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Armies of powerful armed forces are already applying achievements of nanoscience and supporting researches in the field of
nanotechnology. This paper surveys the recent research in the area of nanomaterials application in defence technologies,
conducted in the Military Technical Institute in Belgrade, Serbia. This research covers the most important results obtained so
far in the following areas: chemical biological, radiological and nuclear protection (CBRN protection), nanomodified polymer
coatings and camouflage paints, composite structures for military aircraft, ballistic protection composites, and energetic
materials. Researches gave promising results in all the named fields and encourage nanomaterials application in future.
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Introduction

CIENCE and technology are advancing to the point that
structuring matter at the nanometer scale is becoming
routine. Nanotechnology is making revolutionary changes,
bringing far-reaching consequences in many areas.
Nanotechnology is the study and manipulation of the new
properties that emerge as material dimensions are reduced to
nanoscale [1, 2]. Nanomaterials can be designed at the atomic
level today, with more control over their properties for their
desired purpose, mostly due to the large increase in surface
area that results when individual particle-size decreases.
Military scientists and engineers have an obligation to study
these effects and apply them for the protection of their people.
All major forces are making efforts to research and develop
nanotechnology- based materials and systems for military use.
Asian and European countries do not run dedicated programs
for defense nanotechnology research, with the exception of
Sweden (Swedish Defense Nanotechnology Programme) [3].
Rather, they integrate several nanotechnology-related projects
within their traditional defense-research structures, e.g. as
materials research, electronic devices research, or bio-
chemical protection research. However, in the U.S. military
there is a tendency to exploit nanotechnology for future
military use [1, 3, 4]. Institute for Soldier Nanotechnologies is
constituted at Massachusetts Institute of Technology (MIT) in
cooperation with the US Army and industry working together
to discover technologies that dramatically advance soldier
protection and survivability capabilities. They work on the

projects in the area of soldier protection, battlefield care, and
sensing: advanced multiscale methods for modeling of
fracture in novel nanomaterials, shock mitigating and
reinforcing molecular nanocomposites, design and testing of
polymers for improved soldier protection, transformational
nano-optoelectronic  soldier capabilities, nanophotonics
enhanced systems for the soldier, etc [1,4]. Nanotechnology
offers a long list of potential alternatives for efficient,
economical and sustainable power generation and storage.
Lithium-air (Li-air) is a next-generation rechargeable battery
technology with the potential to replace the current tech
standards, lithium-ion (Li-ion), nickel metal-hydride (NiMh)
and non-rechargeable lithium-manganese dioxide (LiMnO,).
Engineered nanomaterials and metamaterials that are stronger,
lighter, have enhanced properties, that are more heat-resistant
and more compact are becoming possible. Carbon
nanotube/fullerene based materials have much higher
strength-to-weight ratio than other currently used materials.
Nanostructured materials can make lighter armor, and
extremely strong building materials. Nanofibre based
protective vests provide enhanced protection against
projectiles.

American Department of Defense (DoD) was working a
new class of powerful bombs that use nanometals such as
nanoaluminum to create ultra-high detonation rate chemical
explosives an order of magnitude more powerful than
conventional bombs. Like nano techniques can be designed to
deliver medicines to targeted locations within the human
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body, bioterrorists could use similar techniques to release
highly toxic substances to the most vulnerable or desired
target areas of the body. One other direction is the
development of a battle suit that dynamically provides
protection, communication, mechanical enhancement and
thermal management, compresses wounds and administers
therapeutic drugs. Parallel to improvements in weaponry,
equal improvements are developed in armor protection.
Nanostructured materials can make lighter, stronger, and
adaptive armor, for improved protection against projectiles. A
patented invention called “Kryron” presents a practical
application of nanomaterials in this purpose, a material made
from an aluminum alloy combined with carbon nanotubes [5].

Regarding the funds for research in this area, a good
example is the U.S. Department of Defense as a major
investor, spending well over 30% of all federal investment
dollars in nanotechnology [1, 3]. Proposed military
nanotechology programs cover a wide range of applications to
improve the performance of existing systems and materials
and to provide new ones. Main areas of research are the
explosives, biomedicine, biological and chemical sensors,
nanowires and carbon nanotubes for nanoelectronics, gold
nanocluster-based sensors and electronics, power generation
and storage, nanometallics for armaments, nanocomposites
and structural materials for vehicles, coatings, filters and
fabrics, self decontaminating surfaces, energy-absorbing and
mechanically active nanomaterials in clothing and body
armor. These new materials will be a part of the future
soldier's battlesuit [3, 4].

In the Military Technical Institute in Belgrade (VTT) there
has been an established research in the field of nanomaterials
application for defense technologies, covering several topics:
CBRN protection, polymer composites, coatings, camouflage
paints, metal surfaces protection from abrasion and friction, in
structural and ballistic composites and in energetic materials
[6-23].

Different nanoparticles can be used in these systems for
improving their properties. In the presented research the
following nanomaterials were used: nanoparticles of TiO, and
Si0,, spherical nanoparticles of aluminum, tungsten disulfide
in the form of fullerene-like nanoparticles IF-WS, and
inorganic nanotubes INT-WS,. Nanoparticles of TiO, and
Si0; are used to create self-decontaminated textile for use in
military protective clothes, first of these two for their
photocatalitic abilities and the second for their reinforcing
effect. Also, WS, nanoparticles and nanotubes are used in
rubber-textile materials for CBRN protection, to enhance
mechanical resistance of these materials [6-10]. Using WS,
nanoparticles and nanotubes as fillers in polymer coatings
resulted in improvements of mechanical resistance and of
camouflage performance, as well as in poly (vinyl butyral),
PVB coatings on glass, in two-component polyurethane
coating and in a two-component water-based paint for
military camouflage protection [11-18]. The same
nanostructures are used as a reinforcement of multilayer
laminate composites based on aramid fabric and PVB for
ballistic protection, as well as in carbon fibre/ epoxy
composites for aircraft construction. Aluminum particles are
used as a fuel component of Plastic Bonded explosives, PBX,
in order to enhance their energetic performance.

