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Studies regarding chemical and electrochemical nanostructuration of polymers and effects of
nanostructuration on mechanical properties of polymers

Introduction

Research on composite materials has evolved rapidly and gained popularity due to their
higher durability properties. Composites are macroscopic modifications between two or more
materials with different physical or chemical properties, to obtain a more efficient and useful third
material. Composites are generally the results of intervention on a material (matrix) by adding two
or more other materials to its volume, of chemical and mechanical properties, sometimes
aesthetics.

Composites have applicability in different industries: construction (pavements, pipes, floor
coverings), aeronautical (blades, turbines, flaps, tailings, engine parts), shipbuilding (decks,
masts and covers), transport, equipment and medical devices (bandages, towels, patches,
operating room equipment), drug delivery systems, bio-absorbable systems, permanent
prosthetic devices including hip implants, artificial lenses, large diameter vascular grafts,
catheters. Also, many new applications are being developed as a result of major advances in
molecular and cell biology.

The most important field of application for polymeric composites is in the automotive
industry. The general application areas of composites in the automotive industry are body panels,
seals, wheel covers, wings, gaskets, instrument panel, steering wheel, seat and associated parts,
instrument panel leather, decorative parts, sensors, compartments ignition, bumpers, wheels,
mirror housings, hatches, flaps, spoilers, safety panels, grilles, seat belts, expansion vessels,
centre console, dashboard, door panels, door sills.

The optimization of the general properties and better adaptation of specific properties to
well-defined applications is a priority of composite research.

Improving mechanical properties requires a better understanding of the multiple
dependencies between molecular structure, morphology, processing methods and the final
properties of composite materials. The connection between the structure, morphology and
mechanical properties are the micromechanical processes or mechanisms that take place at
loading at the microscopic and nanoscopic level: the so-called field of micro- and nano-
mechanics. The knowledge of these mechanisms is key to the successful development and
improvement of already used composites with better properties.

Polymer composites are those for which the matrix is made of a polymer which includes
reinforcing elements, fillers, fillers, additives or other introduced agents to modify one or another
of the properties of the polymer.

As is known, polymers are classified into three main categories - thermoplastic polymers,
thermosetting polymers and elastomers. Each of these classes is characterized by common
properties.

Thermoplastic polymers melt when heated, weakening their intermolecular forces (through
the thermal vibrations of molecules) and solidify upon cooling, returning to their initial strength
and hardness if certain processing conditions are met.

Thermosetting polymers are permanently hardened due to irreversible chemical reactions
(cross-linking). Unlike thermoplastic polymers, the properties of thermosetting polymers are
preserved even with the temperature value increasing. Epoxy matrix composites are used in a
large number of applications in various industries, including the aerospace, automotive and
electronics industries. This wide range of applications is due to the favourable thermomechanical
properties of these resins and the ease of their processing.

The main arguments for the use of composites are:

- easy processability, modelability (manufacture of difficult shapes);

- low production costs (better energy balance per volume than many other materials, for example,
steel or aluminium);

- advantageous strength / density ratio;

- resistance to many chemicals and moisture (corrosion resistance, environmental stability);

- great diversity of properties (mechanical, optical, electrical, among others);

- the possibilities of modification with organic or inorganic agents;

- recyclability - in the case of all thermoplastic polymers and thermosetting polymers (material or
energy recycling).
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Epoxy resins are usually obtained by mixing two chemical substances in a liquid state, a
mixture that solidifies as a result of chemical reactions between the two components commonly
called resin and hardener, respectively. This is not only the case for epoxy resins and not all
epoxy resins are obtained in this way. The enormous advantage of using epoxy resins obtained
from the chemical reaction between resin and hardener is that it allows intervention on the
properties of the final polymer even before mixing the two components, by introducing agents —
by solubilising (in the most favourable case) — what could change the properties of the polymer.

At the Research and Development Center for thermosetting composites (CCDCOST) at
the cross-border Faculty of the University Dunarea de Jos din Galati, have been carried out in
recent years, various studies on the properties of epoxy matrix composites and how these
properties can be modified to accumulate data that finally allows the design of the properties of
epoxy matrix composite materials and structures. Most studies, at CCDCOT, have been carried
out on the Epiphen epoxide system RE4020-DE4020 and for this reason, the present study is
taking note of this epoxy resin.
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1. Nanostructures and nanostructuration of polymeric matrices

There are certain polymeric systems with unique properties that can be directly attributed
to the presence of structural entities with nanometric dimensions. Due to the special contribution
of these nano-sized entities, this class of polymeric systems can be designated, as a whole, as
nanostructured polymeric materials [1].

Nanostructured polymers and hybrid inorganic-organic nanocomposites have gained
popularity in the last two decades due to their special properties, volume or surface. The
nanostructuring control of polymers and the addition of nanoparticles have led to improvements
in structural and functional properties in several polymeric systems in response to the continuing
requirements of advanced industrial sectors. Therefore, most research efforts in this field have
focused on developing rational processing strategies for nanostructured polymers and
composites and on promoting a better interaction between matrix and nanopatrticles [2] - [5].

Nanostructured polymeric materials, including micelles, nanoparticles, nanocapsules,
nanogels and nanocomposites, can be prepared in several ways. Their properties, such as
stability, size, shape, electrostatic charge of the surface, surface chemistry, mechanical strength,
porosity, among others, can be adapted to the specific functionalities that are needed to meet the
needs in different applications [6] - [8]. The superior stability of polymeric nanostructures over
surfactant-based micelles makes them ideal candidates to protect catalytic functionalities from
the external environment for an extended shelf life [9], [10].

1.1. Polymer materials

Polymers are abundant in nature, they are found in all living systems and in various
materials such as wood, paper, leather, natural fibres, being widely used. While natural polymers
retain their intrinsic importance, currently the synthetic materials are mostly used [11] - [14].

The term polymer comes from the Greek words poly (many) and meros (part). Polymers
are made up of a large number of identical small molecules called monomers [15].

Polymers have a wide range of physical and mechanical properties, which are suitable for
a large number of technical applications [26]. The main fields of application of polymers are
plastics, rubber or elastomers, fibres, surface finishes, coatings and adhesives [27], [28].

The chemical structure, average relative molecular mass and its distribution, chain conformity,
morphology, additives and reinforcing fillers are witnesses to define the individual properties of
materials and to allow sophisticated adaptation of materials to specific applications [29]. Because
most polymers are low-density materials, they have specific advantages in the transportation
industry, by replacing metals, medical equipment and devices, drug delivery systems, bio-
absorbable systems, permanent prosthetic devices including hip implants, artificial lenses, vascular
grafts with large diameter, catheters [30]. Several new applications are also being developed as a
result of major advances in molecular and cell biology [17], [31], [32], [33], [34].

1.3. Nanostructured resins

In 1907, Leo Baekeland invented the first synthetic polymer, a phenol-formaldehyde resin
called bakelite, which is made from chemically crosslinked polymer chains. As such, it was the
first sample of a whole class of polymeric materials: the so-called thermosetting polymers.

Materials with thermosetting resins (epoxy) are used in a large number of applications in
various industries, including the aerospace, automotive and electronics industries. This wide
range of applications is due to the favourable thermomechanical properties of these resins and
the ease of their processing [63] - [69].

From a production point of view, thermoset resins are generally made from a liquid mixture,
initially of polyfunctional organic molecules that gradually react with each other to form a three-
dimensional solid network, while thermoplastics are marketed as solid pellets and moulded into their
final shape by melting [70]. Advantageously, the low molecular weight of the thermoset precursors
allows the formation of reactive mixtures with low viscosity which offer unique flexibility in
applications, such as coating or wetting of fibres. However, it also requires a fine-grained control of
the viscosity kinetics that ultimately comes with a transition from liquid to solid: gelation [71] - [75].

3
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Epoxy resins are among the most widely used types of materials in the industrial field due
to their distinct mechanical properties and the fact that they are inexpensive. When formulated
correctly, epoxy resins have excellent mechanical strength, chemical resistance, adhesion,
relatively high temperature resistance and structural stability. Thus, components made of epoxy
resins have great potential for application as functional organic materials in bonding agents, flame
retardants in IT devices and structural reinforcement systems [76] - [88].

1.5. Researches on nanostructures and polymers nanostructuration

S. E. Jasim and his collaborators [135] manufactured YBCO superconducting hanopatrticles
(copper oxide, barium and yttrium) by the electrochemical method of electrospinning. The
temperature transition of the YBCO nanopatrticle thin film showed a zero resistance at 78K, with
a semi-sharp transition width of 13K while the blank material indicated zero resistance at 85K and
a sharp transition width of 6K. A typical nanoparticle diameter between 20nm and 50nm was
obtained and agglomerations of nanoparticles of about 388nm were achieved. The measured
surface area of the YBCO nanoparticle was larger than that of the blank material and was not
influenced by the calcination temperature.

Lu et al [137] fabricated PVP/Ag.S nanoparticles in ethanol solution. The obtained black
viscous solution was loaded into a plastic syringe equipped with a 14cm platinum needle. The
needle was connected to a high voltage source (15 kV) which was applied to the electrospinner.
A piece of flat aluminium foil was placed 20 cm from the tip of the needle to collect the nanofibers.
Electrospinning was performed under normal conditions (air). Fibre images were taken using
scanning electron microscopy. Ag2>S nanoparticles were characterized by transmission electron
microscopy.

Vyacheslav V. and co-workers [138] manufactured composite fibres by the intermediate
electrospinning method containing ZrOCl, and AI(NO3)s as ZrO; and Al.O3 precursors, with PVP
as additive. The mean fibre diameter was 284 + 69nm. The data obtained by EDS indicate that
the fibres prepared from the electrospinning solution contain the polymer precursors detected by
the presence of the element C, ZrO, and Al,Os (Zr, Cl, Al, N). The presence of the two distinct
phases was highlighted: ZrO- (lighter phase) and Al.Os (dark phase). They noticed that Al.O3 is
partially dissolved. ZrOCly/ Al (NO3) 3/ PVP fibres were observed to be amorphous before heat
treatment. The complete decomposition of the bonding polymer, zirconium and aluminium salts
at 500°C did not affect the crystal structure of the filaments.

D. Li and co-workers [141] obtained CuO nanostructures prepared by chemical methods.
They investigated the influence of synthesis conditions on the morphology of CuO nanostructures.
They found that the concentration of the solution, its pH value, the synthesis temperature and the
presence of crystals significantly affect the morphology obtained, as well as the adhesion to the
substrate. In the absence of crystals and for low solution concentrations, spherical assemblies of
CuO slides are obtained. On the other hand, the synthesis of solutions with higher concentrations
allows the manufacture of nanostructured films on the substrate, whose morphology and
adhesion to the substrate depending on the pH value and the synthesis temperature.

