 Lu | 65.84 (69.62) | 53.48 (52.45) | 52.27 (66.61) | 38.48 (49.53) | 36.71 (50.10) | 33.20 (57.42) | 23.28 (38.27)
72 Hf | 66.84 (70.60) | 54.36 (53.19) | 53.14 (67.60) | 39.21 (50.31) | 37.43 (50.98) | 33.93 (58.43) | 23.86 (38.98)
73Ta | 67.78 (71.58) | 55.23 (53.93) | 54.01 (68.59) | 39.94 (51.09) | 38.16 (51.80) | 34.65 (59.44) | 24.45 (39.76)
74 W | 68.74 (72.57) | 56.10 (54.67) | 54.89 (69.57) | 40.68 (51.87) | 38.90 (52.62) | 35.39 (60.45) | 25.04 (40.56)
75Re | 69.71 (73.55) | 56.98 (55.41) | 55.76 (70.76) | 41.41 (52.65) | 39.63 (53.43) | 36.13 (61.45) | 25.63 (41.36)
76 Os | 70.68 (74.53) | 57.86 (56.15) | 56.64 (71.55) | 42.15 (53.43) | 40.37 (54.25) | 36.87 (62.47) | 26.23 (42.10)
77Ir | 71.64 (75.51) | 58.73 (56.89) | 57.51 (72.54) | 42.90 (54.20) | 41.11 (55.07) | 37.61 (63.43) | 26.83 (42.85)
78 Pt | 72.61 (76.49) | 59.61 (57.63) | 58.39 (73.53) | 43.64 (54.98) | 41.85 (55.89) | 38.35 (64.50) | 27.42 (43.64)
79 Au | 73.58 (77.48) | 60.49 (58.37) | 59.27 (74.51) | 44.38 (55.76) | 42.59 (56.70) | 39.09 (65.51) | 28.02 (44.41)
80 Hg | 74.55 (78.46) | 61.37 (59.11) | 60.15 (75.50) | 45.13 (56.54) | 43.34 (57.52) | 39.83 (66.52) | 28.61 (45.24)
81Tl | 75.52(79.44) | 62.26 (59.68) | 61.04 (76.49) | 45.92 (57.42) | 44.13 (58.37) | 40.63 (67.53) | 29.33 (46.08)
82Pb | 76.49 (80.42) | 63.16 (60.43) | 61.93 (77.48) | 46.71 (58.15) | 44.93 (59.15) | 41.43 (68.55) | 30.05 (46.89)
83Bi | 77.46(81.40) | 64.05 (61.18) | 62.83 (78.47) | 47.51 (58.89) | 45.72 (59.93) | 42.23 (69.54) | 30.77 (47.71)
84Po | 78.43(82.38) | 64.95(61.92) | 63.73 (79.46) | 48.31(59.62) | 46.52 (60.71) | 43.03 (70.57) | 31.50 (48.52)
85 At | 79.41 (83.36) | 65.85 (62.67) | 64.63 (80.45) | 49.11 (60.35) | 47.32 (61.50) | 43.83 (71.58) | 32.22 (49.34)
86 Rn | 80.38 (84.33) | 66.75 (63.41) | 65.52 (81.44) | 49.92 (61.09) | 48.13 (62.28) | 44.64 (72.60) | 32.95 (50.15)
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4p 4d Af 5s 5p 5d 6s 6p

8.47 (16.43) | 2.77 533 (6.48)

8.84(17.14) | 2.81 5.53 (6.64

920 (17.72) | 2.85 5.73 (0.00)

9.55(18.56) | 4.75 3.60 (6.76)

9.88 (19.41) | 4.94 364 (8.19)

1059 (20.37) | 5.83 432 (951) | 3.14 (8.47)

11.27 (21.27) | 6.62 4.88(10.63) | 3.64 (9.10)

1193 (22.18) | 7.35 539 (11.61) | 4.09 (9.99)

12.59(23.12) | 8.08 5.92 (12.54) | 4.24(10.81)

13.23 (24.03) | 877 6.41 (13.40) | 4.49 (11.61)

13.87 (24.96) 9.43 6.87 (14.22) | 4.78 (12.42)

14.72 (25.86) | 10.40 7.85 (15.44) | 5.85 (13.65) 2.98 (6.36)

15.54 (26.80) | 11.32 8.70 (16.62) | 6.72 (14.80) 3.37 (7.58)

15.96 (27.71) | 11.70 348 (1.36) | 8.85(17.81) | 6.84(15.90) 339 (9.31)

16.34 (28.61) | 12.05 3.89 (1.68) | 8.98(18.91) | 6.93(16.97) 3.42 (10.80)

16.71 (29.06) | 12.38 419 (21.10) | 9.10(17.61) | 7.01(15.28) 3.44 (7.75)

17.07 (30.01) | 12.69 2.30(22.27) | 9.21(18.74) | 7.09 (16.96) 6.55 (9.31)

17.43 (30.62) | 13.01 448 (23.13) | 9.33(18.84) | 7.17 (16.41) 3.47 (9.40)

17.77 (31.09) | 13.31 4.62(23.53) | 9.43(18.25) | 7.24(16.28) 3.49 (8.01)

18.11 (31.87) | 13.60 477 (24.32) | 9.53(18.59) | 7.30 (16.56) 351 (8.12)

18.46 (32.65) | 13.91 472 (25.01) | 9.64(18.88) | 7.37 (16.76) 352 (8.22)

18.81 (33.40) | 14.22 4.72(25.86) | 9.75(19.17) | 7.45 (16.96) 3.54 (8.30)

19.14 (33.83) | 1451 474 (2654) | 9.85(19.30) | 7.51(17.13) 356 (8.34)

19.48 (34.56) | 14.80 476 (27.47) | 9.95(19.58) | 7.58 (17.34) 3.58 (8.44)

19.81 (35.11) | 15.09 477 (27.98) | 10.05 (19.72) | 7.64 (17.47) 3.59 (8.48)

20.14 (35.99) | 15.38 4.80 (28.63) | 10.15(20.04) | 7.71(17.73) 3.61 (8.58)

20.46 (36.40) | 15.66 2.42 (29.43) | 10.24 (20.15) | 7.76 (17.83) 7.26 (8.59)

21.05 (37.19) | 16.26 5.87 (30.93) | 10.76 (20.96) | 8.29 (18.68) | 3.49(20.11) | 3.78 (8.80)

21.63 (37.93) | 16.86 6.77 (32.31) | 11.22 (21.83) | 8.75(19.59) | 4.03(16.62) | 3.88 (9.16)

22.22(38.73) | 17.45 7.60 (33.47) | 11.66 (22.69) | 9.19 (20.47) | 4.40(16.37) | 3.96 (9.53)

22.80 (39.55) | 18.05 8.39 (34.71) | 12.09 (23.54) | 9.60 (21.33) | 4.72 (16.74) | 4.02 (9.85)

23.39 (40.37) | 18.64 9.14 (35.92) | 12.49 (24.36) | 10.00 (22.14) | 5.07 (17.38) | 4.08 (10.12)

23.99 (41.14) | 19.25 9.89 (37.15) | 12.91 (25.10) | 10.42 (22.91) | 5.18(18.00) | 4.15(10.32)

2458 (41.91) | 19.85 10.62 (38.34) | 13.31 (25.85) | 10.81 (23.66) | 5.36 (18.70) | 4.20(10.57)

25.17 (42.73) | 20.44 1132 (39.51) | 13.71 (2659) | 11.20 (24.42) | 554 (19.41) | 4.25(10.75)

25.76 (43.55) | 21.03 12.00 (40.65) | 14.09 (27.33) | 1157 (25.27) | 5.75(20.13) | 4.30 (10.94)

26.35 (44.41) | 21.62 12.66 (41.76) | 14.46 (28.11) | 11.94(25.97) | 5.98(20.86) | 4.34(11.15)

27.08 (45.22) | 22.38 13.61 (42.87) | 15.20(29.12) | 12.71 (27.09) | 6.96 (22.03) | 5.10(12.82) | 3.72 (12.25)

27.81 (46.03) | 23.13 14.51 (43.97) | 15.90 (30.13) | 13.44 (28.03) | 7.81(23.15) | 5.73(14.10) | 4.29(12.39)

28.53 (46.85) | 23.88 15.40 (45.07) | 16558 (31.03) | 14.13(29.02) | 859 (24.24) | 6.30 (15.24) | 4.80 (13.34)

29.26 (47.67) | 24.63 16.28 (46.16) | 17.27 (32.02) | 14.83(30.02) | 9.37(25.30) | 6.88(16.33) | 4.96 (14.22)

29.99 (48.48) | 25.38 17.14 (47.24) | 17.93(32.93) | 1551 (31.04) | 10.09 (26.34) | 7.42(17.30) | 5.23 (15.16)

30.72 (49.30) | 26.13 17.98 (48.33) | 18.58 (33.89) | 16.16 (31.97) | 10.78 (27.35) | 7.93(18.22) | 5.55(16.08)
—
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Once more on effective electrical charge of atomic nuclei.

We note that our results are largely correlated with previous data both on trends in rows
and in columns. Some of the differences in these trends are observed only in atoms with filled
4d-states, which were neglected in the electron-configurations considered by Clementi et al. As
for our numerical values, they are relatively underestimated in some cases — quite substantially.
It points to a more realistic account of the screening effect.

The presence of credible values of the effective charge of atomic nuclei can serve as the
basis for the development of a principally new approach to the calculation of the electronic
structure of molecular and crystalline, including nano, forms of matter.
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0. 353053300 !, 0. Y5¢n5890330¢m0 2

103 03M™- s b3bMgwgdBH®mMbozol 0bLGHoGMEHO

0000b0, BodsMM39gE™
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29. 56MMb0 35330 0L 30BoZoL 0bLEHOGHWEO

0. X 5356033000 Lob. MdOEOLOL Labgwrdfogm MboggdLo@g®o
0d00l0, LodsMmM3gEm

300900 2013 fewols 29 1gdEgddgdL

239M9dml  dmboBm®mobyo  Asbobowgds GMmAMmOE  LOLEHJINOIO  MOYIBOBYdMEO
MIRMIOME0 93300390900  49Mgdml  d39bogme s  3bM3gE®  Lsdgsmmby,
bOM3MYbmGo Bgdmgdggdol bobosmBy, S@GIMLGRIOMEo 3596MH0oL 9dsygbermdsby,
Dgarobs s 6050l 8yMTocmgmdsBY. 9955950 BIODM® J93MEILIONI0S 4oMgIMU
33w930L 30H03Mm-Jodomemo dgomgdo, MHMIGoE Ym3gewmzol 5O odwgzs Lalivmegzge
99092L. bdoco@, gomgdmdo ImbgzgGmowo Lbgsolbgs bo3m0gmgdgdo HomBdmowygbl
36153500 3033bgb 3056 bogmMgdl o dbgaros Fom0 B0BOIM-JodoGmo bEobIMED30s.
9B 603009M909d0 Fg0dEgds 0gmlb OHMYMEOF 396900030, 1939 LOBMYEHMMO FoOTIMIMBOU.
396M99mls 3MbEMMmobsm3z0l 530D03m-Jodoemo 390 ™M9doL 2459mygbgds
296306Md900s B0 8g4s®0 bmMTsBH0o d5DOL sOBYOdMBOM. 58 Fg0MEIOOL b3w0s
35050 IOHMT5E93500™Mds, 330609 M3GMOG0IEMds @S BLOAZ306M]. 35651369 BIBL gocgdmls
930 My0MH0 3mbodmmobaolsmgol 49060869ds domEwmaom®o IgmmEgdol bvyew wa3G™
dBsMO 259mygbgds. gl godm{3g0s MMAMOE 93MEMAO0MHO 3OHMdEYFgdol BOHOm,
51939 00MEMAO0OHO MDOIGIEHJOOL MoMEIBMBOL 83390000 F5EHd0m.

239M93ml  dmboGm®mobyol domermaom®mo dgomgdo Lsdwsegdsl 0dgrglzs bdod
09000b39390d0 Rd®  LHOgs®  2960LsHBOIOML  56Mgdml  ©sd0BINMgds, 30Mg gu
d9L5d 53905 J0doHO FJ0MPIOOM. 49MGIML JMEEBHMMEWOL dOMEMAOMOHO TJNMPOYI0S
00Mm0b035305 s BOMEHIBEH0MY0S. dB0MOBO3Is300LS WS BOMEHIBEGH0MGOOL I30MSEJLMDS
130H03m-J080196 I9oMm©JOMb 9M9000 25dmMmobsEgds 990 gydo:
o o 39993050 ©9580JLOMMD  55d0sBOLIMZOL S FoMgBMLIMZOL s 0¥y 0d

A™Jbo39M0 603W0gMHGOOL SOLYIMDS.
o L53oegdsls  0deg3s  293MBEHOMWIL  LobMgHBoMGdIMo  sbowo  FsLaergdols

B90gd9909d5 50580569 s otgdmby.
o 0970wosm 095300905  IMobobmb  as6Mgdmdo  BHmJLogsbGgdol  dgoby

B90md9909d5Dg, Moobs3  ooBbosm  Towowro  AYMAMB0IOMDS @S MBOL

539006930l GgLodEgdEOMds.
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Bioindication and biotesting in the scope of environment protection.

dm3mg obGMOHoEo 3603980 doMmobE035300Ls s doMEgLGHOMIdOL Tglsbgd

00m0bozsgool,  GmamMs  dggbogdmeo 3005 gdol GmGIoMmgds
8090065Mm9Md©5 doME Moo 39360960900 45630M56M9d0L 5G9y M. S6EH03MM0
bsbol d93boghms, BoWMbmBMLlms s 93OMbMmIms dOMIgdds F9dmagzobsbs  3bmdgdo
939bsMgMo  LOFIMOL  3MOJBHOIMWO  29FMYgbgdol  MoMdIBY.  39BH™MbOL  (»ROMLOL)
96m0dgddo (234 — 149 B.{.5.) 9OLGdMBL Bsbsfgmo 0dol momdsBy, Mmd dofjols dmbgbsdg
dosboll oo Lobdotg dowMomMgdL 00 sPOEGODY, LEsE Fg0dEgds Fmbrmbbso®o
390 GHOHIO0L Imygzsbs.

OMIsgeo 9o s 9gMmbmdo 0. 3oermdgws I Lo3zmbgdo b.§.5. s0figdl, G™AI
939bsM9ms BMMEgdoLy s dMIFongdo boymaol dobgwozom dgodwgds Homdmoagbs
30Jmbomom  boosol M30L9090bg o 303MEIm MMIgwo J;39656M9Mo 3 EHMJIO
2950DMmgd056 Fsbby 39MA0. MOMIsgero 0bgobgMo 3o0BHOM30mlbo I Lom3zmbgdo B.§.o.
5060365309, M™A {yerol sMLYdIMIL gsdofol Lo®moLgmer IMggddo dosbodbgds 53
5Q309ddo &9gbols dmyzsemeno d39bstgqdol Lo Fomdy.

39602000l 530l 65OMITo “aqmMa03900” (36 —29 B.f.5.) 490mmddMo ol
dmbyBEMYGOs 0dol  Jglobgd, ™I  Jwmzsbo Ggwogno  Lsmzgmgbms  bgmolboerols
dmboyg3965, bmerm 93006090000 OO  5YOEGddo 30 MRO®  JoBI6AghHmbowro
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MX609090Dg. gl goblogMmMgdom  F9dsdnmmMgdgos  39603bEoL  bsbMbsfiows390mab
90050090590, G196 ol dMsz5wo [geos BsOMME Fodmoygbgds d90E0bsdo. 933l oM
ofi393L, O™ LSFOOMS T5BHJOOMO 330093900l BoBogds. sOLsb0dBsg0s 9.f). TMEOL-
dogmmeo  BoEs30900, MO odoomo®s3  990degds  ogoLobgmom  LsmAsMo
8md09gd900  L3sMLYMOL  YmM9gdo, MHMPYLSE XIMOLISEIOL  49BBPIM  sMEMY0.,
OMIgoE 9O o3LEIOMPS  3BMOOEO  9350JOJOOL  LObEOMIMEM0sdo [6, 9, 10].
X 9M0L3O3J00L Bd0MEMYOME Jumz0wgddo sMAMBRbES FYz00l, bsHA0MBSOL, JMdswEol
@5 3MmxOsdol  bsbmbsfos3zgdo.  93GHMOM9d0lL  sHBOOm, U 0ym  BsbMm3smHMEMY0y,
396306Md90o  656Mmbsfowszgdol Bgdmddggdom MmMsboBdby. bomwm mz0mmb 53
Bobmbofogrszgdols Fo®dmImds  Fglodargdgeros  4mGBowoym  3MEGMITME0  05MOMOU,
Bo300mdoL  F50MHOOl 983900930l 96 29O MYdgo MMIBol F9di33gcro dmAdOL
5890J9d0L F9©YHO.

B56mbofogrs3gdol  @symm3zgds s  FoaMoMgds  qoM9gdmdo  Jgodwgds  Imbgl
B9530609)0, aMMbGHOL s BIEObIMY (iyrgdol Bodwmomgdom. Fomo 2530 EI9dS
390d9ds 8mbgl 35960, BosogoL 96 LEAMYH39wM 65OHBY6IBOL LETSEgdOm. STM0YS©,
3M6GSJBHOL  9¢ds0Mds 63bMbsfoers3zgols s gmEbo MmMABoBIGOL FmMol by3dsm
3o050s.  BbMbsfowrszgdols dmbggds mGmYSBoHIJo  Fgbodergdgeros  0b3sersizom®o,
3960MM5OHo b GHMBLEYMTomMo  aBom.  5sF0sbol  MmEYBoBIdo  Tgwfig3zoL
399960Bdol  Jobgz000 0bObO  2oBFOWGd0sD Toldo Lbgzoolbgzsg35Mo. 9855050,
B56mbsfogrs3gdols Boga®msool 3MmEgbo 5sdosbol MmMAsb0DTdo Lomsbsm® 6 SMHOL
dgbPogwoo.  sbg3g  9JBHOMMS©  8080bsMIMBL  BsBbMbsfos3zgdol  domemaomE
X980 Fgafigzob 97sbo®dgdol 33ewg3s.

m3965U36900  Fagdol  gobdogermdsdo  sygboe 0gbs, ®MI Bobmbsfoszms
30mGJLEHOMGIOLIMZ0L FglodergdgEros 35dmYgbgdeo 0gml 30EOMdOMBEHd0. 505505
gbmdoos, MM  Bsbmbofoszgdol 8993390 ©@oL3gMLbomo  LobGgdgdol
A™MJLo3MOHMIOL boGolbo ©IM3I0YIMNW0s, OMAMOE bofows3zgdol bmdsby, s19g3g oo
JoBome  dmbgdsHg. Bobmbsfomszms  HmJlogMeo  M30L9dgdoL  ITMIOWYIYGdS
Bsbmbofogrozms 3mb3gbG®s300Bg MA@ 93390000 35d0bss  odmbodeo, MHMEILSS
950 BMds 560l 5 — 10 6.

Bobm@EHmdbozmemyosdo, dmeg3mwmo blbsMgdol GHmdlbozmemyool dgmmogdols
300306  350IMEBSL  Fgdros  qodmofjzoml  33¢0g30L  F99agdoL  odabobxgds.
Bobm@GHmdbozmemyon® 33¢09390d0 59mygbgdmeo Mbs ogmlb  GHILE-MmOYIB0BIGdOL
O™ 69  Lbbgoolbgs  LobEgdoGozmemo  xango0sb. 9955850 99m3wgbowos

279



Bioindication and biotesting in the scope of environment protection.

B56mbsfogrszgdols 493039 gdol  39dsboBdgdo  sGHIMLGBIOHME  359Md0, {gowdo o
B0sogdo, Bogod 5MSLOMIBIME  9MOL  FglHogwowo bsbmbsfows3gdol gowo@sbol
3949603930 Ubgs ULobom - GGMsxgo3zmwo Jugewgdol Lsdwowgdoom. 3  3MMmEgLoL
d9LPog0LOL 99930 gd05 BIBMBIFoEs39d0L 5398ws300Ls s Fgdymdo JoaMogools
3MmEgbob 33930 803OMMmMAB60BIYdT0, I;39bs699dd0, (3bm3zgEgddo s,  9dgsb
3900306569, 5005305601 MmMYsboBIdo.

Bma0gmmo 393609008  sSBOOm,  bsbMmbofoszgdols  sbgmo  GHEIBLEIMIs3E0s
d9L5degdg0s s oL FgMdwos  godmof3oml  gocgdml  sd0bIMMgds s 9gdabols
39033910 LBog®mbg  50d0sbgdolomgols  [11,12]. 58  3M@dgdol  FgLobfogero
3990myg9gbgdmo oym  GHo@sbol omdbool  bsbmbsofos3zgdo, MMIWIdoE FIOMME
399009gbgds LM9ds390d0, LsIFMMBWM 360935653 9dT0, 3MLIYEH03MO LTS gdgddo
50. 560  Bmdob  GHoGHbol  omdbool  Bsbmbsfoerszgdo  Fowgdmwo  oym
909JGHOMxgmdgd0m. 98 bsbmbsfos3zgool  53mBMEomgdol  3Omaglol  dglfogas
50 M0)O Jumgowdo begdms dob-39dEHO™MAYGHMOL 99839MdOM. A5TMIZLIILO 0YM
LoLEB9dgd0: “JurmMgms — Bsbmbsffoszms oL3gMLoMwo LobEYds” ©s “sxbogdo —
Bobmbsfoszms  oldgdlomwo  LobGHgds”.  GHguG-MmEb0BIgds Chlorella vulgaris
Beijer-ols o Daphnia magna Straus-ols 50B935 go6300HMdgdmwo ogm odom, Hmd obobo
BOOOMEO  35dM0Yygbgds  93mEGHMJLO3M@MP0NH 3310939000 @O BIODMWMEO  96M05D
00mGHJLEH0MJOOL LEIBIOEHMW 3O:MYG5T9dT0.

50dmPRbs, OHMI MmMH03g LobGHYIsdo 0bE9bLOMEI® bEgdM®s FHoGsbol womdlools
B56mbsfogrs3gdols 5399omgds. 53oLmsbs39, d0Ms3MINWS300L botolbo sxbogdol
399mygbgdols dgdmbggzsdo ©599bsdg 30Mgs, 3000 JLMEOGEOL  godmygbgdolsl.
©50bs,  OMI  BHoEBol  omJulool  Bsbmbsfloszgdo  Lozdsm@  LHMogs©
53M0M0M©Y00sD,  OmameE  §yoed3gbodmggddo,  slg3g ©obogddo. Mo
39bg@HmbmMo  mMHQsb0bdgd0  [omBmoygbgb FMewgme 8905353006909  Hamls
339000 ©5 969629303 x53300, MHMIOlL  306MH39wso  IMIHBTsMGO GO0 HM06
09500396569900, bmem IgmEsbo Fgodegds 0943696 m93Bgdo. 833w 935GmMS doge
300900 990093990 30momgdl 035Bg, MM dglodergdgwros dmbgll bsbmbsfowszms
G®9bLEM3s30s 339000 JugaEgdol Lodwmoegdom LodMgfggerm IgmggzHgmdol Bmbsdo,
boeom 599056 59d0560L mGmysboBddo [11].