Tungsten disulfide, among other transition-metal
dichalcogenides (MoS,, WS,, NbS,, etc.), due to their
excellent mechanical properties, can be used for a wide range of
applications, including aerospace and automotive technology,

load bearing and release mechanisms, as solid lubricants, for
corrosion protection, as reinforcement in composites etc [24-27].
In the form of inorganic fullerene-like particles, with unique
morphology, spherical and closed structure, they possess a
chemical inertness and a high elasticity. Due to these exceptional
characteristics, inorganic fullerene-like particles, such as tungsten
disulfide IF-WS,, are recognized as promising materials and
promising fillers of the composites and are extensively studied
for their ability to control wetting, adhesion, lubrication on
surfaces and interfaces, and to achieve good corrosion protection
and wear resistance, thus, they may be used as an addition for
different types of protective coatings [28, 29]. Multilayer
tungsten disulfide nanotubes have shown outstanding shock
resistance properties that are superior even of carbon nanotubes.
WS, is thermally stable and compatible with various systems, so
incorporating them into a proper matrix may lead to composites
with new properties: improved thermal, rheological, and
mechanical properties, compared to their neat polymers. SEM
images of these nanoparticles that were used in researches in the
Military Technical Institute are shown in Figures 1 and 2.
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Figure 2. SEM image of INT-WS,, as received

Nanotechnologies in CBRN protection

Nanomodified textile materials for CBRN protection

Filtration or insulating materials used for development of
modern protective suits against chemical warfare agents
(CWA) provide only a physical barrier against CW toxicants,
so further steps of their post-use decontamination and
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adequate disposal are needed. Therefore, there is an increased
need for the development of materials which not only provide
physical barrier against CW agents, but will also degrade
them to certain extent. Current research activities on materials
for chemical and biological agent protection are directed
toward design of the so-called “smart textiles”, with
antimicrobial and “self-decontaminating” properties. One way
to obtain multifunctional textile materials which can degrade
toxic chemicals and decompose organic matter is based on
application of nanotechnologies, especially metal oxide
nanoparticles  with  photocatalytic  activities.  TiO;
nanoparticles have proved to be the best for this purpose,
because of their availability, low cost and low toxicity [6, 8].
In order to develop self-decontaminating textiles, the surface
of standard military textile (cotton-polyester, 50%) was
modified in the Military Technical Institute by deposition of
TiO; nanoparticles [8]. They can be easily synthesized by
titanium tetraisopropoxide (TIP) hydrolysis, employed with
variation in reaction conditions regarding temperature,
precursor concentration and duration of the reaction [30, 31].
Ten TiO, modified textile samples were produced by dipping
the untreated textile into reaction mixtures with various
subsequent treatments. Obtained samples showed satisfactory
photocatalytic activity toward degradation of methyl orange,
as a model compound, and the potential for detoxication of
nerve agent VX ([2-(diisopropylamino)ethyl]-O-ethyl
methylphosphonothioate), but severe degradation of
mechanical properties (tearing strength and tensile strength)
were observed. To preserve the satisfactory photocatalytic
activity of TiO, modified textile samples but to prevent the
degradation of their mechanical properties, the SiO»
nanoparticles were used along with TiO; in subsequent series
of experiments. Several samples of TiO,/Si0; treated textiles
samples were obtained with variable photocatalytic activity
and mechanical properties [6-10].
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Figure 3. Scheme of different methods for preparing TiO,-coated textile
samples

The investigated methods for the synthesis of TiO»

nanoparticles are schematically presented in Fig.4, along with
different post treatments of TiO, deposited textiles.
Photocatalytic activity of the treated textiles was tested by
degradation of organic dye, methyl orange (MeO) (Fig.3). The
residual  concentration of MeO was monitored
spectrophotometrically, by the intensity of its absorption peak
at 465 nm wavelength. The measurements were performed at
different times after the initiation of photodegradation. The
photocatalytic decolorization of MeO dye followed first-order
reaction kinetics, so calculated values of the apparent first-
order rate constants (k) permit a direct comparison of the
photocatalytic efficiency of prepared samples (Table 1, Fig.4)
[6]. The method B, hydrolysis of TIP in acidified water [31],
proved to be superior comparing to the method A, which was
performed in isopropanol, in the presence of the small
amounts of water and stabilizer [30]. It is supposed that in the
synthesis A formation of TiO, nanocrystals was not
completed, neither after subsequent treatment of the textile
samples at 95°C.

Table 1. Synthetic conditions and k,,, values for the tested samples

Sample TIP rel. amount T (°C), time (h) e
la 0.5 r.t. 1.67
1b 0.5 r.t. 4.74
2a 1 60.16 9.52
2b 1 60.16 6.76
3a 1 I.t. 2.63
3b 1 r.t. 5.68
4a 1 60.4 3.84
4b 1 60.4 7.84
Sa 0.5 60.16 6.79
5b 0.5 60.16 7.17

*r.t. — room temperature
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b) t, min

Figure 4. a) Photodecomposition kinetics of MeO in aqueous solution as a
function of UV irradiation time for ten TiO,-coated textile samples, b) First
order kinetic plots for the decomposition of MeO in the presence of TiO,-
coated fabric samples

Textile sample 2a was used for nerve agent VX
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detoxication testing (Fig.6). Detection of VX by enzymatic
AChE method was used to monitor residual toxicity of the
solution. Photocatalytic potency of the sample toward VX was
much lower than in MeO degradation testing. However, it
should be noticed that applied analytical procedure is
biological test which provides information on the overall
toxicity that arises from all present AChE inhibiting
compounds. The photocatalytic degradation of VX may
produce a variety of organic intermediates, which can be even
more toxic than the compound itself, so the results should
actually depict the detoxication rather than the degradation
kinetics. The fact is that anti-AChE behavior of
photodegraded samples persistently decreased with the
irradiation time, but reached only about 70% of the initial VX
amount in non-irradiated starting solution. Although this
result could be mainly attributed to the initial reaction
conditions related to the low VX concentration, it is likely that
better degradation efficiency could be also achieved through
the optimization of the other reaction parameters for TiO,
nanoparticles synthesis.
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Figure 6. VX photodecomposition in the presence of TiO,-coated textile
sample 2a as a function of UV irradiation time

Sulfur mustard simulant (2-CEES) was used in the test
where the following apparatus was used: stainless steel vessel,
quartz cap; a climatic chamber, with controlled T, p and
humidity. There was stable concentration of 2-CEES over the
sample, constant flow of air (10 ml/s) below the sample. 2-
CEES passed through the sample and collected in Tenax
tubes. Hexane extraction was performed and gas
chromatography—mass spectrometry (GC-MS) analysis was
done. Results are shown in Fig.7. Modest results were
observed, comparing to MeO degradation, but harsh
conditions of the method should be kept in mind, as well as
the fact that fast flow rate does not allow effective adsorption.
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Figure 7. CEES permeation in time

Deposition of TiO, nanoparticles on the textile substrates

considerably diminishes their mechanical properties: tearing
strength, tensile strength and elongation at fracture. This
effect is more pronounced with the sample la, since that
sample is treated at 95° C in the oven, while the sample 2a is
not subjected to this kind of the thermal treatment (Table 2).

Table 2. Mechanical properties of the tested textile samples

Tearing strength | Tensile strength | Elongation
Sample
P IN] IN] [%]
warp 49.21 1494.60 21.36
untreated
weft 35.97 804.60 17.27
warp 27.07 890.70 28.60
la
weft 19.99 715.30 24.03
warp 37.18 1015.60 2421
2a
weft 2531 780.21 21.17

In order to preserve mechanical properties, we first
pretreated textile samples with commercially available SiO»
nanoparticles and then treated them as samples 1a and 2a in
the previous set of experiments. These samples are designated
as 6a and 7a (Table 3).