Xiaonong Cheng et al. [143] studied the modifying effects on the chemical reduction
synthesis of nanostructured copper. With the pure nanostructured phase of different particle sizes
and medium-size distributions, it can be conveniently synthesized starting from copper sulphate
using SDBS, SDS, PEG or their mixture as a modifier and ascorbic acid as a reductant. The
coordinating interactions between the modifiers and the resulting nanostructure are asserted by
FTIR analyzes. The stabilizing capacity of PEG on nanostructured Cu is first increased and
decreased with an increasing relative mass of PEGs. The synergistic effects of mixed SDBS or
SDS and PEG modifiers on nanostructured Cu stabilization are different from those of an SDBS,
SDS or PEG.

G. Xu et al. [144] analyzed the steric effect of PVP and adsorption on ZnO and/ or
precursors to obtain a controlled growth in the [0 O 0 1] direction of ZnO nanotubes and
nanoparticles at 100°C, and, respectively, 140°C in solvothermal synthesis. Polyvinylpyrrolidone
(PVP) has a ring opening reaction to produce PVAB at 120°C and complexation between the
groups of asynthesized PVAB carboxylic acid and the Zn(OH) precursor, caused by abnormal
growth of ZnO pyramids and the formation of flower-like structures. The results of TEM, SAED,
HRTEM, FT-IR, 'H RMN and TGA confirmed the morphology and microstructure of ZnO
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nanomaterials. The fine ZnO regulation conditions assembled by PVP/ PVAB can lead to distinct
structures covering nano and micro dimensions.

Tomasz Tanski et al. [145] obtained thin composite nanofibers with a polyvinylpyrrolidone
(PVP) matrix and reinforcement phase in the form of silicon oxide (SiO.) nanoparticles. The
colloidal suspension produced was subjected to a drying process and a calcination process at
550°C, resulting in an amorphous silica nanopowder with an average particle diameter of 20nm.
The morphology and structure analysis of the resulting particles, performed based on high-
resolution images using electron microscopy and an X-ray diffractometer, showed that the
resulting amorphous powder consists of silicon oxide nanoparticles with an average diameter of
23nm. The obtained particle size is particularly beneficial in the use of silicon oxide nanopowder
in the biological zone for in vitro contrast imaging of cells. The analysis of the obtained fibre
morphology performed based on the image of the surface topography of the fibres obtained using
scanning electron microscopy showed a decrease in fibre diameters from 1164 to 358nm due to
the presence of silica particles in solution, which can increase the efficiency of filters and sensors
with this type of materials. The performed UV-Vis analyzes and the forbidden energy areas of the
produced materials specified on these analyzes prove the obtaining of a pure amorphous SiO-
nanopowder, characterized by a forbidden band of 5.5eV, as well as the obtaining of fibrous PVP.
SiO,; materials are characterized by improved absorption of radiation in the ultraviolet range and
at the same time maintaining a good ratio in the radiation range absorbed by the matrix material.

Przemystaw D. Gacia et al. [147] performed a low-temperature synthesis of copper oxide
(CuO) nanostructures. The researchers demonstrated the low-temperature formation of high-
surface CuO nanostructures and studied the effect of temperature on the morphology of the
resulting CuO nanostructure. In addition, they investigated the influence of CuO morphology on
the specific surface of the different structures obtained. Due to the fine structure and increased
availability of surface adsorption sites, the CuO nanostructure with fibrous morphology displayed
a large surface area of 179m?g?, a much higher value than CuO nanostructures prepared by
other methods. Electrochemical studies have shown that this CuO nanostructure exhibits pseudo-
capacitive behaviour with a specific capacity of approx. 28.2Fg™* at a scan speed of 5mVs™.

A. Lakshmanan and colleagues [152] prepared Zn/Cu/Al;Os nanoparticles by the
microwave-assisted combustion method to analyze the effect of fuel content on the nonlinear
optical and antibacterial activities of these nanoparticles. In SEM images, slight morphological
differences in different agglomerated dimensions covered by smaller particles due to fuel
selection were observed. Following the analysis of dispersive energy X-ray spectroscopy (EDAX),
the content of Zn, Cu, Aland O was found to differ with the fuel/oxidant ratio. Moreover, the atomic
ratio decreases significantly with increasing fuel/oxidant ratio.

Hung-Hua Sheu and co-workers [153] studied the effect of the rotational speed of an
electromagnetic stirrer on the size of nanoparticles of yttrium-aluminium-garnet (YAG) doped with
neodymium (Nd) during co-precipitation. The nanoparticles were synthesized at different
rotational speeds of the electromagnetic stirrer with different concentrations of precipitating agent
and subjected to a calcination heat treatment at different temperatures. The researchers found
that at a rotational speed of 400rpm of the electromagnetic stirrer, small particles of about 300nm
can be obtained. The results also indicate that the precursors synthesized at 400rpm can better
obtain a pure phase than those prepared at 200 and 300rpm, respectively, subsequently being
calcined at temperatures from 800 to 1000°C. Moreover, a laser system made of high-quality
Nd:YAG nanopowders can be applied to the manufacture of microelectromechanical devices.

Liu Faxian and co-workers [154] obtained silver nanoparticles by microwave-assisted
synthesis and aimed at improving the surfaces intended for their investigation by Raman
spectroscopy ("Surface Enhancement Raman Scattering - SERS"). The researchers found that
as the reaction time increases, the size of the silver nanoparticles increases. The intensity for
surface enhancement by Raman signal scattering (SERS) could be increased by silver
nanoparticles. The silver nanoparticles reacted for 15 minutes to the strongest SERS signal. The
size and distribution of silver nanopatrticles play a very important role in improving the SERS
signal. This method can open more efficient and convenient ways to make highly active SERS
substrate.

Manabendra Chandra et al. [155] reported the first hyperpolarizability of copper
nanoparticles in organic media with and without stabilizer. The 9nm copper nanoparticles were
prepared by laser ablation of a copper metal sample, immersed in isopropanol both in the
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presence and absence of polyvinylpyrrolidone (PVP). They observed that the use of
polyvinylpyrrolidone plays a significant role in improving the first hyperpolarizing capacity of noble
metal nanoparticles.

Prahlad K. Baruah et al. [156] obtained Cu and CuxO nanoparticles synthesized by pulsed
laser ablation of a copper target immersed in distilled water. The blue change in the plasmonic
peak and the widening of the bandwidth indicate a reduction in the size of the nanoparticles, being
confirmed by TEM (Transmission Electron Microscopy) studies. These results were explained
using the quantum closure effect, as well as the Mie theory. The structural characteristics of
nanoparticles, as revealed by SAED (Electron Diffraction on Selected Area) and Raman studies,
suggest that the more oxidized phases of copper nanoparticles are favourably formed with
increasing laser ablation and laser energy. Thus, the simultaneous control over the size, the SPR
(Surface Plasma Resonance) and the oxidation state of the nanopatrticles obtained by varying the
duration of laser ablation and laser energy was established.

Songlin Yang and his collaborators [157] deposited YBCO nanoparticles on graphene
nanofoils using the MAPLE method (matrix-assisted pulsed laser evaporation). They used a
532nm pulsed Nd:YAG laser to deposit YBCO nanoparticles on graphene nanofoils. The
researchers found that by adjusting the irradiation time, they could control the amount of YBCO
nanoparticles deposited. The average size of YBCO nanoparticles decreases as time increases.
The MAPLE process can maintain the structures and chemical composition of the target
materials/molecules without introducing additional chemical reagents.

P.V. Kazakevich et al. [158] synthesized nanoparticles in liquid by laser ablation. They found
that the method of laser ablation in a liquid medium is a simple and efficient technique that allows
the generation of large amounts of nanoparticles in the form of a suspension in a given liquid.
This technique has certain flexibility in controlling the properties of nanoparticles by the
appropriate choice of both laser parameters and the nature of the liquid. Laser ablation in a liquid
medium is capable of producing nanoparticles without any surfactants or counter-ions, which is
indispensable for some applications, for example for medical ones.

Takeshi Tsuji et al. [159] prepared silver nanoparticles by laser ablation in
polyvinylpyrrolidone solutions. They performed laser ablation of silver plates in PVP solutions and
secondary laser irradiation on the resulting colloids. The results showed that the formation
efficiency and stability of the nanoparticles obtained in PVP solutions were improved compared
to those obtained in pure water. However, the decrease in size attributed to protection by PVP
was smaller through the laser ablation process than through the secondary laser irradiation
process. The results of observing the image of the laser ablation process suggested that the
increased efficiency of the formation was due to the increase of the efficiency of the secondary
ablation process in the PVP solution. The particle size was less affected by PVP in the laser
ablation process than in the secondary laser irradiation process because the formation of
nanoparticles takes place mainly in the cavitation flask.

ME. Gondal et al. [160] obtained copper oxide nanoparticles produced by the method of
pulsed laser ablation and studied the effects of the oxidizing medium on their composition,
morphology and optical properties. The authors used liquid pulsed laser ablation (PLAL) with a
532nm wavelength laser with a pulse duration of 5ns to produce the copper oxide nanostructure.
The effects of oxidizing media (deionized water and hydrogen peroxide) on the composition,
morphology and optical properties of the product was studied. XRD and TEM studies indicate
that, in the absence of hydrogen peroxide, the material produced is in two phases (Cu/Cu,O) with
the structure of spherical nanoparticles, while in the presence of hydrogen peroxide in the liquid
medium, the produced material revealed two other phases (Cu/CuO) with nanotube-like structure.
Optical studies have shown a considerable change in red (3.34-2.5eV) in the band gap energy in
the case of liquid hydrogen peroxide in PLAL synthesis compared to that in its absence. Also, the
material produced in the presence of hydrogen peroxide in the liquid medium showed a low
photoluminescence intensity which indicates a low recombination rate of the electron gaps. The
red change of bandwidth energy and the low speed of recombination of electrons make the
produced material an ideal photocatalyst for harvesting solar radiation for various applications.
The most relevant signals on the FTIR spectrum for samples are the absorption bands in the
region between 450 and 700cm, these are the characteristic bands of the oxygen bonds with
copper. The reported approach on laser ablation for the synthesis of Cu,O and CuO nanoparticles
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has the advantage of being a clean method that ensures the control of the obtained patrticle
properties.

Jiaxin Yua et al. [161] studied the control of nanopatrticle size by the multi-pulse laser
ablation method. The researchers observed that after extending the ablation time from 1h to 16h,
although the peak SPR (Surface Plasmon Resonance) is slightly changed to blue, the
A450/ASPR ratio is low, which is attributed to an increase in the average nanoparticle size. This
result contradicts previous research, in which ablation with a longer time led to the decomposition
of manufactured nanopatrticles. The authors obtained nanoparticles by single-pulse ablation, with
much larger average dimensions (ie >100nm). It was also observed that due to their relatively
large size, the manufactured nanoparticles also experienced slow precipitation over several
months.