505505 456M9dmL 3mboGMM0bAT0 BIOMMPSS A93MEIGOME0 B0DOZM-Jodoemo
3900900, ®MIgoE LYFOSEGOIL 0dEg3s ABOLIBAIOML FEHMJL03s6GHJdOL B3, Joa®sd
om0 359mygbgds  MLOBOMbMYOOL  3M0GHYMH0MTd© 9O  MBOMBIgYMBL Qo6 gdmdo
SMLgOdMEo  BoMMEMRSB0DIGIOL  MLIFODBMGISL.  SGHIMLRIOML  ©FSd00bIOGOEGdO
9o  [omImoygbgb  Lbgosolibgs bogmogMgdsms BoBsgl o 9835605, GMJ
3939790 3m33mbgbGHadol 3mbEgb@moios, MMIgwog 653wgdos B3-BY, 96 0dwg3s
MBoROMbMIOOL 2oMbEH0L. 535LmMsbs39 60309 gdsmMs BI-0b IEI6s 0PMbM3L o
©6bIOIXGOL. 53960390 9JL3gMEHIOOL dMbs(39d90000 0l T9oIBL ssbMmgdom 1 deb.
©OEOOL. Mo 393609609008 SHBOOm, LoFoMmMm Msbbs Msdgbsdg b53egd0s, Toacmsd
3900m0ob 353my9gbgds 95063 3609369356 bt gdmb s®ol ©s353306M9dM 0.

932LobLG9dsdo Imbzg®owds Jodo®mds bogzmogMqdgdds 990dwrgds 0dmJdgmb of
SOLYOME g4z9ws 3MEbI MmOYBOBIYBY, o3 FgodErgds godmofzoml dg@o ddody
0900039%0. 9939 FgLoAEGOYE0s BOMEHMBLRMOTs300L 3MM3gbdo sboswo  Gmdlozmemo
Jubmdom@Hozgdol  [omdmddbs.  3bsos,  9MEowgdgos  89ogddbsls  dgibogtrmers
533136900 300GHJOH0Igd0, OHMIGO0E  2obLIBWIM396  5@T0sbols s Lbgs
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gO@Ebowo  mOMas60Hd900L  MLIROEPbMGdL  93mboLGYIsdo. 98  dbMog  FgEo©
396L39dGH0ME0s  93mLOLEHYIYEOL dEYMTsMJMdOL  Tgbfogs FMEbso  MmMA60BTGdOL
Lodmogdom.

©3-0b 36033690930 P BOE0s FBMEME 5sd05BOLIMZOL o, (BSOS, Ol
56 390dgds 293039l Ubgs 3mEbow mMsb0bdgdbg. 930mboLEYIgddo Fgodargds
5MLgdMdIL MRO™ dgdbmdosdg MmOY60BIGd0, MHMIGdo3 O MM SLEOWW9dIb
930LobGHYIGOoL  HMBILHMOMIOLsMZ0L.  doMmIMBoEGMMObao  Lodogdsls  0deg3s
dm303m3m®  0bxm®Togos  9Mgdml  (33¢0gdgdol  dggav  Homdmdmdowo
d0MEMP0)MH0 J99J00L Fqlobgd. A56M9dmb dymdomgmdol dgzolgdoliol Lalivymzgwros
%30D03M-J03099MH0 S BOMEMYOMO FJOMOIOOL JOMOWOZSQ 3odmygbgds.

000M3MboBHMOm0baol  3gOL3gdBHowmds  2ob30MHMdYOMW0s  s3GMgm3g  doLo
10O EH03005 S LOOSROM. Y M0Y 90mH39390d0 0l FoMTIMoYIbL 9Ju3MYL-TgonmU.
GOOOE0ME® XIO BHOMEI0S 4oM9gdml d0Mm0b035309, MMIGE0E LBodMswgdsly 0dwrggs
UHOsgs  0dbsl  50dmbgboeo  g4z9wsHg ed0bIMMdmwo  “Gbgwo” dbgdo, bemeom
d9dpamdo  33e0930LsL  BoHBogMm-JodomEmo  IgOMmYd0m  bgds  BHMJLolsbEgdol
0©96G0B0E0MYdS s F50 3969001 IADs.
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Merton BHYTpPeHHETO TpeHUA ABJIAETCA ONHUM W3 HauOoOJiee TOHKUX U YyBCTBUTEIBHBIX
WHCTPYMEHTOB UCCJIeJIOBaHUA JedeKTOB KPUCTAINIeCKONH CTPYKTYPHL.
Kosdduiuenr BHyTpeHHero TpeHus (' — BequuuHa oOpaTHas MeXaHWYIeCKOH

IOGPOTHOCTH — ABJIAETCI MEPOH pacCesHHSI MeXaHNYeCKOH SHepPTUH KOJIeOIIONeTocs TeJa:
1 AW 6 1 Av

0= =—= Q)

2 W 7« 3V,
rge AW — oHeprus, paccesHHas 3a mepuos, W — SHeprus ymnpyrux KoueGaHuil, 0 —
JIOI‘aPI/I(l)MI/I‘-IeCKI/Iﬁ AE€KPEMEHT 3dTYyXdHH, Av - IIOJTyIINPpHHA PE30HAHCHOTI'O IIMKA, V0 -

pe3oHaHCHasA yacrora obpasua. Kak Bumuo u3 (1), BHyTpeHHee TpeHMe MOXXHO OIpeJesATh WIN
II0 3aTyXaHHIO CBOOOAHBIX KojeOaHui 00pasia, WM 110 IOJyIINPUHE er0 Pe30HAHCHOTO ITHKA.
OpHako Takue H3MEpeHMS «II0 TOYKaM» CBS3aHBI C OOJBIIMMHU 3aTpaTaMU BpeMeHU U He
IIO3BOJIAIOT (PMKCHUPOBATH OBICTPOIIPOTEKAIONYE IIPOLIECCHI.

M5!I ucronp30Basv ONMUCAHHBINA B sureparype [1,2] cmoco6 m3MepeHus BHYTpPeHHETO
TPeHMH, KOTOPBIHl JIMIIeH STUX HeJOCTaTKOB U IIO3BOJAET IIPOBOAUTH W3MepeHUs B
HeNIPpEePhIBHOM peXXMMe IIPY IIOCTOSHHON aMIUINTyZAe KoiebaHuit obpasuma. OH OCHOBaH Ha
ypaBHeHHUH KojaebaHNI MeXaHIH4YeCKOTro BUOpaTopa B pe30HaHCe:

Q'=F/Ama;, (2)
rme A — aMIUIMTyZa KosnebaHuii, F' — aMIUIHTyZa BO3OYXJaloleil CHJIBL, M — Macca, a @, —
pe30HaHCHasA JacTOTa BUOparopa.

PazpaboTaHHBIII HAaMHM aKyCTUYeCKUH CIEKTPOMETP IIpefHA3HAYeH IS W3MepeHUS
BHYTpeHHero TpeHus Q' U MoAyas ympyroctd E pasiuyHBIX MaTepUajioB B ITHPOKOM
MHTepBajle TeMIIEPaTyp B KWJIOT€PIIOBOM JAManasoHe JacToT. OTINYUTEeNbHOH OCOOEHHOCTHIO
mpubopa ABIAETCS BOIMOXKHOCTh aBTOMATHYECKOH HempephBHOH 3amucu Q' u E B yCIOBHAX

CTaOMIM3AINY aMILIUTYABI KoeGaHuii 00pa3iia Ha 3aJaHHOM yPOBHE.
Ob6pasen. Bo3byxjeHue u feTeKTUpOBaHMe KOIeOaHUIH

B nmpubope ucmonb3yercs MeToz BUGPUPYIOIIETrO S3bIYKA.

OpHolt M3 BaXKHEHIINX 33/1aY TEXHUKH aKyCTUYECKUX U3MEPEHUH SIBJIIeTCSA IOBHIIIeHNE
MeXaHU4YeCKOH AOOPOTHOCTH KosebaTenbHOM cucreMbl. OCHOBHBIM KaHAJIOM IIOTEPh SHEPIUU
MeXaHUYeCKUX KOJIe0aHUI fABJIAIOTCA IIOTEPH HA BHEIIHee TpeHHWe MeXIy OoOpasioM U ero
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Acoustic spectrometer.

32KMMOM, KOTOphIe MOTYyT mocturath Q' =107, 4TO OorpaHWYMBAeT YYBCTBUTEIHHOCTH METOJIA
U HeIIpueMJIeMO JJIg 3afiay, TpeOyIomux O6oJiee HU3KOTO YPOBHA AMCCUIIAIVY.

Yro6sl YMEHBUIMTH aNnmapaTypHbI (GOH [JUCCHUIALUKM X 3aBUCHMOCTH IIapaMeTpPOB
KoJleGaHUIl pe30HaTOpa OT CBOMCTB Jep>KaTesisd, MBI HCIIOIb3yeM B KaueCTBe 0Opasla-BuGpaTopa
1300peTeHHBIH HaMH [3] TpeXA3bIYKOBBIN KaMepTOH (PHUCYHOK 1), KOTOPBIi IIpe/ICTaBIgeT Co00i
IIJIOCKOTIApaJUIeIbHYIO IUIACTUHKY C TPeMs A3BIYKaMM OJUHAKOBOM JJIUHBI; IIPU STOM CpeJHMUIA
A3BIYOK BJ[BO€ IIMPe KpalHUX.

ce=

Pucynox 1. Tpexa3pr9KoBbIif KAMEPTOH.

ITpu BO3GYXAeHUM W3TUOHBIX KOJEOAaHWM JI0O0TO U3 S3BIYKOB, OCTAJIbHBIE TOXE
IIPUXOJAT B KojebaTeIpHOE NBIDKEHUE, IpUYeM KpaiHue A3bIYKH KOJIeOIoTcs cuH}asHo ApyT
C ApyroM u B IpoTuBodaze CO CpeJHUM SA3BIYKOM B HANpaBIeHUU IePIeHIUKYIIPHOM
IJIOCKOCTH TIIACTUHKHM. KaXAplif s3BIYOK IIpeZicTaBiseT co0OH  BUOpaTop Ha M3THMOHBIX
KoJie6aHUIX C COOCTBEHHOM YaCTOTO IIePBOil TAPMOHUKHU:

vo=0162 |E 3)
0 lz p

rie h — rommuHa, [ — AjMHA, P — IUIOTHOCTH, a £ — Mozmyns OHTra a3pruka.

ME&1 ucnonb30Baay KaMepPTOHBI CO CPeJHMMHU fA3bIYKaMU IIMPUHOHN b =4 MM, TOIIMHON
h=05-2wmm u gmuHoit [=10-30 mMm. IIpu sTux pasmepax dYacToTa IIepBOM TapMOHUKHU
HU3MepeHHBIX HaMU MaTepUuaoB JeXXUT B uHrepBane 0.5 -5 xI'm.

Kamepron 3akpemnifeTcs KOHCOJIBHO 32 OCHOBAHME MEXZY ABYMS 3XKUMHBIMH OJIOKaMH,
IIpudyeM SMIUPUYECKU YCTAHOBIEHO, YTO JUHUS 3aKMMa JOJDKHA OBITH yZaleHa OT OCHOBAHUS
A3BIYKOB HA PAcCTOSHUE y , He MeHblIee, YeM yABOEHHAsd WIMPUHA b CcpemHero fA3bIYKa (Ha

pucynke 1 y >2b ). IlockompKy amMIumMTysa KosneGaHHIT OCHOBAaHHMA KaMepTOHA IPaKTHYECKU
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PaBHA HYJIIO, TO U IIOTEPH HA TPeHME B 3XKMMaX MUHUMAJIBHBI U JOOPOTHOCTh KOJIeOaTeIbHOMI
CHCTEMBI OIIpe le/IfeTCs CBOMCTBAMU CaMOT0 0OpasIia.

IIpu xpemnneHumum KaMmepToHa medopManus, OOyCIOBIEHHAas 3aXMMHBIMH OJIOKaMH,
JIOKaJIN30BaHa B OCHOBAaHWHM KaMepTOHA, BCIEeACTBHME 3TOTO, OAUH H TOT >Xe oOpasel] MOXHO
3WKHUMATh CKOJIBKO YTOZHO pa3 0Oe3 pHUCKA IIOBPeIUTh €ro; IIPU 3TOM BOCIPOM3BOZUMO
obecreunBaeTCs MUHUMATIBHBIA yPOBEeHb (POHOBOTO 3aTyXaHUS.

Ha paccrosuuu d =0.1MM OT MOBEPXHOCTH CpeJHETO A3bIYKa KaMepTOHA PacIloyIaraeTcs
IIJIOCKUH 3JIEKTPOJ, CIY>KAIIWH A1 BO3OYKIeHUS U PETUCTPALUH KOJIeOaHUI.

Bos30yxzeHue KojeOaHUII IPOMCXOZUT IIyTeM IIOJAYH HA 3JIEKTPOZ, IIOCTOSHHOTO
MIOJIAPU3YIOero HaNpsmKeHUud V M CHHYCOMZAIBHOTO BO30OYXXZAIONIero HaIpsKeHUs V,sinar .

AMITHTYyZa 371€KTPOCTaTUYECKOH CHIIBI, AeHCTBYIONIEH C YaCTOTOH (W CO CTOPOHBI DJIEKTPOJA
Ha obpaser],

F=¢gSV\V/d*, (4)
rge S — IUIOWAAb DIIEKTPOAA, d — 3a30p MeXIy 3JIeKTpoioM u obpasuom. U3 (2) u (4) cremyer
CBS3b MeXZy HallpsDKeHUeM Ha 3JIEKTPOJie U BHYTPeHHUM TPeHueM oOpasIia:

Q' =(eSVIma’d’A),. 5)

Takum o0pas3oMm, eciu aMIUIMTYZy KojebaHWi o6pasua INOAAep)XHBAaTh ITOCTOSHHOM,
BHyTpeHHee TpeHUe OyIeT OIpe/ieIAThCA TOIBKO aMIUIUTY 0N BO30Y KJAIOIIero HAI P KeHUA:

Q" =kV,. (6)
KoHcranTa k BBIYHCIAETCA SKCIIEPUMEHTATIBHO IIyTEM OIpeieleHUs aOCONIOTHOTO 3HAaYeHUS
BHYTPEHHETO TPeHHU II0 JIoTapuPMUIeCKOMY JeKpeMeHTY 3aTyxaHus (cormacHo (1)).

Perucrpanusa kose6aHuii 06paslia OCyIIeCTBIAETCA €MKOCTHBIM JAaTYMKOM C YaCTOTHOM
MOZyIAIueil (3TOT CIIOCO0 AeTeKTHPOBAHMUA 001alaeT MHOTUMH IIPEUMYIIEeCTBAMU U, B IIEPBYIO
ouepenib, BBICOKOH YyBCTBUTEIBHOCTBHIO). 3a3eMJIeHHAsA I'paHb 0o0pa3lia U 3JIeKTPOZ, 0OpasyioT
IUIOCKM# KOHAeHCcaTop eMKOCTbIo C = £,S/d , KOTOpBI#i BMeCTe C MHAYKTUBHOCTBIO L BKJIIOYEH
B KoJyle0aTeIbHBIH KOHTYP BBICOKOYACTOTHOTO reHepaTopa-AaTduKa, paboTaioumero Ha 4acToTe
f =50MI'n. ITpu xomebanmax obpasua cC aMIUIUTYAONH A << d , 3a30p MeXAY 3JIEKTPOJOM H
o6pasuom usMeHsercs Ha Ad = A, emkocTs C CUCTeMbI 00pasel—31eKTpog, usMeHsercs Ha AC
1, COOTBETCTBEHHO, HeCylllad 4acTOTa reHepaTopa-jarduka f =1/ 27\ LC wnsmensercs ma Af .
Takum 06pa3oM IPOMCXOLUT YACTOTHASA MOZY/IAIUA BBICOKOYACTOTHOTO CHTHAJIA C JeBHAIIMeH
yacToThl Af , oIpenenieMOi aMIIUTYZOil KosnebaHuii s3piuka (CBA3p Mexzpy Af u A
yCTaHaBJIUBAETCS U3 KAINOPOBOYHBIX H3MEPEHHUIT).

Cucrema 00pa3sen—3/eKTpOJ, HAXOAUTCA BHYTPH KaMephl, Jaiolieii BO3MOXKHOCTb
mpousBomuTh u3MepeHus B Bakyyme (10~ Topp) mim B wmHepTHO# cpezme. KoucTpykius
BaKyyMHOH KaMepsI II03BOJIIET IIPOBOAUTH U3MepeHNUs B AuanasoHe temmeparyp ot 4.2 o 400 K
(B mpuHIUITe, KOHCTPYKIIUIO KaMepHI U JepKaTeslsd oOpasiia MOXKHO BHAOU3MEHUTD TaK, YTOOBI
MOXXHO OBLIO IIPOBOAUTH U3MEPEHUS U IIpU O0jiee BBICOKUX TeMIIEPATypax).

Biox-cxema npu6opa

DyHKOHOHATIBHAA CXeMa ST€KTPOHHOH YaCTH aKyCTUYeCKOTO CIIEKTPOMeTpa IIpUBefeHa
Ha pHUCyHKe 2. Bca 91eKTpOHHAsA 4acTh IpHOOpa KOHTPOJIUPYETCA KOMIIBIOTEPOM Yepe3 MOIYIb
ynpasieHus u c6opa zauusix (Data Acquisition PCI-6221 ¢pupmsr National Instruments).
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Pucynoxk 2. Cxema 371eKTpOHHOM JacTH mpubdopa.

YacTOTHO-MOZYIMPOBAaHHbIN CUTHaI OT reHeparopa-zardyuka (FM Generator) mo
KOaKCHAJIbHOMY Kalbelo IofaeTcsi Ha BXOJ NPUEMHHKA C YAaCTOTHBIM AemogyiaaropoMm (FM
Signal Demodulator). Ha ero BsIXOZe muMeeM cHUrHaj# C 4YacTOTOM, PpaBHOM dacToTe V,

COOCTBEHHBIX KOJeOaHMI oOpasia, M HampskeHHeM U , IIPONOPIIMOHAIBHBIM aMILIUTYZE ero
konebanuii. Ilocme ycwiurens 1 oTOT CUrHajA IOJAeTcsAs HA BXOZ, IIOJOCOBOTO (puiIbTpa C
monocoyt mpomyckauusa 0.2-10xI'm wa ypoBHe -3 16, IlonocoBoit ¢unsTp cobGpaH Ha
OIepallMOHHBIX YCIJIMTENIX II0 cxemaM GuibTpoB bartrepBopra 5-ro mopsazaka. Ilocie
IIPOXOX/IeHU (PMIBTPOB CHUTHAI IIOCTYNaeT B KaHAJM BO30YXKAeHMSI KOJIeOaHWH KOTOPBIH
BKaodaeT: ¢asospamarensd (Phase I u Phase II), ycuauTens mo HampsXeHUIO 2, KOMMYTAaTop
Sw1, dopmupoBaTeas NPAMOYTOIBHBIX UMITYIBCOB 3, MUKOBHIN geTekTop D1 u perymupyemsrit
ycunurens 4. Cursan ¢ ycunauresns 4 MOCTymaeT Ha BXOJ, BBICOKOBOIBTHOTO ycuaurens HV Amp,
C BBIXOZIAa KOTOPOTO BO30y’KJalollee HAIpsDKeHHe, depe3 KOMMYyTaTop Sw2 (ympaBisrouruit
curian HV Exciting On / Off) u pasBassBatomuit LC ¢unasrp, nojaercs Ha snexrpos. Ha
9JIEKTPOZ, TaK >Xe II0faeTcs IOoJApusylollee HampsbkeHwe V ¢ Bias, BermumHa KOTOPOTO
(100 - 600 B) peryrupyetcs ynpasaaoomuM curHanoM Bias Control. Berwmuuny Bo30ysxgaromero
curHasa Ha BbIxofle ycmmurens HV Amp moxuo umsmenars or 0 mo 300 B. B pexume
aBTOKOJIeOAHUI uepe3 3TH Y3JIbI 3aMBIKAeTCA IIeIb ITOJ0XUTEeIbHOM 00paTHOM CBA3H, B KOTOPOIt
O e PXKUBAIOTCA IpU A = const He3aTyXaloll[ue pe30HaHCHBIe KoJebaHusa o6pasIa.
Crabuiauzanys aMIUIUTYZABI KoseOaHuil oOpasija Ha 3aZlaHHOM YPOBHE OCYIIEeCTBIIAETCS
crepyomuM obpasoMm. Korza BHyTpeHHee TpeHuMe oOpa3lia IO TOM MJIM HMHOW IpUYHHE
M3MeHAeTCsA, MeXaHW4decKas JOOPOTHOCTh KOjeOaTebHON CHUCTeMBI yObIBaeT / BO3pacTaeT, uTo
BBI3BIBAET yMeHbIIeHMe / yBeJIHMYeHHe aMIUIUTYABl KoyjeOaHMH o0paslla M HaIpsKeHWe,
IIOCTyIalolllee C YCHJIWTeNAs 2 Ha IUKOBBIM gerekrop D1, m3MmeHsIeTCS; NMUKOBBIH IETEKTOP
BBIZIAeT COOTBETCTBYIOIIMI CHTHaJ pa3bajaHca, KOTOPBHIM IIOCTYNIaeT Ha YIIpaBJIAeMbIi
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ycunutens 4 u Bo30OyXJaiollee HANpsKeHWe KOPPEKTHPYeTCS TaKuM 00pa3oM, YTOOBI
aMILIUTYa Kose6aHuit 00pasiia BepHyJIach K 3alaHHOMY YPOBHIO.

Kak 6b110 yKa3aHO BbIlIe, MepOil BHYTPEHHErOo TPEHHUSA B STOM CJydae BBIHYKJEHHBIX
PE30HAHCHBIX KOJIEOAHUI CIIy>KUT aMIUIMTYZAa BO30OYXKZAIOLIEro HaIpshKeHUs V,, KOTopas H

buxcupyercs B Mozyse cOopa ZaHHBIX KOMIIbIoTepa. KpoMe TOTrO, HEeIpephIBHO M3MepsAeTCS U
IIOCTyIIaeT B MOAYJIh cOOpa ZAaHHBIX Pe30HAHCHASA YACTOTAa 0Opaslia, M3 KOTOPOH BBIYUCIIAETCS
MOZYJIb YIIPYTOCTH.