Table 3. Mechanical properties of the tested textile samples reinforced

with SiO,

Tearing strength | Tensile strength Elong.

Sample IN] IN] (%] Kapp
warp 27.07 890.70 28.60

la 1.67
weft 19.99 715.30 24.03
warp 37.18 1015.60 24.21

2a 9.52
weft 25.31 780.21 21.17
warp 31.04 1050.23 25.15

6a 1.58
weft 23.50 920.15 21.42
warp 42.35 1215.50 23.12

Ta 8.92
weft 29.16 1015.20 19.15

The method based on the hydrolysis of TIP in water at very
low pH, prove to be superior, since treatment of the textile
with nano TiO; sol obtained by this synthetic procedure gave
samples with far better photocatalytic activity. Nevertheless,
treatment of the textiles by both types of nano TiO, sols
diminishes their mechanical properties. The ability of TiO; to
decompose CW agents is promising although further
improvements in terms of efficacy are needed.

Nanomodified rubber materials for CBRN protection

The final treatment of rubber materials incorporated in the
CBRN protection (protective clothing, socks and masks) and
textile material processing (external layer of the filtering
protective suit) was also investigated, and a comparative
analysis of the physical-mechanical (tensile force, intermittent
elongation and maximum force) and protective (protection
time) characteristics of the obtained samples of the material
was done [32]. The aim of the test is to determine the
protection time of rubber or rubberized textile materials
treated with SiO, and WS, nanoparticles and a comparative
analysis with corresponding samples not treated with these
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nanoparticles. The butyl rubber material embedded in the
CBRN mask for protection of face and respiratory organs.
CBRN Protective cover is treated with IF-WS, nanoparticles
and its physical and mechanical properties are monitored.
Also, the same material surface was treated with nanoparticles
IF-WS; and SiO; and the time of protection of such materials
was monitored. With SiO nanoparticles, surface treatment of
the rubberized fabric was done, while the WS, nanoparticles
were directly added to the rubber itself. Physico-mechanical
properties of the obtained samples were tested according to
SRPS F.S2.017: 1958 and the protective properties of the
obtained samples were tested according to SORS 6701/04.
The preparation of samples of rubber mixtures was carried out
on a laboratory blade. From the prepared samples of rubber
mixtures, the production of samples of rubber vulcanized
fabric for CBRN mask for protection of face and respiratory
organs was realized. Rubber mixture samples were tested for
physical mechanical properties in Trayal Corporation's
laboratory. The values of the physical mechanical
characteristics are shown in Table 4.

Table 4. Physico-mechanical properties of samples of untreated and
treated materials with WS, nanoparticles

Butyl rubber compound with different % WS,
Characteristics nanoparticles
0% * 10.05 %|(0.075 %| 0.1 % | 0.3 % |0.5 %
Hardness, “sh 46-49 | 47 47 47 47 48
Break strength, MPa ?'05‘; 103 ] 129 | 121 | 114 | 12
. 741 —
Break elongation, % 909 846 | 934 918 | 930 | 894

Based on the comparative results of the physical
mechanical properties of butyl rubber without nanoparticles
and butyl rubber with different % of nanoparticles, it can be
concluded that the butyl rubber composition with 0.075% has
the best physical mechanical properties. In case of this rubber,
this is not so significant, as in the material for CBRN
Protective cover, the carrier of physical mechanical
characteristics is fabric, unlike the brombutyl rubber
compound for CBRN Mask for protection of face and
respiratory organs where it is the carrier of the physical
mechanical characteristics of the tire. Also, testing of
protective characteristics on the samples of rubberized
vulcanized fabrics for Protective cover was done in VTI,
while the results of the tests are shown in Table 5.

Table 5. Time of protection of untreated and treated samples of materials
with nanoparticles WS, at 25° C.

Time of protection
o .

Sample/ % WS, at 25 °C, min Required
0 287
0.050 202

0.075 202 .

> 120 min
0.100 323
0.300 323
0.500 323

According to the results shown in Table 5, the protection
time for the action of the drops of the sulfur mustard at 25° C,
for samples containing a higher percentage of nanoparticles
WS, (0.1 to 0.5%), was slightly longer compared to other
low-content samples WS,, as well as in relation to the
untreated sample.

Nanomodified polymers and coatings

A detailed analysis of the possibility of preparing PVB/IF-
WS, composites was conducted. PVB is a thermoplastic
polymer with excellent properties, widely used for protection
of safety glass, in metal primers and different types of
protective coatings, temporary binders, in ballistic protection
[16, 33]. PVB is a tough polymer with excellent flexibility,
broad compatibility with modifying resins and additives, non
toxic and low odor, good adhesion to many substrates and
strong binding, impact resistance, good tensile strength and
elasticity, freezing and aging resistance, well soluble in
alcohols and many other organic solvents, fast drying, fast
solvent release and low solvent retention, good film
formation, transparent and colorless.

After preliminary physico-chemical examinations, effect of
nanoparticles addition on thermal, mechanical and rheological
behavior of PVB/WS, was studied [15-18]. Detailed
investigation was conducted of the effects of using different
solvents in preparation of PVB/IF-WS; nanocomposite - PVB
was dissolved in ethanol, isopropanol, n-butanol and ethyl
acetate. IF-WS, nanoparticles were added to these PVB
solutions and dispersed by different deagglomeration
techniques. Samples were dried and thin films were obtained

(Fig.8).

Figure 8. PVB/WS, samples preparation

The reinforcing effect of IF-WS, is examined by
determining hardness, reduced modulus of elasticity and
coefficient of friction, by comparative nanoindentation and
nanoscratch tests [16], in terms of different solvents applied in
preparation of the samples, mode of stirring and different
contents of IF-WS.

Nanomechanical and tribological properties are examined
for the samples prepared using ethanol as a solvent,
considering DSC and particle size analysis (PSA) results.
Indentation hardness and reduced elastic modulus are
increased after adding of nano-IF-WS,. Adding 2 wt% of IF-
WS, caused increase of glass transition temperature (7) from
60.78°C to, 67.65°C, increase of reduced elastic modulus (Er)
for 122.4% and indentation hardness (H) increase 168.2%, as
well as friction coefficient reduced for 48%. Also, various
solvents might be used for the purpose of incorporation of
nanoparticles in the polymer, so it has been found that some
of them are more convenient than others, and it has also been
confirmed that PVB is compatible with this nanofiller [16,
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17]. Microcalorimetry compatibility analysis method was
applied to examine the possible interactions between the
constituents of the composite, using the heat flow calorimeter
LKB Biocompatibility monitor. All spontaneous chemical and
physical processes are associated with heat effects.
Monitoring the flow of heat may be used to estimate
interactions between different materials in touch, or study
their compatibility. Samples (nanoparticles, PVB powder,
PVB dissolved in ethanol and 2-propanol, and the mixtures of
nanoparticles with pure or dissolved PVB) were heated for
456 hours at 75°C. The released heat in time is compared with
reference value, which represents the sum of the heat released
when these materials are heated separately. Based on the
results of measurements, the energy released per unit of mass
for examined materials is determined, separately and for
mixtures thereof. The coefficient of compatibility, D, is
calculated, as a relative measure of interaction between the
tested materials, and the value of D for IF-WS, in mixture
with pure PVB, it was closer to the value of D for PVB
dissolved in ethanol, than to the value of D for 2-propanol.
The values of released energy were very similar for PVB
powder and for PVB dissolved in ethanol while there was a
significant difference in released energy for PVB dissolved in
2-propanol [17].

