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Summary:

Nanotechnology deals with the creation of materials, devices and systems
through manipulation of matter at the nanometer length scale. The created
object itself does not have to be a nanoscale size object, it might be a
micro or macro size object. Significant changes have been observed in
physical, chemical, mechanical, electrical, optical, magnetic, and other
properties when going down from bulk to nanoscale materials.
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Introduction

Although the interest in nanotechnology has reached its peak only
recently, the concept of nanotechnology itself has been known for more
than 50 years. In the article titled “There's Plenty of Room at the
Bottom“(1959), physicist Richard Feynman concluded that according to
the existing physics laws, there is no reason why materials could not be
“created/manufactured” by manipulating single atoms. Besides Richard
Feynman, we need to mention Professor Nori Taniguschi, who first
introduced the word “nanotechnology” (1974), as well as the recipients of
the Nobel Prize Harold W. Kroto, Richard E. Smalley, and Robert E. Curl,
who discovered the fullerene = a .ball-like form of carbon that showed a
lot of potential as a building material in manufacturing miniature size
objects. An unexpectedly discovered form of carbon, named Buckyballs
or Fullerenes after eccentric architect Buckminister Fuller, was declared
the molecule of the year by the “Science” magazine in 1991. (Hawkins et
al, 1991, pp.312-313)
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Progress in the field of nanotechnology was prompted by the
development of advanced electron-scanning tunneling microscopes used
for observing nano objects. The variety of nanomaterials is vast, just as is
the range of their properties and possible applications. We can say that,
with nanotechnology, the boundaries between different scientific
disciplines are disappearing. Therefore, we can label it as converging
technology and we need an interdisciplinary approach to it. Because of
its far-reaching and various fields of applications, it is believed that
nanotechnology has an enormous potential.

Nanomaterials and Nanoparticles

Nanometer, nanoparticle, ultaramicrosize, nanophase materials are
all different terms used for materials with their grain size of the order of a
few nanometers (El-Shall & Edelstein, 1996, pp.29-70).

The prefix “nano” comes from a Greek word that means something
extremely small. For example, one nanometer equals to 3-5 atoms lined
up in a straight line, the diameter of a human hair is about five times that
of a nanoparticle, a red blood cell has a diameter ~7000 nm, while a virus
has a diameter of 100 nm. Quantum physics/chemistry study atoms and
molecules, as well as objects smaller than 1 nm. Physics of condensed
matter explores/studies bonded atoms and molecules, i.e. objects
ranging from 100 nm to infinity. Empty space is between 1-100 nm i.e.
from 10 to 106 atoms per particle. Nanoparticle materials in modern
physics of condensed matter are considered to be materials that consist
of grains smaller than 100 nm. In the above mentioned region, neither
the laws of quantum mechanics nor the laws of classical (Newtonian)
physics apply. Because of the limited dimensions, there are changes in
the crystalline and zone structure, the number of defects, and the size of
the active area. The significance of these changes depends on the
particle size. It turns out that all the changes in the characteristics have
become very interesting for different applications (nanomania). Their
chemical and physical characteristics are important; however, their
synthesis is the most important one at this time. Some of the very
complex questions/requirements in front of the synthesis are: very narrow
particles size distribution without agglomeration, control of defects,
specific shape and composition, etc. The classification could be based
on: dimensions, phase compositions or synthesis methods (Nass et al,
2004, pp.5-10).

Based on the dimensions:
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If 3D is smaller than 100 nm, there are nanoparticles, quantum dots,
hollow spheres, etc.

If 2D is smaller than 100 nm, there are nanotubes, nano-fibers,
nano-wires, nano-platelets, etc.

If 1D is smaller than 100 nm, there are films, coatings, multilayers,
etc.

Based on the phase compositions:

One-phased solid objects are: crystallites, amorphous particles and
layers, etc.

Multi-phased solid bodies (objects) are: nanocomposites, coated
particles, etc.

Multi-phased systems are: colloids, aerogels, ferrofluids, etc.

Based on synthesis methods:

Reactions from a gas phase are: physical and chemical methods of
deposition from a vapor phase, condensation in the atmosphere of inert
gases, chemical vapor deposition, etc.

Reactions from a liquid phase are: sol-gel, method of
sedimentation, hydrothermal method, etc.

Mechanical methods can be the grinding method, the method of
plastic deformation, etc.