M. Saito et al. [163] fabricated copper nanoparticles by the method of laser ablation in
polysiloxane. The researchers used polysiloxane oil to prevent oxidation and aggregation of Cu
nanoparticles. The TEM analysis revealed that the Cu particles obtained in the oil have
dimensions between 2nm and 20nm. Both particle size and production efficiency have changed,
especially depending on the type of oil.

A.A. Menazea [164] used the laser ablation method to synthesize a compound consisting
of polyethylene oxide, polyvinylpyrrolidone and copper oxide nanoparticles. FE-SEM scans show
a clear change in the morphology of the prepared samples confirming the doping of CuO NPs at
the surface. PEO/PVP/CuO prepared NPs were studied by XRD, UV-Vis, PL, SEM and AC
conductivity. XRD and SEM confirm the complexation between CuO NPs and the PEO/PVP
matrix. The appearance of the characteristic absorption peak at 275nm in the UV-Vis spectrum
was attributed to the surface plasmon resonance (SPR) of CuO NPs. The values of the direct and
indirect optical band interval show a decrease after the coupling of the PEO/PVP matrix by CuO
NPs. PL analysis confirmed that the existence of CuO nanoparticles comprehensively rearranges
the delocalized n-electron system of the PEO/PVP mixing matrix. AC (alternating current)
conductivity values are increased with increasing laser ablation time.

Zaydoon T. Mohammed Noori et al. [165] fabricated Cu>O nanoparticles by liquid laser
ablation, the phase method (PLALP). The laser ablation method has proven to be one of the most
effective physical methods for obtaining copper oxide nanopowders. Using this method, the
authors observed that the absorption peak of nano-copper colloids synthesized in the liquid is
located at 588nm. The plasmon resonance emission showed the colour green. Both the patrticle
size and their distribution showed particles obtained in different sizes between 100 and 350nm
with a bandwidth value of 2.3eV.

Paul N. Barnes and his colleagues [166] obtained YBCO nanopatrticles by the pulsed laser
deposition (PLD) method. They demonstrated that it is possible to synthesize nanoparticles from
YBCO by PLD. The main change was the background pressure of oxygen and the energy of the
laser. YBCO nanoparticles are formed only under conditions of high oxygen atmospheric pressure
with a low fluidity laser, an assembly that ensures low visible exposure.

Inayah Mumpuni Budiati and collaborators [167] studied the effect of the solvent in the
colloidal synthesis of copper nanoparticles by the impulse ablation method. They found that the
variation of the distilled water solution, 0.5mM, 5mM and 10mM PVP obtained the most stable
colloid at a concentration of 5mM. Based on the results of the UV-Vis test in the spectrum of
292nm - 306nm, the presence of Cu NPs is observed, but it has a different adsorption peak. The
results of the XRD analysis show the presence of diffraction peaks, the nanoparticles produced
in this study contain CuO compounds.

Rajesh Rawat et al. [169] studied the effect of solvents on the morphology and stability of
Cu/CuO nanoparticles synthesized by high-flux laser ablation. They used the 1064nm laser
pulsed ablation method and a high laser flux of 40 J/cm? (which works for a pulse duration of 8ns).
The optical characterization of the sample showed the presence of oxides in all cases. Observing
the sample for a longer time, the authors saw the effect of the polarity and dielectric constant of
the solvents. The crystallinity of the nanoparticles was confirmed by *H RTEM, SAED and XRD
analyzes.

The above are probably the most important steps taken by scientists in search of new
solutions to old problems: cheap materials, materials with controllable properties, materials with
extraordinary properties (mechanical strength, thermal resistance), materials with a very high
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guality/price ratio. Last but not least - materials that reduce their impact and the industries in which
they are applied to the environment.

Conclusions

- efforts to develop nanostructured polymeric materials have attracted a great deal of attention
due to the growing importance of these materials in engineering industries such as the aerospace
industry, the food industry or biomedical applications;

- recent and extensive reports on the development of preparation methods that can lead to the
production of various nanostructured polymeric materials, including micelles, nanoparticles,
nanocapsules, nanogels, nanofibers, dendrimers and nanocomposites, have been presented to
provide an insight into the complexity of the field and the diversity of approach methods;

- the internal properties of the materials, such as solubility, polymer-load interactions, polymer
chain flexibility, surface loading, stereochemistry, surface chemistry, molecular weight and
crystallization capacity, etc., must be taken into account when choosing the appropriate
preparation method and for proper processing;

- the design of polymer blends is an interesting alternative for obtaining micro and nanostructured
surfaces;

- the cost is reasonable and does not contain time-consuming procedures;

- two main aspects must be taken into account when preparing multi-structured mixtures: the
interfaces involved and the morphology to be obtained;

- the control of these two aspects still depends on the parameters of the materials involved in the
composition of the mixture, the interfacial tension or viscosity ratio and the processing conditions
related to the temperature, mixing time or intensity, etc.;

- to date, most studies on polymer blends have been related to the control of physical and
chemical properties, their barrier properties or electrical conductivity;

- from the data presented, it appears that by ensuring a rigorous control of polymer
nanostructuring and/or adding nanopatrticles in polymer matrices, improvements in structural and
functional properties can be achieved in a significant number of polymeric systems in response
to the continuing requirements of advanced industrial sectors;

- the availability of new nanoparticles with extraordinary properties (ie carbon nanotubes,
graphene, but also nanoclay, nanocellulose, metals and ceramics) determines new and
interesting possibilities for a continuous expansion of polymer applications and, consequently, for
the expansion of the markets of these materials.
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2. Objectives

When analyzing the literature, we noticed that complex polymeric nanostructures arouse
special interest due to adjustable physico-chemical properties, such as catalytic activity, high
sensitivity, electrical and thermal conductivity, scattering properties. Currently, obtaining a
nanostructured polymer matrix is a fundamental challenge for the field of polymer materials
science and nanotechnology.

Researchers used different methods to obtain nanostructured polymeric materials. The
most used methods are gel method, electrospinning method, template synthesis method, phase
separation method, self-assembly, bottom-up method and top-down method, etc.

The main objective of this study is to investigate the possibility of nanostructuring an epoxy
system (Epiphen RE 4020/DE 4020) by obtaining, directly in the matrix, complex inorganic oxide
structures from metal salts and using 1 methyl-2-pyrrolidinone (NMP) as the solvent.

The achievement of the expected results must be investigated. An analysis of the
experimental results regarding the properties of the obtained materials is also necessary as the
achievement of the objective may lead to a depreciation of the known properties of epoxy resins.
For the study presented in this paper, two objectives were defined:

1. Testing the hypothesis of obtaining nanostructures (complex metal oxides) by possible
local chemical reactions carried out in the volume of epoxy resin and the effect of these
nanostructures on the mechanical properties of polymeric materials.

2. Formation of YBCO nanostructures in epoxy resin by stimulating the development of local
chemical reactions in epoxy resin and the effect of their formation on the mechanical properties
of the polymeric materials obtained.

For the first objective, the following partial objectives have been defined:
- establishing the optimal solvation conditions for each type of metal salt;
- establishing the strategy of uniform distribution of the metal salt solution in the epoxy resin;
- determining how to mix epoxy resin mixtures with solutions of metal salts to ensure possible
chemical interaction;
- establishing the casting method and the shape of the mould to ensure the necessary specimens
required by the characterization of the formed materials;
- formation of control materials;
- formation of epoxy composites modified with NMP solvent;
- formation of epoxy composites modified with inorganic salts;
- analysis of the influence of the applied external magnetic field during the polymerization on the
properties of the formed materials;
- analysis of the mechanical properties of the formed materials;
- electrical characterization of the formed materials;
- thermal characterization of the formed materials;
- Raman analysis of materials;
- SEM analysis of materials.

Given that the first objective was investigative, the second objective defines several
conclusions related to the achievement of the anterior objective.
- establishing the strategy for solvating inorganic salts in NMP;
- establishing the strategy for stabilizing inorganic salt solutions in NMP;
- establishing mixing strategies between inorganic salt solutions and epoxy resin;
- testing the hypotheses regarding the favouring of the desired chemical reactions for obtaining
the complex metal oxide - IR irradiation, blue irradiation, electrolysis in an alternative electric field;
- formation of materials;
- analysis of some mechanical properties of the obtained materials;
- calorimetric analysis of the formed materials;
- Raman analysis of the formed materials;
- SEM analysis of the formed materials.
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To validate or invalidate the working hypotheses, an experimental investigation of the
formed materials is necessary (as can be seen from the analysis of the partial objectives defined
for the two fundamental objectives) and, for this, the following objectives were targeted:

- performing the test pieces necessary to perform all the tests;

- establishing the optimal number of tests for each analyzed property;

- making special moulds (for the study of electrical conductivity and the study of the effect of the
presence of the external magnetostatic field on the properties of materials);

- SEM analysis of the materials obtained to identify possible nanostructures formed;

- Raman analysis of materials formed to identify specific chemical bonds for nanostructures (metal
oxides);

- calorimetric analysis of the formed materials - with the establishment of the analysis strategy
and the thermal fields of interest and, especially, the identification of the substance losses;

- thermomechanical analysis of the formed materials - with the establishment of the analysis
strategy and the thermal fields of interest;

- analysis of the electrical conductivity of the materials formed using the method of insulation
resistance;

- analysis of mechanical properties - tensile tests - for formed materials;

- interpretation of the results obtained;

- establishing the conclusions and the strategy to be followed for refining the process.
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3. Epoxy resin modified with PVP/NMP solution

The first objective of the study was to obtain metal oxide nanostructures directly in the
volume of the polymer (epoxy resin) based on the gel method, well known for obtaining
nanostructures (either in the version of citrate gels or in the version of oxalic gels). The two
methods cited have already been used at CCDCOMT, with promising results. What is significant
is that the use of citric acid, respectively oxalic acid, has a double valence: on the one hand, it
ensures the formation of gels (from solutions of metal salts) and, on the other hand, it ensures an
important discharge of energy at the time of combustion, providing the necessary for the
interactions that lead to the formation of complex metal oxides.

Previous studies at CCDCOMT have shown [171] that certain salts can be solubilized in
commercial solvents, solutions mixed in RE4020, followed by the removal of the solvent by
vaporization and thus the retention of metal ions or dichromate ions in the organic mixture which
forms the basis epoxy system.

Also, previous studies developed at CCDCOMT [172], showed that the resins can be
modified by using organic solvents: NMP, 1-4 dioxane, N, N dimethylformamide, etc. The cited
study also analyzes epoxy mixtures with polysulfone solution in NMP with effects on the properties
of materials obtained by mixing an epoxy resin with specified amounts of solutions (polysulfone,
NMP).