The glass transition temperature (7) of the prepared thin
film samples was determined by Differential Scanning
Calorimetry - using DSC Q20 (TA Instruments) and Table 6
shows glass transition temperature for PVB with different
particles contents and different deagglomeration techniques.
us-ultrasonic deagglomeration, ms-magnetic stirrer

Table 6. DSC results (T, °C) for different concentrations of IF-WS,

Sample T,, °C

1 wt.% IF-WS,/ PVB/2-propanol us, 600W 57.87
2 wt.% IF-WS,/ PVB/2-propanol us, 600W 60.91
1 wt.% IF-WS,/ PVB/2-propanol ms 61.63

2 wt.% IF-WS,/ PVB/2-propanol ms 62.37

1 wt.% IF-WS,/PVB/etanol us, 300W 61.27

2 wt.% IF-WS,/PVB/etanol us, 300W 67.65

It may be observed that ultrasonic deagglomeration at 300
W is the optimum method, and that T, rises for the samples
with higher content of nanoparticles.

The effect of IF-WS, on viscoelastic properties of the
chosen samples has been examined using Dynamic
Mechanical Thermal Analysis (DMTA) using the Modular
Compact Rheometer MCR-302 (Anton Paar GmbH). DMTA
tests have included strain amplitude sweep tests, in order to
determine the linear viscoelastic range (LVR) of the tested
samples. The temperature ramp test involves measurements of
the storage and loss moduli and the loss factor over a
specified temperature range at constant strain (or stress)
amplitude and constant frequency. In temperature range from
20°C to 120°C the rheological parameters of the viscoelastic
properties of the prepared composites were observed: the
storage modulus (G"), loss modulus (G") as a function of
temperature for the studied composites, and the loss factor,
tan(0)=G"/G'. The glass transition temperature (7g),
determined by the dynamic mechanical measurements, was
estimated as the temperature at which the loss factor, tan(d)
reached its maximum value. Detailed discussion of the
obtained results is given in previous publications [17, 19] and
the results for 7 are given in Table 7.

Table 7. T, of the tested samples

Sample tan(0)max T,[°C]

PVB B60H/EtOH 0.464 64.01

PVB B60H/EtOH/1 wt.% WS, 0.466 65.78
PVB B60H/EtOH/2 wt.% WS, 0.407 67.35

DMA results are in accordance with the previous methods
of examination of composite materials. At the temperatures
below Tg, the storage modulus is higher for the samples with
nanoparticles due to the reinforcement effect of the particles
[16].

Tensile properties of thin films of PVB and of composites
PVB/3 wt% IF-WS; and PVB/0.3 wt. INT-WS; are
determined according to the appropriate ASTM standard [69].
Table 8 shows the results of testing the tensile properties of
PVB/WS; thin films, including average values of maximum
load (Fmax), maximum elongation at break and tensile strength
at break.

Table 8. Tensile properties of PVB/WS; thin films

Max elongation Tensile strength
Sample Frax [KN] [mm% [MPa] g
PVB 85.17 7.73 35.49
PVB/IF-WS, 94.42 6.13 39.34
PVB/INT-WS, 102.50 6.67 42.71

It is evident from the results that the addition of tungsten
disulfide nanostructures has enhanced mechanical resistance
of the composite films, especially with addition of nanotubes:
20.3% increase of maximum force and tensile strength
regarding neat PVB.

The obtained results encourage the use of poly(vinyl
butyral)/tungsten disulfide nanocomposite as a material of
improved thermo-mechanical properties, that might find
further application in many areas, and especially as
antifriction material and as a coating or interlayer material of
improved thermo-mechanical resistance. Currently researches
are being conducted of spectrophotometric properties
(reflectance and transmittance) of PVB thin films applied on
glass plates, in order to consider the possibility of applying
these coatings as protective layers on glass surfaces for
military vehicles, and primary results indicate that this kind of
glass coating has even camouflage properties in the visible
spectra.

Nanomodified military camouflage paints

Coatings used in military should also have protective and
camouflage protection functions. In VTI a possibility was
investigated of using WS, nanostructures as a filler in a two-
component black polyurethane coating (PUR black, PUR b)
and in a two-component water-based dark green paint (PUR
dark green, PUR dg) for military camouflage protection and
the properties of paints with and without nanoparticles were
compared and analyzed, regarding the requirements of
military standards concerning paint coatings. An accent has
been put on examination of mechanical and chemical
resistance of these paints, having in mind that this kind of
coatings are often used in severe conditions of exploitation. In
the end, the effect of IF-WS, nanoparticles on
spectrophotometric properties, i.e. on the camouflage ability
of paints is examined [11-14].

Paints from the manufacturer PITURA, Belgrade, were
used. Nanoparticles were added and dispersed in paint by
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ultrasonic irradiation. The paints were applied to standard
steel plates, and dried, for examinations of chemical
resistance to aggressive media and of the following physical-
mechanical properties: hardness, flexibility, elasticity,
abrasion resistance, resistance to steel balls impact and
stickness. Camouflage properties were also examined - IR
reflection and colorimetry. Significant improvements of
mechanical resistance to abrasion and steel balls impact, as
well as hardness, have been achieved. The persistence of the
examined camouflage paints in different aggressive media
was tested. The steel plates with the applied paints were
immersed in different liquids and dried afterwards. The
liquids were: water, sodium-chloride water solution (3.5
wt.%), hydrocarbons mixture (80 vol.% of isooctane and 20
vol.% of benzene), mineral oil (according to JUS TP.9
standard). After spending the required time in all these media,
the steel plates were taken out, dried and observed in order to
compare the appearance of the coatings after the exposure to
aggressive solutions. Samples with nanoreinforcement have
satisfied the criteria for resistance to all the applied aggressive
media [14].

The comparative results of mechanical properties that are
most affected by the addition of nanoreinforcement additive
are presented in Table 9.

Table 9. Results of physical-mechanical examinations

Standard

method Sample /results
; Required PUR b PUR dg
Properties | ¢y s|SORS|  quality oursl * | PUR |+
1634 | 1564 Iwt% | dg |0.5wt.%
IF-WS, IF-WS,
Hardness, s

(Kenig pen-| 6.19. | 4.7. >80 90.0 | 97.0 | 101.6 | 109.0
dulum)

Resistance Needstore-| " + i
to steel balls| 6.20. | 4.8. | sist4500
impact steel balls (5000){(9500) [ (6000)| (7500)
0.1 lit. mul-
Abrasion re- tiplied with
sistance, | 6.22. | 4.9. |the thickness| 1lit. 11it. | 5Slit. | > 6lit.
lit./um of the coat-
ing

It was observed that both paints, with and without
nanoparticles, have good technological — application
characteristics. Regarding the physical-mechanical resistance,
the sample containing nanofiller has improved behavior.
Stickness, elasticity and flexibility of both samples have met
the requirements of the standards.