From a scientific point of view and for practical application purposes,
it is of great importance that the physical characteristics of nanomaterials
differ significantly from polycrystalline (bulk) materials of the same
chemical composition (Table 1). In some cases, for particular physical
parameters, these differences could be a few orders of magnitude. A
very important characteristic of nanomaterials is that the values of
physical parameters are very sensitive to the size and morphology of
nanoparticles (Tadi¢ et al, 2009, pp.839-843), (Tadi¢ et al, 2011,
pp.7639-7644), (Tadi¢ et al, 2012, pp.28-33). Some of the examples
representing significant difference in the values of some physical
parameters are: the melting point, change in the unit-cell parameters,
change in the magnetic and optical characteristics, conductivity of the
material, etc. The surface to volume ratio is an important parameter that
has an impact on new characteristics in comparison to those of bulk
materials. The number of atoms on the surface (with regard to the total
number of atoms) increases as the particle size gets smaller. As particles
get smaller, the surface to volume ratio increases and the influence of the
shell on the magnetic properties becomes more significant. For example,
3 nm size iron particles have 50% while 30 nm size iron particles have
only 5% atoms on their surface that have a significant impact on their
physical characteristics (Sorensen, 2001, pp.37-69).
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Table 1 — Some of the common properties of nanomaterials that are significantly different
from the properties of the bulk materials with the same chemical composition (Nass et al,
2004, pp.5-10).

Tabnuua 1 — Hekomopbie us obwjux ceolicme HaHoOMamepuasios, Komopble
3Ha4yumesibHO OMIUYaKMCcs 0m c80UCME Chify4Yux Mamepuanog ¢ 0OUHaKo8bIM
xumuveckum cocmasom (Nass et al, 2004, pp.5-10).

Tabena 1 — Heke 00 kapakmepucmu4Hux ocobuHa HaHOMamepujarna Koje ce 3Ha4yajHo
pasrnukyjy o0 ocobuHa bynk mamepujana ucmoa XxeMujckoe cacmasa

Properties Examples

Catalytic Increase in surface activity of particles

Increase in electrical conductivity of ceramic materials and
Electrical magnetic nanocomposites
Increase in electrical resistance in metals

Change of the point of magnetic phase transition
Magnetic Increase of coercivity
Appearance of super-magnetism

Improvement in firmness and hardness of metals and alloys

Mechanical Appearance of super-elasticity

Shift in optical absorption and change in fluorescent
Optical properties
Increase in quantum efficiency of semiconducting crystals

Increase of the surface to volume ratio of particles causes lower
melting temperatures, lower magnetization, changes in catalytic activity,
etc. A large number of atoms on the surface significantly increase
“surface activity” that is very favorable for chemical reactions. However,
due to increased activity, nanoparticles have tendency to form
aggregates and agglomerates that could cause loss of preferred
characteristics. Therefore, it is necessary to stabilize particles with some
additional treatment. For example, it is possible to put particles in an
adequate matrix or to coat them with a different material even though
their characteristics change with this kind of surface modification. The
coordination number of atoms on the surface is lower than the one for the
atoms inside the particle, which would cause an increase in the surface
energy. Therefore, the diffusion of atoms can take place at lower
temperatures. For instance, the melting point of gold is 1063 °C, while
nanoparticles of gold with particle diameters under 5 nm have the melting
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point of = 300 °C (Buffat & Borel, 1976, pp.2287-2298). Decreasing the
particle size has a significant influence on firmness and hardness of
materials (Weertman, Averback,1996, pp.331-353).

Measurements of firmness of copper for crystallite of different sizes
have shown that firmness increases as the crystallite size decreases.
Firmness of the copper samples with 50 nm size crystallites is 2 times
higher, while in the copper samples with 10 nm size crystallites it is 6
times higher than for the bulk. The elasticity limit of copper increases 2
times when crystallites decrease in size form 100 pm to 10 um (Adams et
al, 1989, pp.9479-9484).

One of the characteristics specific for nanomaterials is
superplasticity. As opposed to bulk materials, nanomaterials have the
ability to withstand the tension beyond the point of fracture.
Superplasticity is explained by diffusion of atoms, i.e. moving of
dislocations and sliding of the boundaries between particles.

Magnetic properties of nanoparticles

The magnetic properties of nanoparticles can be controlled with a
more precise control of size and shape of nanoparticles. Namely, below a
certain size, nanoparticles become mono-domain particles because that
is energetically preferable and they show super-magnetic behavior that
takes place above certain temperatures, so-called blocking temperatures
(TB) (Chikazumi, 1999, pp.453-457).

Above blocking temperatures, magnetic moments of particles
fluctuate in all directions with the help of thermal activation, similarly to
paramagnetic materials, while below this temperature, magnetic
moments of particles are locked in the direction of the axis of easy
magnetization (Kulal et al, 2011, pp.2567-2571).

