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It was shown that the complex research of iron nanoparticles prop-
erties by different methods, supplemented each other, permit to
receive the data about the interior sizes of nanoparticles, a number
of physical properties of particles, their dependence on frequency
and changes produced by various influences. It was found that the
conductivity of nanoparticles changed under the square depen-
dence 0 = 0, W,.
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KomnnekcHoe nccnefoBaHne CBOMCTB HAHOYACTULL XENes3a pasnmy-
HbIMM LLOMOHAIOLMMM AIPYT Apyra MeToAamMu NO3BOSUIO0 NONYYUTL
[JaHHbIE 0 BHYTPEHHUX pa3mepax, AMaNeKTpUIeckux n Gpuanyeckmnx
CBOICTBAX HAHOYACTHL, M MX 3aBUCMMOCTW OT YacTOTbl U U3MEHe-
HWIA, NPOM3BOAMMbIX C MOMOLLBIO Pa3NYHbIX BO3pencTBuiA. O6Ha-
PYXeHO, YTO MPOBOAMMOCTb HAHOYACTULL XeNle3a MMeeT KBaapaThy-
HYI0 4aCTOTHYIO 38BUCUMOCTb — G = T W,

KnioueBble cnoBa: HaHoyacTWUpl, napameTpbl siApo-000/0uKa,
CBOVCTBA HAHOYACTUL, HA OCHOBE Xene3a, IeUCTBUTENbHbIE 1 MHU-
Mble YacTW [M3NEKTPUYECKON MPOHMLLAEMOCTM M NPOBOAMMOCTMH,
CKaHMPYIOLLAs 3NEKTPOHHAs MUKPOCKOMMS, SHEPrOAMCTIEPCUOHHBIN
aHanma.

1. Introduction

In recent years research of different production
methods of nanomaterials and investigation of their
properties causes a great interest [1, 2]. Thanks to
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specific properties of superdispersed powders such
as significant contribution of surface properties,
internal stress, peculiar magnetic characteristics,
appearing due to similar structure; size factor, de-
fining a higher level of extra energy; high catalyst
properties — those materials can find a great amount
of potential application in metal manufacture, elec-
tronics, biological, chemical and pharmaceutical
industries [3—12].

The gap between the opportunities of creat-
ing objects and the abilities of getting knowledge
about their properties and data of nanoparticles is
widening. This gap is becoming an inhibitive fac-
tor in nanostructure research and more over in their
practical application. To our opinion we should
mention some specific applications that characterize
the breadth and range of this problem.

To reach electromagnetic compatibility in air-
craft special materials absorbing electromagnetic
radiation are used; and one of extenders used in
absorbers is superdisperced and powder carbonyl
iron [3]. Magnetopolymer composition of micro- or/
and nanosize, distributed in highly elastic polymeric
matrix, having the ability to deform to hundreds
percent under the action of external magnetic field
are widely used [4].

Wide-range research showed high efficiency of
iron nanopowders application in plant cultivation,
animal husbandry, poultry farming, fishery and in
feeding stuff [5]. It is stated that application of
aqueous suspension on the basis of nano crystal
iron promotes the immunological index adjust-
ment of animals infected with a virus just a like
the man’s T-cell leukemia. Stimulating effect is
obvious in seeds germinability [6, 7]. Great inter-
est is arising out of developing and perfecting the
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methods of magnetic nanoparticles (in the terms of
iron) production. They might serve as target drug
carrier in chemotherapy [8]. Not less important
seems the problem of predicting and evaluating of
the future probable influence of new materials on
a man’s health and the environment, so the task
is to develop new appropriate security standards.
Nanoparticles can penetrate unchangeable through
blood-brain barrier and cumulate in organs and tis-
sues, toxicity of nanoparticles is defined by their
shape and size [9].

The problem of nanoparticles’ diagnosis is in
their instability, high reactivity and internal inho-
mogeneity. Nowadays there is no common method
or complex of methods in scientific literature for
multiparametric investigation, calibration and clas-
sification of nanoparicles.