Hardness is superior for the sample containing IF-WS,.
Resistance to steel balls impact was far better for the sample
with nanoparticles. According to the standard, it is necessary
that the coating applied on a steel plate resists the impact of
4500 steel balls, and, as shown in the table, PUR black with
nanoparticles resisted the impact of 9500 balls — twice as
much as the sample without nanoparticles. PUR dark green
resisted the impact of 7500 balls.

Abrasion resistance is tested using a defined granulation of
sand falling from defined height. The amount of sand for each
coating sample is defined regarding the thickness of the tested
coating, as liters of sand per layer thickness, multiplied with
0.1. In this research, for PUR black paint, both samples have
failed, but for the comparison, the appearances of the samples
after the same amount of sand are taken (after 1 liter of sand).
It has been shown that the sample with nanoparticles has

better abrasion resistance. The fact that both tested samples
have failed this test may be a consequence of the paint layer
thickness. For PUR dark green the samples with [F-WS; have
also shown better abrasion resistance, although both samples
have met the required criteria of the standard. Figure 9 shows
the appearance of the samples with and without nanoparticles,
after the same amount of sand. In this case, it is the amount of
5 liters of sand, after which the surface of the coating without
nanoparticles has been degraded.

Figure 9. Abrasion resistance test: a) PUR b, b) PUR b + 1 wt.% IF-WS,,
¢) PUR dg, d) PUR dg + 0.5 wt.% IF-WS,
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Figure 10. Dependency graph for diffuse reflection in the range between 650-
1000 nm for the PUR black and for the PUR dark green (with and without
nanoparticles)

The spectrophotometric measurements were conducted
using the UV/VIS/NIR spectrophotometer Shimadzu UV
3600 with an integrating sphere. The reflectance was
measured in the visible and near-infrared area of the
electromagnetic spectrum (650-1000 nm), while color
coordinates were measured in a visible part of the
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electromagnetic spectrum (380-780 nm). Fig.10 shows
dependency graphs for diffuse reflection as the function of
wavelength in the area of 650-1000 nm for the tested black
and dark green tone, with and without nanoparticles.
According to the Serbian military standard for values of
diffuse reflection in the visible-near infra-red region for the
black and dark green tone, SORS 7511, all of the dyed
samples have good and acceptable camouflage behavior in the
given area of electromagnetic spectrum. Moreover, the greater
the reflectance value the better camouflage protection is, so in
these terms for black tone, we would suggest usage of dye
with nanoparticles. There is no significant difference in the
reflectance curve behavior for dark green tone regarding both
types of dyes (with or without nanoparticles).

In these terms another test has been performed and color
coordinates have been measured. The results are presented in
Table 10.

Table 10. Color coordinates defined in CIE system for both samples
PUR black PUR dark green

Color coordinates L a b L a b
With nanoparticles 27.09 | 0.48 | 0.11 | 39.09 | -5.74 | 10.86
Without nanoparticles | 26.28 | 0.40 | 0.10 | 38.86 | -5.96 | 10.86

The main characteristic these data provide is so called AE
difference which is a number calculated from the equation:

AE =VAL? + Aa"™ + Ab™

where AL, Ad" and Ab are differences between two given
coordinates values. If the AFE is less than 1, the difference
between two paints is not visible to the observer’s eye. For
these samples AE=0.81 for black tone and AE=0.32 for dark
green tone were calculated. So, the observer's eye cannot see
the difference between two black tone samples neither for two
dark green samples.

Further researches are planned with the paints of other
colors of the camouflage system, as well as with other types
of organic coatings.

Nanoreinforced composites for ballistic protection

Composite materials for ballistic protection are mostly
based on fibers of high toughness and tensile strength, like
aramid fabrics, impregnated with a thermoplastic or
thermosetting polymer, or their combination [19, 20, 34, 35],
often a combination of phenolic resin with poly (vinyl
butyral), PVB. In order to achieve additional reinforcement of
ballistic composite systems new technologies are developed.
One of the ways to enhance protective performance of these
composites is to add nanofillers of different properties and
structures and tungsten disulfide is among them [36-39].

In the research conducted in VTI nanoparticles and
nanotubes of tungsten disulfide were applied as a reinforcement
of composites for personal ballistic protection based on aramid
fabric and polymer matrix [19-22]. Laminated composites of
improved mechanical properties were prepared using aramid
fabric coated with phenolic resin, poly (vinyl butyral) and
nanoparticles of IF-WS,, ultrasonically dispersed in ethanol,
keeping the processing parameters (temperature, pressure and
the duration of pressing) at defined values. Samples were then
cut and prepared for thermo-mechanical and ballistic testing
(Fig.11).

The quality of aramid fabrics impregnation with

PVB/phenolic resin/IF-WS,, and the nanoparticles dispersion
were analyzed by scanning electron microscope with energy dis-
persive spectrometer. SEM analysis showed good dispersion of
[F-WS; particles and certain degree of remained agglomeration
of the filler. EDS analysis (energy dispersive X-ray spectrometer)
and element mapping has showed good spatial distribution of TF-
WS,. Optical microscope images and SEM/EDS analysis
confirmed that aramid fabric is well impregnated with the system
phenolic resin/PVB/IF-WS; [19-22].
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Figure 12. Temperature dependences of a) loss factor tan (d), b) loss modulus
(G") and c) storage modulus (G") for the tested composites

The effect of adding WS, on thermo-rheological and elastic
properties of the composites has been examined using
Dynamic Mechanical Thermal Analysis (DMTA). After
determination of linear viscoelastic region in the strain sweep
test, a level of strain is chosen at which all three tested



SIMIC,D. etc: NANOTECHNOLOGY FOR MILITARY APPLICATIONS — A SURVEY OF RECENT RESEARCH IN MILITARY TECHNICAL INSTITUTE 67

composite configurations would be correctly tested in
examination of temperature and frequency dependence [20].
In temperature range from 20°C to 120°C the properties of the
prepared composite were observed: the storage modulus and
loss modulus as a function of temperature for the studied
composites, and the mechanical loss factor (Fig.12).

Storage and loss modulus decreased with temperature
increase, due to softening of the polymer matrix at higher
temperatures. The loss modulus curves reach higher maxima
for higher particles content. There was a shift in the glass
transition towards higher temperatures with higher
nanoparticles content, because of the limited mobility of the
polymer molecules at the interface. Higher glass transition
temperatures are observed for the samples containing higher
content of IF-WS; nanoparticles (Table 11).