3.1. Materials
3.1.1. Epoxy resin

The formation of polymeric materials was performed using the EPIPHEN epoxy system
composed of RE4020 resin (bisphenol A) and DE4020 hardener (modified aliphatic amine). This
epoxy mixture polymerizes at room temperature, has high corrosion resistance, high adhesion to
most types of immersed agents for the formation of composites (powders, balls, fibres). Among
the properties of this epoxy system are also high mechanical strength, high dimensional stability,
dielectric properties.

3.1.2. 1-Methyl-2-pyrrolidinone solvent

1-methyl-2-pyrrolidone (NMP) is a colourless solvent with a boiling point of 202°C and a
low viscosity. NMP is known for its low toxicity and solvating power, it is a liquid with a polar nature
and has the potential for use in the process of separating polar substances from non-polar
substances. It is a useful solvent in most scientific fields, mainly due to its advantages in terms of
ambient temperature stability, low volatility, low flammability and industrial use in the field of
polymerization, petrochemical processing, surface coating and plastics industry [173], [174].

Uses of NMP include petrochemical processing (acetylene, butadiene, lubricating oil),
polymer synthesis (polyethersulfones, polyimides, polyamides), solvent (for resins, paints,
adhesives, cleaning agents) and the manufacture of graphene and lithium-ion batteries [181].

3.1.3. Polyvinylpyrrolidone

Polyvinylpyrrolidone (PVP) is a crosslinked homopolymer (formed by polymerizing a single
monomer) of pure vinylpyrrolidone [182]. PVP has a high polarity, being a proton acceptor and is
amphiphilic [183].

Polyvinylpyrrolidone is soluble in water and other polar solvents, insoluble in esters,
ethers, ketones and hydrocarbons. The K values assigned to the different degrees of PVP
represent a function of the degree of polymerization, the average molecular weight and the
intrinsic viscosity. It has a high degree of compatibility in both film and solution, with natural and
synthetic resins, most inorganic salts and many other chemicals [185], [186].

Polyvinylpyrrolidone is a versatile ingredient used in pharmaceutical, cosmetic, industrial
production, biomedical applications as a plasma substitute, as binders in pharmaceutical tablets,
in hydrogels for wound dressings and disinfectants [187] - [189].

11
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3.2. Materials preparation

In the first stage of the research, a study was performed to determine the effect of the
presence of solvent and thermoplastic polymer inside the epoxy matrix. Four materials were
formed for this study. Cylindrical polypropylene tubes with a diameter of 8mm and a length of
220mm were used as moulds. The reference material was composed of epoxy resin RE4020 and
hardener DE4020 with the ratio indicated by the manufacturer, 100:30. The other three materials
were formed using the same epoxy system RE4020-DE4020, which was modified by adding
different concentrations of polyvinylpyrrolidone powder and 1-methyl-2-pyrrolidinone (NMP)
solvent. The concentration of PVP in the NMP solution is the same for all materials (19/9ml), but
at the level of the final material, the epoxy resin is diluted by the presence of 5%, 10% or 15% of
the mentioned PVP/NMP solution.

3.3. Epoxy resin modified with PVP/NMP solution

The experimental results obtained in the analysis of materials obtained by modifying the
epoxy resin with the PVP/NMP solution was presented. Thus, the reference material (epoxy resin)
is denoted MO and the specimens were formed as described above using the standard mixture
recommended by the manufacturer of the epoxy system Epiphen RE4020 - DE4020, ie 100:30
(volumetric parts - in the case of cm?). For this material, as well as for the modified ones, 15
cylindrical specimens were formed. To obtain the modified materials from the total amount of
epoxy resin, the volume of the PVP/NMP solution was reduced (9ml, 18ml and 27ml,
respectively), reducing accordingly the volumes of RE4020 (resin) and DE4020 (hardener).
PVP/NMP in the resin is 5%), M2 (10%) and M3 (15% PVP/NMP solution in epoxy resin,
respectively).

3.3.1. Mechanical properties of PVP/NMP solution modified epoxy resin

Figure 1 shows the results for five specimens of each material. The observed behaviour
of the materials is one of brittle fracture for MO and M1 (although it can be easily seen that the
slopes are different). Ductile rupture for the M2 material was observed and bottlenecks in the
engagement area and fracture of the specimens at the neck, i.e. a behaviour similar to
thermoplastic polymers. For the M3 material (very soft) very long elongations of the specimens
were observed.
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Figure 1. The o/e curves for the four analyzed materials

Conclusions

- the modification of the epoxy resin with the PVP / NMP solution (in three different concentrations)
significantly modifies the mechanical behaviour of the materials;

3.3.2. Thermal analysis of PVP/NMP solution modified epoxy resin.

Figure 5 shows the segments of interest of the thermal tests performed on the materials
obtained by modifying the epoxy resin with PVP/NMP solution - these are the heating segments
and the cooling segments, not showing the initial cooling to -60°C or the steps in which the value
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of the sample temperature does not change.
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Figure 5. The steps of interest of thermal analysis for MO-M3 materials
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Figure 8 shows the temperature variation curves of the specific heat for the analyzed
materials. In each case, a slight increase in the values determined on the second cooling (even
in the case of unmodified epoxy resin MO) can be observed in the case of low-temperature values
and a decrease in the case of high-temperature values. It is also observed that as the share of
PVP/NMP solution in the epoxy matrix increases, this transition shifts to the left.
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Figure 8. The variation curves of specific heat vs. temperature
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Conclusions
- the presence of the PVP/NMP solution in the epoxy matrix causes a shift to low-temperature
values of the glass transition temperature value;
- the substance losses found during the test are higher during the first cycle, in the second cycle
they are halved;
- Substance losses may be associated with organic agents used as modifying agents (PVP and
NMP) although it may be found that epoxy resin has mass losses in the second test cycle, also;

3.3.3. Thermomechanical analysis of PVP/NMP solution modified epoxy resin

In the representations below, all curves start from O (zero) because, to ensure the average
of the three determinations, the recalibration variant was preferred (in order to avoid the mediation
of some curves that do not have the same origin). The material M1 has a value of the coefficient

of linear expansion lower than the value of the same parameter determined for the epoxy resin -
MO.
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Figure 9. Increasing of the material thickness depending on the temperature value

Conclusions

- M1 material appears to be more stable than the reference material (unmodified epoxy resin);

- the M2 material has a behaviour similar to that of the reference material (curve profile) and even
the values of the linear expansion coefficient are close;

- the M3 material is very soft and proves to be relatively unstable.

3.3.5. Raman spectrophotometry for PVP/NMP solution modified epoxy resin

Figure 13 shows the Raman spectra of the modified epoxy resin with different concentrations
of PVP/NMP.
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Figure 13. Raman spectra of modified materials (compared to MO)
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Conclusions
- no significant changes in the Raman spectrum profile of the epoxy resin are observed (mainly
due to the low concentration of the modifying agent, PVP/NMP solution).
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4. Epoxy resin modified with inorganic agents solvated in PVP/NMP

The material known as YBCO is a ceramic material (complex oxide) that has electrical
superconductivity at relatively high temperatures. However, the choice of this material was
determined by the fact that we know it can be formed. Based on the model of this material -
YBa,CuszOy - by analogy, we also tested the obtaining of a ZrBayAg.O: compound. For this, and
based on the results obtained at CCDCOMT, we established a strategy based on the use of metal
chlorides and a strategy based on the use of metal nitrates. Unlike the study [178], this time, the
solvent was to remain in the polymer after its polymerization, the effects of its presence in the
study being known [179]. In the following, materials modified with inorganic agents that could lead
to YBCO are marked with B while the others are noted with A.

4.1. Materials

The inorganic salts used for the study were purchased from Sigma-Aldrich, as well as the
solvent and polyvinylpyrrolidone with the support of Project 12 P01 024 21 (C11) / 31.08.2012
(SMIS code 50414). The epoxy resin used is the one on which most studies were performed at
CCDCOMT - Epiphen RE4020 - DE4020 system (Resoltech SAS). Solubility tests, performed
before starting the formation of materials, showed that nitrates are more soluble than chlorides of
the same metals in NMP so the decision was to use nitrates to form modified materials with
inorganic and organic agents.

4.1.1. Copper nitrate

Copper nitrate is also found under the name of copper nitrate or copper nitrate. This is a
blue inorganic salt, the chemical formula being Cu(NOs). It is obtained by decomposing copper
minerals. Copper nitrate comes in four forms: anhydrous, nonhydrate, trihydrate and hexahydrate.

4.1.2. Yttrium nitrate

Yttrium nitrate is an inorganic compound in the form of crystal or powder. Yttrium nitrate
dissolves rapidly in most solvents. This compound is used as a laboratory reagent, but also for
obtaining electrical components or superconducting materials, being compatible with most
nitrates and having a lower pH (acid).

4.1.3. Barium nitrate

Barium nitrate (Ba (NOs)2) is a colourless crystalline powder. This substance can be used
to produce other barium compounds (barium chloride, BaCl,, and barium hydroxide, Ba(OH),),
but also for the production of fireworks, manufacturing of high-quality glass products with a
coefficient of linear thermal expansion small, production of bullets, pH regulators, manufacture of
chemicals, minerals and water treatment products.

4.1.4. Zirconium oxynitrate

Zirconium oxynitrate is a white substance that is used to prepare mixed oxide catalyst
supports of CeO,-ZrO, used for the manufacture of batteries. Its chemical formula is ZrO(NOs3)a.
It can be used as a zirconium precursor in the preparation of ferroelectric thin films,
nanocrystalline wax/zirconia doped with silicon and alumina (Ceos5Zro.502).

4.1.5. Silver nitrate

Silver nitrate is an inorganic chemical with the chemical formula AgNO:s. Silver nitrate is a
colourless or white crystalline solid that turns black if exposed to light or organic materials. It is
often used as a precursor to other silver-containing compounds. Silver nitrate is a caustic
chemical compound, it is used as an antiseptic, as a cauterizing agent or in the industrial
preparation of other silver salts, and as a reagent in analytical chemistry.

4.2. Forming of materials

The design of the research continued in several directions: first of all, establishing the
number of specimens required for the tests. The analysis of the results obtained in the first stage
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confirmed that the use of cylindrical moulds is convenient and cheap provided - already mentioned
in the previous chapter - that each specimen is a different material (due to varying formation
conditions which is understood as changes in viscosity of the prepolymer mixture). Another issue
related to the design of the research was related to the optimal strategy for making mixtures
between the epoxy resin and metal salt solutions.