The problem of identification the form, struc-
ture, size and the character of size distribution,
structure and inner properties of nanoparticles and
also their static and dynamic, electric and magnetic
properties is thought to be fundamental. The solution
of those tasks is determined by the field of superdis-
persed powders application.

One of the informative ways getting these data
is the research of frequency dependences of complex
dielectric and magnetic permeability, which are the
basis to multivariate multiparametric investigation
of nanoparticles. Those investigations are necessary
to establish the correlation between their properties
and the effectiveness of application in different
fields. The aim of this work is a complex research
of iron nanoparticles properties.

2. Samples and production methods

Some dozens methods of NP production are
known nowadays. There are three kinds of methods
that are of great interest from technological point of
view. They are mechanical method, chemical and
plasma ones. To get the investigated materials we
used the reactor 25 kW. Plasma reactor is the elec-
troarc evaporator-condenser with stabilized plasma
flow. Gas system permitted to delete moisture and
oxygen, imported with the stuff and when the ap-
paratus was opened, from technological gas. The
system was hermetically assembled and vacuumized
up to residual pressure 0.05 kg/cm? and filled in with
inert gas—argon up to pressure 1.2 kg/sm?. Electric
arc was burned up between the electrodes of reac-
tor and under the influence of stabilizing (vortical)
technological stream it localized in the centre of the
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reactor. The stuff of the powder had physicochemi-
cal composition: carbon 0.6—0.8; nitrogen 0.5—0.8;
oxygen 0.8—1.2; iron 98.10—97.20 (fraction of total
mass, %).

The average diameter of spherical stuff particles
was 2.2 um. The delivery of raw material was per-
formed with pneumotransport method. The produced
aerosol proceeded into the electric arc zone and the
particles are exposured by 5000—6000 K plasma
discharge. Gas-vapor stream with evaporated mate-
rial were mixed with hardening and stabilizing gas
on the output from the reactionary zone and was
cooled up to temperature 50—60 °C. Then separation
of large-scale fraction from nanopowder was done.
The nanopowder collected on the filter was put into
the storage filled in with inert gas. This method
permits to produce powders of narrow fractional
composition. Large surface of material contact with
plasma increases the effectiveness and rises the pro-
cess efficiency. Specific surface area of producted
iron nanopowder was determined by the method of
nitrogen thermal desorption.

3. Scanning electron microscopy (SEM)

To investigate the morphology characteristics
with the help of scanning electron microscopy the
samples were subjected to preliminary preparation.
SEM images were got just by simply pilling the
powder or by monitoring the pressed pills. Mate-
rial consumption for one pill 3 mm diameter was
from 40 to 200 pgm. The pressure of forming pills
variated from 500 to 600 MPa but it didn’t exceed
700 MPa. After that the pill was kept in the press for
30—50 min. We have got series of typical SEM imag-
es containing somewhere about 500—1200 spherical
particles, represented on Fig. 1. Analyzing SEM im-
ages we have got differential distribution curves of
nanoparticle sizes. Apart from distribution diagrams
polydispersion systems could be described with the
following parameters: number-average diameter
5n , surface-average diameter 53,, volume-average
diameter D, and polydispersion coefficient K

D - ZD,.ni ’5 _ Znin ’
! Zni ! Znin
c\13
ﬁv: ZniDi ’KZEn/Bv’
ZniDi3

where 1, — the number of globule fractions with aver-
age diameter. The results are represented in Table 1.
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Fig. 1. SEM images of nanopowders SSA=15 m%/gm (a),
SSA =15.3 m¥gm (b), SSA=100 m?/gm (c)

®r3nka

Table 1
Calculation results

Specific surface area
SSA, m%/gm

15 15.3 100

Parameters

SEM number-average diameter 411 | 953 | 358

D, ,nm

%lil?/lni.llrface-average diameter 453 | 1112 | 40.0
;]il’\/flr\;lolume-average diameter 560 | 1445 | 437
K 0.7 0.7 0.8
Ni./Ng 6.14 | 1049 | 7.14
ECM d, nm 26.95 | 76.72 | 24.90
PDM d, nm 27 | 73.61 | 24
ECM /, nm 7.03 | 929 | 543
PDM [, nm 7 10.84 | 59

