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1. INTRODUCTION
Currently, composite materials based on 
various classes of  polymers reinforced with 
nanosized fillers of  various compositions 
and geometries (in the form of  spheres, 
fibers, planar two-dimensional structures, 
etc.) are actively used in various fields of  
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science and technology, representing a very 
competitive alternative to materials from 
metals and alloys. High specific mechanical 
characteristics make this class of  materials 
extremely valuable when used as structural 
materials in industry (aerospace, automotive), 
as well as in a number of  other areas [1–6].

When using nanoparticles based on 
metals and ceramics and organic polymers 
as a matrix as fillers, it is necessary to take 
into account the very weak adhesion of  
nanoparticles to the material of  the polymer 
matrix, which is due to the chemical 
inertness of  the nanoparticle surface. 
Obviously, in the absence of  chemical 
interaction between the components of  
the composite material, a very low level 
of  strength of  the interfacial interaction 
at the nanoparticle-matrix interface will 
be achieved, and this will negatively affect 
the physical and mechanical characteristics 
of  the entire resulting material [3, 4]. 
This effect is especially pronounced 
when studying films made of  such a 
composite material, where strengthening 
due to impregnated inclusions is especially 
important. At present, to increase the 
strength of  interfacial interaction between 
a polymer and fillers, various methods are 
used, among which chemical or physical 
modification of  the surface of  fillers [7], 
functionalization of  the polymer matrix 
[8], plasma treatment [9], and in-situ 
polymerization of  the polymer on the 
surface of  the filler are distinguished. [10] 
etc. A common feature of  all the above 
methods is the formation of  reactive 
functional groups on the surface of  the 
reinforcing particles, capable of  forming 
strong chemical bonds with the matrix 
polymer. However, it should be taken into 
account that these methods and approaches 

should be carried out taking into account 
the individual characteristics of  each 
specific filler-polymer pair and provide the 
required level of  interfacial interaction in 
the resulting composite [11–14].

When developing methods, technologies 
and equipment for obtaining functional 
and structural composite materials, as 
well as functional elements from filled 
polymers, it is also necessary to ensure the 
physicochemical and physicomechanical 
characteristics of  the materials obtained, 
which is determined both by the properties 
of  the dispersed filler and by the interaction 
of  the filler and the matrix.

Therefore, in the framework of  this 
work, zinc oxide nanoparticles were 
synthesized in a plasma discharge under 
the action of  ultrasonic cavitation, and 
samples of  films of  polymer composite 
materials were obtained and studied on 
their basis.

2. MATERIALS AND METHODS
Zinc oxide nanoparticles were synthesized 
in a plasma discharge under the action 
of  ultrasonic cavitation according to a 
previously developed procedure [15–17]. 
To create composites with a homogeneous 
distribution of  nanoparticles, solution 
technology was used, and then melt 
compounding technology using heated 
laboratory mixing rolls. An ethylene-vinyl 
acetate copolymer was used as the polymer 
matrix. The content of  vinyl acetate in the 
copolymer is 28%, the melt flow index is 
25 g/10 min.

The copolymer was dissolved in 
chemically pure butyl acetate at 60°C with 
stirring with a magnetic stirrer. Powder 
of  nanoparticles was poured into the 
resulting solution while stirring continued. 
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An IKA T18 Digital ULTRA TURRAX 
submersible high-speed disperser was used 
to break up particle agglomerates in the 
polymer solution for 10 min at a speed of  
10,000 rpm. For ultrasonic treatment of  
nanoparticles before obtaining a sample, 
a Technosonic-1000 ultrasonic emitter 
was used at a frequency of  40 kHz and 
an intensity of  2 W/cm2 for 2 min. After 
dispersion, the solutions were dried under 
draft. The dried samples were then subjected 
to rolling. Mixing rollers are designed for 
the preparation and processing of  rubber, 
plastic mixtures with various parameters 
of  technological processes. Before rolling, 
the crushed components were subjected to 
conditioning at a temperature of  50±5°C 
in an oven (Loip, Russia) for 3 hours.

To obtain a composite, the resulting 
dried concentrate was diluted with pure 
copolymer granules to a final filler 
concentration of  1% wt. Melt mixing 
was carried out on a UBL-6175-BL 
laboratory mixing roll (Dongguan BaoPin 
International Precision Instruments Co., 
Ltd., China). When compounding, the 
following technological parameters were 
used: 8 rpm and a gap between the rolls 
of  1 mm, the temperature regime of  the 
rolls was 130°C and 150°C. Next, the films 
were pressed on a cellophane substrate 
using an RPA-12 laboratory hydraulic 
press (Biolent, Russia) at a temperature of  
150°C and a pressure of  20 kgf/cm2.