In this regard, two strategies have been established - in the first of them equal volumes of
the three salt solutions that could lead to YBCO (B) or ZBAO (A) - where the acronym ZBAO is
constructed like YBCO without existing in the literature but which can provide a better picture of
the steps taken - they are mixed for 24 hours after which the mixture is mixed with epoxy resin for
another 24 hours. After adding the required amount of hardener, followed by a 15-minute mixing,
the mixture was poured into moulds. In Table 6 the materials obtained in this way are denoted
B(g)Y or A(Q)Y, where Y can take the values 3, 6 or 9 and g means global mixture. The second
strategy was to mix the necessary volumes of solutions of metal salts in equal parts of resin. The
amount of resin required to obtain the projected number of specimens was divided into three
equal volumes. The solution and resin mixtures were mixed for 24 hours after which the partial
mixtures were mixed for another 24 hours. Thus, finally, after 24 hours for each of the two
strategies, the necessary quantities of mixtures containing the same components in the same
concentrations were obtained. The materials obtained in this strategy will be marked below with
B(s) and A(s) respectively.

Table 1 did not mention materials B(x)9 and A(x)9. They were formed, removed from the
moulds and heat-treated but, inexplicably, disappeared from the laboratory before they could be
characterized. Their loss is not very important because we already know that, mechanically
speaking, their properties are very weak. Each of the formed materials has a correspondent in
the materials formed in the previous step A(x)3 and B(x)3 correspond to M1, A(x)6 and B(x)6
correspond to M2 and finally, A(x)9 and B(x)9 would correspond to M3.

Also in the formation of these materials, an attempt was made to obtain specimens that
would allow the easier determination of the electrical conductivity of the formed materials. In this
sense, moulds were built in which metal pins were placed. After polymerization, these pins remain
in specimens ensuring perfect contact with the obtained material.

Table 1 Materials used for the formation of polymeric nanostructures

Resin Hardener Y(NOs3)3 Ag(NO3) N207Zr Ba(NO3)2
Sample | peano0 | DEao20 | U (NO2)2 +PVPINMP 1 oyn iivp | +PVR/INMP | +PVRINMP | +PVR/NMP
code [mi]
[ml] [mi] [ml] [ml] [ml] [ml]
B(X)3 | 13153 39,47 3 3 - - 3
B(X)6 | 1215 40,5 6 6 - - 6
A(X)3 | 131,53 39,47 3 3 3
AX6 | 1215 40,5 6 6 6
MO 135 45 - - - -

Also, based on the hypothesis that the presence of a magnetic field could influence the
final properties of the materials, a technique was designed to apply a magnetostatic field during
the polymerization of the material in the mould. Thus, the first attempt was to close the two ends
of the mould with plugs made of magnets (pellet magnets with a diameter of 8 mm or 9 mm). They
can be grouped to obtain plugs with the desired height, given that the thickness of each of them
is 1 mm. The approach seemed promising, but efforts to control the introduction of plugs have
shown that it is almost impossible to maintain the geometry of the plug when closing the mould.
That is why this method was replaced by the application of annular magnets on the outside of the
moulds - figure 14 (right). From the performed analyzes, we were not able to identify any effect
of the presence of the magnetic field.
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— |

Figure 14. Test tube with pins (for determining electrical resistance)
and moulds with annular magnets

However, the experiments allowed us to find the optimal way to close the moulds - plugs
made of metal discs sealed with wax.

Conclusions

- moulds were designed and made to obtain samples to facilitate the determination of electrical
resistance of materials (failure);

- moulds were designed and made to allow the application of a magnetostatic field during the
natural polymerization of the samples (success) which did not lead to the identification of any
effect;

- the optimal method of closing the cylindrical moulds was identified, a method that was also used
in the continuation of the study.

4.3. Epoxy resin modified with inorganic and organic agents

Eight materials were formed - using the two proposed strategies (and mentioned above).
On the one hand, the overall strategy (g) involves mixing individual salt solutions before the
mixture is mixed with the resin. On the other hand, the separate strategy (s) involves mixing each
solution with one-third of the required amount of resin followed by mixing the obtained mixtures.

4.3.1. Mechanical properties of epoxy resin modified with solutions of inorganic agents in
PVP/NMP

Figure 17 shows the comparative analysis of the behaviour of the modified material with
inorganic agents. Given that there is this major difference between the behaviour of materials
modified with inorganic agents, given that the concentration of PVP/NMP is the same as in the
case of materials modified with this solution, a first conclusion is that the presence of inorganic
agents leads to a dramatic reduction in the mechanical properties of the materials thus formed.
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Figure 17. Comparative analysis of the behaviour for modified materials with inorganic agents

Conclusions

- materials modified with 10% solution of inorganic salts in PVP/NMP behave differently in the
sense that, for the material modified with silver, zirconium and barium nitrates the separate
strategy led to a material with a modulus of elasticity while, for materials modified with yttrium,
barium and copper nitrates, the overall strategy led to a material with a higher modulus of elasticity
value;
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4.3.2. Calorimetric analysis of epoxy resin modified with solutions of inorganic agents in
PVP/NMP

As in the case of the materials presented in the previous chapter, the calorimetric analysis
aims at determining the specific heat of the formed materials and determining the value of the
glass transition temperature. The tests, performed on three samples of each material, followed
the same pattern of analysis as those presented in the previous chapter.

The analysis of the data presented in Figures 25 and 26 also reveals that the analogous
samples have different behaviour especially in the area of low-temperature values. It is again
interesting that during the first test cycle (the value of specific heat determined on the first cooling
segment) the analogous materials behave similarly (in all situations) while for the values
determined on the second cooling of the materials the behaviour of the analogues is more
dispersed. Although there is one exception, materials B(s)3, B(g)3 in which the dispersion is
higher in the case of determinations on first cooling.
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Figure 25. Specific heat as a function of temperature — type- A materials
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Conclusions

- calorimetric analysis of materials modified with solutions of inorganic agents in PVP/NMP
indicates slight increases in the specific heat values in relation to the values of the same
parameter recorded for the reference materials (epoxy resin modified with PVP/NMP solution);

- for all materials modified with 5% (in epoxy resin) solution of inorganic agents in PVP/NMP the
mass losses recorded during the tests were higher than the mass losses of the reference material
(epoxy resin modified with 5% solution PVP/NMP);

- for all materials modified with 10% (in epoxy resin) solution of inorganic agents in PVP/NMP the
mass losses recorded during the tests were lower than the mass losses of the reference material
(epoxy resin modified with 10% solution PVP/NMP);

4.3.3. Thermomechanical analysis of epoxy resin modified with solutions of inorganic
agents in PVP/NMP

As in the case of the reference materials, three specimens of each material analyzed were
thermomechanically analyzed to determine the coefficient of linear thermal expansion. The results
presented below are average values of the results obtained for the three specimens from each
material. Each specimen had a thickness between 1.5mm and 2mm. For each test, the
determination was scaled so that the software application records the value of the thickness
increase and not the thickness (thus it is possible to achieve average curves).

The analysis of the data presented in Figure 29 leads to the conclusion that, regardless of
the material formation strategy, materials modified with inorganic agents have diminished
dimensional stability compared to modified counterparts with PVP/NMP solution. The only
exception is material A(g)6 which has practically the same temperature-dependent expansion
curve.
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Figure 29. Variation curves of the absolute expansion of the analyzed materials

Conclusions

- the materials modified with solutions of organic agents in PVP/NMP have slightly higher values
of the linear thermal expansion coefficient (over the thermal analysis intervals) than their
counterparts obtained by modifying the epoxy resin with PVP/NMP solution;

- on the thermal analysis range corresponding to the high values, all materials modified with
solutions of inorganic agents in PVP/NMP have values of the coefficient of linear expansion
slightly lower than the value of the coefficient of linear thermal expansion of the epoxy resin;

- certainly, the study presented at the end of the previous subchapter could also provide relevant
information on the dimensional stability of modified materials;
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4.3.4. Raman spectrophotometry of epoxy resin modified with solutions of inorganic
agents in PVP/NMP

In the hope of obtaining visible results, Raman spectrophotometry tests of the materials
used in the formation of epoxy resins modified with solutions of organic agents in PVP/NMP were
also performed. Certainly, even in the case of the existence of signals from C - Mor N - M (M
metal) bonds, the possibility of visualizing them would be minimal given the low concentration of
inorganic agents in the formed materials.

In the following (figure 32), the Raman spectra of the materials analyzed in this chapter
are presented. Obviously, the spectra do not contain information on the presence of inorganic
agents in the modified epoxy matrix with PVP/NMP solution. Even if there were any trace of the
compounds, it would not have been high enough to be observed between the signals of the matrix
and the PVP/NMP solution (presented in the third chapter). It is observed that the eight formed
materials have common peaks (404, 650, 834, 935, 1194, 1618 cm™) with the reference materials
(M1 and M2, respectively). According to studies by Wang et al. [201], the region between 1200-
1400 cm corresponds to the presence of azo compounds. Izquierdo and co-workers [202] state
that the wavenumber 656 cm™* represents the symmetrical stretching vibrations of the BaO group.

In all high spectra, there is a peak of 650 cm™ that can be attributed to these vibrations.
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Figure 32. The Raman spectra of materials modified with solutions of inorganic agents

Conclusions

- Raman analysis highlights the reduction of the epoxy resin signal with the increase of PVP/NMP
concentration in the matrix;

- due to the low concentration of inorganic agents, not even their presence in the matrix can be
highlighted.

4.3.5. SEM analysis of epoxy resin modified with inorganic agent solutions in PVP/NMP

An SEM analysis of the materials formed with the highest concentration of inorganic
agents was performed. This analysis aimed to investigate the formation of nanostructures in the
polymer matrix and, therefore, was performed only on materials with high concentrations of
inorganic agents (higher concentration leads to an increase in the probability of chemical
interaction and therefore the possible formation of nanostructures).

In search of possible nanoaggregates, for each of the two materials, two areas were
investigated, the SEM images of which are shown in Figures 34 and 35, for material A(g)6 and in
Figures 36 and 37, for material B(Q)6.

Both in the images in Figure 35 and the following, areas are observed where the density
of metals is higher (lighter dots). Their presence is much more important in the case of material
B(g)6 but, at this moment, it is only proof that in the epoxy matrix there are agglomerations with
nanometric dimensions, but without being able to establish their nature.
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Figure 34. SEM images of the first investigated area of A(g)6 material

Figure 35. SEM images of A(g)6 material (second investigation area)

Figure 37. SEM images of B(g)6 material (second investigation area)

For both A(g)6 and B(g)6, measurements of the largest size of some aggregates were
made on the last images. Thus, in the case of material A(g)6 the maximum size of 165.8nm of an
aggregate were measured, while for material B(g)6 the dimensions of 198.2nm and 203.6nm were
measured, respectively. Analyzing these images it is possible to identify a cause of how the
fracture of each sample occurred (to obtain the analyzed fragments). In the case of A(Q)6,
fracturing probably occurred due to differences in the density of the material (at its boundary). In
the case of material B(g)6, the presence of a significant number of nanodimensional aggregates
was a source of defects in the polymer network with consequences for its mechanical strength.