TakuMm o00pa3oM, IAHHBIH aKyCTUYECKUIH CIIEKTpOMeTp obeclieYuBaeT H3MepeHue
BHYTPeHHero TpeHUS U MOJyJIS YIOPYTOCTH B HEIPepPHIBHOM peXHUMe, YTO 3HAUYUTeIBHO
yBeJINYMBAeT Pa3pellalollyio CIIOCOOHOCTD JI000T0 SKCIIepHMeHTa. B pexxume aBrokoseGaHMit
BO30y>XJeHHe KojeOaHMH o0paslia M MX MaKCHMaJTbHAs aMIUIUTYJA AOCTUTAETCS TOJBKO IIPH
OllpeZie/IeHHOM 3HadeHHMW (pa3bl IPUKIALBIBAEMOrO BO30YKJAIOIIEr0 CUTHAMA. PeryirmpoBka
dassr ocymectsiasgercsa B Phase I u Phase I1. [l mosHOro mepekpsITHA Auana3oHa PeryJInpOBKU
daz (0-180°) xpome rpyboro u TOHKOTO W3MeHeHUA (Pa3bl MCIONB3yeTCA TakKxke U
¢asounseprop B Phase I. B xauecTBe perynupyromero sseMeHTa U3MeHeHUI (as3bl IPUMeHEeHBI
yIpaBjfeMble KOMIIBIOTEPOM 3JIEKTPOHHBIe compoTuBieHHs B coctaBe RC memeit, s3azaromux
BeJIMYUHY CIBUTA (asBbl.

[TocKONBKy TPHM BBICOKMX ypOBHAX BHyTpeHHero Tpenus ( Q' =0.1 ) mexpemeHT
3aTyXaHHA OIIpefiesifeTcd CO 3HAYUTENbHOI IIOTPEeNIHOCTBIO, HM3MepeHHs B 3TOM Ciydae
HeOoOXOZUMO IIPOBOZUTH IIO IIMPUHE pe30HAaHCHON KpuBoi. IlosTomy, kpome pexuma
aBTOKOJIeOaHUM, B NpHOOpe IpelyCMOTPEH PEeXHM BHEIIHETO BO30YXIEeHUS, IIPU KOTOPOM
obpasel; IIO/iBepraeTCcs BBIHYXKJEHHBIM KOJI€OAaHHAM C YaCTOTOH, IIPOTPAaMMHO 3a[aBaeMOi
3ByKOBOIl KapTO#l MCIIOJNIB3yeMOT0 KOMIIBIOTepa; IIPU CKAaHMPOBAHMU YACTOTHI OIpefesseTcs
MOJTyIIMpYHA Pe30HAHCHOW KpuBOH, us koropoit mo (1) Beruuciserca Q' . Beibop pexuma

BO30YX/IeHHA OCyIecTBIgeTcs KoMMmyTaTopoM Swl (ympasaatomuii curaan Exciting Mode).

ITporpamMmHOe oGecrneueHre aKyCTHYeCKOTO CIIEKTPOMETpa BKIOUaeT B cebOsa maker NI
DAQmx v.8.7.1, mocraBmsemsiii National Instruments Bmecte c wmozmynem PCI-6221 u
CO3J@aHHYIO A1 ZaHHoro npubopa nporpammy “Int_Fric3.10”.

ITporpamma “Int_Fric” namucana B Visual C++ 6.0 ¢ ucnons3oBanuem 6ubianorexk MFC,
Dagmx, fmod u paboraer B omepaunuonusix cucremax Windows XP, 7. IIporpamma mo3Bossger
YIIPaBJIAThH ITapaMeTPaMHU 3JIEKTPOHHOM YaCTHU CIEKTPOMETpa, IPUHUMATh U COXPAHATH JAHHEIE
Ha AuCKe B Buze ¢ailioB, rpadpuiecky OTOOPaXKaTh IPOLeCC U3MEPEeHHI U IPOBOAUTD IIUPOKUH
CIEKTP OSKCIEPUMEHTOB Ha AaKyCTHYeCKOM CIEKTpOMeTpe B PyYHOM U aBTOMAaTHYEeCKOM
peXUuMax.

3axoyenue
OTMeTI/IM OTJIMYUTE/TIbHbIE€ JOCTOMHCTBA l'IPe,ILCTaBJIeHHOI‘O aKYCTI/I"IeCKOI'O Cl'IeKTPOMeTpa.
1. Wcnonp3oBanue B  KavecTBe 0O0Opasua-BuOpaTopa  TPeXA3bIYKOBOTO  KaMEPTOHA

o o -1 -6
obecrieurBaeT MUHUMAJIBHBIN ypoBeHb GoHOBOM auccumanuu (O~ =107 ). Kpome Toro,

HCIIOJIB30BAdHHE KdME€PTOHA IIO3BOJIAET HCK/IAIOYHUTHL CdaMO€ YA3BHMMOE€ MECTO TEeXHUKH
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aKyCTHYeCKUX MeTOJOB — BO3ZEICTBHe KpeIUIeHHs oOpasla Ha ypoBeHb (HOHOBOI
OUICCUTAIIUY ¥ BOCIIPOU3BOLUMOCTD Pe3yJIbTaTOB U3MEePEeHUH.

W3mepenne BHyTpPeHHETrO TpeHHS M MOAYJIA YIPYTOCTH B HeIPEePhIBHOM peXuMe
yBeJIMYMBaeT Paspelaonyio CIIOCOOHOCTb SKCIIePUMEeHTa.

IlockonbKy BHyTpeHHee TpeHHe KPHUCTA/UIOB B OOJIBIIMHCTBE CIy4YaeB 3aBUCUT OT
aMIUIUTYABL AeopManuy, CTaOMIN3aua aMIUIUTYABI KOleOaHuil 00paslia Ha 3aJaHHOM
yposre (T.e. m3mepenue Q' Tpu GWKCHPOBaHHOH  KomebaTeabHOM medopMaIym)
II03BOJIAET M30€XXaTh HEOJHO3HAYHOCTH IIPY MHTEPIIPETAIINH Pe3yIbTaTOB SKCIIEPUMEHTA.
Vcrionb30BaHHBIN [J1s BO3OYXKAEHUS U PETrUCTPAliiy KOoJaeOaHWl dIeKTPOCTaTUIeCKHil
CII0CO0, XapaKTepu3yeTcs CIaboi CBA3BIO MEXIY MeXaHHYeCKOH M 3JIeKTPHYecKoit
CHCTeMaMH, TaK YTO yTe4YKa HHEpPruy duepe3 OSTHU CBA3M M BIMIHHUE IIapaMeTPOB
DJIEKTPUYECKON ILelM Ha pe3yJIbTaThl H3MEPEeHHIl BHYTPEHHEro TpPeHUS U MOZYJII
YIPYyTOCTH BecbMa He3HAYWUTEJbHBI M HMHU MOXHO IpeHeOpeub. Kpome Ttoro, MsI
IIpUMeHseM BapUaHT, KOTOPbIH 3HAYUTEIBHO YIIPOLIaeT KOHCTPYKIIUIO OJI0Ka-epKaTesIa
ob6pasua — BO30OyXXJeHWe U PpETUCTpauusa KojaeOaHWI OCYIIEeCTBISETCS OFHUM
3JIEKTPOZIOM.
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1. Introduction

Investigation of kinetics of small subsystem (particle) interacting with a quantum field
(thermostat) is an important problem of quantum field theory and condensed matter physics.
Electron in polar crystal (polaron) is widely known example of such system [1]. The relaxation
processes and behavior of particle interacting with heat bath under the influence of applied
field can be conveniently studied by means of the correlation functions and Green functions [2].

The equilibrium two-time correlation functions are the basic quantities in the Kubo
linear transport theory [3]. This theory (for example, in case of electrons, which interact with
impurities or phonon field in crystal) is free from restrictions on the scattering processes, in
contrast to the Boltzmann equation approach in which the scattering processes must be well
separated in space and in time. But at the calculation of electrical conductivity o(w) (@ is the
applied electric frequency) according to Kubo formula, i.e. the current—current correlation
function, the difficulties arise connected with the divergency of terms of o(w) expansion into a
series on the interaction of electrons with scatterers at @ — 0. Even in case of weak interaction
one must sum up an infinite series of divergent terms to obtain a correct result for conductivity
at @ — 0 [4] (because the correct order of two limits in such calculation is },,IE}) Ll% [5], where

o is coupling constant for the interaction of electrons with scatterers). There is a number of
works dealing with the polaron mobility by means of different approximations in calculation of
current—current correlation function [6]. However, these results for low temperature mobility
of polaron are different from results obtained with the help of the Boltzmann equation [6].

The above difficulties can be avoided by using an evolution equation for correlation
function instead of correlation function itself. Generalized equations for density matrix and
correlation functions of subsystem interacting with quantum boson field (thermostat) have been
obtained in [7 — 11]. The Boltzmann equation for statistical operator of subsystem follows from
the exact obtained at weak electron—phonon interaction and small external field as well as the
corresponding approximate equations for correlation functions of subsystem. In case of strong
(arbitrary) electron—photon interaction the approximate evolutional equations can be obtained
[10, 11] within the scope of the Feynman model of polaron [12].

The only approximation used in the derivation of the generalized evolutional equations
is the random phase approximation (RPA) (at the initial time moment =0 a subsystem and
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thermostat do not interact with each other or Gibbs factor in an equilibrium two-time
correlation function is approximated by product of Gibbs distributions for the subsystem and
thermostat). But it is not evident that the results will be the same under various initial
conditions.

In the given work we derive the new exact equations for the correlation functions of the
subsystem which interacts with boson field (heat bath). The random phase approximation (the
product type distribution) is not used at derivation of these equations. With the help of
equations obtained the correlation functions for electron—phonon system is considered and a
theory of the electrical conductivity within the scope of the Kubo linear transport theory is
developed. In particular, the consistent theory of polaron mobility at low temperatures is
obtained. We discuss also the influence of the initial correlations on relaxation process and
conductivity.

The paper is organized as follows.

In Section 2, we introduce the subsystem correlation functions, Green functions,
Liouville superoperator formalism, projection operator techniques and exact equations (not
using RPA) for correlation functions of the subsystem interacting with the large system in the
equilibrium state (quantum boson field). The procedure of the excluding of boson field
operators (amplitudes) is described and transition to the Markovian equations in the second
order of a perturbation theory is realized.

In Section 3, we consider electron-phonon system. The current—current (velocity—
velocity) correlation functions, which define the conductivity tensor in the Kubo linear
transport theory [3] is introduced here. On the basis of the formalism developed in Section 2 we
derive in this section the equations for velocity—velocity correlation functions of electron
weakly interacting with phonons and with weak uniform external electric field. In the case of
single-band model these equations are solvable by quadratures with the aid of approximation
which is of relaxation time approximation (RTA) type and is exact at low temperatures. The
corresponding expression for conductivity tensor applicable for arbitrary dispersion laws of
electrons and phonons and for arbitrary temperature is obtained. The relaxation process and
contribution from the initial correlations (in RPA they are absent) are discussed in this section.

In Section 4, conductivity connected with the slow traveling Frohlich polaron is
considered (the case of low temperature). The generalized Osaka result for conductivity (Drude
formula) including the correction from initial correlations is obtained. Correct low temperature
mobility of polaron follows from the result obtained. Further discussion is given in Section 5.

2. Correlation function equation approach

Consider dynamic subsystem S interacting with the boson field X . The Hamiltonian of
the whole system (S +X) is taken as

H=H,+H,+H, (1)
where H,H; and H,are the Hamiltonians of subsystem, boson field and interaction between

them respectively
H, =) ha(k)b; by, H,=Y[C,(S)b+C (ST (2)
k k
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Here hia(k) is the energy quantum of boson field characterized by quantum numbers k, b, ,b;
are Bose-operators of annihilation and creation of boson in state k,C,(S), and C;(S) are

operators attributed to the subsystem S. Boson system ¥ will be considered as thermostat.
The two-time equilibrium correlation function F(#) and Green functions

G' (1), G“(t), G°(t) (retarded, advanced, casual) for subsystem operators A, By are determined
as [2]:
F(1)=(A(0), By(0)
G (1) =00 ([As (1), Bs(0)],)
G“ (1) =-0(-1)([A; (1), By(0)],)
G'(0=—(T,(A,0). B,0))) o
Here A (1) = e%m A (0) e_éHr, < ) > defines the averaging over the equilibrium ensemble:
(.)y=Z7'Tr{e’" .}
1
k,T
f(t)=1att>0and (r)=0 atr<0,
[Ag (1), Bs(0)], = A (1) B3 (0) =B (0) A (1);
T, {A (1), Bs(0)}=06()A; () B;(0) +76(-1)B; (0) Ay (2)

n=1if A, and B are Bose-operators and 77 =—1 for Fermi-operators.

Z=Tre ", B=

The correlation function F(7) may be rewritten in the form

(Ay()B;(0))=Z 'Trg ;[ Bs (0)e P e™ A (0)] 4)
Here the Liouville superoperator L acting on the arbitrary operator D according to
LD = %[HD]_

Ht

il tlh ol

e D0)=e" De" =D(*t)
is introduced (L=Ls+L, + L) in corresponding with terms of the Hamiltonian (1). 77 ,, is
the trace over the whole system (S +X) states.

It is evident form (4) that the dynamics of correlation function can be considered with
the help of following superoperators which act on D operator as

R®)D=Z"Tr, [e "™ PD] )

[(t)D=Z"'"Try [e"" e OD],

where Pis the projection operator (P’ = P) realizing average over the heat bath (boson field)
states

PD =Try,(p:D)=(D), .
Zy=Tr e, Q=1-P
Then the expression for correlation function F(t)(3) takes the form
(A (1)Bg (0)) = (A (0)By (—1)) =T, [ Bs (0)R(1) A (0)] (7

It is easy to obtain the exact system of equations for superoperators R(T') and /(¢) . The result is

pe=2 e (6)
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% R(t)=iR(t)PLP +il (t)QLP

% [(t) =il (1)Q LQ +iR(1)P LQ

equation (8) for /(¢) integrates to the following expression
I(t) = I(O)MQ(t)+ijde(f)PLQMQ(t—T), (9)
0

where
1(0)=Z"Tr,e "0, (10)
is the initial value of I(r) and
_iQLOt
M,(@)=e
is the “mass” superoperator.

Substituting (9) in the first equation (8) we obtain the exact inhomogeneous evolutional
equation for R(r)

%R(t) =iR(t)PLP+il(0)M,(1)QLP — IdTR(T)PLQMQ (t—7)QLP (11)

This equation defines the equation for correlation function (7). Using the definitions (5) and the
possibility of operator cyclic rearrangement under the trace sign, one can obtain from (7) and
(11) such an equation for the correlation function

%{AS (0)By (—1)) = i ([PLPA;(0)1B; (—))+i([QM,, () QLPA, (0)1B, (0) ) - ! dz([PLOX

XM o (t - T)QLPA (0)] B (~7)) (12)

Equations (11) and (12) are the exact non-Markovian equations for superoperator R(¢)
and correlation function (3). The inhomogeneous terms in these equations (the second terms on
the right hand sides of (11) and (12) describe the influence of initial (precollision) correlations
in time which are caused be interaction between a subsystem S and heat bath X (a boson field)
in the initial time moment t = 0. hence, to solve the Cauchy problem for equation (11) (and thus
to find correlation function) one needs not only R(0) but also /(0). If the memory about initial
correlations disappears in time, then the effect of collisions predominates in evolution. But, in
principle, the presence of precollision term connected with /(0) can influence the relaxation
process described by the correlation function F(t) even at weak subsystem thermostat
interaction. We will see that initial correlations contribute to the kinetic coefficient
(conductivity) of subsystem S (electron).

It is much better to deal with the exact homogeneous equation of evolution in which
initial correlations are contained in an implicit form. To obtain such an equation we use the
known integral operator identity

B
e Pt = 7Pt —J-d/le_ﬁHeﬂHHie_’mO , (13)
0

where H,=H+ H, . Then, it is easy to obtain the system of equations for superoperators /()

and /(0) consisting of equation (9) and equation
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1(0)=—RWJ, @5 —1(1)], (B, (14)
which follows from (13) and initial condition for /(¢) (10). Here the integral superoperator is
introduced as follows:

B
Jo(t.B)= J‘dﬂe_iL’e’lHHie_ﬂH"Q (15)
0

Finding /(0) from equations (9) and (14) and substituting it into (11) we obtain the desired
exact homogeneous closed equation for superoperator R(t)

%R(t) =iR(t)PLP —iR(t)PJ ,(t, B)[1+ M , (1) x

xJ(t, HI'M, (t)QLP+jdrR(f)PLQMQ (t—7)x

xJ o (& B1+M , (0)] 5 (&, BT My (VQLP - [ dZR(7) X

PLOM ,(t—7)QLP (16)

Note: that equations obtained can be simplified slightly due to the following relations which
takes place in general:

LP=0;  PLQO=QLP=0; PLP=0 17)

Finally, using (16) and (17) we have instead of (12) the following exact equations for
correlation function

%(AS (0)Bg(=1)) = i([PLy PA;(0)]By (=1)) —

i({[PJ o (1, Y+ M o ()T, (2, B M o (1)QL,Px
xAg(0)}By (=) + [dT ({PLOM , (t =7)J 4 (1, B)
X1+ M o ()14 (1. B)T' M 4 (1) QL PA (0)} By (~T) ) -

—[dz([PLOM ,(t—T)QL,PA(0)]B,(-7)) (18)

Equations (16) and (18) are rather complicated. The evolution of initial correlations is
described by the integral superoperator J,(z, #) (15) and proceeds both in Markovian and non-
Markovian forms (the second and the third terms on right hand sides of (16) and (18)). In RPA
when use in the correlation function (4) e ”™ instead of ¢ #”, 1(0)=0 as it is seen from (5)
and (6) (P Q=0). It leads to J, (¢, B) , being equal to zero and vanishing of terms in (16) and (18)
connected with the initial correlations. As a result we have a correlations function obtained in
[9, 11].

Equations for Green functions (3) follow from equation (18). Thus, for the retarded
Green functions we have

%Gr(r) =0(1)([A;(0), B (0)], )+ H(I)%<AS (0)By (1))~

—n%)%(BS (0)As (D)
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iQLOt

and the equation for the correlation function M, () =e can be obtained from (18) by the

substitution ¢t — —t.

The superoperators in equation (18) can be expanded in series on Li (Hi) with help of
following expressions

L+ My ()], BT =S (<D M, ()], 0. B)I
M, () = iMQ“” (0); M, () =™

1 15} L
M, ()= [ dt, [ dt,... | dt,e" iQL,
0 0 0

X " TGQL . e QL e (19)
(n=12,..)

e il = gl T exp[—i J- L (é‘:)]
0

A
e = M 'exp{[ Hi(y)d}/}
0

L,(ég) - €i[0§Li€_i[0§, H(y)= e—J’HoHieJ’Ho
L=L+L,
where 7and 7' denote the ordering of operators with respect to variables & and y.

At weak S-XY interaction the expansions (19) can be regarded formally as the
perturbation theory series which allow us to calculate the terms of right-hand sides of equations
(16) and (18) with the desired accuracy. It is easy to see that at such an expansion on interaction
when H, and H, have form (2), in equation (18) only averages < . '>z containing the equal
numbers of boson creation and annihilation operators are different from zero and proportional

to products of boson average occupation numbers. Thus boson (phonon) products of operators
are entirely eliminated from equation (18).

Let us assume, that owing to weak coupling between subsystem S and thermostat X the
time hierarchy

T, >>1t, =max(f,ty) (20)
takes place, where 7, is the characteristic subsystem relaxation time, 7, is the collision time
for subsystem ¢, is the correlation time for heat bath fluctuations. Inequality (20) allows us to

pass to Markovian approximation in equations (16) and (18). Restricting ourselves to the second
order of perturbation theory on Hi (Li) and using the expansions (19), we can make following
approximations

(1+M,0)J,t, )T =1
My(1)= M, @)=e""

B
Jot. )= 1,7, ) = [dAe ™' e Hie*"Q
0

By (-7) = ™" B, (-1)

Then (18) takes the following simpler form of the Markovian equation
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d
o (45 (OB (1)) =i ([Ls A (0)] By (1)) -
B
—i[ dA([Pe"'e™™" Hie™ " ¢™ I A (0)]By (—1)) — (21)

0
—[dz([PLe™" LA (0)1e™ ™ By(-1)
0

Using the explicit form (2) for Hamiltonians H, and H, and eliminating from (21) the
boson operators as described above, we obtain the final form of equation for correlation

function

%{AS (0)By (~1)) = —%{[AS,HS ] By(~1))—

1 t i + +
-—] daf;{e BN (A C (] C (S, X
0
XBg (=1))+e O (14 N )([[As, C ()] Cx (S, =), s X
. B
XBy (—1))} + — Jaay {e e a4 N )%
ho 0 K
X(Cye (8,1 =i ACL(S)] By (-0))} )
where N, =[e”"** —1]" is the boson (phonon) average (thermal) occupation number.
Ci(S,2Z)=e"7C(S); C/(S,2Z)=e""C/(S)
[E.Dl, o, = ED—e*""*"DE
for arbitrary operators £and D, A; = A, (0).
At the derivation of equation (22) the following relations have been used
eJ_riLthk _ eiiw(k)tbk, em{'b,: _ eiiw(k)tbk
P(.,b,)=N,d,., Pb,b)=>1+N,)J,.
P(bb,)=P(b,b.)=0
It is easy to obtain also the equation for correlation function <AS (0)Bq (t)> by the

substitution ¢ — —¢ in equation (22).
Equation (22) differs from the similar equation obtained earlier in RPA [9, 11] by the
third term on the right hand side which describes the influence of the initial correlations.

3. Electron—phonon system

We will consider further a more specific case of a particle interacting with quantum field
which is described by the Hamiltonian (1, 2) with

Hg=T(p), C,(S)=Vie™ (23)
where T'(p) is the kinetic energy of particle having momentum p,7 is the particle radius-

vector. V. is the particle-field interaction energy corresponding to quantum ha(k)

characterized by the wave vector K (in 2 we must consider X as a vector).
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For the Frohlich polaron (an electron moving in the polar crystal and interacting with
phonons) we have

P’ haxic) ((dma\"”
T®) = V, = )
()= om K lKUl’Z 1%
(2o 11 1) e o
h ’ 2l e, g ha)(lg)

where & is the conventional dimensionless constant of electron-phonon interaction. m and e
are the effective electron mass in crystal and electron charge, Vis the system volume. @(k) = @,
if the interaction of electron only with the optical mode is considered.

