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Abstract

The technology of fabrication of polymer nanocomposites on basis of carbon
nanoparticles doped with cobalt clusters, synthesized by original Chemical
Vapore Deposition (CVD) technology developed by authors, was elaborated.
Carbon shells provide both the protection of ferromagnetic impurities from
aggressive environment and new unique properties to the hybride nanostruc-
tures. The self-assembling of magnetic clusters coated by carbon shells presents
just such example which could be used in the contemporary materials, for ex-
ample, in strong magnets, analytic instruments (nuclear magnetic resonance
tomographs) and nanosensors. Their good conductivity, self-healing and adhe-
sion properties were demonstrated by applying the combined action of tem-
perature, pressure, steady and alternating magnetic fields to stimulate diffu-
sion of magnetic nanoparticles in direction to defect sites. Due to these prop-
erties fabricated magnetic polymer nanocomposites could have perspective
for potential.

Keywords

Magnetic Carbon Nanopowder, Polymer Composite, Stimulated Diffusion,
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1. Introduction

In the last decade, the investigation of such new nanostructure forms of carbon
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as nanoparticles, nanotubes, nanothreads became very topical. This is related
with the fact that the pointed nanostructural particles due to their sizes and pe-
culiarities of their atomic structure reveal such unique physico-mechanical prop-
erties that the range of their perspective applications spreads over many human
activities, starting from microelectronics to medicine.

In recent years especially increased interest in such technologies of materials
production on carbon basis as ones oriented on production of doped carbon na-
noparticle modifications (nanotubes, nanoclusters, nanothreads). This gives op-
portunity to scientists and engineers in noted materials the possibility of aimed
control of their natural properties [1].

As the matter of fact, the nanoobject control on nanometric level using nano-
particles with aim to arrange them in rows, signatures and grids is the clue to the
production of new functional materials. Correspondingly, for obtaining of build-
ing units with different nanometric sizes in the last years many methods of
self-assembling and synthesis were developed. In this direction the possibility to
control perfectly the self-assembling and synthesis processes of nanoparticles is a
serious challenge from the point of view both fundamental and applied investiga-
tions.

On the basis of fundamental principles, the process of self-assembling requires
the existence of interaction between atoms and clusters, such as thermodynamic
and kinetic moving forces, so that it could be realized the organization of atoms
and clusters for creation of nanosize domen structures. From this point of view,
magnetic nanoparticles deserve a particular interest due to their unique physi-
co-chemical properties and applicability in the new functional materials tech-
nologies.

Carbon shells provide both the protection of ferromagnetic impurities from
aggressive environment and new unique properties to the hydride nanostruc-
tures. The self-assembling of magnetic clusters coated by carbon shells presents
just such example which could be used in the contemporary materials, for ex-
ample, in strong magnets, analytic instruments (nuclear magnetic resonance
tomographs) and nanosensors.

The more so, currently magnetic carbon nanoparticles due to their low toxici-
ty are under testing for therapeutic and diagnostic applications.

Last years the magnetic field was applied also for creation of nanoscale mate-
rials what resulted in significant achievements in the problem of formation of
macro- and microstructure synthesized materials possessing unique properties.

In contrast with other existing self-assembling technologies, the induced by
magnetic field ordering defines the formation of magnetic nanoparticles in or-
dered structures with unique properties. Therefore, the areas of application of
carbon magnetic nanoparticles are very large. Sufficient to name such of them as
magnetic fluids, plastic glasses stable against scretches, information storage mag-
netic media, sensors, biomedicine, etc. It should be noted here that in spite of
their large perspective for multifunctional applications, the carbon nanoparticles

doped by ferromagnetic clusters have not studied sufficiently well [2].
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In this work following aims are addressed:

1) On the bases of obtained nanopowders the preparation of polymer compo-
site films and study of nanoparticle diffusion and self-healing processes in them
under combined influence of heating, pressure, steady and alternating magnetic
fields.

2) The study self-organization processes in magnetic polymer composite un-

der the influence of a outer steady magnetic field and heating.

2. Experimental Results and Their Discussions

To achieve these aims experiments were carried out to study self-healing and
self-organization processes in magnetic polymer composites filled with magnetic
carbon nanopowders synthesized by CVD method [3]. These processes were fa-
cilitated by heating films above the glass transition temperature. Particles in con-
ventional composites are essentially immobile in contrast to polymer nanocom-
posites (PNC) particularly above the glass transition temperature 7. The nano-
particles mobility can affect polymer dynamics resulting in changing of viscosity,
modulus, kinetics of the particle-cluster formation, etc. [4].