4. Elemental composition-based method (ECM)

of determining core-shell parameters

Nanoparticles (NP) can be indicated by a great
number of different parameters and the most sig-
nificant among them is their core-shell structure.
Recently, a considerable interest has been drawn to
the creation of methods that could provide the abil-
ity of reliable and nondestructive detection of the
topology of NP [13]. Particularly, the identification
of the shell thickness / and core diameter d are of
interest. However, they are difficulty determined by
the fact that the models of NP are a priori unknown
and, moreover, their properties can differ from the
properties of a solid material. That is why it seems
reasonable to use several independent methods
which will permit to confirm the applicability of the
proposed model, to check if the findings are reliable
and to obtain more specific data in case of need. So
this study presents a determination of the oxide layer
thickness and the diameter of the core in core-shell
iron NP using three independent methods. The first
of them is based on elemental composition of NP,
the second one relies on NP density and the last is
grounded on frequency impedometry.

In the majority of possible cases when the shell
is generated due to the oxidation process the usage of
EDX analysis data (Fig. 2) permit to find a concen-
tration ratio Ny /N, (for instance, for the iron NP):

A %
d:D[ANF“—CJ [ANF°+B—CJ )

O o
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where d is diameter of the core; D is external diam-
eter of the shell or diameter of nanoparticle; Ng., N,
are concentrations iron and oxygen in nanoparticle,
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My, M, My, are molecular weights Fe, O, FeO;
Pre> Preo are densities Fe, FeO. Diameter of nanopar-
ticle D is number-average diameter D, from SEM.
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Fig. 2. EDX results of nanopowders:

T
7 ke

SSA = 15 m2/gm (a), SSA = 15.3 m2/gm (b),

SSA = 100 m2/gm (c)
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5. Particle density-based method (pdm)
of determining core-shell parameters

A single particle density is connected with
the values of its sizes by means of the following
correlation:

B p,d’ +p2(D3 —d3)
& +(D-a%)
where p, and p, are the core and the shell densities,

respectively. Connecting experimental density p,
with referred p, we have got the expression for the

core diameter d:
Pyp — P2
d=D| "+—=
( P =P, J ’ )

then thickness of the shell is /= (D —d) / 2.

Iron powder samples were investigated
using scanning electron microscope (SEM). After
respective calculations it was found that the shell
thickness / founded with ECM virtually coincide
with PDM thickness (Table 1). Calculating error
amounts to 1.25 nm, which confirms the validity
of the proposed methods.

Pp 3)

6. Frequency impedometry method
For the realization of this method the formula
for the effective permittivity obtained in [14] was
applied:
& (351 + (a - 1)(51 +2¢, ))— Eyp (352 + (a - 1)(51 +2¢, ))
254]. ((a - 1)5l + Z(a + 1)52 )+ &, ((a + 2)51 + 2(a - 1)6’2)
- (5)

& &
1- £ -0
+ pa)gg +2¢,, ’

where a=Dd~, g, is the effective permittivity of
metallic core, ¢, is the effective permittivity of the
shell, & eﬂis the permittivity of composite medium,
p is the volume fraction of metal in the effective
medium, € is the permittivity of paraffin. In our
experiment the iron spherical core-shell particles
were randomly distributed in a dielectric matrix —
paraffin. Firstly, 10% and then 20% of composite
was located between two glass slices covered with
the conductive layer of InxSnyOz. This set up was
fulfilles the role of the capacitor.

We investigated frequency dependence of
dielectric loss tangent and capacity of composite
medium on the precision analyzer components WK
6440B (frequency range 20 Hz — 3 MHz). Special
shielded container was used to reduce electromag-
netic distortions. Dielectric loss tangent and capacity
error was not less than 0.2%. We determined fre-

®r3nka

quency dependences of real and imaginary dielectric
permittivity and conductivity on the base of C(®)
and 7gd(w) frequency dependences of investigated
e'e,S

e
a real part complex dielectric permittivity of nano-
composite; g, — permittivity of vacuum, S'is sample’s
area, h is the thickness of nanocomposite layer, €"
is an imaginary part complex dielectric permittivity
of nanocomposite).