The quantity of physical interest is the conductivity tensor. Under small applied electric
field of frequency @ it can be expressed through the current-current correlation function.
According to the Kubo formula [3] the dissipative part of conductivity tensor can be
represented in form

Reo?, (0) = e ! dt cos(@ny’, (1)
Ey(@) —7cth( ﬂ;’hj (25)

where ajv(w) and y/jv(t) are the symmetric parts of the conductivity tensor o, (®) and

correlation function ¥, (1), respectively

1
T (@) =W, (D +,, ()]
s 1 1
Vi () =2 W, D+, (D1 =¥, (D4, (1] 06

V=2 17,01, 0)+{1.0],0))=

| . . .
S @4, 0)+ (.4, 0)]
Ju(®) =e™ J,(0) is the Heisenberg representation of the ¢ component of the electric current

operator .
Consider an electron having in general the kinetic energy 7'(p) and interacting with

phonons. Then, to obtain the conductivity (25) one needs to calculate the correlation function

W, (1) =§[<vv (O, (O)+v,(0)v,(-0)] 27)

where V is the electron velocity operator.
For the calculation of (27) we can use the approach developed in Section 2. Using
equation (22) for the electron—phonon system under consideration with H, H,, and H, given

by expressions (2) and (23), we obtain the following equation for velocity—velocity correlation
function (Ag(0)=v,, B(0)=v,)
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%<vv 0)v, ()= %([VV,T@)]_ v, () —%x
xjdeI Ve PN + e D214 N ) [

><<[VV ’ o ] o k&) v, (t)> _ [eiw(E)fNE n

+emo®d (1 4 N;)}<e_”€;(§) [Vv,eiEF]_ v, (t)>}—

(28)

. B
l . - ) ) - )
_ j‘”Z'Vz P |:em)(k)(l 1h/1)N]; 4 pri@RN=in) o
ho 0 k

x(1+ N, )]<e—i/€7(t—im) |:Vv, o ] v, (t)>

Here

[ [
F&=er i T = etE

is the trajectory of electron free motion and the relations w(—E) = a(k), " =V have been

supposed.
The equation for correlation function <vﬂ(0)vv(—t)> follows from (28) through the

substitutions t —>—f, U <V.

To proceed further we restrict ourselves to the case of single electron band when the
electron velocity operator is diagonal in the momentum representation and

V(P =%T(ﬁ)
u
[v,(p), T(P)) =0 (H=x,y,2)
We use the notation v,(p) for the matrix element < plv,| [7> of the velocity operator on the
electron momentum operator on the electron momentum operator eigenstates | p >.

It is convenient to introduce the following relevant operator (compare with (5))

G,(t,p)=Z"'Try)lv, (e ] (29)
with the initial condition at t = 0.
Z°(B)
G =y —— 7 30
N VAT G0

where Z°(f) = Tr(z)(e_ﬂ )is the reduced partition function for given electron-phonon system.

The introduced quantity (29) allows us to express the correlation functions (27) and equations
for them in such way

(v, (v, (EN) =Trg [v,(0)G, (21, B)]
%(va) v, (H0) = Trm[vv(O)%Gﬂ &, /)=
=+Tr [v,(OT, (£, HIG, (1, B)] 31)

Here the operator I (¢, ) is defined immediately from equation (28) and has a form
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1 0 —iw(k)F
F‘,(t,ﬁ)zh—zj-dé‘ZE:IV,;Iz{[e OFEN 4
0
+eiw(1€)§ (1+ N/E )]V;l[Vv eiEF ]_e—ﬂE?(f) _[ein§X

ng + o i@k 1+ N/E )]Vv—le—ikf(f)[vweikf]_}_
i ﬁ 1 r 7 . T~ .
_%J.dlz |V |2 [ezwk(t—thxl)N]; + e—za)k(f—zh/l) >
0 k

x(1+ NE)]V;I oK (1=ind) [V‘,,e“;;] (32)

-1 -1 . .
where v'v =v v =1 ,i.e. these operators are mutually inverse.

The trace over electron (subsystem S) states in equations (31) will be calculated on
eigenstates | p > of electron momentum operator. Then, these equations can be rewritten as

(v OV, ) =[dBv, (PG, . ,5)

a2, 1.y =={ o, BT, .5, 9G, 4. 5P) @Y

Here we take into account that the electron velocity operator is diagonal in the momentum
representation and that in the case of space homogeneity under consideration only the diagonal
matrix elements of operator I' (¢, B)

L,t.8.5)=(pIT,tL)IP)

are not equal to zero (see below). Using the relations

(B 1™ 1 5, )= 8(p, £k - p,)

¢ f (p)=f(pF k)™

F(P)e™ = (pE k)
where f(p) is an arbitrary function of momentum p, we obtain for the matrix element of
operator I" (¢, 5) defined by (32)

[ —
. - sin[A‘(k,ﬁ)}
2 V‘,(p+hk1—vv(p) N, /] _ +
v,(p) A (k, p) (34)

. 2
Fv(t,ﬂ,p)=%ZIV,;

R
s1n[hA (k,p)}
A" (k, p)

(I+Ny) ———+1+Ny) h ——
A K, ) ) A (K, )

i{Nke_;tA(E’p) M| ko D
2
Here A*(K, B)= T(ﬁ+hk)—T(ﬁ)ihw(E),

To solve an equation for the correlation function (33) we shall consider the isotopic case,
when

0, (@) =0 (0)3,; ¥, =y 1),

and use approximate equation, which can be obtained from (33)

0 - - .
=, G,(41..p) =T, (&1, 5. )G, (1. 5. ) (35)
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Equation (35) provides the approximation of RTA type. It can be seen that the
approximation equation (35) becomes exact when I', (£, 5, p) doesn’t depend on p . Such case

is realized, e.g. for the Frohlich polaron at low temperatures (see Section 4). Equation (35)
integrates the following expression

G, (1. B. p)=e"“""DG, (B.p). (36)

where
[, &,6,p)=[dz-T,(z.5.p) (37)
0
and the initial condition

G,(8.5)=(p|G, (B ) =2 P2% (B.P)

[dpz* (B, b) (38)

25,5 =(b[2° B b)
follows from (30). Substituting expression (34) for I, (¢, 5, p) in (37) we obtain as a result of
integration

I (t.B.p)=Rel (1.8, p)+il,T,(t.B.b)

2 v, (p+hk) =V, (P)

N-
) e

Rel',(1.5.5)= Y|V,
k

1—cos[;A—(1€, 13)}
+(1+N)[1+ (39)

~pN(k.p
X[l+e ( )] [A’(lg,p’)T

l—cos{;N(lg,ﬁ)}

(A&, p)]

+e—/3A*(k,i>)}

b

V(PR =V,(P)

15,08 =-SV
k

v,(P)
1— e—ﬁﬂi,ﬁ) p _
X Ngﬁ—zsin[—A‘(k,f))}+(l+Ni)x
(A, L7
_ BTk p) .
lme” o zsin{iA‘(k,ﬁ)}
I

Note, that Re fv (t, B, p) is an even function of t while 7 mfv (t,B,P) is an odd function of t.

The expressions of (36), (38) and (39) give the time dependence of correlation functions
(33) and allow us in principle to calculate the conductivity tensor according to (22-27). To be
consistent we must make an approximation e ? = ¢ = ¢7%s . ¢!+ in expressions (30) and
(38) for the initial values of correlation functions we restrict ourselves to the second order of
perturbation theory on H,(V;) using equations (22) and (28). Thus, we must put
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e—ﬁT(p) ~

v, (P)

~Hy
e
G,(P)=r——5 Vs G (B.P)=F—F—
H -pHg "M H = BT (p)
Trs)e J-dpe (40)
Then, equations (33), (36) and (40) result in the following expression for the correlation

function

j dpe 7'y, (p)v,(p){exp[ T, t. B. p) | +exp[ T, (1. 8.5 |}
J’ dpe—ﬁnp)

where I, (¢, 5, p) and L@, B, p) are defined by (39).

According to (41) and (39) the subsystem (electron) correlation functions can decay
oscillating owing to complexity of the relaxation factor I' (#, B, p) and as well see further these

v, O=— (41)

oscillations survive asymptotically at t >> to and give the contribution to the kinetic coefficient
(conductivity). This fact follows from exact according to Gibbs distribution in the definition of
correlation functions (4). In RPA the imaginary part of T, (¢, 8, ) ass well as the possibility for
the mentioned oscillations are absent [9, 11].

We should remind that the consideration performed is valid when the time hierarchy
(20) is realized. As is seen from (39) in the considered case of electron interacting with phonons
ty~hpB and t~1/@ , where @ is the characteristic phonon frequency. Moreover, the
expression (39) shows that the energy conservation in the process of electron scattering by
phonons hold true on the large time scale t >>¢, , t, =max(¢,,t,) considering times t >>1,

we can perform in (39) a limiting procedure ¢t — coand obtain as a result

. ~ . ’ . 1

limRef, (1,6.5) =", (8. Il =~ = M|

2 v, (P+Hk) =V, (P)

R Y o

XS] A™(k, p) |+ 1+ N)S[ A" (K, p) |}

2 v, (p+Hk)=v,(P)
lim1,T, (1,8, p)=—~px Z\V\ " ) {N.x
xS Ak, ) |+ 1+ N)S[ A*(k, 13)]} Signt
where the relations

lim 1- cosz(a)t)
—>oo a)

= 75(w) Signt

)| 8(w). 1lim sin(@t)
[—oo a)

have been used. Note, that we must make the thermodynamic limiting procedure

(.= (42) (that on the
L= Gy i~
large time scale (t >> to, # — o) the relation takes place

lim1, T (t,8.p)= %FC“’ (B, p)signt (43)

According for the above consideration we can interpret I (3, p) as the relaxation

rel

frequency of electron velocity v— component (7 (5, p) is the corresponding relaxation time).
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Using (25 — 27) and (42 — 43) we obtain finally for the dissipative part of conductivity at
w<<t'.
2

o, ()

_ @ [dpoy(B.D)v,(B)V,(B)x

X{COS |:ﬁ r*:el (ﬂ’ ﬁ):l FCE (IB’ ﬁ) - + (44)
2 @+ (B, ]

Iy (B.5)
&+ B.5)]

+cos [% T (B, ﬁ)} (<<t

where
~BT(P)

W

and the electron density n is introduced as a multiplier to account for a number of electrons

ps(ﬁ’f)):

existing in a system. We see that the initial correlations of electrons with phonons survive is the

expression for the conductivity (44) in form of multipliers cos {'Bzh I (B, 13)] However, due to
condition (20)

B (B, p) <<1 (T ~ !

T8, p)

Note, that these correlations do not influence asymptotically the relaxation time Tlrfl (B.p).

ty ~ Bh).

In the RPA for the correlation functions (4) we omit the interaction H:in Gibbs factor

+L

e (preserving it in factors e t) [9, 11]. This approximation leads to the expression (44) for
Re O'jv () in which the substitutions

cos [%F;ﬁ’ (8, 13)} =1, cos[%rjf’ (B, p)} =1
must be made (see also [11]).

Thus the expressions obtained for velocity-velocity correlation functions and
conductivity are the most general in the scope of considered model and approximations adopted.

4. The Frohlich polaron mobility (the “3/2 51,

problem” in low temperature polaron mobility)

Consider now an electron moving in a polar crystal within the framework of the
Frohlich model described by Hamiltonians (1), (2), (23) and (24). Besides, we regard the
interaction of electrons only with optical dispersionless phonons for which w(k)=®, We

consider in fact the isotropic case when
=2

5y =P 5y = P
rpy=5—~ vulP)=—"2 (45)

As can be seen from expressions (41), (42) and (44), the problem is to calculate the

relaxation frequency F:fl(ﬁ,ﬁ) depending in general, on the electron momentum p . For
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definiteness consider I (3, p) as if an electric field is applied along Oz axis. From (24) and
(42) we obtain after performing the thermodynamic limiting procedure and integration over

modules of ‘lg ‘

o o, 1 Pcos®
(B, P)— {N (| de d951n6?cosl9—+
P '[ '[ VP cos? D+1
T Pcos®
+1+N,(P] | do d@sin0c050~—} (46)
’ '([ '([ VP cos’ P-1
(P cos* ®21)

Here the dimensionless electron momentum P is introduced

—(l X, 7Z)’N( ):(e},_l)_l
,—Zh(l)om y o7
= fha,
and ® is the angle between k and P connected with the angels ® and ¢ defining the

P=

direction of k by relation Pcos® =sin®cos @P. +sin @sin (013}, +cos ®I~’Z . To integrate the

expression (46) we restrict ourselves to the case of low temperature

y>>1 (47)
when correlation functions is defined by range of small momentum
P?<<1 (48)

In this case a slow moving electron cannot emit phonons due to impossibility of
satisfying the conservation of electron momentum and energy in such processes (see (42) and
(46)). Thus, the second term on the right hand side of (46) is equal to zero when conditions (47)

and (48) hold true. Taking into account that P?cos* ® <<1 expression (46) integrates to

Iy (7.P)=Ty ()= acoN NO2 (49)

(P* <<1)
Hence, the velocity relaxation frequency (or time) of slow moving electron does not
depend on electron momentum and is defined only by processes of phonons absorption.
Using (49) we obtain (41) in form

<vz<0)vz<+t)> I F’”mltl]eXp[ 27 F{f’m} (50)
(7» 1, > lj
a)O

where the known formulae

- . 1 3/2 - . 3/2
[dpe B = Z_(EJ [aPe?? = (lj (51)
y\7v /4

has been used.
Thus, we see from (50) that the electron correlation functions decrease exponentially
with the time in the considered case of low temperatures. The relaxation time according to (50)

is 77 (y) = [F{f’(}/)}_l . It should be stressed that this result is obtained without use of any kind
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of RPA. Expression (50) differs from the result obtained in RPA by the factor exp {i ;l Fge’(y)}
1)

0
(see [11]).
Now we can calculate the low-temperature conductivity and mobility of the Frohlich
polaron in the case under consideration of small electron-phonon interaction. Taking into
account (45) and (49 —51) we have from (44) for the conductivity

Reo(@)=—~ ith(%@j{l—%inz gromﬂM

m* @y, yo @ +T2(y)
(a<l, y>>1, oy<<]1) (52)
where
.
U(a)):O'XX((U):G”((()):O'ZZ(Q)) w:z
0

—lre 2
Fo(y) = 0)0 11_‘0 1(7) =§05N0(7)

Expression (52) can be considered as the generalized Osaka result [13] in the case of
small electron-phonon interaction and is, in fact, the Drude formula for the low-temperature
conductivity which comprises the correction due to initial electron-phonon correlations (the
second term in (52)). The first term in (52) corresponds to RPA (see [11]). Since @y <<1 (which
follows from the condition t >>to) and Y (y) <<1 (see the condition (20)), we can expand

%th(%wj and sin’ (%FO(V)j in (52). Thus, the correction connected with the initial

410)
correlations, is the small in the considered case (N (y)=¢”, y>>1).
For the low-temperature polaron mobility u = Reo(0) we have from (52) and (49)
ne
u=—2—o, (y>>1) (53)
2m* oy

where the correction from initial correlations is omitted.

The result (53) represents the correct and consistently obtained low temperature
polaron mobility in the case of weak interaction (& <1). We hope that it gives the solution of
“3/2Bhw, problem” (see e.g. [5]).

5. Conclusion

We have derived in the given work the exact closed equation for the relevant
superoperator (see eq. (16)), which defines the exact equation for correlation function of sub
system interacting with a boson field taken as heat bath (eq. (18)).

RPA has not been used anywhere. The developed approach was applied to the electron
phonon system, and the theory of conductivity was realized in the case of single band electron
weakly interacting with phonons and weak applied electric field. In particular, the consistent
theory of low-temperature Frohlich polaron mobility was developed. Note, that formula (50)
demonstrates the ergodic properties of considered model of particle interacting with boson heat
bath.
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The presented formalism can be used for the calculation of higher order on the
subsystem-thermostat interaction contributions to correlation functions and related quantities.
The case of strong (arbitrary) electron-phonon coupling can be also considered by this method
in the framework of the Feynman polaron model [12] or the generalized Feynman model of
polaron [14].

Obviously, that the proposed approach may be applied to the derivation of equations for
the density matrix of subsystem interacting with boson heat bath under the mixed (not the
product-type) initial condition.

The considered possibilities will be realized in subsequent publications.

References

1. C. W. Ilexap. MccnemoBaHus IO 37IeKTPOHHON Teopuit KpucrastoB. 1951, Mocksa —
Jlenunrpag;: ['ocTexuspar.

2. H. H. borono6os, H. H. boronio6os (m1.). BBeseHme B KBaHTOBYIO CTaTHYHCKYIO

MexaHuKy. 1984, Mocksa: Hayxka.

R. Kubo. J. Phys. Soc. Jpn. 12 (1957) 570.

G. V. Chester, A. Thellung. Proc. Phys. Soc. 73 (1959) 745.

F. M. Peeters, J. T. Devresse. Phys. Status Solidi B 115 (1983) 539.

F. M. Peeters, J. T. Devresse. Solid State Phys. 38 (1984) 81.

N. N. Bogolubov. Kinetic Equations for Electron—-Phonon Systems. Preprint E 17-11822.

1978, Dubna: JINR.

H. H. Boronio6os, H. H. Boroato6os (mi.). DHASMAD 11 (1980) 245.

9. B. @. Jloce. Teop. Mat. @us. 39 (1979) 393.

10.  V.F.Los’, A. G. Martynenko. Physica A 138 (1986) 518.

11.  B. ®@. Jlocs. Teop. Mat. ®us. 60 (1984) 107.

12.  R.P. Feymnam. Phys. Rev. 97 (1955) 660.

13. Y. Osaka. Prog. Theoret. Phys. 25 (1961) 517.

14.  J. Luttinger, Ch.-Y. Lu. Phys. Rev. B 21 (1980) 4251.

No U e W

&

304



I. A. Bairamashvili et al. Nano Studies, 2013, 8, 305-310.

KOMIIO3UIIMOHHA 1 KEPAMUKA HA OCHOBE KAPBUJIA BOPA,
OBOTAIIIEHHOTI'O U30TOIIOM !'B — ITEPCITEKTYBHBI
PAJIMAITMOHHO CTOMKWM KOHCTPYKIIMOHHBIN MATEPUAJ

W. A. Baupamamsunu, M. B. T'arycramsunm,
. III. Txxo6aBa, B. I'. KBawaz3e, 3. 3. MecTBUpHIIBIIN

WuctuTtyT dusuku uM. J. AHIPOHUKANIBIIIN

T6unucckuii rocymapcrBeHHsIi yHUBepcuTeT uM. M. /I>xaBaxyuIBUIH
T6mnmucu, I'pysus

vkvachadze@yahoo.com
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1. Beemenue

bnarozmaps cBOMM yHUKaJaBHBIM SAJE€pHBIM CBOMCTBAaM OOp 3aHMMaeT 0cobOe MeCTO Cpenu
PeaKTOPHBIX MaTe€pPHUAJIOB.

Y ecrecTBeHHOrO G0pa BCcero ABa crabmiIbHBIX nzorona — B u !B, comepkaHue KOTOPHIX B
IIPUPOSHON M30TOITHOM CMeCH COCTaBJIfAeT, COOTBeTCTBeHHO, 19.8 1 80.2 at. %. Yka3aHHBIe H30TOIIHI,
06y1afias COBEPUIEHHO CXOZHBIMU XMMHWYECKUMH CBOHCTBAMH, COBEPLUIEHHO Pa3IHMYHBI IO CBOMM
apepHo-dusnyeckum cBoiictBaM. OCHOBHOe pa3inyre — BO B3aUMOEHCTBUY C HEHTPOHAMU: JIETKUI
nzoronn Gopa B sBisgercs 5¢b¢eKTUBHBIM IOIJIOTHUTENeM (CedyeHHe IIOTJIONUIEHM TeIIOBBIX
HelitpoHoB 0% = 3837 GapH), a Tmxkenslt wu3oron !'B — oueHp XOpOmIMM OTpakaTeseM u
samezauresneM HeHTpoHOB (o!'s = 0.005 GapH).

Bosbieii, yem y msoroma 6opa !°B, cmoco6HOCTBIO K IIOTJIOLIEHUIO HEHTPOHOB 00JIaZaioT
IIeCTh 3JIEMEHTOB (CaMapuii, eBpOINii, rafjOMHUN, JUCIIPO3Ui, H30TONBI IIyToHUsA 2°Pu u 241Pu, u
kagmuii). OfHAKO Iepe] KaKIBIM U3 HUX y 60pa eCTh IPeuMYIeCTBa. JTO — €T0 OTJIUYHBIE (PU3HKO-
MeXaHHYeCKHe CBOMCTBA, a TAK)Ke TEPMOCTOMKOCTb, HETOKCUYHOCTH, HETOPIOYECTh U JOCTATOYHOE
pacmpocrpanenue. Ilostomy y !B mpakTuuecKM HeT KOHKYPEHTOB IIPH HM3TOTOBJIEHHUU
PeryIupYIOUUX CUCTEM aTOMHBIX PEaKTOPOB.

ITo cBoeit cioco6HOCTH 3aMeJIATh HEMTPOHBI M30TON ''B Haxomutcsa Mexny GepuiineM U
rpadurom. OfHAKO KOMIIJIEKCOM CBOMX CBOMCTB OOpHM M B JTOM CjIydae IPEBOCXOJUT CBOUX
KOHKYPEHTOB.

Bop mmpoxo wucmonb3yercs B INIPOU3BOACTBE KOHCTPYKLIMOHHBIX cTajeil. Maisie
(romeomatuyeckue) pobaBku Gopa (0.006 —0.008 mac. %) B mpolecce PpasNTUBKU  CTaIU
CIIOCOOCTBYIOT M3MeJIbYeHHUIO 3epHa (MOAuGUIMPOBAHUE); YBEJIMYUBAIOT ITyOMHY ee 3aKajIKH, a
CJle0BaTeIbHO, M IIPOYHOCTH. JlernpoBaHue ke CIleIMaNbHBIX cTaneil Gopom (mo ~ 2 mac. %)
IIOBBINIAET MX XXAPOIIPOYHOCTb. B ciryuae MCIIONIB30BaHUA KOHCTPYKIIMOHHBIX CTajeil B peaKTOpHOMH
TeXHUKe UX MOAU(UIMPOBaHUe U JeTHUPOBaHUE ClIeflyeT IPOBOAUTD CTAOMIBHBIM H30TOmoM !!B.

Takum 006pa3oM B aTOMHOI TeXHUKe HAaXO[AT IpuUMeHeHue 06a uzoromna: '°B mcrnonssyercs
B CHCTeMax yIpaBJeHHUs U 3alIUTHI BO BCEX BUAX ANEPHBIX PeakTopoB; !'B — B peakTopocTpoeHnH
IJIS CO3JaHUA XKAPOCTOMKUX M «IIPO3PAYHbIX» II0 OTHOLIEHHIO K HEHTPOHAM KOHCTPYKIIMOHHBIX
cTajsiel myTeM UX MOZU(DHUIUPOBAHUS U JTeTHPOBAHUA.

305



Composite ceramics based on boron carbide enriched in isotope "B ... .

Heob6xomuMo oTMeTUTH, 4YTO GOp B ANEPHOM TeXHHKEe OOBIYHO HCIOJIB3YeTCHA B PAa3IUIHBIX
coelMHEHMAX (BBICOKOOOPUCTHIE KepPaMHUKHM), dalle Bcero B ¢opme Kapbuzma Gopa Bs4C. Dromy
CIIOCOOCTBYIOT TaKUe XapaKTepPUCTHKU KapOuza 60pa KaK — BBICOKAs MeXaHHW4YeCKas IIPOYHOCTH;
BBICOKAs KOPPO3MOHHAfA CTOMKOCTb B OOJBUIMHCTBE IIPUMEHIEMBIX Cpef; BBICOKAs TepMHYecKas
CTOMKOCTB; BBICOKAf TEILIONPOBOJHOCTh; Majasf ILIOTHOCTH; BBICOKAsS HM3HOCOCTOMKOCTH; ciaabas
aKTHBAIlUA B HEHTPOHHOM IIOJIE.