The difference from common paramagnetism is that all magnetic
moments within a particle rotate coherently creating a super moment that
could be of the order of a few thousand Bohr magnetos. The external
field tends to align this super magnetic moment in its direction; however,
thermal energy disrupts that alignment in the same way as it happens
with paramagnetic materials, and that is the reason why this
phenomenon was named super-magnetism.

Since the surface effect plays a significant role in investigating the
magnetic properties of nanoparticle materials, the “core-shell” model has
been used for their description. According to that model, a particle
consists of a magnetically aligned nucleus and a non-aligned shell
(Fig.1). When temperature decreases, the shell gets aligned.
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core

shell

Figure1 — Schematic of the core-shell structure, I.e, the spin alignment of a spherical
nanoparticle
Puc.1 — Cxema cmpykmypbl sdpa 060/104KU, M. €. 8bipagHUBaHUe CIUHO8 cghepuyecKol
HaHo4Yacmuupb!
Cnuka 1 — LLlemamcku nipuka3 core-shell cmpykmype, mj. cnuHcko ypehere jeGHe
cghepHe HaHovYecmuue

The particle nucleus keeps the same physical properties of the bulk
material, while the shell is responsible for the appearance of new
properties. Namely, in the outer shell, magnetic interactions are modified
due to the surface effects such as: defects, vacancies, tension, and
broken chemical bonds. In addition, these effects are responsible for a
decrease in the temperature of a phase change, magnetic saturation and
an increase of coercivity in comparison to bulk materials.

The magnetic alignment of a nanoparticle shell is achieved by
lowering its temperature (Fig.2).

For super-magnetic systems, the following specific characteristics
are noticed: magnetic properties depend on the previous treatment of
ZFC (zero - field cooled) and FC (field - cooled) measurements, the
existence of a hysteresis loop below the block-temperature (TB) and its
appearance above the TB, the appearance of a maximum during ZFC
measurements (blocking temperature), and the existence of overlapping
magnetization curves at various temperatures above the blocking
temperature when magnetization M is shown as a function of H/T (H -

magnetic filed strength, T - temperature) (Sorensen, 2001, pp.37-69),

(Tadi¢ & Citakovi¢, 2014, pp.47-64), (Tadi¢ & Citakovié, 2011, pp.91-
105).
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high low

lowering T

Figure 2 — Schematic of the magnetic alignment of a shell by lowering its temperature
Puc. 2 — Cxema mMa2HUMHO20 8blpasHU8aHUsI 0BOMIOYKU NPpU CHWXEHUU ee
memnepamypsbl
Cnuka 2 — lllemamcku npuka3 maeHemHoe ypehueara shell-a cHuxagamem
memnepamype

In Figure 3, the strength of a coercive filed is shown as a function of
particle size (Pelecky et al, 1996, pp.1770-1783). Above a certain critical
particle size characteristic of the material DS (Table 2), a material is
composed of many domains (multi-domain structure), while below the
critical particle size, a material DS becomes mono-domain.

The figure shows that the coercivity increases as the particle size
decreases up to a critical size for a mono-domain particle of a given DS
material, beyond which it starts decreasing and, after a certain DSP
value, the material becomes super-magnetic, l.e. the coercive field
strength goes down to zero. In Figure 3, it could be noticed that, for very
high values of the particle diameter D>> DS, the value of the coercive
filed strength approaches a constant value, which is a characteristic of
the material in its bulk form.
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HC F 3

< mono-domain -«— multi-domain ——

~

Hc=const

L

Dsp Ds D>>Ds D

Figure 3 — Coercive field strength as a function of a nanoparticle diameter at a constant
temperature. DSP - diameter below which a material shows super-paramagnetic
behavior; DS - critical diameter
Puc. 3 — Cxema 3agucumocmu cusibl KOSPUUMUBHOZ0 10719 om duamempa HaHo4Yacmuy,
npu nocmosiHHoU memnepamype. DSP - Quamemp, HUxe Komopo2o mamepuar
demoHCcmpupyem cyneprapamagHum+oe nogederue; DS - kpumudeckuli duamemp
Cnuka 3 — lllemamcKu rpuka3 3a8UCHOCMU ja4uHe KoepyumueHoa rosba 00 NpeyHuKa
HaHo4Yyecmuya rpu KoHcmaHmHoj memnepamypu. DSP — npe4Huk ucnod kojea
Mamepujan rnokasyje cynepnapamasHemHo noHaware, DS — Kpumuy4Hu npeyHuK

The critical diameter size for spherical nanoparticles depends on the
material type (Table 2 shows the critical diameter values for some
materials) (Sorensen, 2001, pp.37-69).