Tensile measurements have shown that below 7, conventional composites and
PNCs behave similarly with respect to mechanical properties. But above 7, the
toughness of PNC can increase by the order of magnitude with increase of tem-
perature. It has been suggested that the mechanism to the toughness enhance-
ment is the mobility of the nanoparticles. The development of self-healing mate-
rials and coatings where nanoparticles migrate toward various defect sites, re-
quires a better understanding of the nanoparticle diffusion processes.

The heating of PNC above 7} increases mobility of polymer chains what should
facilitate boundary diffusion between polymer interfaces and this effect could be
visualized using magnetic nanoparticles introduced in polymer. This process could
be improved applying additional stimuli, in particular a low-frequency (ac) mag-
netic field, stationary magnetic field, pressure, heating, separately or in combi-
nations. Such impact stimulate self-organization processes between prepared films
in result of which one could produce “glued” to each other films without using
other type glues and polymer melting temperature. As research object for one of
the aims of this work was the development of simple technology of production
of carbon nanoparticles doped by ferromagnetic clusters and study of their mor-
phology and composition.

Generally the most known method of production of ultra-small cluster-size
particles is based on the condensation principle from gas or vapor states, with
the possibility of obtaining the product on a substrate or as a powder. In the
same time, for the vapor production different methods were used: laser ablation,
thermal, electron-beam and ion irradiation.

In particular, for the production of nanopowders and nano-coatings on car-
bon basis it is used the chemical vapor deposition (CVD) method—mainly along

with application of hydrogen reduction process of volatile chlorides. Traditional
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methods of production the pyrolytic carbon by the way of thermal decomposi-
tion of carbon containing compounds on the heated surfaces are also well known
but all of them have some significant defects: at formation of coatings—low
growth rate, high temperature of process (=1300°C), insufficient quality of ob-
tained coating structures, impossibility to carry out the doping process in one
cycle. The analysis of tendencies of development of the contemporary natural
science and technology the experimental and theoretical investigations of carbon
nanoparticles, nanotubes, nanothreads and doped by them new polymer compo-
sites should gain priority. The carbon nanoparticles doped by magnetic (Co, Fe)
nanoclasters with mean sizes in the range 50 - 100 nm were synthesized by
technology using the combination of pyrolysis of ethylene spirit (and other hy-
drocarbons) vapor pyrolysis and CVD process in the mode of recirculation closed
cycle with monitored technology parameters [3].

The developed technological process was realized in the installation where in
the construction of its reactor and in necessary units for functioning the possi-
bility was foreseen of monitoring such parameters as: vapor content and con-
centration in reactor zones, catalytic capacity of substrates, partial oxygen pres-
sure. This allows one to carry out technology investigations with aim to establish
the optimal technological parameters for production of finely dispersed carbon
nanopowders doped with magnetic nanoclusters and, as result, to produce these
materials in necessary amounts for investigations and perspective applications.

For the preparation of polymer films it was chosen polyvinylbutyral (PVB)
polymer with low 7; ~ 45°C - 55°C. PVB is a resin mostly used for applications
that require strong binding, optical clarity, adhesion to many surfaces, toughness
and flexibility.

As filler the produced by us carbon nanopowder doped with magnetic Co na-
noclusters (C/Co) was used. For a comparative study we used also the commer-
cial Co nanopowder (Sun firm, USA 28 nm—mean diameter). The Co doped
carbon nanopowders were mainly used at their concentrations in polymeric com-
posite in range 10 - 50 wt%, but for Co nanopowder filled polymer composite
concentration was 20 wt%.

Firstly the 10 % alcohol solution was prepared, then this solution was poured
into teflon press-forms (Figure 1) and after their drying during 48 hours the 0.3
- 0.5 mm thickness films were obtained. The filled composites were prepared in
the following way: magnetic nanopowders were taken in corresponding propor-
tion (in terms of dry weight) and the usual mixing of PVB with alcohol took
place followed by the ultrasound 10 - 15 min treatment for the destruction of
magnetic nanopowder agglomerates. Next, after thorough mixing during 7 - 10
min magnetic polymer composite films were obtained similar unfilled ones in
teflon press-forms. Then sample films were cut from these films (Figure 2).

The trial films were places on each other and subjected to following actions:

1) Impact of pressure and temperature in a vacuum cabinet at pressure p = 0.5
MPa and temperature 7'= 80°C - 85°C during time = 2.5 hours.
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Figure 1. Teflon press-forms for preparation different size films.

(a) (®) (0)

Figure 2. Filled (a) and unfilled, (b) films separately and jointly, (c) with filled film above
unfilled one.

2) Impact of pressure and temperature and stationary magnetic field in a va-
cuum cabinet at p = 0.5 MPa and temperature 7'= 80°C - 85°C. During the ex-
periment pressure included a contribution from the magnet weight. The dura-
tion of experiment was 7= 2.5 hours.