At this point, it cannot be stated that the intended nanostructures were obtained in the
polymer matrix - as they were presented in the first paragraph of this chapter. There are some
aggregates with nanometric dimensions - in the case of A(g)6 they have an almost spherical
shape and are quite rare and in the case of B(g)6 they are larger and are made up of crystalline-
looking groups (edges and flat faces) but this does not mean that intentionally mixed oxides have
been obtained. It is possible that some of these aggregates are made by recrystallizing inorganic
agents - most likely barium nitrate which was the most soluble gel. To the detriment of this
hypothesis, there is the argument related to the different aspect of the agglomerations in the two
analyzed materials.
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4.3.6. EDX analysis of epoxy resin modified with solutions of inorganic agents in PVP/NMP

As it is very well known, the electron microscope also allows the elementary analysis of the
investigated materials - both on certain surfaces and at certain points. The following is largely a
search for the nanostructures mentioned above.

4.3.6.1. EDX analysis of A(g)6 material

Figure 38 shows the distribution maps of the elements in a fracture area of material A(g)6.
The analysis aimed to identify oxygen, nitrogen, silver, zirconium and barium. The figure below
contains information on the distribution of these elements and, as can be seen, carbon was
excluded from this analysis. To perform the analysis, the acceleration voltage was 27keV. The
investigated area is not related to the area presented in the SEM analysis. For this investigation,
the magnification is 10000x.

AgL +—Zum ZrL 2um BalL 2um

Figure 38. Distribution of elements. Material A(g)6 (10000x)

4.3.6.2. EDX analysis of B(g)6 material

In the analysis of this material, three different magnifications were used in an attempt to
identify the possible formation of YBCO nanostructures. Figure 46 shows the map of the
distribution of the elements (excluding carbon) for a 10000x magnification. In this case, the
analysis is aimed at identifying oxygen, nitrogen, yttrium, copper and barium.

Figure 46 shows the quasi-uniform distribution of the three metals in the polymer matrix.

YL 2um Cuk 2um BaL 2um

Figure 46. Distribution of elements. Material B (g) 6 (10000x)

Starting from this area, punctual elementary investigations were carried out, which will be
presented in the following. Another formatting will be used to limit the space given to images.

Figure 49 showed only once the image of the analysis target but showed the quantitative
results for two analyzes - one that includes carbon (and is in the upper right) and one that does
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not include carbon (lower right). This is only valid for the first point of analysis because for the
following analyzes (performed in six other points) the data were presented differently, allowing
more efficient use of space.

EDS Quantitative Results
Element Wt% At%
CK 61.56 80.72
5.09 .72
9.42 .27
BaL 1.31 .15
1.90 .47
0.72 .67

woowvwuo

YK 2

EDS Quantitative Results
Element Wt% At%

NK 9.29 22.55

OK 24.39 51.83

BaL 4.16 1.03

Cuk 5.49 2.94

YK 56.66 21.66

Figure 49. Punctual elementary analysis - point 1. Material B(g)6 (50000x)

From the experience of colleagues who have presented such analyzes, it is known that,
when printed, the images of the distribution maps of the elements do not have a quality that allows
viewing (even if in the original file - .pdf - they provide sufficient quality). Under these conditions,
each image cropped from the portable file has been slightly processed (in terms of brightness and
contrast) to ensure the quality of data visibility - the coloured dots distributed.

Conclusions

- materials modified with silver, zirconium and barium salts do not show - in SEM and EDX
analyzes agglomerations of nanometric dimensions except for a few points where only the
presence of silver is identified;

- materials to which yttrium, barium and copper salts (nitrates) have been added have
agglomerations with dimensions of ordinal nanometers and, in six out of seven points analyzed,
all three species of metal atoms are found;
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5. Epoxy resin with chemically obtained nanostructures

The study was designed only on the use of yttrium, barium and copper nitrates solvated
in the same PVP/NMP solution. This time the goal of obtaining materials with a behaviour similar
to epoxy resin or reference materials was less pursued and the emphasis was on the formation
of agglomerations of metal atoms. In this sense, the solubilization of metal nitrates was followed
by the total solvation of barium nitrate.

5.1. Forming of materials

Three ways of stimulating possible chemical reactions have been proposed. A simple
strategy that strictly involves the continuous mixing of the mixture of solutions with the resin, on a
magnetic stirrer (300rot/min) at a temperature value of 70°C following that the mixture is
maintained in these standard conditions of 24, 48, 72, 96 and, respectively 120 hours before
adding the hardener and pouring into moulds. The letter T (thermal) is used to designate these
materials and 1 - 24h, 2 - 48h, 3 - 72h, 4 - 96h and, finally, 5 - 120h are used to identify the
duration of the preparation. For all materials in this study N (nanostructures) is used so that
materials formed in this way will be presented as NT1, NT2, NT3, NT4 and NT5.

A second strategy that, in addition to the conditions from the previous strategy (T) involves
exposing the mixture of the solution of inorganic agents with the resin to an electromagnetic
exposure at two wavelengths - the strategy is denoted F (photo), and the materials will be noted
NF. One of the wavelengths is in the IR range (produces heating), the other is in the visible range
(green-blue) and could produce copper nitrate excitation.

The third strategy involves exposing the mixture of the solution of metal nitrates and epoxy
resin to the action of a sinusoidal electric field applied for 30 minutes every 24 hours. The strategy
is applied under the conditions of strategy T (to which is added the action of the electric field) and
the formed materials are denoted NE (electric).

5.1.1. Forming of NT materials
The whole process used to make the test pieces of NT materials is presented in figure 52.
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Figure 52. The process of forming NT materials
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5.1.2. Forming of NF materials

In the second strategy, the same steps were taken, with the same amounts of compounds.
The difference lies in the exposure of the mixture between the mixture of metal salt solutions in
PVP/NMP to electromagnetic radiation in the IR range and visible (green-blue). The complete
process for forming NF material specimens is shown in Figure 54.
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Figure 54. The process of forming NF materials

Figure 55. The appearance of the pre-polymeric mixture (NF) before the
addition of the hardener

5.1.3. Forming of NE materials
The third strategy follows the steps, the amounts of compounds and the time intervals for
placing the mixtures in the moulds, as in the first two methods. Here, the difference is the applying
of an alternating sinusoidal electric field (frequency 30kHz, voltage: Vy, = 40V) every 24 hours,
for 30 minutes, for each mixture. Figure 57 also shows the copper electrodes used for this
purpose.
Figure 56 shows the entire process of obtaining specimens of NE type materials.
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Figure 56. The process of formlng NE materials

Figure 57. The appearance of the pre-polymeric mixture (NE) before the
addition of the hardener
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5.2. Analysis of mechanical properties of N materials

This is why the properties analysis of the materials formed in this study will be done by
reference to the properties of the M3 material. The materials are now formed to test the hypothesis
of favouring or stimulating any chemical reactions leading to the formation of YBCO-type
nanometer-size agglomerations. To increase the concentrations of nitrates and to stabilize their
solutions in PVP/NMP this compromise (of increasing the concentration of PVP/NMP) in the
epoxy matrix was made but this does not mean that the materials were not analyzed.

5.2.1. NT materials

Figure 58 shows the stress-strain curves for NT materials. Most tests have a wavy tail that
proves the previous statement. Analysis of the data in Figure 58 confirms the assumption that N-
type materials (in this case NT) have a lower mechanical response than the reference material -
M3. The only exception to small deformations is the response of the NT1 material. The NT3 and
NT4 responses are similar, with a slight superiority in the case of NT4. NT5 has a superior
response even to NT2 but, like this one, it seems to leave the elasticity zone at the same
deformation as M3 and NT1.

M3 —NT1 —NT2 —NT3 —NT4 NT5
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Figure 58. The a/e curves for NT materials and the comparison of the average behaviours with the
average behaviour of M3

5.2.2. NF materials

Figure 62 shows the stress-strain curves for the tested specimens. The last image (bottom
right) is a representation of the averages obtained for each material (these are marked with labels
in all other representations), compared to the reference material (M3) and, it can be seen that the
closest answer is that of the NF4 material.
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Figure 62. Stress-strain curves - NF materials

5.2.3. NE materials

Materials in this class have been formed in order to identify a possible effect of the
application of a sinusoidal electric field on the formation of agglomerations of nanometric
dimensions. From a mechanical point of view, it is expected that their response will be weak.
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Figure 66. Stress-strain curves - NE materials

Analyzing all the results presented so far, it is very clear that the mechanical response of
each material formed as a result of a special process is inferior to the response of the reference
material - M3. This was expected as long as the presence of the PVP/NMP solution in the epoxy
matrix is higher than the presence of the PVP/NMP solution in the epoxy matrix of the reference
material. Chapter three analyzed the mechanical response of the reference materials and found
that there is a direct causal relationship between the volume fraction of the PVP/NMP solution in
the epoxy matrix and the mechanical response of the material.

5.2.4. Comparative analysis

Analyzing the data presented in Figure 70, it can be seen that the least effect on the
mechanical response was the exposure to electromagnetic radiation. In this case, the mean
curves indicate that the effect of maintaining exposure does not depend on the duration of
exposure and the response is always lower than the response of the reference material. The NT1
material is the only one that, in the first part of the engagement, has a superior response to the
M3 reference material but, once the treatment is maintained for a longer period, the response is
weaker.
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Figure 70. Average stress-strain curves for materials formed following additional treatments applied over
the same period
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Conclusions

- it is obvious that all the materials formed in this study have weaker mechanical responses than
the response of the reference material - M3, but this can be explained by the increase of
PVP/NMP concentration in the epoxy matrix;

- exposure to electromagnetic radiation and exposure to a sinusoidal electric field (over thermal
exposure) aimed at quickly obtaining ceramic structures of nanometric dimensions and
confirmation of this approach can not come from the mechanical analysis of materials (at least at
the current level of technical development of instruments measurement).

5.3. Calorimetric analysis of N materials

For this analysis, in view of the results obtained from the analysis of the other materials
(those presented in Chapters Three and Four) and the very large number of samples, the test
method was modified to reduce - to some extent - the duration of each test and, implicitly the full
duration of the data collection. The decision is also based on the fact that, as can be seen in
Figures 5 (Chapter Three) and 22 (Chapter Four), the behaviour on the cooling segments for each
material is the same.