The identification of  the phase 
composition of  the obtained samples was 
carried out on a Bruker D8 Advance setup 
operating in reflection mode using Cu-Kα 
radiation (40 kV, 40 mA, λ = 1.54056 Ǻ). 
Qualitative determination of  the metal 
in the obtained samples of  materials by 

X-ray fluorescence analysis was carried 
out on the analyzer Olympus Vanta (Japan) 
in the GeoChem mode with a 3-beam 
mode (scanning time: 45 s on each beam). 
Morphology was studied by scanning 
electron microscopy on a Carl Zeiss Supra 
40-30-87 instrument.

3. RESULTS AND DISCUSSION
As was shown in previous studies, the 
combined impact on a liquid medium of  
pulsed or stationary electric fields and 
high-intensity ultrasonic vibrations above 
the cavitation threshold leads to the 
appearance of  a special form of  electric 
discharge in a cavitating liquid medium 
[15–17]. This type of  discharge is still 
a little studied physical phenomenon, 
which has original electrical and optical 
characteristics. At the same time, as it 
was proved earlier, the use of  ultrasonic 
cavitation makes it possible to solve the 
problem of  preventing the agglomeration 
of  synthesized nanoparticles after 
synthesis and activates their surface, 
creating additional active adsorption 
centers on it, which contributes to the 
effective interaction of  such particles with 
organic polymers and makes it possible to 
create polymer composite materials with 
high operational properties [15-17].

Zinc metal electrodes were used as 
starting materials for the synthesis of  
nanoparticles. Synthesis was carried out 
in various liquid media: water, alcohols 
(ethanol, isopropanol). The nanometer 
size and high resistance of  nanoparticles 
to aggregation made it possible to obtain 
relatively stable aqueous disperse systems 
(suspensions) of  nanoparticles without the 
use of  any stabilizing compounds [15–17].
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This is explained by the fact that, firstly, 
ultrasonic action on a liquid-phase medium 
in the mode of  developed cavitation changes 
the conditions of  electrical breakdown 
between the discharge electrodes in the 
reaction chamber during the synthesis of  
nanoparticles due to the fact that cavitation 
bubbles in a liquid in an electric field are 
able to line up in chains, thus changing the 
medium from liquid-phase to vapor-liquid; 
while the discharge itself  has a falling 
current-voltage characteristic similar to 
the current-voltage characteristic of  an 
anomalous glow discharge. Optically, 
this is determined in the form of  a more 
intense glow of  the discharge. Secondly, 
intense ultrasonic cavitation during 
synthesis ensures efficient dispersion of  
particles formed [15–17]. In the case of  
association of  nanoparticles, they were 
additionally ultrasonically dispersed in an 
aqueous medium for 1 min.

Typical discharge parameters during the 
synthesis of  nanoparticles are: DC voltage 
30–60 V, current strength 3–5 A [15–17]. 
These parameters were chosen, on the one 
hand, based on the need to ensure stable 
discharge burning, and, on the other hand, 
to create reproducible conditions for the 
synthesis of  nanoparticles.

At the next stage of  the work, studies 
were carried out on the introduction of  
zinc oxide nanoparticles synthesized in a 
plasma discharge into a polymer matrix 
to obtain polymer composite materials 
and study their physical and mechanical 
properties. At this stage, a copolymer of  
polyethylene and vinyl acetate was used as a 
matrix. Composite materials based on zinc 
oxide nanoparticles were obtained, and 

nanoparticles not treated with ultrasound 
and treated with ultrasound were used.

Figures 1 and 2 present the data of  
studies of  samples of  polymer films 
based on a copolymer of  polyethylene and 
vinyl acetate as a matrix and zinc oxide 
nanoparticles as a filler by X-ray phase 
analysis.

According to X-ray diffraction data, 
the sample contains at least two phases. 
A strongly broadened peak at 2θ = 22º 
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Fig. 1. Results of  the X-ray phase analysis 
of  a sample of  a composite material based on 

nanoparticles without sonication.