Hmxe Oyzmer paccMOTpeHa BO3MOXXHOCTH PaspabOTKU M CO3JAaHMA KapOuza 60pa Ha OCHOBe
B ¢ menpio ero NpHUMeHEHHsS B AKTUBHOM 30HE pPEAaKTOPOB HOBOTO ITOKOJIEHHSA B KadecTBe
PaZMAIIOHHO CTOMKOTO KOHCTPYKIIMOHHOTO MaTepHaJIa.

2. CyTs npobieMsI

Kap6uz 6opa Ha ocHOBe u3oToma !'B MoxeT ChIrpaTh BaXXKHYIO POJIb B paspellleHHH IIPOOIeMbl
XpaHeHHs OTPabOTaHHOTO SAEpPHOTO TOIIJIMBA, KOTOpas CBA3aHA C YTUIM3ALMel BHICOKOAKTHBHBIX
IOJITOXXUBYIIUX aKTUHHUAOB B Heil. KpoMe BBDKMTaHMA B GBICTPBIX peaKTOpax MJIAJIINX aKTHHHIOB
(HenmTyHMA, aMepULINS, KIOPHUA) U IIPOAYKTOB JejleHUs AAepHOTO TOIUINBA (Ile3Hd, CTPOHILIMA, H0/a),
)KejaTeJlbHAa TPAaHCMYTAaUMs TSDKEIBIX AaKTUHHUJOB B KOPOTKOXKMBYIIME HYKJIHUIBIL, [JI 4ero
HeOOXOJUMO CHH3HUTHh JHEPTHI0 OBICTPHIX HEHTPOHOB O TEIUIOBOM C IIOMOWIBIO  3aMeZJIUTEINt
(rumpuzbl MeTanaoB, Gepusuinii, rpadut, kapouz 6opa Ha ocHoBe 'B). Kap6uz 6opa 'B4C, obrazas
BBICOKMMHM OKCILUTyaTallMOHHBIMKU CBOMCTBaMU [l], ZODKeH cCTaTh OCHOBHBIM 3aMe[ISIOIIUM
5JIEMEHTOM B YCTPOMCTBAaX JIOBYIIEYHOTO THUIIA, PACIIOJIOKEHHBIX B GOKOBOM SKpaHe aKTHBHOM 30HBL.
Kpome BbImONHEHUA OCHOBHOH (YHKLIMH, MOJEpaTop, BHIIIOJTHEHHBINI HAa OCHOBE YKa3aHHOTO
MaTepuasa, CIIoCOOeH YMEeHBUIHTh 3PQPeKT peaKTMBHOCTU HATPUEBBIX HYCTOT (—23 %) M CHIBHO
yBeJIMYUTh KOHCTaHTY [lomrepa (+ 62 %), T.e. yay4dmuTs napaMeTpsl 0€30IIaCHOCTH aKTUBHON 30HBI
— CYIIeCTBEHHOE IIPENMYILECTBO Iiepe PyTUMHU MaTepuataMu-MoiepaTopamul!

CBoiicTBa, KOTOPBHIMU JOJDKEH 00yaJaTh MOZepaTop JJjii paboTel B OYeHb MOIIHBIX
PaUalOHHBIX ITOJIAX, 3TO — B IIEPBYIO OYepeb, pa3MepHast CTaGHUIBHOCTD IPU OOIBLUINX (IIIOEHCaX
TEIIOBBIX M OBICTPBIX HEWTPOHOB B WIMPOKOM TeMIIEpaTypHOM WHTepBaje MU OTCYyTCTBHE
dparmeHTanuy npu GosnblIux pecypcax. VicmslTaHMSA, IIpOBefleHHbIEe HAMU, IIOKA3aIM, YTO KapOup,
6opa Ha ocHOBe !'B sgBisercs mMeHHO TakuM MaTepuasnoM (cM. Taxke [2]). O6pasupr u3 'BsC
oGyganuch B 60KOBOM dKpaHe OpicTporo peakropa BOP-60 (r. [lumurpoBrpas) B renneBoii cpeze
mpu Temmeparype 360 °C B TeueHne 656 3bGdeKTUBHBIX CYTOK, JJOCTATOYHO BBICOKMM (IIOEHCOM
3.6-10%u/m? (£>0) u 1.8-10% u/m? (£>0.1 MaB). Bce o6pasusr xapbuga 6opa Ha ocHose ''B
(99.4 at. %) 0OHapyXUJIH IIPEeBOCXOAHYIO Pa3MEPHYIO CTAaOMJIBHOCTH (IIPAaKTUYeCKU — HYJIEeBOM
cBenuHr!), TOrza, Kak aHaJIOTUYHbIE IO pasMepaM oOpasirsl u3 Aubopuga Tutana TiB2 Ha ocHoBe !'B
(99.4 aT. %) He coxpaHWJIM HAYaJbHBIX pasMepOB — pafuajTbHble M aKCHaJIbHble pPa3Mepsl
yBesmumtnch Ha 0.8 %.

BbICOKyI0 paguanMOHHYIO CTOMKOCTh Kapbuza Oopa Ha ocHoBe !'B moxTBepamian
HCCIeJOBAaHUS AMOHCKUX YYEHBIX B MCIBITAHUAX, IPOBOAUMBIX IIpU 0OJee BBICOKOH TeMIepaType
(530°C) B skcmepuMmeHTanbHOM peakTope Ha ObIcTphix HeiiTpoHax JOYO (o6miumit ¢ioernc
1.94-10%u/M?) [3]. OT0 oueHb BakHbIe (AKThI, €CIU Y4UeCTh, YTO OCHOBHBIM TpeOGOBaHUEM,
KOTOpOe IpenbABIIeTCs K KOHCTPYKIIMOHHBIM WIM / M APYTMM MaTepuaiaM, IIpeJHa3HAaYeHHbIM
I paboTHI B YKECTKUX PAAHAllIOHHBIX IOJNAX (MMEIOTCA B BUAY TakKe (PakTOPHI KOCMUYECKOTO
IIPOCTPAHCTBA) sABJIfAeTCA, B oOmeM ciy4ae, TpeOOBaHME WX PAAZUALUOHHON CTOMKOCTH —
CIIOCOOHOCTH He M3MEHATh CBOUX (PU3MKO-MEXaHMYECKUX W Pa3MEPHBIX XapaKTePUCTUK B Te4eHUe
BCETO CPOKA aKTUBHOTO CYIIeCTBOBAHUA COOTBETCTBYIOWMX KOHCTpYKIuii (10 — 15 ser).
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Hcxons m3 sTuX Pe3yJabTaToOB, a TaKXKe M3 TepMO-MeXaHMYECKUX CBOMCTB YKa3aHHOTO
coefuHeHMs [3, 4], aBTOpH NPUIUIM K HAee pa3pabOTKH BBICOKOTEMIIEPATyPHOTO PafHallHOHHO
CTOMKOTO KOHCTPYKLIMOHHOTO KepaMHYecKoro Marepuana Ha ocHoBe !'B4C (c comeprxanuem
crabunpHOro usoromna !'B > 99.4 ar. %). B HacTosIIee BpeMs: IIPOMCXOAUT OCYIIeCTBIEHHE dTOM UIeH.

s momHOMAacIITaGHOM XapaKTePUCTUKU KOHCTPYKIMOHHON KepaMHMK{ KpOMe CBeJIHHTIa
HeoOXOZMMO 3HATh ee KOHCTPYKIMOHHYIO IpouHocTb. OHa mpepncraBisgeT co0Oi KOMILIEKC
IIPOYHOCTHBIX CBOMCTB, KOTOpble HAXOJATCA B HAaMOOJbIIEH KOppeIsuuu ¢ (QyHKIMOHAIBHBIMU
CBOICTBAMU JAHHOTO H3JeNNs, 00eCIedMnBalOT AJUTENbHYIO U HaJeXHyI0 paboTy MaTepuana B
YCJIOBUAX SKCILTyaTalluHd. TakuM 06pa3oM KOHCTPYKLIMOHHAs IIPOYHOCTh BMeIaeT B ce6s Takue
KpUTEpUY, KaK IIPOYHOCTb, HANEXKHOCTh U HOJIroBeYHOCTh. COIJIACHO OSTUM KPUTEPUIM,
KOHCTPYKLIMOHHAs IIPOYHOCTh PafUaIlMOHHO CTOiikoro kap6uza Gopa (!B4C) moymkHa IIO3BOIHUTH
IIpUMeHeHVe 3TOTO MaTepuasa B TsHKEIO Harpy)XeHHBIX KOHCTPYKUMIX peakropa. ViMeercs B BUZY
CO3ZlaHMe aHTHU(PPUKIIMOHHBIX Y3JI0B TPeHH, pabOTaIOMMX B aKTUBHOH 30HE PeaKTOPOB (HAaIpUMep,
B IUPKYJIMOHHBIX HACOCaX TEIIOHOCHUTENS, B 3arPy30YHBIX U OOCTY>KMBAIOMIMX MeXaHU3Max
peakTopa, MeXaHHM3Max YIpaBIeHUsA peryIupyIOIIUX CTepXKHeil U B OOOPYZOBAaHUHU MAJIA
o6Hapy>xeHHd HeucnpaBHbex TBDJI-0B).

Oco6oe MecTO 3aHHMAIOT Majble sepHble dHepreTUdyecKre yCTAHOBKU AJI KOCMHUYECKUX
amnmaparoB. Te jxecTKue TpeGOBaHUA, KOTOPHIE IPeAbABIIAIOTCA COOTBETCTBYIOMIMM ITOTEHI[MATbHBIM
MarepuanaM (BBICOKas TeMIlepaTypa B akTuBHOH 3oHe — 7'>700°C, manslii yzZempHBIH Bec,
HeoOXOZMMOCTh OOJIBIIOTO  pecypca), YCUIMBaeT MHTepeC K pa3pabaTsiBaeMoil  HaMu
KOHCTpYKuHoHHO# Kepamuke (!!B4C), Kak ImepcrieKTUBHOMY MaTepHaly [ BEICOKOTEMIIEPATyPHBIX
ra30BBIX peakTOpoB KocMmudyeckux ammaparoB (BTTP), B Tom duumcie B KadyecTBe IOJIIMITHUKOB
CKOJIB)KEHUA IWPKYJAIUOHHBIX HAacocoB. Kpome TOro, B KOCMMYECKHX alllapaTaXx B KadecTBe
AaBTOHOMHOT'O MCTOYHHKA ITUTAHUA MOXET OBITh MCIIOJNB30BaH pa3paboTHHBIHN B [5] addekTuBHBIH
BBICOKOTEMIIEPAaTYPHBIN TepMOJJIeKTpUYeCKUil reHepatop Ha ocHoBe ''BsC, Tem Gojee uro
MeXaHHYecKas, XUMHUYecKas M pafualMoOHHAas CTOMKOCTh TOTO MaTepHaja HAaMHOTO IIPeBbINIAET
aHAJIOTUYHbBIE XaPaKTEPUCTUKU APYTUX TEPMOIIEKTPUIECKIX MAaTEPHAJIOB.

OpHako mHUpOKOe IIpUMeHeHHe KapOuzga 6Gopa IIOKa Bce elle OrPaHUYHUBAETCS €ro
IIOBBIIIEHHON XPYIIKOCTBIO, ABJAIOMIENCS CIeZICTBUEM JKECTKOCTY M HAIIPaBJIE€HHOCTH KOBaJE€HTHBIX
CBA3eil B €eT0 KPUCTAJIMYECKOH pelleTKe.

OpzuyM wu3 mTyTell IOHIKEHHWS XPYNIKOCTH sABIAETCI JIeTHpOBaHMe Kapbuza Gopa
KOMIIOHEHTaMH, BHOCAIIUMY HEKOTOPYIO [OJIIO HeJIOKAJIM30BaHHBIX 31eKTpoHOB [6]. [Ipentaraercs
JlerupoBaHUe IepexogHbIMU MeTanamMu IV — VI rpynn nepuogudeckoit cucremsr anemenTos (Ti, Zr,
Hf, Cr, V). V3 ykasaHHBIX 5JIeMEHTOB [JI1 CO3JAaHUA PAZUAIMOHHO CTOMKOTO KOHCTPYKIMOHHOTO
MaTepuasa C IIOBBINIEHHON TPEIIMHOCTOHMKOCTBIO aBTOPHI IIOJIATAIOT BBIOPAaTh I[MPKOHWUIA,
peaKTOpHBIM MaTepuays C Hauboslee HU3KHMM CeYeHHWeM IIOIJIOLIEHUs TeIJIOBBIX HeHTPOHOB
(0zr=0.185 6apn). Ha Ham B3risgs, KOMIO3WUIMOHHBIN MaTepuaj Ha OCHOBe Kap6uja Gopa c
mubopugom umpkoHus (!'BsC—Zr''B2) OGymeTr rapMOHMYHO COYeTaTh BBICOKYIO IIPOYHOCTh C
DOCTaTOYHOM IUIACTUYHOCTBIO. ONTHMManbHOe COZeplkaHHMe IMPKOHUA B DTOM MaTepuale — B
npeznenax 3 — 5 mac. %.

3aMeTHM, YTO B HACTOsIIee BpeMsA ONHUM U3 BOCTPeOOBAHHBIX KePaMUYECKHX MaTepHaJIOB,
KCIIO/IB3yEeMBIX B ITOAUIMITHUKAX CKOJIBXEHUd, ABisgeTca kapobup xpemuus — SiC (cM. pekiaMHble
nmanuele Ceratec Technical Ceramics BV Company — English, Nederlands, Deutsch, Francais). Otu
HEOKCH/IHble KePaMUKH WIMPOKO MCIIONB3YIOTCS B Pa3IMYHBIX TPUOOIOTHMYECKUX NPHIOKEHUAX
671arofaps CBOMM IIPEKPacCHBIM MeXaHU4YeCKUM CBOICTBAM, TAKUM KaK BBICOKASA IIPOYHOCTH, BBICOKAs
TBEPAOCTh M XUMHYeCKas CTabUIBHOCTh IIPYU BBICOKUX TeMIiepaTypax [7]. IlosToMy He yAHUBHUTENBHO,
YTO elle paHee, M3-3a AedUINTa COBEPLUIEHHBIX PAAMALMOHHO CTOHKHWX MaTepHaioB, ocoboe
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BHUMaHHe HCCJIefoBaTesell 0110 0OpalleHo Ha BLACHEHME PaJMallMOHHOM CTOMKOCTH, KaK CaMOTO
KapOuza KpeMHHH, TaK KepaMHU4YeCKHMX KOMIIO3UTOB, co3ZaHHBIXx Ha ero ocHoBe (SiC/SiC).
Hawub6onee noxHo uHbopmanus o 3Toii npobieme npexcrasieHa B [8]. CoriacHo e, HaGmonaeTcs
CYIeCTBEHHOE PasjInydre MeXAY paguanuoHHsIMU dddexTamu (Gosblreii 4acThIO 3TO pacilyXaHUe U
M3MeHeHHe TeIUIOIPOBOLHOCTH, 00YCIOBIeHHOEe HEHTPOHHBIM 001yueHueM diaoerncom ~ 10% 1 / m?
mpu HuU3KMX u cpepHux Temmeparypax 20-1000°C), mnpoucxopdmuMu B MaTepHasax,
BbICOKOUMCTHIX (MOHOKpucTaundeckue u CVD SiC) u MeHee YHCTHIX, CO3ZAHHBIX ITyTeM TOpSYETo
IIPEeCCOBaHMs, CIIEKaHWs, KOHBEPTUPOBAaHUA >KHUAKOM ¢asel wmwin mnoiauMep-obpaborku SiC. B
IOCJIeJHUX CIy4asX XapaKTep PafHalliOHHOTO M3MEeHEeHHA CBOICTB MaTepuasa ObLI HeCTaOMIBHBIM
U HeIllpeJCKadyeMBIM. UTO >Ke KacaeTcsa cTexuoMerpuueckux o6pasnoB SiC, To OHM IIOKazanu
«IIOPasUTEeIBHYIO PaJUAIIOHHYIO TOJIEPAHTHOCTH» [8], uTO eme Gojee yOenUTENBHBIM CTAIO IIPU
BBICOKMX Temmeparypax oOxydernus (1000 -1600°C): mpm  MakcuMaapHOM  (pIioeHce
(~6-10% 1/ m?) u Temneparype o6y4eHus pacnyxanue gocruraiao ~ 1.5 %.

Oco6oe BauManue K SiC 00yC/IOBIE€HO TeM, YTO KepaMUYeCKHe MaTepHasbl, U3TOTOBIEHHbIE
Ha OCHOBe KapOuja KpeMHHS, yXKe B3acHyXIJIH CTaTyC <«IIePefOBbIX paJUuallMOHHO-CTOMKUX
xomno3uTos» [9]. IlosToMy mpu aHanuse mau / ¥ IPOTHO3UPOBAHUU PAZUAIVIOHHBIX 3(PGHEKTOB B
kepamuke 'B4C, mponcxofgmux B peakTope Ha OBICTPBIX HEHTPOHAX IIPU CPeZHUX TeMIeparypax,
aBTOPHI TJIaBHBIM 00pa3oM OYZyT alesIMpOBaTh K pe3ysIbTaTaM, IIOJy9eHHbIM Ha STUX MaTepHasax.
OcobeHHO K JaHHBIM [3], TZe B OTIMYME OT APYIMX SKCIEPUMEpPTAaIbHBIX paboT, pafHallOHHBIE
ncnstarug 'B4C u CVD SiC npoBosuIncs OZHOBpeMEHHO B OJMHAKOBBIX YCIOBUAX OZHOTO M TOTO
)Ke peakTopa Ha OBICTPBIX HeHTpOoHaX. lTem Gojee, YTO 3TH yCIOBUA (IIOTHBIH (QIIIOEHC BHILIE
102 1/ M? u cpemHss TeMIlepaTypa WCIBITAHWS) OJIM3KA K TeM, KOTOpbIe OBITH KCIIOJb30BAaHBI B
peaktope BOP-60. Mcxozs m3 Takoro cOIIOCTaBIeHHSA MOXHO C YBepeHHOCTBIO CKa3aTh, 4YTO
pajualoHHas CTOMKOCTh Kapbuza Gopa Ha ocHOBe !!B 3HauMTENBHO NPEBOCXOZUT JOCTATOYHO
BBICOKYIO PpafiMallMOHHYIO CTOMKOCTh KapOuja KpeMHHUA. 37Zech CJlefyeT TaKXKe y4ecTb
He)XeJIaTeTbHYI0 amMopdusanuio Kpucramnndeckoro SiC, KoTopoe HaGIOAAETCA IPU OTHOCUTENIHBHO
HU3KUX TeMIepaTypax HeiTpoHoro obsydenus (70 °C) u compoBoxJaeTcss CHIBHBIM PacIlyXaHHEM

matepuasa (10.8 %) [10, 11].
3. HexoTopsle TexHOJIOTHYECKHE BOIPOCHI

OcHOBHBIE BUZABI pPaspylIeHWs MaTepHAIOB, pabOTAIONIVX B SKCTPEMAJbHBIX YCIOBUAX,
MOXHO Pa3Zle/IUTh Ha [[Be YaCTHU: IIOBEPXHOCTHBIE WM JIOKAJIBHO KaTacTpoduueckre paspyleHus (B
IIepBYIO O4epe/lb MMEIOTCA B BUAY IpoGIeMbl TPHUOOJIOTMM) M Pa3pylIeHUsA ITyTeM HaKOILIEHMS
nedbexkToB B oObeMe MaTepuaina. lIpexseBpeMeHHbIe pa3pylleHMs, B OCHOBHOM, CBS3aHBI C
Zerpajanyell CBOMCTB MaTepHaja B pe3yJbTaTe CTPYKTYPHBIX IIpeBpallleHHil ¢ TeueHueM BpeMeHH,
IO/, BO3ZEICTBUEM YCJIOBHIl dKCILTyaranuu (T.H. oObeMHbIe 3ddekTs). IloaTomy nmpu paspaborke
HOBOTO PaJMallMOHHO CTOMKOTO KOHCTPYKIIMOHHOTO MaTepHaja JJIA aKTUBHOIH 30HBI peaKTopa,
OCHOBHOe BHUMAaHHe HeOOXOAMMO Y/[eJIHTh IIOBBIIEHUIO €r0 CTOHKOCTH K BO3ZEHCTBUIO
Pa3pyILINTENIbHBIX PaAHalMOHHBIX 5 (deKToB 00beMHOT0 XapakTepa. [IpemoTBpaleHre HAKOIIEHUS
IIOBpeXIEeHUH B 00beMe MaTepuasa ABIAETCA OJHOM M3 CaMbIX CJIOKHBIX M aKTYaJIbHbIX IPOOJIeM B
COBpPeMEHHOM paJUallIOHHOM MaTepHaloBeJeHUH.

Taxue marepuainsl, Kak kKapouy 6opa Ha ocHOBe !'B mo/DKHBEI GBITH OUE€BHUIHO 0OJee CTOHKHU
TakKe K M3HANIMBAIOIIMM IIOBEPXHOCTHBIM 95(deKTaM, COIPOBOXKAAIOMMM WX BO3MOXHYIO
SKCILIyaTalluio B y3JIaX TPEHUS U JPYTUX IOAOOHBIX KOHCTPYKIIUAX PEaKTOpa.

[TonyyeHne MarepuasoB C YyKa3aHHBIMH BBINIE CBOWCTBAMM BO3MOXHO JIMIIb IIPU
WCIIOJIb30BAHUM  CIIEIUAJBHBIX  TepMobapuyeckux  TexHosoruii. OfHOBpeMeHHOe WM
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IIoIlepeMeHHOe BO3ZefICTBHe TeMIIepaTyphlU [aBJIeHHA IO3BOJIAET IIOMydYaTh MAaTepHUas C 3aJaHHOU
CTPYKTYPO#i, H30TPOIIHOCTBIO U IJIOTHOCTBI0. OCHOBHBIE 3TAIlbl TEXHOJIOTHU —TIOJIyYeHNe IOPOIIKOB
xap6uza 6opa (1'BF3 — 11B203 — !'B203 + C — !'B4«C) u gubopuza mupkonus (2 ZrO:z + "BsC + 3
C— 2 Zr''B:2 + 4 CO) c oboramenuem 1o usorory B >99.4 ar. % u ux cmemnBanue (Hampumep,
96.276 mac. % !'B4«C + 3.724 mac. % Zr''B2) u ropsdee BakyyMHOe IpeccoBaHue. OpHaKo mis
Pa3pabOTKU M CO3/aHUA Ka4eCTBEHHOT'O MaTepuaja B IEPBYIO odyepesb HeOOXOAUMO pa3paboTaTh U
CO3JaTh BBICOKOKAaYeCTBeHHBIN NMCIePCHBIA ITIOPOIIOK.