Table 11. DMTA results: glass transition temperatures for maximum
peaks of tan (J).

Composite sample tan (MDmax | T¢(°C)
Aramid/phenolic resin/PVB 0.108 57.25
Aramid/phenolic resin/PVB/1 wt% IF-WS, 0.223 65.07
Aramid/phenolic resin/PVB/2 wt% IF-WS, 0.292 67.22

The ability of tested composites to absorb impact energy is
examined through impact toughness tests using Charpy impact
tester [20]. Charpy impact test results are given in Table 12.
Higher impact toughness result was achieved for the sample with
IF-WS,. The examined samples did not split into two parts, but
were just broken in the middle after the impact. This kind of
material reaction to impact was expected, since the dominant
failure mechanisms of woven fabric reinforced multi-layered
composite structures, intended for ballistic protection, include
delamination and fabric/matrix debonding, besides fiber
breakage, matrix cracking and yarns pull-out [19, 20].

Table 12. Charpy impact test results

Sample Absorbed impact |Impact toughness,
P energy, E (J) Ur (J/em?)
aramid/phenolic resin/PVB 1.73 66.5
- - - 7S
aram1d/phenollg;§snﬂPVB/l wt% 212 315
2

Composite 20-layer samples were tested by shooting with
two kinds of bullets (.357 Magnum and 9 mm FMJ) according
to standard NIJ 0101.06. The results of the ballistic shooting
tests are shown in Table 13, showing back face deformations
depths measured in ballistic clay after bullet impact [19].

Table 13. Ballistic testing results: BFD depth after shots

Sample 9 mm FMJ .357 Magnum
aramid/PVB 15.5 Penetration
aramid/PVB/IF-WS, 17 20.1
aramid/PVB/INT-WS, 13.8 14.3

This test has confirmed the reinforcing effect of IF-WS,
and INT-WS,, resulting in up to 12% smaller BFD depths in
composite with the nanotubes and in successful stopping the
shots of both calibers, unlike the sample without
nanoreinforcement.

The obtained results encourage further research in the area
of application of inorganic fullerenes as a reinforcement of
ballistic and other advanced composites. These results
inspired researches from VTI to examine the possibility of
reinforcing carbon fiber-based composites, presented in the
following chapter.

Nanoreinforced composites for aircraft
construction

Composite materials are used in the Military Technical
Institute aviation projects for decades and are mastered by the
technology of making complex shapes of composite
structures. Unmanned, short and medium-range aircraft are
produced from glass-plastic, Kevlar and carbon fibers in an
epoxy-resin, in order to obtain a strong and lightweight
structure of the aircraft. Within the recent research, composite
materials based on carbon fibres and epoxy resins for use on
aircraft were tested through comparative measurements of
mechanical properties and analysis of the behavior of
composite materials with nanoparticles and nanotubes of WS,
in the polymer matrix (epoxy resin modified by addition of
PVB) and without nanoparticles, under conditions of static
and dynamic load test.

In the research, the following materials were used: carbon
unidirectional prepreg (areal density 450g / m?, produced by
company HAUFLER Carbon fiber / Epoxy UD prepreg
K63712), tungsten disulfide manufactured by Nanolub,
ApNano, Israel (IF-WS, and INT-WS,), PVB Powder,
manufactured by Kuraray GMBH, type Mowital B45H and
ethanol produced by Zorka Sabac. Agglomerated powders of
IF-WS; and INT-WS, were subjected to ultrasonic dispersing
and deagglomeration in ethanol with ultrasonic probe Badelin
SonoPuls during 30 minutes. Subsequently, the container
containing ethanol with tungsten disulphide was transferred to
the magnetic stirrer, and during the mixing, an appropriate
amount of PVB powder was added gradually.

After the impregnation of the prepregs, samples of laminar
structures of 8 layers of carbon unidirectional prepreg were
made, on which a PVB solution without WS, was applied, as
well as a PVB solution with IF-WS; and with INT-WS, for
structural analysis and mechanical testing. They were
subjected to pressure on the Belis¢e Thermal Press. The
laminated composite structures were formed by a hot press
molding technique under a defined pressure of 5 bar and at a
temperature of 130° C. The orientation of fibers was 90°. The
obtained samples were cut into test specimens in accordance
with ASTM D 3039 standards - tightening by placing
composite samples between aluminum plates to avoid
deformation and friction during cutting. Tabs - additives at the
ends of the tubes entering the clamps are made of a glass
fabric with epoxy resin, cut and glued to the test specimens.
For tensile testing SHIMADZU SERVO PULSER was used,
at tensile speed Ilmm / min and pressure in the clamps
12.5bar. Test results are given in diagrams in Fig.17 and in
Table 14.
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Figure 14. Tensile test results for examines composites
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Table 14. Force, tensile strength, modulus of elasticity and elongation of
the tube

Finax R E €

Sample kN MPa GPa %
No nano-reinforcement 0,60 7,43 4,62 0,15
IF -WS, 1 wt.% 0,95 | 11,87 4,61 0,22
INT- WS, 0,3 wt.% 1,07 | 13,69 5,18 0,30

There is a significant improvement of mechanical
properties observed: maximum force and elongation are
increased approximately twice. In further research different
fibres orientations will be examined and a wider spectrum of
mechanical tests will be performed.

Nanomaterials as constituents of energetic
materials

Metal powders can provide high amount of energy during
combustion, which makes them attractive for usage as fuel
components of rocket propellants, explosives and
pyrotechnics. Chemical reactive metals are added to explosive
compositions in order to raise energy of detonation. Although
these metals do not react fast enough to participate in the
reactions that occur in the zone of detonation, they can react
with gaseous products of detonation and with the oxygen from
surrounding air, and significantly increase power of shock
wave of explosion. Significant increase of detonation energy
can be achieved because of high amount of heat that is
released through reaction of metal and products of detonation.
Secondary, post-detonation combustion of metal fuel with
detonation products can be used as a source of destructive
energy in limited, enclosed space (it creates longer duration of
overpressure and extra thermal damage) and this effect is
pronounced at thermobaric explosive compositions [40-43].
Thermobaric explosives contain crystal high explosive,
polymer binder, fuel component and oxidant. The most
important characteristic of thermobaric explosives is the
intensity of their thermobaric effect, which is the combination
of overpressure and high temperature.

The most commonly used metal fuel is aluminum powder,
which increases radius of explosion of aluminized explosives
and raises the devastating effects. However, it is impossible to
use total potential of added aluminum, because of high
melting temperature of aluminum oxide, which leads to delay
of aluminum particles ignition and low combustion rate [43-
45]. Aluminum powder becomes more reactive if its surface
to mass ratio is higher. Range of sizes for particles of
atomized aluminum which is used for production of
explosives is below 40 micrometers.