3) In above a and b items, the obtained double films were subjected to the ex-
citation by a low-frequency magnetic field during ¢= 2 hours.

In Figure 3, the vacuum cabinet is presented in turn on position, with placed
inside samples during the pressure and temperature action.

During an experiment temperature reaches 85°C, pressure was approximate-
ly 0.5 MPa. In the teflon form first of all magnets were placed, then an unfilled
film and, finally, polymer composite film on which pressure acts. Then the
low-frequency generator turns on with cooling of coil by water and heating fol-
lowing which the combined actions is realized which could continue several
hours till the double layer sample is glued by diffusion of nanoparticles.

In Figure 4 the experimental setup is mounted accordingly the experimental

scheme is presented.
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Figure 4. The experimental setup.

In Figure 5, neodymium magnets used in experiments are seen, as well as in
Figure 6 the press form for fabrication of samples is shown.

To study the self-organization of polymer nanocomposites it is necessary to
increase our understanding of nanoparticles diffusion processing taking place in
them [1].

As it was noted, nanoparticles in usual composites, in difference with polymer
nanocomposites (PNC) are essentially immoble is particular as compared with
diffusion processes rate in PNC above the temperature of glass transition 7.

Besides it, the knowledge of nanoparticles diffusion processes is important for
the development of self-healing materials and coatings where nanoparticles mi-
grate to different defect sites.

For the study of cobalt doped carbon nanopowder diffusion processes a series
of above described polymer samples were prepared. A sample is a 0.3 mm thick-
ness polymer nanocomposite film (polymer filled with C/Co nanoclasters, the
nanoparticle composition was in range of 10 - 50 wt%) and 0.5 mm thick pure
polymer substrate with total pile dimensions 28 x 10 x 0.8 (Figure 7).

The diffusion processes of C/Co nanoparticles across interface between layers
at different stimuli at 7> 7j: stationary magnetic field, alternating magnetic field
(20 kHz, 1 kW power), and their combinations, the adhesion and, consequently,

related with the adhesion self-healing processes were studied.
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Figure 5. Neodymium magnets used in experiments.

r

[P

Figure 6. Press form for samples fabrication.

AAAAA/PPAAAAAINY, 0.3 mm C/Co polymer nanocomposite

0.5 mm pure polymer composite

4

Figure 7. Experimental polymer pile.

To study these processes the layer by layer removal was carried out starting
from pure polymer layer down to composite one using a fine grinding. This
grinding process was followed by the simultaneous control of sample resistance.

The method appeared to be very visual and effective and allowed one the as-
sessment of nanoparticle mobilities at different excitations and their combina-
tions. It was revealed that the best diffusion of nanoparticles and adhesion of
composite film was obtained at the combined effect of temperature, steady and
alternating magnetic fields.

In Figures 8-13, the distribution of resistance along a sample is presented at
fine grinding describing the degree of penetration of nanoparticles in the poly-
mer substrate.

The good conductivity of polymer composite was stipulated by the presence in
the composite of the cobalt carbon nanoparticles at studied C/Co wt. 50% poly-
mer nanocomposite/pure polymer pile.

During treatment of sample shown in Figure 11, the peeling of upper compo-

site layer was observed what was not observed at other cases.
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Figure 8. The resistance dependence on the sample thickness. The treatment took place
at application of steady and alternating magnetic fields at 7= 85°C.
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Figure 9. The resistance dependence on the sample thickness. The treatment was made
by steady magnetic field at 85°C.
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Figure 10. The resistance dependence on sample thickness. The treatment is without
magnetic field at 85°C.
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Figure 11. The resistance dependence on sample thickness. Treatment is by alternating
magnetic fields at 7= 85°C.
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Figure 12. The resistance dependence on sample thickness (summary): Curve 1 corres-
ponds to one given in Figure 8; Curve 2 corresponds to one given in Figure 9; Curve 3
corresponds to one given in Figure 10; Curve 4 corresponds to one given in Figure 11.

Figure 13. Treatment of C/Co wt. 50% sample at steady magnetic field and at 7= 85°C
during 2.5 hours.

Note also that in a similar experiment when as a filler was used commercial
Co nanoparticles (22 nm is mean diameter) passivated by oleic acid the compo-
site sample proved to be non-conductive due to non-conductive polymer coating
of Co nanoparticles and absence of conductivity of pure polymer.

For the control of nanoparticle diffusion in both polymer composites (with
C/Co and Co nanoparticless) we used optical microscope OMAX with up to

2500 enlargement.
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For these optical measurements a small plate was cut from a sample with the
width 1 mm and taken pictures of its transverse cutting during any type of in-
fluence or their combinations.