Figure 79 shows the specific heat variation curves with temperature for equal periods of
application of special treatments. The most important observation is that, apparently, after
exposure to various treatments, for 96 hours, the materials obtained have identical thermal
behaviour. If we refer to mechanical properties, we know that the materials have a very weak
modulus of elasticity. The other observation was somewhat outlined in the first part of this
analysis, namely that exposure to electromagnetic radiation changes the behaviour of materials
too little (given that this exposure is superimposed on heat treatment). Thus, perhaps with the
exception of materials treated for 48 hours, materials exposed to electromagnetic radiation have
slightly higher values of specific heat compared to the specific heat values of NT materials.
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Figure 79. Specific heat variation curves with temperature - equal durations of treatments
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Conclusions

- Apparently, exposure to electromagnetic radiation slightly increases the specific heat values of
materials (compared to NT class materials). As the exposure to electromagnetic radiation (in the
infrared and visible range - green-blue) is simultaneous with the heat treatment applied to all
materials, it means that this exposure repairs, to some extent, the defects caused by permanent
maintenance at a temperature of 70°C;

- the calorimetric analysis also shows that in order to maintain the treatments for 72 and 96 hours,
respectively, changes occur with consequences on the properties of the formed materials. But
why these changes are mitigated after maintaining the special conditions for 120 hours, remains
an unanswered question;

5.4. Raman spectrophotometry of N materials

What is obvious is that type E materials (exposure to sinusoidal electric field) have the
highest intensities of Raman signals (the exceptions are the already known case of maintaining
special treatment for 48 hours, in which all materials give almost identical signals and the case of
maintaining special conditions for 120 hours). The lowest intensity of the Raman signal is usually
found for NF materials and could mean that due to electromagnetic irradiation (with radiation
having the two wavelengths mentioned above) have somehow attenuated the vibration modes of
the molecules that give signals in other cases (figure 82).
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Figure 82. Raman spectra of materials depending on the duration of treatment

Conclusions

- in the case of mixtures prepared under special conditions, an alteration of the Raman signals
may be observed for pre-NF mixtures with long durations for maintaining the special conditions
(72, 96 and 120 hours), mixtures exposed for short periods (24 and 48 hours) practically do not
give Raman signal,

- in the case of materials subjected to the thermal regime, the most intense signals are those
given to the less exposed mixtures (24 and 48 hours);
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- there is uniformity in the intensities of the Raman signals of the materials (after polymerisation)
formed after maintaining the special conditions for 48 hours;

5.5. SEM analysis of N materials
5.5.1. NT materials

The SEM analysis was performed on samples exposed to special forming conditions for
durations of 48, 72 and 96 hours, respectively. Figure 83 shows images of NT materials. It should
be mentioned, from the very beginning, that a sample (from 15 formats) was chosen at random.
This sample was broken (cooling was done with liquid nitrogen) to highlight a fracturing surface
on which to investigate. Therefore, everything is statistical and the interpretation of the results
must also be statistical. The above images are not a rule for NT materials.

SEM images NT2

SEM images NT3

»

" SEM images NT4
Figure 83. SEM analysis of NT materials

5.5.2. NF materials

NF materials are materials formed by applying additional exposure to electromagnetic
radiation (with two wavelengths - one in the infrared range and one in the visible range, green-
blue). SEM images indicate morphological changes due to the duration of special treatment.
Apparently, there is a higher density of formations but nanometric dimensions in cases where the
duration of exposure to special conditions is longer. What is interesting, although the probability
is low, is that the general morphology of the investigated area is different depending on the
duration of exposure. However, it is a matter of probability to choose the areas of investigation
and, in these circumstances, any categorical statement is risky.
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SEM images NF2

SEM images NF3

SEM images NF4
Figure 84. SEM analysis of NF materials

5.5.3. NE materials
Analyzing only the data in the right column, it could be concluded that a shorter exposure
leads to a higher density of structures with nanometric dimensions.

eld

.

(to sinusoidal electric fi

SEM images NE2

SEM images NE3

SEM images NE4
Figure 85. SEM analysis of NE materials

32



Studies regarding chemical and electrochemical nanostructuration of polymers and effects of
nanostructuration on mechanical properties of polymers

Conclusions

- there is insufficient information to be able to draw a conclusion on the effect of the treatments or
the effect of maintaining the treatments for different durations;

- this analysis is practically insufficient without the informational support of the EDX analysis
(which could not be performed at the time of the SEM analyzes).

5.6. EDX analysis of N materials

Regarding how the investigation was carried out, it should be noted that, on the fracture
surfaces, areas of interest and points of interest were first searched, respectively (of interest
means those areas or points where structures can be observed after an SEM analysis, necessary
in the context of performing EDX). In a way, an analysis protocol was created that would allow an
easy comparison of the results obtained (same magnifications, same elements followed) so that
the results can be easily compared.

5.6.4. Intermaterial analysis - 48 hours of special treatment
In figure 95 it can be seen that the abundances of yttrium are lower for NE type materials,
compared to the other two types of materials.

NT2 NF2 NE2
EDS Quantitative Results EDS Quantitative Results EDS Quantitative Results
Element Wt% AtS Element Wt% At% Element Wt% At%
BalL 5.06 3.26 BaL 9.39 6.00 BaL 8.14 5.09
CuK 5.61 7.81 CuK 11.62 16.05 CuK 16.05 21.68
YK 89.33 88.92 YK 78.99 77.96 YK 75.82 73.23

EDS Quantitative Results EDS Quantitative Results EDS Quantitative Results

Element Wt% At% Element Wt% At% Element Wt% At%
BaL 4.52 2.85 BaL 7.92 5.11 BaL. 17.58 11.06
CuK 9.98 13.63 CuK 7.71 10.75 CuK 22.71 30.88

YK 85.51 83.51 YK 84.37 84.14 YK 59.72 58.05

EDS Quantitative Results EDS Quantitative Results EDS Quantitative Results

Element Wt% At% Element Wt% AtS Element Wt% At%
BaL 15.31 9.24 BalL 10.08 6.34 BalL 12.53 8.00
CuK 31.69 41.34 CuK 16.39 22.27 CuK 14.47 19.97

YK 53.00 49.42 YK 73.53 71.39 YK 73.00 72.03

EDS Quantitative Results EDS Quantitative Results EDS Quantitative Results

Element Wt% At% Element Wt% At% Element Wt% At%
BaL 5.74 3.71 BaL 7.72 4.97 BaL 14.91 9.50
CuK 5.04 7.05 CuK 7.94 11.06 CuK 17.29 23.80

YK 89.23 89.24 YK 84.34 83.96 YK 67.80 66.70
»

Figure 15. Punctual elemental analyzes for materials exposed to special treatments for 48 hours
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5.6.5. Intermaterial analysis - 72 hours of special treatment

For the materials subjected to special treatments for 72 hours, the results of the punctual
elemental analyzes are presented in figure 97. The abundances of the three metals in different
points (chosen at random) have dispersed values. Only for the second point of the NE3 material,
a certain proportionality of the values of the abundances of the three metals can be observed,
suggesting a structure.

NT NF NE
EDS Quantitative Results EDS Quantitative Results EDS Quantitative Results
Element Wt% At% Element Wt% At% Element Wt% AtS%
BalL. 17.79 11.35 BaL 7.29 4.63 BaL 7.89 4.9%4
CuK 19.40 26.75 CuK 11.07 15.21 CuK 15.28 20.70

YK 62.81 61.90 YK 81.64 80.15 YK 76.83 74.36

EDS Quantitative Results EDS Quantitative Results EDS Quantitative.Results

Element Wt% At% Element Wt% At% Element Wt% At%
BaL 13.11 8.60 BaL 9.14 5.98 BaL 21.56 13.81
CuK 8.25 11.70 CuK 5.69 8.04 CuK 21.58 29.89

YK 78.64 792.70 YK 85.16 85.98 YK 56.86 56.29

EDS Quantitative Results

EDS Quantitative Results

EDS Quantitative Results

Element Wt% At% Element Wt% At% Element Wt% At%
BalL. 14.29 9.08 BaL 7.87 5.07 BaL 6.66 4.19
CuK 17.32 23.78 CuK 8.43 11.72 CuK 13.27 18.04

YK 68.40 67.14 YK 83.70 83.21 YK 80.07 77.78

EDS Quantitative Results EDS Quantitative Results EDS Quantitative Result

Element Wt% At% Element Wt% At% Element Wt% At%
BaL 8.01 5.17 BaL 8.50 5.24 BaL 4.19 2.55
CuK 7.94 11.08 CuK 20.29 27.02 CuK 19.99 26.26

YK 84.05 83.76 YK 71.20 67.75 YK 75.82 71.19

Figure 97. Punctual elemental analyzes for materials exposed to special treatments for 72 hours

5.6.6. Intermaterial analysis - 96 hours of special treatment

It is very difficult to specify, strictly following the distribution maps of the three elements if
at certain points there are all three. This is the reason why, in figure 102, the superimposed maps
of the three metals are represented, on the one hand, and, on the other hand, the map of the
three elements superimposed on the SEM image of the analyzed area.
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= J ('"’rw .
NF4 — 60um?

NT4 — 25um? NF4 — 25um?2 NE4 — 25um?
Figure 102. Distributions of elements superimposed on SEM images

Conclusions

- both metal distribution maps and metal abundance were analyzed at some points of interest,
but it is not possible to determine whether or not nanostructures exist;

- although more than 200 analyzes have been performed, the results cannot be interpreted
correctly without the introduction of an analysis algorithm that would allow each element to be
prioritized;

- overlapping distribution maps of the three metals were made and they allow the observation of
the presence of all three species investigated in some points of the polymer matrix.
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6. Conclusions and future studies

As stated in the presentation, this study was designed to test a hypothesis - the possibility
of obtaining ceramic structures of nanometric size by developing possible reactions directly in the
volume of epoxy resin.

It is certain that in the method of gels (citrate or oxalic) the combustion of the gel
contributes to the resetting of the reactants (yttrium, barium and copper salts) - at energy level
but the whole gel aims to reduce the reaction possibilities of the reactants (favouring local
reactions). In the case of the present study, the viscosity of the resin should ensure the localization
of the chemical reactions and the fact that the polymerization reaction is slightly exoenergetic,
could provide the energy necessary for the reset in structures of nanometric dimensions.

Two major objectives have been proposed, on the one hand, to test the hypothesis of the
formation of nanostructures starting from metal salts and, on the other hand, to investigate the
conditions under which the development of these nanostructures could be stimulated using
external factors.

In the first stage, the solubility of salts in solvent (NMP) was tested, given that the effect
of the presence of NMP in epoxy resin was known (a previous study initiated and conducted at
CCDCOMT) and for the present study nitrates and chlorides of yttrium, barium, copper, silver and
zirconium metals were tested.