Implementation of spherical aluminum nanoparticles (70
nm) as a fuel component of cast PBX explosives is examined
regarding its effect on energetic performance of thermobaric
detonation [23]. Compositions were prepared containing
octogen (HMX), amonium perchlorate (AP), aluminum (Al),
magnesium (Mg) and hydroxyl-terminated poly(butadiene)
binder (HTPB). Quality, morphology and size of aluminum
nanoparticles were observed by scanning electron microscope
(SEM) JEOL JSM-6610 LV, under different magnification.
SEM image of aluminum powder nano particles are presented
in Figure 15. It is noticed that sizes of aluminum particles
significantly differ. Since the form of particles is mostly
spherical and since there is almost none agglomeration, it may
be concluded that aluminum powder quality is very good.
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Figure 15. SEM image of aluminum nanoparticles under different
magnifications

Four compositions were prepared (Table 15) by techno-
logical process of casting [23]: two with micro particle size
aluminum and two with nanoparticle size aluminum (in those
with nano-sized aluminum, half of the starting amount of the
micron-sized aluminum was replaced by nano-sized).
Cylindrical explosive charges/test samples were cast into 50
mm diameter explosive charges, with 500 g mass.

Table 15. Composition of investigated explosive charges

. tent of 1 .9
B Content of components (wt.%)

sition HMX | AP |Al(um)|Al(nm)| Mg | HTPB

PBX -17/01 45 15 20 / / 20
PBX -17/02 45 15 10 10 / 20
PBX -17/03 40 15 24 / 6 15
PBX -17/04 40 15 12 12 6 15

Shock wave parameters of these explosives were
determined by measuring overpressure in air using piezo-
electric probes PCB 124B24A (high frequency pressure
sensors, PCB Piezotronics, ICP® free-field blast pressure
“pencil” probes) at defined distances from the detonation
centre: 3 m, 4 m, 5 m, 7 m and 9 m. The explosive samples
were placed on a wooden stand at 2 m height above ground,
and the pressure transducers were placed on metal holders,
also 2 m above ground. Average values of measured
maximum overpressure, Pmay, and total impulse of the positive
phase of the overpressure, I, are given in Table 16.

Table 16. Average values of overpressure and impulse of the shock wave
at different distances

PBX composition 17/01 17/02 17/03 17/04
3m 0.582 0.577 0.529 0.558

4m 0.345 0.336 0.317 0.348

Proax, m's Sm 0.236 0.234 0.215 0.246
7m 0.135 0.141 0.127 0.145

9m 0.105 0.109 0.100 0.113

3m 0.422 0.44 0.409 0.457

4m 0.325 0339 | 0317 035

1*10% bar's | 5m 0.255 0.27 0.255 0.278
7m 0.115 0.12 0.113 0.123

9m 0.262 0.264 0.263 0.286

It can be observed that there is almost no difference in Pax
for compositions with higher amount of HTPB between
samples with nanoparticle aluminum and samples without it.
For compositions with lower amount of polymer binder and
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with Mg there is a difference in favor of composition PBX 17/04-
composition with nanoaluminum. Measured overpressures for
this composition are higher for 5-14%, which depends on the
distance of measuring spot from the centre of detonation. Impulse
values are higher at 9 m than at 7 m measuring distance, as a
consequence of superposition of the primary shock wave and the
reflected wave. Values of impulses are higher for samples with
nanometer aluminum, for all measuring distances. There is an
increase of impulse up to ~12 % for composition with nano-
aluminum (PBX 17/04 compared to PBX 17/03, at the distance 3
m away from centre of detonation).
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Thermal effect of detonations was tracked using thermal
imaging camera FLIR 7200 SC placed 50 m from the sample.
Measuring areas (MA) on IR recordings were chosen as
follows: MA 1 represents the centre of detonation. MA 2 and
3, regarding the centre of detonation, are placed: MA 2: 90 cm
above the centre of the detonation, MA 3: at the angle of 45°
to the line that 1 and 2 create, 90 cm away from MA 2[23].
For two selected tested PBX compositions, time diagrams of
registered temperature are shown in Figure 16.
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Figure 16. Temperature-time dependence at MA 1, 2 and 3 for sample PBX 17/03 and PBX 17/04

From the shown diagrams it may be observed that
registered temperature-time dependences are very similar.
Area of post-detonation combustion of aluminum powder is
noticed, i.e. aluminum and magnesium, and in that area
temperature value is between 1750 and 1900°C. If we observe
the duration while temperature has higher value than some
chosen temperature, the effect of nanoaluminum on the
process of post-detonating combustion can be noticed. As
frequency value is 1412 Hz, duration of single frame is
7.082*10* s. Thus, it is calculated that temperatures are
higher than, for example 700°C, during: 75.78 ms for sample
of PBX17/03 and 62.32 ms for sample of PBX 17/04.
Therefore, compositions with nano-sized aluminum have

shorter phase of post-detonating combustion, i.e. nanometer
aluminum burns faster. This is not desirable for this kind of
explosive, so this gives reason for further research in order to
achieve a good balance between improvements of shock wave
power and the duration of post-detonation combustion of
components and detonation products.

At the temperature range between 1500-2500°C and
frequency 10 kHz, temperature maximums were estimated at
approximately 3400°C [23]. That is in accordance with
expectation and previous results for similar samples, i.e. for
similar compositions containing aluminum or aluminum and
magnesium, where maximum recorded temperatures were
above 3300°C, which was confirmed using optical pyrometer
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[40-42]. Actually, added nanoparticles of aluminum do not
affect maximum temperatures, they are affected by the
composition; but do affect the duration of post-detonation
combustion.

The observed results encourage further research regarding
the optimum ratio of nano and micron sized aluminum that
provides best shock wave performance and satisfying thermal
effect. Researches are being done in VTI with nanoaluminum
as a fuel component of composite rocket propellants and
pyrotechnic mixtures, but also other nanosized ingredients of
energetic materials are planned to be examined.

Conclusion

Military Technical Institute keeps up with the modern
researches in the field of nanotechnologies when it comes to
applications of nanomaterials with special properties in
defense technologies. Small concentrations of specific
nanoparticles (0.3wt.% - 3 wt.%) provide significant
enhancement of thermo-mechanical properties and protective
performance when added to materials for CBRN protection,
nanomodified polymer coatings and camouflage paints,
composite structures for military aircrafts, ballistic protection
composites, and enhance the energetic performance of
explosive materials.

In the area of CBRN protection two methods for TiO,
nanoparticles synthesis (known for their photocatalytic
activity) and their deposition on the textile samples were
investigated in order to obtain self-decontaminating textile.
The ability of TiO, to decompose CW agents is promising
although further improvements in terms of efficacy are
needed. Since the treatment of the textiles by nano TiO, sols
diminishes their mechanical properties, nano SiO, particles
were used to reinforce the tested textile. Rubber materials for
the use in CBRN protection were treated with IF-WS;
nanoparticles and an improvement of the protective and
mechanical properties has been observed.