ITopomok xap6usa 60opa, paspabaTeiBaeMble aBTOpaMu (CM., Hampumep, [12, 13], a Taxxe [2]),
OTJINYAIOTCA BBICOKOM YMCTOTOM M ITOYTU TOYHBIM CTEXMOMETPUYECKHM COCTaBOM. MaccoBas mois
cBobozuoro yriaepoza cocrasasger 0.5 — 1.5 %. Cpenuuit pasmep wactun — 0.8 MKM ¢ paBHOOCHBIM
CpeZHHM pa3MepoM 3epeH cdepudeckoil (GOPMBI, KOTOpasg CIOCOOCTBYeT W3TOTOBJIEHUIO
KaueCTBEeHHBIX M3JIeJIUI M3 TaKOTO MaTepuasa. B CBA3M C 3TMM aBTOPHI CUMUTAIOT HYXXHBIM CZeIaTh
cylemylolee 3aMevYaHMe.

W3BeCTHO, YTO UHTEHCHUBHBIE Pa3pabOTKU B 00JIaCTH HAHOCTPYKTYPHOTO MaTepHaIOBeeHUS
IIpUBEIM K CYILIeCTBEHHOMY ITOBBIIIEHUIO (U3MKO-MEXaHUYeCKUX M APYTHX CBOMCTB MaTepUAJIOB.
Tak, mosgBMIacCh BO3MOXKHOCTH CGOPMHUPOBATH YCTOHYHMBYIO YJIBTPAZUCIEPCHYIO CTPYKTYpy C
IIOBBIIIEHHO!N IIJIOTHOCTBIO, KOTOpAas XapaKTepu3yeTcs BBICOKMM 3HAYeHHEM TBEPAOCTH U
IIPOYHOCTU. DTO SBJIEHHE OCHOBBIBAETCA HAa OOPAaTHOM 3aBHCHUMOCTH IIPOYHOCTH MAaTepHUAIOB OT
pasmepa 3epHa (9¢ddexr Xosma-Ilerya), a Taxke Ha TOM, 4YTO OOpa3oBaHME M POCT TPEUIVH
KPUTHYECKOTO pa3Mepa B MaTepHaJaX C MeJIKO3epPHUCTOH CTPYKTYpOH TOPMO3MTCS H3-3a MAJIOTO
pasMepa CTPYKTYpHBIX ()ParMEHTOB M COOTBETCTBEHHO HAJIWYMA OOJIBIIOTO YMCIA T'PaHUIZEPEH.
Ects maHHBIEe O TOM, YTO HaHOMATepHAaJIbl 3HAYHTEIBHO MEHBIIE, II0 CPaBHEHHUIO C OOBIYHBIMU
KPYIHOKPUCTA/UINYECKMMH MaTepHaJaMiy, IIOABEpXeHBl aMopdusanuu (M  Clef0BaTeJIbHO
OXPYIYMBAHUIO), B MEHBIIElH CTEeIIeHH CKJIOHHBI K PAaCIyXaHHUIO UM OOpa3’0BaHUIO ITOBEPXHOCTHBIX
noBpexxeHuil (orTmenymwuBaHuio) [14]. B mepBoM mnpubIIKeHHM OCOGEHHOCTH IIOBeJEHUS
HAaHOCTPYKTYPHBIX MAaTe€pHaJOB B pPaJHUAIMOHHOM IIOJIe CBS3aHBI C HAJIWYUEM B IIOCIeTHUX
YKa3aHHBIX BBIIIE MHOTOYMCJIEHHBIX TI'DaHUIL, 3epeH (IIOBEPXHOCTEHl paszeia), AeHCTBYIOIUX B
KayeCTBe CTOKOB pafiHAllMOHHEIX Je(eKTOB.

B Hacrosamee BpeMsA IOTydYeHBI HAHOIIOPOLUIKM MHOTHX KepaMU4YeCKHMX MAaTepHajoB, HO
COXpaHeHUe HAHOCTPYKTYPHI B KOMIIAKTHBIX M3JIeJIUAX IIOKAa He yzaeTcdA. BIonHe oueBHAHO, 4TO
P TePMHUYECKUX BO3JEICTBUAX, @ TaKXKe B CHJIOBBIX, KOPPOSHMOHHBIX M PaJiMAIlMOHHBIX IIOJIAX
MOTYyT HMeThb MeCTO PeKpPHCTaJIM3al[MOHHBIE, CerperaljiOHHbIE, TOMOTE€HU3AIIOHHbIE U
peJlaKCalliOHHbIe IIPOLeCCHl; (ha30Bble II€PeXOAbl; ABIEHUA pacmaza u obpasoBaHua (as,
amMopduszalus, ClIeKaHWe M 3aIulbiBaHue HaHomop [15]. BoT Te mpu4mHBI, KOTOphIe BBIHYKJAIOT
aBTOPOB IIPX pa3paboTKe M CO3JAHUM PAJHALMOHHO CTOMKOrO KOHCTPYKIIMOHHOTO Kapbuia Gopa
1B4C uCrnonp30BaTh IOPOLIKKA C CyOMHUKDOHHBIM pasMepOM dYacTHll. ODTH TPYILHOCTH, BEPOATHO,
MMeIOT BpeMeHHBIN XapaKTep, TaK Kak 3a IIOC/IefHee BpeMs IOSBUINCH paboThl, Hampumep, [16],
KOTOpBIe CBUZETEBCTBYIOT He TOJIBKO O coxpaHeHuH HAHOCTPYKTYp W — (0.3 —0.7) TiC B >xecTkOM
pazuamuoHHoM mose peakropa (2-10*wu/wm2, E>1M>aB), HO U 0 3HAYUTENBHO BBICOKOM WX
PafMAIIOHHOM CTOMKOCTH II0 CPABHEHUIO C OOBIYHBIM BOJIb(pPaMoM. Tak, B HAHOCTPYKTypax B 3 — 4
pasa MeHbIIe HaHONOP U B 10 pa3 BIlIe COIPOTUBIIEHNE TOBPEXKIEHHIIO TOBEPXHOCTH.

ABTOpBI pa3fesdioT ONTHUMM3M, BBICKA3aHHBIA B [14] o TOM, 4YTO COBepIIEHCTBOBaHHE
TEXHOJIOTHH, a TAK)Ke 3HAHUA O IIPUPOZe PafHallMOHHBIX Je(eKTOB M UX SBOJIIOLMH IO, BIUIHIEM
ZO3bI OOJNy4eHHSA M JAPYTUX BHEIIHUX (PaKTOPOB, IODKHO OOECIIeYUTh CO3JaHMe CTaOMIBHBIX
HAaHOCTPYKTYP C BBICOKMMH (PHU3NYECKO-TeXHHYEeCKHMMU cBoiicTBaMu. COOTBETCTBEHHO, IIepexof, K
HaHOCTPYKTYPHBIM wu3fZenusM Ha ocHoBe ''B4«C B Oyxmymem Moxer eure Oojiee 3HAYUTEIBHO
yBeJIMYUTH 3P PeKTUBHOCTD pabOTHI 9TOTO MaTepHaia B aKTUBHOM 30He PeaKTopa.
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4, 3axyIroueHue

[ToBpImieHHOe BHMMAaHMS K TaK Ha3bIBAEMbIM peakTOpaM 4-TO IIOKOJEHWsS, B TOM YHCIe
peakTopaM Ha OBICTPBIX HEHWTpPOHAX, KaK HeIb3d KCTAaTH CIOCOOCTBYyeT pa3pabOTKe M CO3ZAHUIO
KOMIIO3UIIMOHHOM KepaMHUKM Ha OCHOBe KapOuza 6Gopa u pubopuza unupxonus (!1BsC—Zr''B) c
I[eJIBIO ee MCIIOIh30BAHUA B KaueCTBe PafMallMOHHO CTOMKOTO KOHCTPYKIIMOHHOTO Marepuana. He
6e3 OCHOBAHMI MOXXHO IIPEZAIIONIOXKUTh, YTO IIePexo/; K KOMIAKTHBIM HaHOCTPYKTYPHBIM U3ZeIUIM
Ha ocHoBe !'B4C—7Zr!'B» He TONBKO TOBBICUT OKCIUIyaTal[MOHHbIE XapaKTEPUCTUKU U
paJUalOHHYI0 CTOMKOCTh TaKUX MaTepHasIoB, HO U 6e30macHOCTh U 3(p(eKTUBHOCTh peakTopa B
LIeJIOM.

Ha ceropusiurnuii 1eHb OCHOBHOM «HeZOCTaTOK» Kapbuza 6opa 'BsC cocrout B ToM, 4TO OH,
Ha HaIl B3TJIAJ, HEe3aCTYXXeHHO Majo uccienoBaH. MHorue ¢axTsl (4acTh U3 KOTOPHIX IIPUBEEHBI
BBIIIIE), CBUIETEIBCTBYIOT, YTO 3T KEPAMUKA CTAaHET OZHUM U3 CAMbIX BOCTPEOOBAaHHBIX PEAKTOPHBIX
MaTepuanoB Oyzaymero. OZHaKO OKOHYATeNbHOE pellleHHe O IIEePCIEeKTHBHOCTH HCIIOIB30BAHUS
YKa3aHHOTO KOMITO3UIJMOHHOTO MaTepuaja B aTOMHOII TeXHUKe OyZeT BO3MOXKHO II0CJIEe TIPOBEeHUS
IIOJIHOMACIITAOHBIX PEaKTOPHBIX U IIOCTPEAKTOPHBIX UCIIBITAHUIH.
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NCCIEOJOBAHMUE CITIEKTPOB OITTUYECKOI'O ITPOITYCKAHUWA TOHKNX
ITJIEHOK TiN, ITIOJIYYEHHBIX METOZJOM BUY-PEAKTMBHOTI'O PACIIbIJIEHUA

A. I1. Bubunamswiy, 3. B. Ixubyru, H. [I. Jonmuaze

W HCTUTYT MHKPO- ¥ HAHO3JIEKTPOHUKHI

Tounucckuit rocyiapcTBeHHbIN yHUBepcuTeT uM. M. J>xaBaxumBuin
Téunucu, I'pysus

amiran.bibilashvili@tsu.ge

ITpunara 8 oxra6psa 2013 roza

OpguuM u3 HauboJslee TEePCHEKTUBHBIX HAIPAaBIeHUN BHeAPEHUS HAHOTEXHOJIOTUHM B
IIPOMBIIIEHHOCTh ABJIAETCA CO3/aHue (IIOJy4eHHe) M IIPOM3BOJCTBO HOBBIX MAaTE€PHAJIOB C
YHUKaJIBHBIMU CBOMCTBaMM. Takue MaTepuasbl AOJDKHBI 00JIafaTh BBICOKOKaYeCTBEHHBIMU
bu3nYecKUMH, XUMUYeCKUMHU, MeXaHUYeCKUMH U ONTUYecKuMU rapamerpamu. C 3Toi 1essio,
B IIOC/IelHee BpeMsA OOJIbIIOe BHUMAHME y/eNAeTCS HOBBIM M3HOCOCTOHMKHUM, IE€PCIIEKTUBHBIM
nokpsituaM HuTpuga tutaHa (TiN). Hurpuza turana ABIfeTcsS IIMPOKO30OHHBIM MaTepHAIOM U
o6rajaeT yJAaYHOM COBOKYIIHOCTBIO BBIIIEIIEPEYMCIEHHBIX IIApaMeTpOB: HU3KOe YIelIbHOe
COTIPOTHUBJIEHUE, BBICOKUHM KO3(h(HUIIMEHT ONTHYECKOTO IPOIYCKAaHWS B BUAMMOM 00JIacTH U
BBICOKMU KO3 GUIIMEHT OTpakeHUs B WH(PPAKPAaCHOH OOJACTH CIIEKTPa, BBICOKAsA TBEPHOCTH,
XOpollIasg yCTOMYMBOCTh K XMMUYECKHUM pacTBopaM u Koposuu [1 —5]. ToHKue mieHKy HUTpHAA
TUTaHA ABJIAETCA IEePCIEKTUBHBIM MAaTepHUaJOM i INpUMEHeHUd B MUKPO- U
HAHODJIEKTPOHHBIX yCTpoHcTBax [2] m conHewyHsix Oarapesx [3]. Hurpup TuTana umeet
cjlefyiolllie OCHOBHBIE IapaMeTpsl: ImocrosHHas pemteTku 0.433 HM, TeMIepaTypa ILIaBIeHUS
2947 °C, mnorHOCTh 5.44T1/cM3, TepnompoBogHOCTh 0.34 Br/cMm - K, Momymrs ympyroctu
620 I'Tla, muxpotBepmocts 20 I'Tla.

Tonkue mwrenku TiN mosyyatorcs pasHbiMH Metogamu [6]. Cpesu HUX, [JJIS IOTyYeHUI
BBICOKOKAQYeCTBeHHBIX IUIEHOK, MeToZ, BY-pekTMBHOTO BaKyyMHOTO pacCIbLIeHUS MUIIEHU
ABJILEeTCA HanboJjee IMOIXOAAIINM, TaK KaK OH ITO3BOJIAET B IIMPOKUX IIpeJieIaX KOHTPOJIUPOBATh
TAKWe TEeXHOJOTWYeCKHe IlapaMeTphl, KaK /aBJIeHHe II0f, BaKyyMHBIM KOJIIAaKOM IIpH
PacCIbUIEHUH, MOLUTHOCTh MUIIEHU, CMeIleHNe ¥ TeMIIePaTypa IOAJIOXKKH.

Hy»xHo oT™meTuT, 4TO 1O cBOoMM (pusndeckuMm cBoricTBaM TiN ABifeTCA IepPCIEeKTHUBHBIM
MaTepHajoM AJI1 IPUMEeHEeHUA B Pa3INYHBIX (POTOIEKTPUIECKUX IIPHOOpaXx.

Hcxomsas w3 BBINIEM3TIOXEHHOTO IIEeAbI0 JAaHHOM pabOTHI ABIAETCA HCCIelOBaHHe
ONITUYECKUX CBOMCTH TOHKUX IIEHOK HUTPHUZA TUTAHA, IOIy4eHHOro MeTomoM BU-pexkruBHOrO
pacIIbUIEeHHSA TUTaHA B aTMoc(depe a3oTa.

s mccienoBaHUA B KadeCTBe ITOAJIOKEK IIPUMEHSIOCH CTeKo, Mapku K-8, pazmepom
10x5x1mm. Ilepen HamsIIeHMEM IUIEHOK MOMJIOXKH 00pabaTBIBAINCh XUMUYECKUM
CIIOCOOOM IO OOLIeM3BECTHOH TeXHOJOTruU. MeTos II03BOJIAET HEIOCPeICTBEHHO IIepef
HayaJoM IIpoIlecca HaNbUIEHUA IIPOBOAUTH KPAaTKOBpeMeHHOe IIPOTpaBIeHHe C IIOMOIIBIO
aproHOBO¥l OOMOAapAMPOBKYU MAJA yAaJleHHsS HEKOHTPOJIHPYEMOTO 3arpsA3HEHUsS IIOBEPXHOCTHU
MUIIEHU U TTOAJIOXKEK.
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Hamrsinenne Ttonkux 1teHok TiN DIpoBoAuIoch Ha YHUBEPCAaAbHONM BaKyyMHOM
ycranoBke CIT-ALCATEL ANNECY c mnomomspio BY-peakTuBHOrO pacmbLIeHUS YHCTOTO
TUTaHAa B arMocdepe cMecH aproHa M a3oTa IIPHU IOCTOAHHOM HampsskeHuu. Ilepes Hawamom
IIpoIlecca HaIlBIJIEHWA BaKyyMHas KaMepa OTKAa4MBalIach O OCTaToOYHOTO gAapiaeHud 2 - 1073 Ila.
OcaxpeHune IJIEHOK ITPOBOAUIIOCH IIPH JaBieHuu ra3oB 5.3 - 102 Ila, nomaye Ha MumeHs — 3 kB
HanpsokeHuu U TeMmmepartype noznoxkek 350 °C. ITomnoxku pasmemanuch Haj, MUIIEHU Ha
pacrosauu 250 mm. C mesbio yaydileHHA afre3uy IUIEHOK K ITOBEPXHOCTH IIOZJIOXKKH, ITOCIe
HaIlbUIeHN, 6e3 HapylleH!Us BaKyyMa, IPOU3BOAMIICA OTXKUT IUIeHOK npu Temieparypax 400 °C,
B teuenuu 10 muH. Ilocie ocTeiBaHMA B BaKyyMe 4O KOMHATHOH TeMIIepaTyphl, 0Opa3Libl
M3BIMAJINCh M3 BaKyyMHOM KaMepsl U /A YIOPAZOYEHUS CTPYKTypPhl MU yMeHBIIeHUS
BHYTPeHHBIX MeXaHNYeCKUX HaNPKeHUU IIJIEHOK IIPOBOJUJICS MMITYJIbCHO-(QOTOHHBIM OTXKUT.
B xayecTBe MCTOYHHMKA IIOJIMXPOMAaTHYECKOTO MU3IyYeHHUA CIY>KUJI HAOOp JAMII HaKaJIUBaHUSA
JIT-1000X-220. IlnoTHOCTH MOLIHOCTH Iazaiomero Ha oOpasel cBera coctasusiit 92 Br/cm?.
[ uTeIPHOCTh UMITYJIbCA MEHAIACh OT MKC [0 HECKOJIBKUX C.

W3mepenune Tonmuus! m1eHok TiN IpoBOAMIOCE:

1) Ha CTeKJIe C UCIIOIb30BaHHEM onTHyeckoro uHrepdpepomerpa MUN-4 nmo cranmaprHOit
MeTOAUKE, U

2) Ha KpeMHUI (COMyCTBYIOIIMI B IIpOIlecce HAaIbLIeHNs) Ha ycTaHOBKe JIDM-2 ¢ pruHOi
BOJIHBI J1asepa 6328 A.

Tommunsr mreHok TiN Haxoxwrucss naTepBane 50 — 200 M.
Vi3smepeHus BeJTMYMHBL OITHYECKOTO IIPOIYCKAHUA TPOBOSUIINCH Ha CIIEKTPOdOTOMETpE
®C-26 B guamnasone giauH BoaH 0.25 —1.10 MxMm.

T,
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60 F 3
40 \/\21
2 - 1
. . N i P N A .

0.300 0400 0500 0600 0700 0.800 0900 1000 Aum

Pucynoxk 1. CriekTpsI OITHYeCKOT0 IMPOITyCKAHUA TLIEHOK
HuTpuga TuraHa rormuH: 1 —200, 2 - 160 u 3 — 80 Hm.

Ha pucynkax1 m 2 moxasaHa 3aBUCHMOCTb BeJIHYHHBI ONTHYECKOTO IIPOIYCKAaHU
IUIEHOK HUTPHUJA TUTAaHA OT JIuHBL BONHBL Tommuua mreHok 50— 200 am. Kax BummO u3
PHCYHKa 1, ¢ yBeTHMYeHHNeM TOJIIIMHEI IUIEHOK HaOJII0aeTcA M3MeHeHHe IIPOITyCKaHHUA CBeTa BO
BCEM W3MepsAeMOM Juala3oHe BOJIH. XapaKTepHOH OCOOEHHOCTBIO CIEKTpPa IIPOITyCKaHUS
ABJIAETCA HaJIUYUe Pe3KOTo IIMKa IIPOIyCcKaHud B obimactu ayuH BosH 293 — 330 uM (pucyHku 1
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u 2). Bropoii, 6osee mupokuil MaKCHMyM HaOIIOfaeTcsa B BUAMMOI obOiactu crmekrpa. Kak
BUJHO U3 PHUCYHKa l, IUIeHKM HUTpUZA KpeMHHA O00JaZaloT OGOJIBIION OJHOPOIZHOCTBIO
IIPONTyCKaHUs IPAaKTUYeCKH II0 Bceil BUAUMOI 061acTu cekTpa. HeoqHOpOAHOCTS B [uanasoHe
nnuH BonH 550 — 650 HM He mpesbimaer 3 %. OtmeruM, 4TO Ass ob6pasma Tommuzoil 80 HM
Hab6mogaeTcs 39 deKT MpocBeTIeHNI B 061aCTH KOPOTKOBOJIHOBOTO ITHKA.
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Pucynoxk 2. CieXTpsl OITHYECKOTO IPOITyCKAaHUA TUIEHOK HUTPUA
TUTaHA I0CJe: 1 — ITUTeTFPHOTO TEPMUYECKOTO BO3JEHCTBUA B IeUN
(200 °C, 14 gacoB); 2 — ©UMIYJIBCHOTO (POTOHHOTO BO3ZEHCTBUAL
(2 ¢); 3 — ummyIBCHOTO (POTOHHOTO BO3ZEHCTBHA (3 C).

Jns oueHKM CTaOMIBPHOCTH OITHYECKMX CBOHCTB IUleHOK TiN mpoBozuiock
UCcCIeloBaHNe  BIMAHHUA  HMMITYJIBCHOTO  (OTOHHOTO, [JJIUTEJBHOTO TEPMHUYECKOTO U
yIBTPadHOIETOBOTO BO3AEHCTBUI HA CIEKTPHI IMpomyckaHusa obpasua. Crexso ¢ mreHkoid TiN
OCBEIIAJIOCh CO CTOPOHBI IIeHKU. VIMITy IBCHI CBeTa IJITMTENIBHOCTBIO MeHee 2 C He BBI3BIBAIOT
M3MeHeHHS CIeKTpa ONTUYecKOro nponyckanud. [Ipu yBernueHUy AIMTeIbHOCTUUMITYIBCA IO
2-3c, CIeKTp ONTHYECKOTO IIPOIYCKAaHUA H3MEHUJICA B CTOPOHY YyBeJIMYEeHHSI TOIBKO B
o6acTi MaKCUMYMOB IIPOIYCKaHWA. YBeJIW4YeHMe IIPOIyCKaHus He mpeBsimano 3 %.
JanpHelimas o6paboTka OOpasI[OB CBETOBBIMM HMMIIYJbCAMM He INPUBOZUT K 3aMETHOMY
U3MEHEHHIO B CIIEKTPaX OITHYECKOrO IIPOITyCKaHWA. Tako#l >xe addeKT HaGIIOmaeTCs IpH
BhIZIep>kKe 00pasios mpu Temmeparype 200 °C Ha Bo3myxe B TeueHnu 14 gacos.