Below the critical diameter-DS, the coercive field strength
decreases, according to the following functional relationship:
h
He=0-—%
DZ
where g and h are constants (Kumar et al, 1994, pp.354-358).
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Table 2 — Diameters of the spherical particles of some substances below which they are
mono-domain
Tabnuya 2 — Juamempsi cghepudecKux Yacmuy, HEKOmMopbIX 8eU,ecme CHU3y, KOmopbie
A871510MCs1 MOHOOOMEHHbLIMU
Tabena 2 — Benu4uHe npeyHuKka cghepHUX Yecmuya HEKUX CyrcmaHyu ucrood Kojux cy
OHEe MOHOOOMEHCKe

Substance Ds (nm)
Fe 14
a-FeoO3 41

Ni 55

Co 70
Fes04 128
y-Fe203 166

Except the particle size and microstructure, the shape i.e. the
elongation of the particle (ratio of the longest dimension and the shortest
dimension) also affects the coercive field strength.

(Baibich et al, 1986, pp.2472-2475), (Buffat et al, 1976, pp.2287-
2298), (Chikazumi, 1999, pp.453-457), (Tadi¢ et al, 2011, pp.7639-7644),
(Kulal et al, 2011, pp.2567-2571), (Pelecky et al,1996, pp.1770-1783),
(Kumar et al, 1994, pp.354-358), (Zboril et al, 2002, pp.969-982), (Wang,
2000, pp.1-11), (Krill & Birringer, 1998, pp.621-640), (Audebrand et al,
1996, pp.83-87), (Huang et al, 2001, pp.1497-1505), (Gupta et al, 2011,
pp.1095-1098).

For example, in the case of the Fe nanoparticle, the increased
elongation of ~5 times (from 1 to 5) increases the coercive field strength
for ~10 times (Kfrill et al, 1998, pp.621-640). In general, the coercive field
strength increases as elongation increases, i.e. with the increase of the
anisotropic shape (Krill & Birringer, 1998, pp.621-640).

The field of magnetic nanoparticle materials still has not been
studied enough. One of the reasons is that synthesized nanoparticles
have different shapes and sizes so their effects on magnetic properties
could not be clearly observed. The basic aim in the process of the

167

Citakovié, N. Physical properties of nanomaterials, pp.159-171



VOJNOTEHNICKI GLASNIK / MILITARY TECHNICAL COURIER, 2019, Vol. 67, Issue 1

synthesis of nanoparticles is the creation of a desired shape and a size of
particles (narrow particles size distribution). Some of the methods used
for the synthesis of magnetic nanoparticle materials are: sol-gel,
mechanical-chemical, glycerin-nitrate, micro-emulsion, and spray

pyrolysis.

Conclusion

Nanotechnology is a growing field of research. During the last
decade, interest for nanoparticle materials has been connected to their
new and specific physical characteristics and possibilities for their
application in all aspects of the human life. It has been noticed that there
is a change in the physical characteristics (magnetic, mechanical, and
optical properties, as well as in melting temperature, material
conductivity, etc.) of nano-particle materials in comparison to bulk
materials. In some cases, for some physical parameters, differences are
up to a few orders of magnitude and can vary significantly. Nanoparticle
materials are objects of intense research, because they represent a
significant potential for the development of new materials that can be
used/applied in various areas of science and technology. It is expected
that nanoparticle materials will soon have a leading role in technology,
medicine, etc. and that the production of nanoparticle based materials
will be increasing in the near future.
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Caxemak:

HaHomexHonozuja b6asu ce cmeapareM Mamepujana, ypehaja u
cucmema OUPEKMHOM MaHurynayujoM cyricmaHue Ha HaHOMemapCKoM
(amomckom) Hueoy. Cam KpeupaHu objekam He mopa Oa b6yde
HaHoeeslu4yuHe, eeh MUKPO unu Makpoeesnu4duHe. [locmoje 3HadajHe
rpomeHe bU3UHKUX, XEMUJCKUX, MEXaHUYKUX, efTeKMPUYHUX, OMMUYKUX,
Maz2HemHuUx U Opyaux Kapakmepucmuka fpu rpesnasy o0 mamepujana 6o
HaHoMamepujana.

KrbydHe peyu: HaHomexHosoauja, HaHoMamepujanu, HaHodyecmuue,
0cobuHe HaHoMamepujana.
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