Nanocomposites of enhanced thermo-mechanical and
tribological properties poly(vinyl butyral)/tungsten disulfide were
prepared, i.e. PVB was reinforced by adding a small quantity of
[F-WS; nanoparticles trough different techniques of nanofiller
deagglomeration and dispersion. Glass transition is increased
after the addition of nanoparticles, as well as modulus of
hardness and elasticity. Friction coefficient was decreased
significantly. Tensile properties were enhanced as well.

Physical-mechanical properties of polymeric coating used
for military camouflage purposes were enhanced by adding
IF-WS; nanoparticles in small concentrations: the hardness,
abrasion resistance and the resistance to steel balls impact
were improved, the rheological behavior is in accordance with
expectations, and the coatings are persistent in all the used
aggressive media: water, salt water, mineral oil and a mixture
of isooctane and benzene. Spectrophotometric examinations
indicate that dyes with nanoparticles addition have better
camouflage qualities and the difference between each pair of
samples is not visible to the observer’s eye.

Addition of small concentrations of IF-WS, and INT-WS,
has a favorable effect on the mechanical and ballistic resistance
of the composite materials for ballistic protection. Significant
improvement of anti-ballistic performance has been observed
for the samples of composite structures based on aramid fabric
impregnated with PVB reinforced with INT-WS,: better
thermo-mechanical resistance, higher impact toughness,
absorbed energy, and smaller depth of backface deformation.

The same nanofillers were used as reinforcement of carbon
fibre/epoxy composite and improvement of tensile properties
were achieved.

Addition of nano-sized aluminum has shown positive
effect on energetic performances of thermobaric PBX
explosive: overpressures are higher for 5 - 14%, total
impulses have up to 11.7 % higher values. Thermal imaging
records show similar values of maximum measured
temperatures but influence of nanoaluminum is obvious when
it comes to temperature-time dependence: compositions with
nanometric aluminum have shorter phase of post-detonating
combustion, i.e. nanoparticle aluminum reacts faster.

Researches presented in this survey gave promising results
and encourage the use of the examined nanomaterials in
future applications. These findings also give us a reason to
proceed with the researches in order to optimize the
concentrations of used nanoparticles, the technology of their
incorporation in composites, coatings and other materials.
Having in mind that very good results have been obtained
with low nanoparticles concentrations used in this presented
research, it would be interesting to examine the possibility of
using even lower concentrations of nanofiller, in order to
retain good properties at lower consumption of expensive
nanomaterials.
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Nanotehnologije u vojnoj primeni — pregled novijih istrazivanja u

Vojnotehnickom institutu

Armije moénih svetskih sila ve¢ primenjuju dostignuéa nanonauke i pruZaju podrSku istraZivanjima u oblasti
nanotehnologije. Ovaj rad predsravlja pregled skorasnjih istraZivanja u oblasti primene nanomaterijala u odbrambenim
tehnologijama, sprovedenih u Vojnotehni¢kom institutu u Beogradu u Srbiji. Prikazana istraZivanja su pokrila najvaznije
rezultate dobijene u slede¢im oblastima: NHB zaStita, nanomodifikovani polimerni premazi i maskirne boje, kompozitne
strukture za vojne letelice, kompoziti za balisti¢ku zaStitu i energetski materijali. IstraZivanja su dala obeéavajuce rezultate u
svim navedenim poljima i ohrabruju primenu nanomaterijala u buduénosti.

Kljucne reci: nanotehnologija, nanomaterijali, nanocestice, nanovlakno, polimerni premazi, vojna primena, NHB zastita,
balisti¢ka zastita, maskiranje, energetski materijali.

Nanotechnologie dans ’utilisation militaire — vue d’ensemble des

recherches les plus récentes a I’Institut militaire technique

Les armées de grandes forces mondiales appliquent déja les réalisations de nanotechnologie et aident les recherches dans le
domaine de la nanotechnologie. Ce papier présente une vue d’ensemble sur les récentes recherches dans le domaine de
I’utilisation des nanomatériaux chez les technologies de défense conduites a I’Institut militaire technique a Belgrade, Serbie.
Les recherches présentées ont couvert les plus importants résultats obtenus dans les domaines suivants : protection ABC,
enduits polymeéres modifiés par nanotechnologie, couleurs de camouflage, structures composites pour les aéronefs militaires,
composites pour la protection balistique et les matériaux énergétiques. Les recherches ont donné les résultats prometteurs
dans tous les champs cités et ils encouragent I’utilisation de nanomatériaux dans ’avenir.

Mots clés: nanotechnologie, nanomatériaux, nanoparticules, nanofibre, enduits polyméres, utilisation militaire, protection
ABC, protection balistique, camouflage, matériaux énergétiques.

HaHoTexXHO0J10ruu B BOEHHbIX INPUMCHCHUAX - 0630]) MOCJICAHHUX

HCCJIeJOBAHUM B BOEHHO-TEXHHYECKOM HHCTUTYTC

Bojicka MOIIHBIX MHPOBBIX Jep:KaB Yike PUMEHSIIOT JOCTHKEeHHsI HAHOTEXHOJIOTHI U NOAIepP:KHBAIOT HCCJIeJ0BaHNus B
006,1acTH HAHOTEXHOJIOTHii. B 3TOM /10KyMeHTe onuchIBaeTcst 0030p MOC/IeTHUX HCCIIEI0BAHUIT B 00J1ACTH HCIOJIb30BAHUS
HAHOMATEPHAJIOB B 000OPOHHBIX TeXHOJIOIHsIX, NPOBOAUMBIX B BoenHo-Texnnyeckom uncrutyte B bearpage B Cepoun.
IpeacraBiieHHble MCCIEIOBAHNS OXBATHIBAIN Haubo/1ee BaKHbIE Pe3yJIbTAThI, MOJy4YeHHbIE B CAEIYIOLIHX 00JIaCTAX:
3amuTa ot (SIXB) onacHocTH, HaHOMOAM (PUIHPOBAHHbIE NOTHMePHbIE IIOKPBITHSI H MACKHPYIOIe KPACKH, KOMIIO3UTHBIE
CTPYKTYpPbI VISl BOEHHBIX CAMOJIETOB, KOMIO3HMTBHI ISl OAJUIMCTHYECKOW 3aLIMTHI W 3HEPreTHYecKHe MaTepHabl.
Hccaenosanusi 1ajM MHOT000eIalOIIHe Pe3YJIbTATHI BO BCeX 3THX 00/1aCTSAX M OOLIPSIOT HCIO0/Ib30BAHNE HAHOMATEPHAJIOB
B Oyayumem.

Kniouesvie cnosa: HAHOTEXHOJIOTHSI, HAHOMATEPHAJIbI, HAHOYACTHIbI, HAHOBOJIOKHA, MOJMMepPHbIe MOKPHITHS, BOEHHbIE
NpUMEHeHHUsl, 3aIMTa OT silePHOM, XMMHYeckoil uiau Ouosoruyeckoii (SIXB) omacHocTH, GajiMcTHYeCKAs 3aILMTA,
MAaCKHMpPOBaHUe, JHEPreTHYeCKHe MaTePHAJIbI.