Kak wmsBectHo [1], TiN o6mamaeTr BBICOKOII OTpa’kaTeJIbHOH CIIOCOOHOCTBIO B
MHQPaKpacHO# 00JaCTU CIEKTPa, M C YIEeTOM KPAaTKOBPEMEHHOCTH HMITYJIBCHOTO (hOTOHHOTO
Bo3zeiictBusa (2—3c) mo cpaBHeHHIO TepmMuuyeckKuM (14 dYacoB), MOXHO 3aKJIIOYHUTH, YTO
MeXaHU3M OT)KMTa, BBI3BIBAIOIIETO yBeJIHMYeHHEe ONTHUYeCKOTO IPOIyCKAaHUA  HOCHUT
aTepMUYeCcKUH XapakTep M CBA3aH CO CHATHEM BHYTPEHHBIX MeXaHHYeCKMX HaINpsKeHUH,
BO3HUKAIOMMX B IIeHKaX TiN IIpy UX BBIpAIIMBAaHUH HA YY>KEPOJHBIX IIOJJIOXKKAX [2].

Hccnemyemsle 00pasmsl  ITOABEprajuCh TaKXe MOIIHOMY  YJIbTPadHOIETOBOMY
Bo3zeiicreuio ot yamnsl JIPIIT 1000 B Tevenuu 16 wacos. B pesynsraTe, Kakue 1100 3aMeTHBIE
M3MeHEeHUA B CIIeKTPaX ONTUYECKOTo IIPOITyCKaHMUA 00pasiia OOHAPYKUTh He YalIoCh.

313



Investigation of optical transmission spectrum of TiN thin films ... .

st IpoBepKYU CTaGUIBPHOCTH W3MEHEHUH, U3MepeHUs OBLIN ITOBTOPEHBI Yepe3 YeThIpe
Mmecsana. Kak mokasanu uccienoBaHus, U3MeHEHHUSI B CIEKTPaX ONTHYECKOTO IIPOIYCKAaHUS He
HabomaeTcs.

PesysnbraTsl [aHHBIX OKCIIEPHMEHTOB IIO3BOJISIET OLIEHUTH ONTHYECKHe CBOMCTBA
mosrydeHHbIX 1eHOK TiN ¥ pacauThIBaTh Ha BBICOKYIO CTAOMIBHOCTH IIAPAMETPOB B CIydae X
IIPUMEHEeHUs B KAYeCTBe OITHYEeCKUX TOKPBITUU.
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9930boms o  89damdo om0 ©IRJ30m.  sbgmo  BB360wWdOLLYD  Jowgdmwo
BobmbBHOMIBHMOHMEo 3905903900 bolosmEO0sb Tomoero LodE3o30m ©MB35DY o
M GHYIom0 LodEbEom [25].

©05L3MMOLOYsD (a-AIOOH) o-AlOs3-0l 30gdol 3H9dbmemaos ©s3mds39dw90s
65960380 [26]. 0sL3MOO Jorgdmos Al(OtBu)s-ol 3mbEMmMEo6mgds©o 3oMmmobom
HCl-om, 6953963 ms  m9bsgsdomdom  swzmdboeo / HCl = 1. 53 9dgdmbgggzsdo
500 - 800 °C-%g d000gds 64 % -8B 5 sIMOBMWO B5HYd0. 3MOMBEOOL godmbisgswo
0105 M) 300OMEOBOLIL LoMgodaom 50980 J930EB® a-EOSLB3MEOOL 3MOLEWIdL
3063963 Ms300m 7.6 - 101 bsfioero / Bmeno AlOs. 53 9dmbgggzsdo 700 °C-bg senzmdbools
3MMJAHO0 39M504db9ds a-Al203-0b BoBo. 30:0HMBOL baofowszgdol Fo@mdmddbs ofiygds
30006MHMyqol  3o3bggdolsls 450 °C-sb. v 89350056093  d5096M0L  3OMEglom
900900 39EHoLE00WNOHO BMMTJOOL goILZWL MYIMIMObITOIMMI®© LEHIdOEH
a-Al203-80, 99359R693m, GMI 53 3565836900l Fobo®gds 30 gdgos > 1100 °C-by
2obMMgds.  B509MH0L  3OHMEILOL  SEBHYMBIGHOME  FJOMPOIE  0M3EGdS  Sedobol
Bo9mgd0ol 96 F9EsmMo 5@ mdobologeb 30MHMJLoIdol doMgds s d9dymad dsmo
505 3HJI3IMOGHMOME0  39MSJdbs a-RsBsdo. Bgdmom sefgowo Fgommol bs3wos
©05L3MMHOL JogdOLOL 306EHMMWOMHYBSO 30EOMEODBOL FobbmM30gEgdol G9dbozmmo
LoMOHMMEg S 3OIME9LOL boby®mdeogmds [26].

d9LPogowos  BsBoms  GHOMBLRMOs300  y-AlOsz-0l 5068 Bmdolb 5bzbogols
©58J30LsL  3sbgBHomme  fobdzomdo. sy boos, MMI o-Al03-0l 3MHOLEHIEGOOL
393560l 296939 Y-535Bs 96 45603008 A9MOJdbsl a-ggsBsdo (20 bow). vy R3b3bools
©58J35  39BbMO309w®gds  BMEoOl  dMOMMEGO0m LM M9bIFIOEOMIOM
m (dMOns) / m (Al203) = 10 : 1, momsbol ¢9gd3gMo@ Moy 20 — 27 bor-ob d98gy y-ALOs
dOMOMIIP 35oOoL a-Al203-8o [27].

50396005, MM a-Al203-0l5 FgEobs Ladgodaom s6MH9do smBxmdILYdL sb939 YAG
(Y3As5012) ALO3 s YAG 6560mdog3qool Bsdmyseodgdsl [28]. bsbmdsggdo domgdmeos
5¢)doboly s 0@GHMO0Aol 0DM3IOHM30HEJOOL 30OMEOBOM S BME—-9w 3OHMEILTJ0
20068 Bmdolb o-Al03-0l bsfos3900L ©ToEJO0m. 5¢dobol bsbmdsggdo BGOL
39658030l 3gMHIMVBSES00)HMOL, 256L53MmMMIO0mM (3033900l G9d30MgO0L ASTM.

0930H0Logob  dogdme  0dbs  a-AlO3-0l  bsbmdoggdo, MmELss  dSerydobols
Bo@®sBol blbos®do Tg@oboer 046y 5% o-Fex0s3, Mmdgwwog Hocmdmoyqbl a-AlOsz-ob
0BMBGHONIGHMOM  5bsErmal.  ©s©AI60ww0s, HMI  FoBsms  TJmMoL  gooligerol
A993965G M 83060905 1025 °C-009 s M0 F00wgds b5{ows3900 MmG0gb@Es300m
[0001] Al2Os // [0001] Fe203 qos [1120] Al:Os // [1120] Fe20s [29].

00mbdg030bm  ©sB0dbMgdol F9bsbmdols (CoCr) mobsmdolsll Bmer—agw
3900M©0m 30000 2535-5¢dobol mJlowo 1200 °C-By go50ddbgds SEGBS-oBO.
09039 39MEom J0PJINMYWO Y-935D9, OMIgELsi Fobsbfo® ssds@gl 40 63 BmIob a-Al0O3
Boffoans3goo, 800 °C-by o050l BEGsdowe a-Al03-do [30].
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OmnpeneneHre MexaHUYECKUX CBOIMCTB MaTepPHAJIOB Ha CyOMUKPOHHOM X HAHOMETPOBOM
YPOBHAX INPOYHO BOLUIO B IIPAaKTUKY COBPEMEHHBIX MCCJIeNOBaHMU. B WacTHOCTH, TOHKHeE
miaeHKH (< 1 MKM) DpenCTaBisSiOT CO0O# ITOJOOHBIN CIOXKHBIM OOBEKT NPHU MeXaHUIECKUX
ucnsiTaHuax. JIIs MX MeXaHWYeCKUX HCIBITaHWHM HeoOXOZMMBI TaKue MeTOHbI, KOTOpHIe
06JIajalOT BBICOKOM CTENEHBIO JIOKWIBHOCTH (0cobeHHO mo riaybuue) [1]. Ilpu atom m3-3a
MaJIOTO pa3Mepa OTIeYaTKOB M 3HAYUTEJIBHOTO YIIPYyTOTO BOCCTAaHOBJIEHHUS B IIPOIjECCe CHATHIL
Harpy3KH, OOBIYHOe HCIIBITAHHE Ha TBEPAOCTH (C MCIIOJIb30BAaHWEM HAarpy30K, BBI3BIBAIOLINX
IIPOHUKHOBEHUE MHAEHTOpA B MaTepual > 1 MKM U OIpeJie/leHHe Pa3MepOB OTIIEYAaTKOB ITOCJIE
CHATHA HArpy3KH) CTAHOBUTCSA HelpreMyieMbIM. IloaToMy GBLI peasn30BaH METOZ, OIIpeeIeHUS
TBEPAOCTH, OCHOBAaHHBIII Ha H3MepeHUU U aHalIM3e 3aBUCUMOCTH HArpy3Kd OT IJIyOWHBI
BHeJIpEHUs HHJAEHTOpAa IIPY BAABIMBAHWM B IOBepXHOCTh Marepuana [1]. Bo Bpems Takoro
WCIBITAHUS PETUCTPUPYETCs IlepeMelleHre HHIEHTOpa KaK IIPU POCTe HArpysku (Kpuas
Harpy>KeHU), TaK U IIPU €T0 CHIDKeHUU (KpuBasd pasrpysku) [1].

Ha xpuBoii Harpy>keHHs HaOJIIOFATNCh CKAYKOOOpa3HbIe Iepexonsl (PHUCYHOK 1), uTo
yKasplBaeT Ha CKauyKoOOpasHOe IIOTpyXeHHe WHIEHTOpa B Marepuaj Ioj [JeHCTBHEM
HeM3MeHHOW Harpysku. HecmoTpsa Ha OGOJBIION MAacCHUB OSKCIEPUMEHTATIBHBIX [TaHHBIX,
HAKOIUIEHHBIX K HACTOAILIEMYy BPeMeHH, IIOJHOM SICHOCTH B IPUPOJE TOM 3aBUCUMOCTH O CUX
mop He ObLIO [2].

B nmannOit paboTe IpenjIaraioTCs HOBble MeXaHHM3MbI BBIIIEOYKA3aHHBIX fABIEHUI. DTH
MeXaHM3Mbl OCHOBAaHbI HAa HOBBIX IIPeCTAIIEHUAX O POJIM XHUMHYECKHX CBA3eidl B
IepeiBIDKEHUM aTOMOB (MOJIEKYJ) B KOHZECHUPOBAaHHBIX cpezax |[3,4], OIKMCaHHBIX B
MOJIEKYJIAPHO-TIOTeHIHATbHOM Teopuu [5]. CoriacHO 5TOH TeOpHHM, OKOJIO AAHHOTO aToMa
MOXKeT IIOABUTHCA (DIIIOKTyalusA He TOJNBKO KMHETHYeCKOH HO M IOTeHIIMAJbHOM SHEPruu, ITo
COOTBETCTBYET YMEHBIUIEHHUIO BBICOTHI IIOTEHIIMATBHOTO Gaphepa, KOTOPHIH JOJDKEH IIPEe0s0IeTh
aToM (Mosekya) [3 — 6], B pe3yJibTaTe yMeHBIIAeTs DHEPIUA XUMUYECKOH CBA3M JAHHOTO aToMa
C COCEeTHUMH.

YuuTsIBadg, 4TO B KOHZECUPOBAHHBIX CpefiaX DJIeKTPOHBI, yUYaBCTBYIOLIYE B 0Opa30OBaHUH
XMUMHUYECKOH CBA3M, MOTYT HaXOJUTHCA B [BYX PasHBIX KBAaHTOBBIX COCTOSHUAX — HAaXOMACH B
OJHOM OHH YBEJIHMYMBAIOT SHEPTUIO XMMHYECKOH CBA3M (CBA3BIBAIOIIVE COCTOSHUA), B APYTOM
YMEHBIIAIOT (aHTUCBSI3BIBAIOLINE COCTOAHUS) [7/] — yMeHblIeHNe SHePTUM XUMUYECKOH CBI3U

327



New mechanism for materials indentation on nanometer and submicron levels.

IIPOUCXOZUT 33 CYEeT IIOABJIIEHHS OKOJIO JAHHOTO aTOMa aHTUCBA3BIBAIOMUX kBaswgacTur (AKY),
T.e. CBOOOJHBIX 3JIEKTPOHOB WJIX ABIPOK. B COOTBETCTBUU C Teoprel MOJIEKYJISPHBIX OpOuTaeit
XMMHYECKOH CBSI3M, PaCIpOCTPAaHEHHOI Ha TBepjble Tela U JKUAKOCTU [7], SHepreTUdecKui
CIIEKTP 3JIEKTPOHOB COCTOUT M3 CBA3BIBAIONIMX M aHTUCBA3BIBAIOWIMX 30H (pHUCyHOK 2). B
IIOTYTIPOBOJHUKAX 3TH 30HBI pasfie/ieHbl 3allpellleHHOM 30HOH, B MeTasjlaX OHU IIePeKpBITHI.
HaxoxeHure 31eKTpoHA B CBA3BIBAIONIEH 30He YCUIMBAET, a €T0 OTCYTCTBHe (JBIPKA) OCIabadeT
XUMHYeCKyI0 cBa3b. CHila XMMWYECKOH CBSA3M [JAHHOTO aroMa (MOJIEKYJBI) C COCeNHUMHU
olpefendeTca Pa3sHOCTBIO 4YHCEeJT CBA3BIBAIOIIMX M  AHTHUCBA3BIBAIOIIUX  3JIEKTPOHOB,
HAXOJAIIMXCA OKOJIO Hero. UeM MeHbIIe 3Ta Pa3sHOCTh, TeM cjaabee XUMUYECKas CBA3b, a IIPU
pPaBeHCTBe PAa3sHOCTU HYJIIO XHMUYECKas CBA3b HcIe3aeT (CyOnnmaliys, HUCIapeHUe, KUIIeHHe)

[4-6].
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Pucynoxk 1. luarpamma P— A (P— Harpyska Ha UHJEHTOp, 4 — riryOuHa
IIPOHUKHOBEHU UHAeHTOpa). MOHOKpuCTanndeckoe 3010T0: 1 — aTOMHO-
IJIaZiKasi MOBEPXHOCTH U 2 — TIOBEPXHOCTH C CTyIeHbKaMu 2 nm [2].
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Pucynoxk 2. BosHuKHOBeHMe THOPUIU3NPOBAHHBIX Sp3-opOUTalell, NX pacllenieHue
Ha CBSI3BIBAIONIYE U AHTUCBA3BIBAIONINE OPOUTAIH U, IPU COMIDKEHUN aTOMOB,
BO3HUKHOBEHUE U3 HUX COOTBETCTBEHHO CBa3bIBatoNIsix (C3) 1 aHTUCBI3BIBAIONIBIX
(AC3) 30H. AE; — mypUHA 3aIPUILLEHHOM 30HHI B ITOJIYIIPOBOJHUKAX,
AEgn — TICeBO3anIpHUIIeHHAs 30Ha B MeTaIax, £r— yposens Pepmu.
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Taxum 06pasoM, ITepeBos; SIeKTPOHA M3 CBA3BIBAIOIEI 30HBI B aHTHCBI3BIBAOILYIO 30HY
(B MeTajuIax IE€pexXofbl OCYIIECTBAIIOTCA MeXxAy ypoBHeM PepMmu u JHOM aHTUCBS3BIBAIOLIEH
30HBI — OJTO JHEPreTUYeCKOe pACTOSHME HAa3bIBaeTCA IICeBIO3AIpeleHHOW 30HOM — CM.
PUCYHOK 2), O3HauaeT ocjabjeHHe XMMHWYECKOH CBA3M B JAHHOM BellecTBe (T.e. €CIM 3TO
TBEpJi0€ TEJIO, TO OHO JOJDKHO CTaTh 60Jiee MATKUM).

ITepeBos, 2/M€KTPOHOB MOXXHO OCYIIECTBUTh PpasHBIM crocob6oMm. B mro6om ciydae
IepeJBIDKeHUe aToMma Oyzer oGierdeHo. [Ipu cBoeM XaoTHM4eCKOM [BIDKEHUH SJIEKTPOH H
IOBIDKA MOTYT OKa3aThCsi OKOJIO OIpefieleHHOTO aToMa C BeposTHOcTsio 22/ N: (n —
konueHtpanus AKY, N: — KOHIeHTpalus aTOMOB Bel[eCTBA) B pPa3HOM [ KOJIWYECTBe
(drmroKTyanus HOTEHUMANbHON SHEPruuM) C BepOsATHOCTHIO (11/ N:)f u 1mo-pasHOMY OCIaOUThH
XUMUYECKyI0 CBA3b. UeM Goibure Oyzer konueHrtpanus AKY mpu maHHO# Temmeparype, TeM
Oosibllle BEpOATHOCTb IIEpeABIDKEHUA aTOMOB U TeM WHTEHCHUBHee Oy/eT IIPOTEKaTh
Ha0II0ZaeMbIN IIPOIeCC, a IPU JOCTIDKeHNU Kputndeckoil konueHTpanuuu AKY nk = (m* / Ma)'?
(m* — adpdexTHBHOTO Macca CBOOOLHOTO dIeKTpoHA, Mz — Macca aromMa (MOJIEKYJIBI) BellecTBa)
HAaYWHAETCS IIPOLeCC IIaBIeHUA He3aBUCUMO OT TOTO, KakuM criocobom cozzmansl AKY [4 - 6].

Ilpy KOHTakTe HMHIEHTOpPAa C IOBEPXHOCTBIO HCCIEeZYyeMOro o0paslia BO3HUKAIOT
IaBJIeHUSA [JOCTaTOYHO BBICOKUX 3HAYEHHIl, KOTOpble MEHAIOT DHEPreTHYeCKHI CIIeKTp
5JIEKTPOHOB, YYaCTBOBABUIMX B CO3ZAHUHM XUMUYECKUX CBA3€H, YTO BBIPAKAETCA B M3MEHEHUU
DHEPreTHYeCKOTO  B3aMMOPACIIONIOXKEHUs  dHepreTmdeckux 30H [8—-10]. B  pasHex
KpucTajorpaguyecKuX HANpaBIeHUAX 30HBL CABUTAIOTCI IO Pa3sHOMY, HO B KaKOM-TO
HaIIpaBJIeHUY CBA3BIBAIONIAS M aHTHCBI3BIBAIONIAS 30HBI BCET/ia IPUOIIDKAIOTCA APYT K IPYTy U
koHneHTpanua AKY mpu HeusMeHHOH TeMmIepaType Bo3pacTaeT. B ob6yacTu KOHTakKTa
WHJEHTOpa ¢ 00pa3IoM IIPOUCXONUT JOKaJIbHOE YMEHbBIIEHNEe PAaCCTOSHUA MeXZY 30Hamu (8] u
yBenudenne KoHueHtpanus AKY, uto BHauane oGierdaer mepeiBIDKeHME aTOMOB (MOJIEKYJI),
T.e. 00pa3oBaHUe TOYeUHBIX NedHEKTOB, a IPU JOCTIDKEHUN KPUTHYeCKOH KoHueHTpanun AKY
IIPOMCXOJUT JIOKAJIbHOE IUIaBJIeHMe, YTO BeleT K CKaYKOOOPasHOMY yBEIMYEeHHIO TIJIyOWHBI
BHEJIpEHUs WHJAEHTOpa, IOJ [eHCTBUEM HEeM3MEeHHOMW Harpyskd. OITO, eCTeCTBEHHO,
yBeJIMYUBAaeT KOHTAKTHYIO IIIOIAfb. B pesyibTaTe yMeHbIIaeTCs AaBieHHe, KOHI[EHTPAIUI
AKY u mpomecc miaBieHus mpekpauaercsa. llosTomy gamee mid yBelIWYeHUA TITyOUHBI
BHEJIpEHUsA HUHIEHTOpa HeOoOXOABIM pocT Harpysku (pucyHok 1). Ilpm pansHeiimem pocre
Harpy3KH MOXeT OCYLIeCTBUTBCSA BBINIEONMCAHHAA CHUTyallMsd M IIPOM3OHAET HOBOE
CKa4YK0OOpa3HOe yBeJUdeHHIO TTyONHBI BHeIpeHUA WHeHTOpa (pUcyHOK 1) u Tak maiee. fcHo,
YTO BeJIMYMHBI HATPY3KH, IIPU KOTOPHIX OCYIIECTBATCS CKaYKOOOpa3Hble YBeIUYeHUs IIyOUHbI
BHEJIpEHUs WHJEHTOpa, OyAyT 3aBHCETh OT NPHUPOABI M 00pabOTKM Marepuana, reOMeTpUU
HaKOHEYHMKA MHAEHTOPA, CKOPOCTU HArPy>KeHUs U TeMIIepaTyphl IIPOBeZeHNUA OIbITa, KOTOPHIE
O6yznyt BauaTh Ha mporecc obopazoBanus AKY. C moBsimeHHeM TeMIEpaTypsl B ZOCTIDKEHUU
kpurndeckoi KoHueHrpauuu AKY BHecyT cBOii BKIaZ U TepMHYeCKHe IIEePeXObl 3JIeKTPOHOB.
[TosToMy ckaukooOpasHOe yBelWdeHUe TIyOWHBI BHELPEHUS WHEHTOpa Oy/eT IPOUCXOLUTH
IpH MeBIIMX HArpyskax, 4YTO U HabmozaeTcd Ha OKcrmepuMeHTe (pucyHok3) [2]. Ilpm
yBeJINYeHUN CKOPOCTH HArpPy)XeHMs He YCIleBaeT YCTaHOBUTHCS PaBHOBECHAs KPUTHYECKast
koHneHTpanus AKY, n1s mocTmxeHHsS KOTOpO#l yxKe TpeOyeTcs yBelWdeHUe HArpPy3KH, UTO
TOXKe HabIromaeTcs Ha ombite [2].

B mosp3y MexaHM3Ma CKaYKOOOpAa3HOTO yBeJIWYeHUdA IJIyOWHBI BHEJPEHHI HHIEHTOpA
moj, JelcTBHEM HEM3MEHHOHW HAarpysKM 3a CYyT JIOKQIBHOTO IIJIaBJIEHUSA TOBOPAT
SKCIIepUMeHTaJIbHble JaHHbIE O TPUKCOTPOIHOM d¢dekTe — IOSBIeHWE B KpHUCTaLIe Ha
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TpaHUlle BHeJAPEHUSI WHAEHTOPa OyrOpKoB aMOpPGHOTO BEIIeCTBAa, II0 CBOEH CTPYKType, OYeHb
IIOXOJXeTO Ha 3aCThIBIIee IIOCIe IIaBieHus Matepuan [11, 12].
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Pucynoxk 3. TemneparypHas 3aBUCUMOCTD AuarpaMmsl P— A (P— Harpyska
Ha UHIEHTOP, /1 — rryOnHa IPOHUKHOBEHUS WHAEHTOPA) A1 IIATUHSEI [2].