A special computer program was designed for
solving the direct problem — to permit modeling of
¢’ and &" frequency dependences subjected to the
quantity of frequency dependences of NP conduc-
tivity, core-shell parameters, their volume fraction
in composite and the properties of matrix material.
As a result of modeling it was determined that real
and imaginary parts of the complex permittivity of
composite media depend on the shell thickness. For
instance, the variation of the thickness within 0,5 and
4 nm produces changes of the real part from 100 to
20 (Fig. 3). The dependences of &' and €” on z and
on [ are essentially different over a various range of
values z. Such relations make it possible to determine
the parameters of NP as their thickness /, conductiv-
ity o and its frequency dependence (Fig. 4).

Experimentally obtained frequency dependenc-
es of complex dielectric permeability components
were the basis for solving the inverse problem -
definition of NP properties. The parameters of NP
were processed with a specially created computer
program. NP frequency dependence conductivity
was assigned as 6 =c,0". Sought quantities 6 _, n
u [ were varied up to the best coincidence between
rated and experimental dependences g(w).

composites (C = 1gd = 5”8, , where €' is

Fig. 3. The dependence of &' from the shell thickness | (nm)
and z (z =0/w)
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Fig. 4. The dependence of 8" = arctg (¢ "/&’)from
the shell thickness / (nm) and z (z =c/®)

The approximating line was drawn and the
slope of this line n was determined (Table 2) to
on the base plot of the conductivity-frequency of
NP. We investigated composites with various vol-
ume fraction of nanoparticles — g. The coincidence
of values 6, and n of samples with various vol-
ume fraction g confirme the correctness of simu-
lated results. The same value of n was predicted
by [15].

Table 2
Inverse problem solving results

q n 6., (Om - m)~!
0.1 1.99 4.63-10718
0.2 2.16 5.15-1071°

It was found that the conductivity of NP
changed under the following law ¢ = 6 _©?.

The methods suggested in the work supple-
ment each other. The most informative is the
method which permits to receive the data not
only about the interior sizes of NP, but also about
a number of physical properties of particles, their
dependence on frequency and changes produced
by various influences. Such the results can be
obtained only by using the measurements of the
impedance frequency dependences. More simple
methods based on the elemental structure of NP
and their density can serve for the data acquisi-
tion. These data facilitate appreciably the inverse
solution of the multiparameter analysis based
on the frequency dependence of complex permit-
tivity.
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Conclusion

The complex research of iron nanoparticles
properties by ECM, SEM and PDM methods,
supplemented each other, permit to receive the
data about the interior sizes of NP, a number of
physical properties of particles, their dependence
on frequency and changes produced by various
influences. It was found that the conductivity of

NP changed under the square dependence ~ ®?.

This work was performed as part of the state
task of the Ministry of Education and Science of
the Russian Federation. Project Ne3468: Phase and
structural modification of micro- and nanostructures
by electromagnetic radiation of a wide range of
energies. The registration number 114121550163.
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CMEKTPbI MOMOLLEHNA U PESOHAHCHbBIE YACTOTbI
CTPYKTYPbl «<MATHUTHOE HAHOKOMMNO3UTHOE NOKPbLITUE —

MUWKPOINOJIOCKOBAS JINHUSA»