- chlorides are either sparingly soluble or insoluble in NMP while nitrates (and zirconium
oxynitrate) are more soluble;

- some solutions were obtained by keeping the mixture in a state of agitation (on a magnetic
mixer) and at a relatively high temperature. Precipitates were observed when these conditions
were removed. Under these conditions all solutions were maintained in special conditions;

- amounts of PVP (soluble in NMP) were used to stabilize the solutions, which increase the
viscosity of the inorganic compounds in the solution by increasing the viscosity.

« the effect of adding PVP or another thermoplastic polymer soluble in NMP in the common
solution of all inorganic agents should be studied in the future;

« it would be interesting to use polysulfone (which was also used in the above-mentioned study -
Georgel Mihu) but also other thermoplastic polymers (ABS, PMMA, Elastolan - also studied by
Georgel Mihu in a postdoctoral study not only with NMP but also with N, N dimethylformamide
and 1.4 dioxane).

The idea of using PVP to stabilize solutions has led to the need to investigate the effect of
the presence of PVP/NMP solution on the volume of epoxy resin. In this way, the need arose for
the formation and characterization of the materials presented in Chapter Three (although the
formation and testing were subsequent to the formation of modified materials with inorganic agent
solutions in PVP/NMP).

- although the effects of the NMP presence in the resin volume on the mechanical properties of
the epoxy resin (and even those of a polysulfone solution in NMP) were known, the study
indicated that a 5% presence of PVP/NMP solution in the epoxy matrix reduces the modulus of
elasticity value but retains the appearance of rigid breaking of the material;

- at higher concentrations (10% and 15%) the materials show a viscoelastic behaviour (after
testing the materials return to their original shape and dimensions even in the grip area). The
broken samples also returned to their original shape so that the areas where the necks were
produced (similar to thermoplastic polymers) can no longer be observed;

* in this context, it would be interesting to study the use of these materials instead of elastomers.
- mass losses (recorded during calorimetric analyzes) indicate their dependence on the share of
the presence of PVP/NMP solution in the epoxy matrix;

- the source of the mass loss cannot be specified (boiling point values of NMP and PVP are higher
than the maximum temperature reached during the test);

- there is a shift towards lower temperatures of the glass transition point of the epoxy resin as the
weight of PVP/NMP in the matrix increases;

- thermomechanical analysis - aiming to determine the coefficient of linear thermal expansion of
materials (considered homogeneous and isotropic for this type of analysis) - indicates that the
dimensional stability of materials decreases with increasing weight of PVP/NMP in the epoxy
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matrix;

- Raman analysis does not give indications on the properties of materials mainly because the
PVP/NMP solution in the epoxy matrix does not have a high enough concentration to provide
significant Raman signals.

For the materials modified with solutions of inorganic agents in PVP/NMP, metal nitrates
were chosen (except for zirconium for which hydrate oxynitrate was used). The study was to
answer the question of whether it is possible to obtain ceramic structures with nanometric
dimensions.

- two strategies have been established, one in which the separate solutions of the inorganic
agents are mixed and the mixture is placed in the epoxy resin (global strategy) and one strategy
in which the PVP/NMP solution of each inorganic agent is placed in the resin and then these
mixtures are mixed and homogenized together (separately strategy);

- for each of the two strategies, materials were formed that respect the PVP/NMP concentrations
in the case of the materials presented in Chapter Three (unfortunately the materials with the
highest concentration have disappeared ...);

- the results of the mechanical tests suggest the formation of weaker materials (compared to the
reference materials - M1 and M2) but these results may be strongly influenced by the presence
of water (enemy of epoxy resin) introduced into the system with hydrated salts;

- the presence of water leads to the cancellation of some bonds made by polymerization and, on
the other hand, there is a possibility that the ions from the solubilization of the salts also block
some possibility of binding of the resin molecules;

* it would be interesting to study the effect of inorganic agents taken separately because the
influences of both water (hydration) and ions could be highlighted. One such study could
complement another, designed and conducted at CCDCOMT, on the doping of epoxy resins with
metal ions (lulia Paduraru-Graur);

+ also in this sense, it would be interesting a study to follow the method proposed by the
aforementioned study - solvation of salts in slightly volatile organic solvents to be removed after
mixing with epoxy resin.

- the results of the calorimetric tests are in line with the observations made for the epoxy resins
modified with PVP/NMP solution;

- the losses of substance are a bit higher and here an explanation could be the dehydration (ie
the removal of the water introduced with the hydrated salts;

- the thermomechanical analysis leads to the conclusion that all materials modified with solutions
of inorganic agents in PVP/NMP have a higher coefficient of linear thermal expansion than
analogous materials modified with only PVP/NMP;

- Raman analysis cannot reveal the possible consequences of the presence of metals - especially
since they are in very low concentration in the epoxy matrix;

* due to the fact that the concentration of metals cannot be increased (under the conditions of the
present study) this increase may be possible by increasing the concentration of the PVP/NMP
solution or other thermoplastic polymer/NMP.

- the SEM analysis indicates that in the case of ZBAO not even agglomerations of metals are
made and not so many structures while in the case of the other combination of metals certain
structures are registered;

- the EDX analysis indicates that in the case of YBCO there are points where the three metals
meet together;

- in the case of ZBAO, no more than two of the three metals are found in the same points, which
leads to the conclusion that this combination cannot lead to the formation of nanostructures;

- the separate strategy did not lead to notable results (for either of the two proposed combinations)
probably also due to the very low concentration of inorganic agents;

- in the case of YBCO, the overall strategy resulted in a higher concentration of inorganic
compounds, which is why it was adopted for further study.

The second major objective was to identify ways to stimulate the development of local
chemical reactions.

- a first approach was to maintain the solution of the inorganic agents in PVP/NMP for a longer
time under stirring conditions (magnetic stirrer) at a temperature of 70°C;

- a second approach was to expose the solution of inorganic agents in PVP/NMP - at the same
time as maintaining a state of agitation to a temperature of 70°C - to the action of electromagnetic
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radiation (a wavelength in IR and a visible wavelength);

- the third approach - together with maintaining the conditions defined in the first approach -
exposure, for 30 minutes, every 24 hours, to the action of a sinusoidal electric field of 30kHz
frequency;

- the materials formed were obtained after maintaining the special conditions for 24, 48, 72, 96
and 120 hours respectively, provided that the mixture of the inorganic agent solution in PVP/NMP
had been homogenized before for 168 hours;

- the materials obtained have a PVP/NMP solution concentration of 18,5% higher than the
materials analyzed in Chapter Three and, consequently, their mechanical properties were
expected to be lower than any of them, in this case, M3 with a concentration of 15%;

- it is obvious that all the materials formed in this study have weaker mechanical responses than
the response of the reference material - M3, but this can be explained by the increase of
PVP/NMP concentration in the epoxy matrix;

- within the limits of measurement errors, in some cases, the previous statement is not valid,
suggesting important changes induced by special treatments (electromagnetic exposure,
exposure to the sinusoidal electric field);

- apparently, some special treatments repair the effects induced by the main (thermal) treatment
but the experimental data are not sufficient for such a conclusion;

- there are insufficient data - mainly due to experimental errors - to conclude decisively on the
effect of the application of the special treatment on the mechanical properties of the formed
materials;

- apparently, the heat treatment (that applied to all mixtures) is destructive in terms of the
mechanical response of the materials and this can be explained by blocking the formation of
bonds leading to the formation of polymer networks due to thermal agitation and the presence of
inorganic agents;

- in view of maintaining the mixtures at high temperatures, it is possible to vaporize some organic
components; in this case, the disappearance of some organic compounds would affect the final
properties of the materials;

- exposure to electromagnetic radiation and exposure to sinusoidal electric field (over thermal
exposure) aimed at quickly obtaining ceramic structures of nanometric dimensions and
confirmation of this approach can not come from the mechanical analysis of materials (at least at
the current level of technical development of instruments measurement);

» these conditions would be interesting to study, in which the special conditions are maintained
for shorter periods (taking into account the results obtained for material B(g)6, presented in the
fourth chapter);

- the two wavelengths of electromagnetic radiation were used - one to heat the mixture (the IR)
and one to stabilize the copper compounds (the visible);

 under these conditions a study of the dependence of the properties of epoxy resin and epoxy
resin modified with solutions of inorganic agents in thermoplastic polymer / NMP solutions on the
wavelength of electromagnetic radiation maintained during sample preparation and
polymerization could be initiated.

- given that the viscosity of the resin is high enough, it can be assumed that the mobility of the
various ion species is very low so that the application of a sinusoidal electric field could only lead
to a possible destabilization of them favouring the achievement of connections;

- the application of special treatments during the preparation of the materials leads to the
decrease of the specific heat values;

- Apparently, exposure to electromagnetic radiation slightly increases the specific heat values of
materials (compared to NT class materials). As the exposure to electromagnetic radiation (in the
infrared and visible range - green-blue) is simultaneous with the heat treatment applied to all
materials means that this exposure repairs, to some extent, the defects caused by the permanent
maintenance of a temperature of 70°C;

- exposure to a sinusoidal electric field appears to cause the greatest damage, in the sense that
the materials thus obtained have the lowest values of specific heat in the field of low-temperature
values;

- the analysis of substance losses during the tests shows that all materials in class N have lower
mass losses than the losses of the reference material, although the volume fraction of the
PVP/NMP solution is higher in N materials (18.75%) than in reference - M3 (15%). This could
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mean that most of the volatile components in the mixture are lost during heat treatment - the mass
losses are approximately equal for all materials analyzed;

- in the case of mixtures prepared under special conditions, an alteration of the Raman signals
may be observed for pre-NF mixtures with long durations for maintaining the special conditions
(72, 96 and 120 hours), mixtures exposed for short periods (24 and 48 hours) do not give, partially,
Raman signal,

- in the case of materials subjected to the thermal regime, the most intense signals are those
given to the less exposed mixtures (24 and 48 hours);

- the only mixtures that give signals (with different intensities) are those that have been exposed
to the sinusoidal electric field and there does not seem to be a link between the signal intensity
and the duration of exposure to special conditions;

- there is uniformity in the intensities of the Raman signals of the materials (after polymerisation)
formed after maintaining the special conditions for 48 hours;

- for the longest duration of exposure to special conditions the most intense signal is given by the
NT material (and is also more intense than the signal corresponding to the minimum duration of
exposure);

- in general, the weakest signal is that of NF materials and the signal strength depends very little
on the duration of maintaining the special conditions;

- both metal distribution maps and metal abundance were analyzed at some points of interest,
but it is not possible to determine whether or not nanostructures exist;

- although more than 200 analyzes have been performed, the results cannot be interpreted
correctly without the introduction of an analysis algorithm that would allow each element to be
prioritized;

- overlapping distribution maps of the three metals were made and they allow the observation of
the presence of all three species investigated in some points of the polymer matrix.
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