Jlna 0OBACHEHUA 3aBUCHMOCTH TBEPAOCTH OT INTyOMHBI MH/IEHTHPOBAHMA PACCMOTPUM
KaK MeHfeTCA CHJIa XMMHUYeCKHUX CBA3eil B HAlpaBJIeHWU OT IIOBEPXHOCTU B 0O0BeM. Kpaiinrre
aTOMBI Ha IIOBEPXHOCTH MMEIOT HeHACHINeHHbIe XMMHYeCKHe CBA3M — JIMIIHBIE 3JIeKTPOHHI,
KOTOpEIe 3aMBIKAIOTCSA Ha CcOocelHHe OOKOBBbIe aTOMBI. IIpouCXOAHT ABIeHNe THIIA JUMEePHU3aL NN
[13]. OTa u36BITOYHAA IUIOTHOCTH OTPHUIATETBHOTO 3apAfa NepeTeKaeT Ha XUMUYECKHe CBA3U
aTOMOB, PaCIOJIOXEHHBIX B ITTy0b OT ITOBEPXHOCTH (PHCYHOK 4), YMEHBIIAACH C ITyOMHOH TeM
ObICTpelt, YeM MeHbIlle JUDIeKTPUYeCcKas IPOHUIIaeMOoCh BelecTsa [ 14].

Pucynoxk 4. CxemaTudeckoe nzobpeskeHHe pacripesieleHU
M30BITOYHON IJIOTHOCTU OTPHUIATEIBHOTO 3apAa Ha XUMUYeCKHe
CBSI3M QTOMOB, PaCIIOJIOXKEHHBIX B IJTy0b OT IIOBEPXHOCTH.

Takum 06pasoM, yBeJWYeHHE Y IOBEPXHOCTH IIOTHOCTH OTPHUILATENBHOTO 3apsaza
yBEJIMYMUBAET CUIy XUMUYECKOU CBA3U M, CJIE€JOBATEIbHO, TBEPAOCTH, YTO U HAGIIOZAETCS Ha
sKcrepuMeHTe (pucyHOKk 5) [15].
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Pucynok 5. 3aBucumocts MUKpOTBepAoCTH (/) KpeMHUA OT MHTEHCUBHOCTHU
OCBellleHU, IIPY BO37IeHCTBUY KBaHTaMu cBeTa: 1 — Av> AE;u2 — hv< AE;,
(0 cooTBeTcTBYET TeMHOTe,/ — THTEHCUBHOCTD B YCJIOBHBIX eIMHUIIAX
HWCTOYHUKOB CBeTa, a AL, — mupuHa 3anpeleHHOI 30HbI KPeMHU).

B ZmokasaTeinsCTBO 3TOTO MeXaHM3Ma, €CIM Ha IOBEPXHOCTH, KAaKMM-IHOO CIIOCOOOM,
yBenuduTh KoHIeHTpauuio AKY u TeM caMbIM yMeHBIINTD CHIy XUMUYECKUX CBA3€H, TaK 4YTO
Ha ITOBepXHOCTH o6pasna KoHueHTpauyus AKY 65110 651 MaKCHMaTbHBIM U OHO CIIaZayno-ObI B
riy6p oOpala, To TBEPAOCT Ha IIOBEPXHOCTH JO/DKHA ObITh MeHblile, 4eM B IyouHe. Hamu 6511
IIpOBe/leH TaKOH 9KCIepuMeHT [15], pe3yIbTaTsl KOTOPOTO IIpUBeIeHbI Ha PUCYHKE 5.

[ToBepxHOCTH HCCIIEMYEeMOTO 0Opasla B Ipoliece MHIEHTUPOBAHUA OCBENANIaCh B OJHOM
cJlydae CHJIBHO IIOTJIOIIAeMbIM MOHOXPOMAaTHYeCKHM CBETOM, a B JPYTOM — OeJIBIM CBETOM,
IPOHMKAIOIMIMM Ha 3HAYHTeNIbHYIO IiyOuHy. Kak BMZHO M3 pHCYHKAa, B IIEpBOM CIIydae
TBEPAOCTh Ha IOBEPXHOCTH, IAe KoHueHTpauusd AKY makcumanbpHa, MeHblle 4eM B ITyOuHe,
rgme AKY He reHepupyioTcs CBeTOM. 3aBHCHMOCTb YBEJIMYEHUS TBEPAOCTH B TIyOb OT
IIOBEPXHOCTH COBIIAZIAe€T C 3aBUCHMOCTBIO yMeHblleHUs KouueHTtpanuu AKY, renepupyemsix
ceeroM. Bo BTOpOM cCiy4ae cBeT, IPOHHKas Ha BCIO HCCIELyIOMYIO IIyOwHY oOpasia,
DOCTaTOYHO onHOponsHO reHepupyer AKY u yMeHblleHUWe TBEPAOCTH IPOUCXOIZUT IIOYTH
OJMHAKOBO Ha BCIO MCCIENYIOMYIO TIyOMHY oOpaslia. DTH JaHHBIE, II0 HalleMy MHEHHUIO,
OJJHO3HAYHO JOKAa3bIBaeT IIPaBOTY IIPe/I0KEHHOTO MeXaHU3Ma.
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Introduction

When Alessandro Volta in northern Italy discovered in 1800 that an electric current was
generated when two metals were separated by an electrolyte, chemists in Europe immediately
started to study this new phenomenon and tried to make use of it. Napoleon Bonaparte as First
Consul invited Volta to Paris in 1801 to demonstrate to him at the French National Institute
(the body that replaced the French Academy during the revolutionary period), the principle of
his discovery. Napoleon was impressed by the demonstration. He gave Volta the Gold Medal of
the Institute and ordered funds to the Ecole Polytechnique to build a large battery for research.

The news of Volta’s discovery reached England rapidly and a very large battery similar
to the one constructed in Paris was built at the newly founded Royal Institution in London.
Humphry Davy (1778 — 1829) at the Royal Institution succeeded in 1807 to isolate potassium
and few days later, sodium using this battery. Once these two reactive metals were available
they became the focus of intensive study. Their vigorous reaction with water and their
spontaneous burning in air was very impressive. In 1808, Davy announced further his belief
that the plentiful compound alumina was the earth (oxide) of an undiscovered metal. Since
then, scientists had been making efforts to obtain this new metal. The naturally-occurring
alum-stone used by alchemists to enhance the dyeing of textile fibers, was known to yield a
white “earth” when heated at high temperature. This white earth was known as alumina and
was an exceptionally stable material that it was considered a chemical element.

A discovery in Copenhagen

Davy never made any aluminum himself. It was the Danish scientist Hans Christian
Oersted (1777 — 1851) (Figure 1) who succeeded in the early 1820s in producing a tiny sample
of the metal in the laboratory by reducing the aluminum chloride with potassium amalgam. He
had prepared aluminum chloride few years earlier for the first time by heating a mixture of
alumina and charcoal in a stream of chlorine. Chlorine at that time was a laboratory curiosity
isolated few years earlier by Carl Wilhelm Scheele.
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Figure 1. Hans Christian Oersted Figure 2. Friedrich Wéhler
(1777 - 1851). (1800 - 1882).

Friedrich Wohler (1800 —1882) (Figure2) on his return trip from Stockhom after
finishing his studies there with Jons Jacob Berzelius, stopped in Copenhagen in 1824 to visit the
University. He met Oersted there and learned about his experiments to isolate aluminum. Now
in his laboratory in Berlin he repeated successfully Oersted’s experiment in 1827. In 1836 he
moved to Gottingen to accept a professorship position at the University and in 1845 succeeded
in making aluminum in slightly larger amounts from which he was able to show that aluminum
was a light metal. Wohler devoted his work later to organic chemistry and became known for
his synthesis of urea from ammonium cyanate, a reaction that defeated the concept of “vital
force”, that organic compounds could be produced only by living organism.

Aluminum production in France

French chemists were also active in research to produce aluminum. Henri Sainte—Claire
Deville (1818 — 1881) (Figure 3) professor of chemistry at the Ecole Normale in Paris produced
aluminum in 1854 by electrolyzing molten aluminum chloride—sodium chloride mixture.
However, this route was abandoned because, at that time, electric current needed for
electrolysis was obtained only from batteries, which were tedious to construct, to operate, and
to maintain. In addition, there was no material of a construction available that could withstand
the molten chloride without being attacked. He, therefore, considered the chemical method
devised by Oersted and Wohler.

Figure 3. Henri Sainte—Claire Deville Figure 4. Emperor Napoleon III
(1818 — 1881). (1808 — 1873).
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In 1854, he was able to prepare a small bar of the metal to show at the meeting of the
French Academy of Sciences and at the Paris Exposition in 1855 under the title “The Silver of
Clay” which attracted great attention. His friend the great chemist Jean—Baptiste Dumas got an
audience with Emperor Napoleon III (Figure 4) and convinced him to subsidize the researches
on aluminum.

Commercialization

Deville then went ahead to commercialize the process in a small plant at the Glaciere
District of Paris. He replaced potassium by sodium because he thought that sodium was easier to
prepare by reduction of the carbonate with coal at high temperatures since there were no
explosions associated with the reaction as was the case with potassium. This change resulted in
a major improvement. He discovered that the reaction product, sodium chloride, formed a
readily fusible double salt with excess aluminum chloride that acted as a protective layer
allowing the globules of aluminum to coalesce, forming large lumps of the metal, which was not
the case with Wohler’s method.

Sainte—Claire Deville was interested more in the scientific aspects of the extraction of
the metal than its commercial production. He, therefore, suggested to his friend Paul Morin, a
mining engineer, to undertake the industrialization of the project. In 1856, Morin founded Paul
Morin & Company to produce and market the new metal in the Glaciere district of Paris.
However, the inhabitants of the neighbourhood protested against the emissions from the plant
which originated mainly from the production of alumina by thermal decomposition of alum.
Morin had to move his factory to Nanterre, outside of Paris.

Sainte—Claire Deville was also looking for a substitute for alum. In the summer of 1856,
he went to Greenland to evaluate the cryolite deposits there. He discovered that the deposit was
of limited size and rightly considered that the French bauxite would be a more suitable raw
material for an expanding aluminum industry. Sainte-Claire Deville proposed to his friend
Louis Le Chatelier (1815 — 1873) (Figure 5) the Chief Inspector of Mines, to devise a method for
producing alumina from bauxite, which he did in 1858 (Figure 6). In 1859, the Nanterre plant
produced 500 kg of aluminum using Le Chatelier’s alumina. That same year, Sainte — Claire
Deville wrote of his experiences in a book he published under the title De /aluminium, ses
propriétés, sa fabrication, ses applications. However, the price of the metal was quite high,
nearly as high as silver; it sold for $ 12 / pound while silver sold for $ 15 / pound.
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335



The beginnings of the aluminum industry.

Salindres operations

Negotiations commenced with Henry Merle (1825 - 1877) (Figure 7) in Salindres in
Southern France (Figure 8) who was near the bauxite deposits and who was, at that time, the
major producer of inorganic chemicals in France, which included sodium carbonate needed for
Le Chatelier’s process to produce alumina. Dumas, who was on the Board of Directors of this
company, welcomed the idea that the metal be produced in Salindre and that Paul Morin &
Company would take charge of its marketing. Between 1860 and 1885, Merle was the only
producer of aluminum in the world. When he died suddenly in 1877 at the age of 52, he was
replaced by Alfred Pechiney (1833 — 1916) (Figure 9) whose name was given to the company in
1971 when it fused with other companies.

Figure 7. Henry Merle (1825 — 1877).
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Figure 8. Location of Salindres in southern France.

Figure 9. Alfred Pechiney (1833 - 1916).
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The process at Salindres involved the following steps:

Preparation of alumina from bauxite by Le Chatelier’s process;

Production of aluminum chloride by reaction of chlorine with aluminum oxide and
carbon (Figure 10);

° Production of metallic sodium by heating a mixture of calcined sodium carbonate,
limestone, and coal in a retort (Figure 11);
° Production of metallic aluminum by reacting the double chloride with metallic sodium

in a reverberatory furnace (Figure 12).

Figure 11. Production Figure 12. Reverberatory furnace for
of metallic sodium. production of metallic aluminum.

It became evident that this chemical route was very expensive, not only due to the
numerous steps involved, but also the large amount of sodium needed at least 2.6 kg to produce
1 kg of aluminum. Means to reduce the cost of production needed to be found.
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Production of sodium

The production of sodium was a major cost item. The process used by Sainte—Claire
Deville was very inefficient since only one third of the theoretical yield was obtained. In 1886,
Hamilton Y. Castner (1859 —1899) (Figure 13), a young graduate of Columbia University in
New York, produced sodium by reduction of sodium hydroxide instead of sodium carbonate:

6 NaOH + 2 C — 2 Na2COs + 3 H2 + 2 Na.

Anode

T

Diaphragm

0,
J/ Sodium metal
=

Electrolyte

R (molten NaOH)
5‘3& = Cathode
Figure 13. Hamilton Y. Castner Figure 14. Castner’s process for the electrolysis
(1859 — 1899). of molten NaOH for production of sodium.

The cost of production was reduced but not by enough. In 1891, he proposed the
electrolysis of molten NaOH in a specially designed cell (Figure 14). The process was efficient
and a pure product was obtained. Although the price of sodium produced by this method was
less than that produced by Sainte—Claire Deville, it was still too high because NaOH must first
be produced from sodium carbonate by reaction with calcium hydroxide. The solution must
then be concentrated by evaporation and then melted.

Aluminum in USA

Aluminum alloys

Aluminum alloys, especially an aluminum-copper alloy known as aluminum bronze
which had the appearance of gold and was used in ornaments and in making tableware, were
produced in 1884 by the Cowles brothers who set up electric furnaces in Cleveland, Ohio, and a
few years later, in Stoke-on-Trent. Current was supplied from a dynamo. Bauxite, charcoal, and
the metal-forming alloy were placed in the furnace. When the current was turned on,
resistance to the passage of the current offered by the charge generated heat which affected
reduction of the alumina by the carbon. The liberated aluminum immediately combined with
the molten metal present to form an alloy. This collected at the bottom of the furnace and was
tapped out at the end of the operation, which lasted for about one hour.
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Copper was commonly used and alloys containing 15 % to 40 % aluminum were usually
produced (Figure 15). If no metals were present, alumina, on reduction with carbon, yields the
carbide, hence, production of aluminum by this reaction is not feasible. For many years, the
aluminum alloys made by the Cowles brothers’ process were sold at $ 5/ pound of contained
aluminum, a price much lower than pure aluminum.
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Figure 15. Cowles electric furnace for production of aluminum bronze.

A visitor from America

Frank Fanning Jewett (1844 — 1926) (Figure 16) who had received his undergraduate and
graduate education in chemistry and mineralogy at Yale University spent two more years, 1873
to 1875, at the University of Gottingen with Wohler. There he learned about the promise of the
new metal. Jewett returned home to become an assistant at Harvard University. Soon he was
nominated to teach at the Imperial University in Tokyo, Japan where from 1876 to 1880 he was
one of the small groups of westerners who initiated the teaching of science at the university. In
1880, he became professor of chemistry and mineralogy at Oberlin College in Oberlin.

Figure 16. Frank Fanning Jewett Figure 17. Charles Martin Hall
(1844 - 1926). (1863 — 1914).

When Charles Martin Hall (1863 —1914) (Figure 17) took his chemistry course at
Oberlin, he heard Jewett lecture on aluminum, display his sample of the metal, and predict the
fortune that awaited the person who could win this metal from its ore. Under Professor Jewett’s
guidance and encouragement, Hall worked on aluminum chemistry in Jewett’s laboratory and
at home until he succeeded in 1886 in producing the first ingot of aluminum by electrolyzing
alumina dissolved in molten cryolite. Figure 18 shows a pot line of early Hall cells in Pittsburgh
in 1890.
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Figure 18. An early Hall cells in Pittsburgh in 1890.
The end of the chemical process

The same process was discovered simultaneously and independently by Paul Louis
Heroult (1863 — 1914) (Figure 19) in France and is the same process used today. Figure 20 shows
Pot with six cylindrical anodes corresponding to the first type of pot installed by Héroult at the
La Praz Plant in the district of Jura—Nord Vaudois in the canton of Vaud in Switzerland in 1893.
The electrolytic process for the production of aluminum immediately displaced Sainte—Claire
Deville’s process.

Figure 19. Paul Louis Héroult Figure 20. An early Héroult cell.
(1863 — 1914).

Production of alumina

Bayer process

Le Chatelier process did not survive for long time once Karl Josef Bayer (1847 —1904)
(Figure 21) invented a new hydrometallurgical process for producing alumina from bauxite
(Figures 22 and 23). Bayer’s invention took place in two steps. In the first process invented in
1888 he used finely divided aluminum hydroxide as nuclei on which the hydroxide precipitates
instead of using CO2 gas. Later, in 1892 he used pressure leaching of bauxite with NaOH instead
of sintering with sodium carbonate. This is now the process used world wide.
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Figure 21. Karl Josef Bayer (1847 — 1904).

A problem of Bayer’s process is the disposal of the leach residue knownas red mud
because of its color. For each ton of Al20Os, about one ton of red mud is produced. Taking into
consideration the large tonnage of bauxite processed, the amount of red mud produced annually
worldwide is about 40 million tons. These are usually disposed of in ponds or in the sea.

Na,CO, Bauxite

NaOH Bauxite

Pres. leaching
Filtration

Precipitation

AI(OH),
Evaporation Al,0, L ALO;
to dryness
Figure 22. Bayer process 1888. Figure 23. Bayer process 1892.

A new importance was given to the Bayer process when gallium was needed by the
semiconducting industry and its recovery from process solution became desirable. Gallium was
first discovered in zinc blend in 1875 and its first production was from this source. However,
when it was discovered in bauxite in 1896 by the Irish chemist Walter N. Hartley (1846 — 1913)
and Hugh Ramage (1865 —1938), this new source became the major supplier although its
average concentration is only less than 0.01 %. Alusuisse, a major aluminum manufacturer in
Switzerland, commenced industrial production of gallium from bauxite in 1955. Gallium
follows aluminum in the Bayer process and is recovered from the aluminate solution. The
present world production of gallium is about 50 tons / year.

Alumina from cryolite

Before the utilization of bauxite for alumina manufacture, cryolite (NasAlFs), which was
discovered in Ivigtut, in south Greenland, by a Danish whaler who brought a piece of it to
Copenhagen, was used. In 1854, one year before Le Chatelier invented his process, a process
was developed by Julius Thomsen (1826 —1909) (Figure 24), a professor at the Technical
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University of Copenhagen, which involved heating the cryolite with limestone, followed by
water leaching, to extract sodium aluminate formed, leaving behind CaF: in the residue.
Aluminum hydroxide was then precipitated from the aluminate solution by CO2 leaving sodium
carbonate in solution to be recovered as a by-product (Figure 25).
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| Calcination
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CaF, residue Filtration

v
Precipitation

[ Filtration |
Na:CO

Al,O,

Figure 24. Julius Thomsen Figure 25. Thomsen process for the
(1826 — 1909). recovery of alumina from cryolite.

By the early 1860s, a large-scale soda and alumina production based on cryolite was in
operation and was one of the largest industries in Denmark. The process was also implemented
in other nearby countries as well as in the United States at the Pennsylvania Salt Company in
Natrona, near Pittsburgh. However, in 1894 soda production from cryolite ceased in
Copenhagen due to competition with the new Solvay process. In 1897, about 13 000 tons of the
mineral were mined, the major part of which was delivered to the Pennsylvania company, but
three years later, the process was also abandoned in the United States.

Thomsen is best known for developing the principle that the heat of formation is a
measure of chemical affinity, and for a four-volume work, 7hermochemische Untersuchungen
he published between 1882 and 1886. Later, cryolite played an important role in the Hall-
Héroult process when it was discovered by German chemist Martin Kiliani (1858 — 1895) that a
cryolite sample had an exceptionally low melting point, and when analyzed, it was found to
contain a small amount of Al2Os as an impurity. Thus, he concluded that Al2Os decreases the
melting point of cryolite. This information was immediately utilized by Héroult and Hall to
propose cryolite as a molten salt solvent for Al20s. However, before this process was invented,
German chemist Heinrich Rose, and, independently, British metallurgist Allan Dick devised a
method for producing aluminum by reduction of cryolite with sodium. Henri Sainte—Claire
Deville also considered using this method but abandoned the idea after a French expedition to
Greenland in the summer of 1856 discovered that the cryolite deposit was of limited size. The
French bauxite was considered to be a more suitable raw material for an expanding aluminum
industry. In 1962, the Greenland operation was closed.

Alumina from other sources

The production of Al:Os from nepheline is a unique process used only in Russia. The
source material is the waste from the beneficiation of apatite-nepheline rock, which contains
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enough Na2O and K2O to convert its alumina content into aluminates. The feed material is
mixed with limestone and calcined at 1250 — 1300 °C in a rotary kiln:

(Na, K)20 - Al:Os - 2SiO2 + 4CaCO3 — (Na, K)20 - Al2Os + 2 CazSiOs4 + 4COa.
The sintered product is then crushed, ground, then leached with recycle NaOH solution. The
filtrate is processed by CO: to precipitate AI(OH)s while the residue is made to cement. Some
sodium carbonate and potassium carbonate are also recovered by crystallization from the leach
solution after precipitating Al(OH)s.

Sederberg electrode

In the 1920s Carl Wilhelm Sederberg (1876 — 1955) (Figure 26) in Norway replaced the
numerous pre-baked electrodes in the aluminum production cell by a single electrode to cut
expenses of manipulation (Figure 27). Since the electrode is consumed gradually during
production, a paste has to be continuously added on the top to compensate for the loss. The
industry adopted this technology but later it was found to be highly polluting. As a result, the
pre-baked electrodes came back into use in the 1970s although the Russian company Russal, the
largest aluminum producer in the world, still uses the pre-baked system.
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Figure 26. Carl Wilhelm Sederberg Figure 27. Sederberg electrode.
(1876 — 1955).

Epilogue

Although metallic aluminum was isolated for the first time in minute amount in
Denmark by the Danish scientist Hans Christian Qrsted in 1825 and confirmed by the German
chemist Friedrich Wohler in 1827, the aluminum industry started in France by Henri Sainte—
Claire Deville in 1854. France had large deposits of bauxite to supply the needed Al2Os for the
industry, but Denmark was unable to develop an aluminum industry because the cryolite from
Greenland was not a competitive raw material. However, neither Le Chatelier’s thermal process
for treating bauxite developed in France nor Thomsen’s process for treating cryolite developed
in Denmark were able to compete with Bayer’s hydrometallurgical route developed in Russia.
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Discoveries of bauxite were later reported in many parts of the world including Jamaica,
Suriname, Guyana, Australia, the former USSR, USA, the former Yugoslavia, and Hungary. It
now represents one of the largest tonnage mineral raw material treated chemically — about
90 million tons annually worldwide. Bayer’s inventions in 1888 and 1892 to satisfy the need of
the Russian textile manufacture soon turned out to become the most important invention for
supplying the need of the growing electrolytic aluminum industry that was discovered four
years earlier by Charles Hall and Paul Héroult.

In 1960 the production of aluminum surpassed that of copper and became the second
largest metal produced after iron. The Industrial Revolution when started in England in the
18th century was based on coal and iron. After World War II the situation changed and the
new civilization is now base on petroleum and aluminum.
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