A. B. BopoHuH, E. H. Bernuun

CapartoBCKuii rocyapCTBEHHbI YHUBEPCUTET
E-mail: denis.v.voronin@gmail.com

B paboTe npoBeaeHbl pe3ynbTathl UCCNEA0BAHMS CEKTPOB MOrO-
wweHnst CBY-MOLLHOCTY B CTPYKTYPE «MArHUTHOE HAHOKOMMO3UTHOE
MOKPbITE — MUKPOMOJOCKOBAS JIMHNS», COLEPXalleil HaHO4aCTu-
ubl marHetuta Fe,0,. Mo nosyyeHHbIM CMEKTpam MornoLeHus
OnpefeneHbl XapakTepHble 1S CTPYKTYPbl PE30HAHCHbIE YacTOTbl,
COOTBETCTBYIOWME MakcumyMmy nornoweHus CBY-mowHocTH, 1
paccyMTaHbl MatepuasbHbie MapameTpbl HAHOKOMMO3UTHOO Mo-
KpbiTUsi: 9dEKTUBHAS HAMArHUYEHHOCTb, 0O6beMHas dpakuus
none MarHUTHON KpUCTannorpaguyeckon aHu30TPONMUN MarHUTHBIX
HaHoyacTuL, B MOKpbITUK. MonyyeHHble B paboTe pesynbratbl Mo-
ryT ObITb MCNOMb30BaHbI MPU CO3AAHUN MArHUTHBIX MaTepuasos,
cofiepxaLix HaHopa3MepHble (NOPsiAka HECKObKUX AECSTKOB Ha-
HOMETPOB) YaCTULbl MarHeTUTa, 1S NPUOOPOB 1 YCTPOIACTB, Pabo-
Taiowmx B CBY-guanasoHe paayoBosH.

KnioyeBble cnoBa: HaHO4YaCTWLpl MArHETUTa, MarHUTHbIE Ha-
HOKOMMO3WTHbIE MOKPLITUS, nornoleHne CBY, mukpononockosas
JIMHWS Nepeaayn.

Microwave Absorption Spectra and Resonance
Frequencies of a «Magnetic Nanocomposite Coating —
Microstrip Line» Structure

D. V. Voronin, E. N. Beginin

This paper aims to look into microwave absorption spectra of «mag-
netic nanocomposite coating — microstrip line» structure, containing
magnetite Fe;0, nanoparticles. The resulted spectra allowed to define
the specific resonance frequencies of the structure under investiga-
tion and to figure out the material parameters of the nanocomposite
coating, that are, an effective magnetization, a volume fraction of

© BoponnH /. B., bernqnH E. H., 2015

magnetic nanoparticles in the coating as well as a magnetic crystal-
line anisotropy filed. The results of this work may be used to design
new magnetic materials containing magnetite nanoparticles for novel
microwave devices with enhanced properties.

Key words: magnetite nanoparticles, magnetic nanocomposites,
microwave absorption, microstrip line.

MaruuTHble HAHOKOMITO3UTHBIE CTPYKTYDHI,
MpeNCTaBISAoNIe cO00H AUCIepCHble MarHUTHBIC
HaHOpa3MEpHBIE YACTUIIbI, BKIIOUEHHBIE B IU3JICK-
TpUYECKUE MaTPULIbI, ABJISIIOTCS NEPCIEKTUBHBIMHU
cpenamu g coznanus HoBeix CBY-ycerpoiicts [1,
2]. BBICOKOYAaCTOTHBIMU CBOMCTBAMM TaKUX Mare-
pHAIOB MOXKHO YIPAaBISATh B HIMPOKUX Mperesiax,
BapbUpysl BEJIMYMHY BHELIHET0 MarHUTHOIO IOJI,
reoMEeTpPUUECKUE pa3Mepsl U MaTepuajibHble Mapa-
METPBI MOKPHITHH (KOHIIEHTPAIMSI MATHUTHBIX Ya-
CTHII, HAMAarHWYCHHOCTb, IT0JIe aHU30TpoIun) 3, 4].
[TosToMy BaxxHOI 3a7aueil sIBISIETCS ONpEIETICHNE
PE30HAHCHBIX YaCTOT MAarHUTHBIX BO30YXKICHUI
U MaTepUaJIbHBIX MMapaMeTPOB HAHOKOMIIO3UTHBIX
ctpykryp B CBU-nnanazone paanoBosiH. B nanHoi
pabore mpuBEIEHBI PE3yJNbTAThl UCCIEJOBAHUS
criekTpoB nomtouieHus: CBU-MoUHOCTH B CTPYK-
Type «MarHUTHOE HAHOKOMIIO3UTHOE MOKPBITHE —
MukporonockoBast CBU-nmuaus nepegaany (MILT).
Ucnone3zoBanne MIIJI naeT mpenmymecTBO MO