Fig. 2. Results of  X-ray phase analysis of  a 
composite material sample based on nanoparticles 

after sonication.
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corresponds to the phase of  a complex 
polymer. Also on the diffraction pattern 
there are peaks at 2θ values: 31.29°, 34.68° 
and 36.50° corresponding to the zinc 
oxide phase (JCPDS # 36-1451, wurtzite 
structure).
According to X-ray phase analysis, the 
sample with nanoparticles after ultrasonic 
treatment also contains a complex 
polymer phase (a strongly broadened peak 
at 2θ = 21.2º) and peaks at 2θ: 31.90°, 
34.61° and 36.52°, corresponding to the 
oxide phase zinc (JCPDS # 36-1451, 
wurtzite structure). It should be noted 
a slight decrease in the intensity of  the 
peak corresponding to the polymer in 
comparison with the data in Fig. 1, as well 
as a slight decrease in the intensity of  the 
peaks corresponding to the zinc oxide 
phase. This may indicate an increase in 
the interaction of  the nanoparticle surface 
with the polymer when ultrasound is used, 
as well as a decrease in the size of  the filler 
nanoparticles themselves.
Figures 3 and 4 show the data of  studies 
of  samples of  polymer films based on a 

copolymer of  polyethylene and vinyl acetate 
as a matrix and zinc oxide nanoparticles as 
a filler by X-ray fluorescence analysis.

According to the data of  X-ray 
fluorescence analysis, the presence of  
zinc oxide nanoparticles was qualitatively 
confirmed in the sample.

X-ray fluorescence analysis also 
qualitatively confirmed the presence 
of  zinc oxide in the film sample. In this 
case, the intensity of  the peak increases 
in comparison with the sample obtained 
on the basis of  nanoparticles without 
ultrasonic treatment.

Figures 5 and 6 show the data of  
studies of  samples of  polymer films 
based on a copolymer of  polyethylene 
and vinyl acetate as a matrix and zinc 
oxide nanoparticles as a filler by scanning 
electron microscopy.
Scanning electron microscopy confirms 
that the zinc oxide nanoparticles are 
enclosed within the polymer film. In this 
case, there are differences between the 
samples: in the case of  nanoparticles 

Fig. 3. Results of  X-ray fluorescence analysis of  
a composite material sample based on nanoparticles 

without sonication.

Fig. 4. Results of  X-ray fluorescence analysis of  
a composite material sample based on nanoparticles 

after sonication.
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without ultrasonic treatment, the particles 
are more strongly aggregated inside the 
composite material and their average size is 
visually larger than in the case of  a sample 
with nanoparticles subjected to ultrasonic 
treatment.
Thus, as a result of  the studies carried 
out by the methods of  physicochemical 
analysis, it was shown that the activation of  
the surface of  particles using the methods 
of  physical and physicochemical effects is 
an important factor that can significantly 
increase the efficiency of  interaction 

between filler particles and the polymer 
matrix. Among the physical methods, first 
of  all, the effect of  intense ultrasound 
should be noted. The use of  methods that 
would allow the synthesis of  filler particles 
with an activated surface can give a great 
impetus to the production of  composite 
materials with improved physical and 
mechanical characteristics [15–17].

4. CONCLUSION
Composite materials in the form of  
films based on zinc oxide nanoparticles 
that were not sonicated and sonicated 
were obtained and studied. According to 
X-ray diffraction analysis, a sample with 
nanoparticles after ultrasonic treatment 
shows a slight decrease in the intensity of  
the peak corresponding to the polymer. 
This may indicate an increase in the 
interaction of  the nanoparticle surface 
with the polymer when ultrasound is 
used, as well as a decrease in the size of  
the filler nanoparticles themselves. X-ray 
fluorescence analysis also qualitatively 
confirmed the presence of  zinc oxide in 
the film sample. In this case, the intensity 
of  the peak increases in comparison 
with the sample obtained on the basis 
of  nanoparticles without ultrasonic 
treatment. Scanning electron microscopy 
confirms that the zinc oxide nanoparticles 
are enclosed within the polymer film. In 
this case, there are differences between 
the samples: in the case of  nanoparticles 
without ultrasonic treatment, the particles 
are more strongly aggregated inside the 
composite material and their average size is 
visually larger than in the case of  a sample 
with nanoparticles subjected to ultrasonic 
treatment.

Fig. 6. Results of  a study by scanning electron 
microscopy of  a sample of  a composite material 

based on nanoparticles after sonication.

NANOSYSTEMS

Fig. 5. Results of  a study by scanning electron 
microscopy of  a sample of  a composite material 

based on nanoparticles without sonication.
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