For different cases pictures are given in Figures 13-15.

The results obtained by this method are in agreement with resistance mea-
surements ones.

In result of carried out experiments the conclusion was made that the stimu-
lated diffusion of nanoparticles is most fast when temperature and both magnet-
ic field (steady and alternating) acted in combination.

To study further self-assembly processes in this polymer composites at differ-
ent concentrations of carbon magnetic nanopowder we used a simple method
from work [5]. In this case circular shape polymer composite samples (diameter
20 - 32 mm, thickness 1mm) were exposed to a magnetic field which was pro-
vided by two attached permanent neodymium magnets and heating (Figure 16),
and temperature 85°C during two hours.

Resulting self-assembly of C/Co nanopowders caused changing of their con-
centration and modulation of local resistance R along the radius of sample which
was measured by two-contact method as in work [5] (Figures 17-22).

Figure 14. Treatment of C/Co wt.50% sample without magnet at 7'= 85°C during 2.5
hours.

Figure 15. Treatment of Co/C wt. 50% sample by both type magnetic fields at tempera-
ture 7= 85°C during 2.5 hours.
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-Magnet, [l - resin-particle mixture, [ ] - substrate

Figure 16. Geometry of samples.
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Figure 17. Polymer composite C/Co, wt. 30%; 1: resistant distribution in the sample as
result of treatment; 2: resistant in the sample before the treatment.
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Figure 18. Polymer composite C/Co, wt. 30%; 1, 2: treated and untreated samples, cor-
respondingly.
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Figure 19. Polymer composite C/Co, wt. 20%; 1, 2: treated and untreated samples.

C} 3.0r

L | |
16 12 -8 -4 0 4 8 12 16
L, mm

Figure 20. Polymer composite C/Co, wt. 15%; 1, 2: treated and untreated samples.

Resistance was measured between points separated by 2 mm along radius in
all following cases besides Figure 18 where resistance was measured between
sample’s center and points on radius with the interval 2 mm.

Based on the obtained experimental results, we were able to investigate the
self-assembling processes in the magnetic polymer nanocomposite films synthe-
sized by the developed technology using the carbon magnetic nanopowders fa-
bricated by the method of [4] under the combined influence of magnetic field
and heating using sensitive and simple non-contact RF resonant magnetometry
method [5].
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Figure 21. The dependence of resistance of initial untreated samples on the nanopowder
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Figure 22. The setup for study of the self-assembling processes in the polymer magnetic
nanocoposite films. 1: ferrite probe; 2: frame; 3: polymeric magnetic nanocomposite film;
4: LC generator.

In the inductive coil of the RF resonant contour of LC-generator a cylindrical
tipped ferrite rod is used as a probe. The investigated disk shape magnetic poly-
mer nanocomposite film is displaced relatively the immovable ferrite probe tip.
The scanning of the film surface is realized along the previously marked disk
diameter.

During the scanning of magnetic polymer composite film by moving ferrite
probe the variation of RF resonant magnetometer frequency is observed due to
the change of the cobalt nanocluster concentration in the polymer composite
film and related with it change of the coil inductance.

For example, we present the results of self-assembly processes measurements
of carbon cobalt nanoclusters in polymer nanocomposite film under the influence
of the magnetic field of neodymium magnet with diameter D= 12 mm and heat-

ing (Figure 23 and Figure 24), which are similar to the results obtained during
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Figure 23. Dependence of the RF resonant magnetometer oscillation frequency at dis-
placement of ferrite probe along the diameter of C/Co, wt. 50% carbon cobalt polymer

nanocomposite disk film, D = 24 mm.
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Figure 24. Dependence of the RF resonant magnetometer oscillation frequency at dis-
placement of ferrite probe along the diameter of C/Co, wt. 20% carbon cobalt polymer
nanocomposite disk film, D = 30 mm.

the study of self-assembly processes by the two-contact electrical resistance mea-
surements of the same samples.

In work [6] the possibility to repair physically separated phermoplastic poly-
methacrylates containing superparamagnetic nanoparticles using oscillating mag-
netic field (OMF) was shown without any chemical intervention while main-
taining film mechanical properties and the repair can be repeated several times
on the same area.

The first step in this development was to prepare polymer films with uniformly
dispersed magnetic nanoparticles. This uniformly dispersed superparamagnetic
nanoparticles dispersed in the polymer matrix provides an opportunity for de-

signing self-healing materials with a magnetic signature. It was shown [6] that
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when OMF is applied, the films restore their mechanical properties. This was at-
tributed to the oscillating magnetic )-Fe,O; nanopartices, thus resulting in an
amorphous flow in the damaged region and repair. It should be also noted that
the films retain their dimensional stability. As OMF excites the magnetic mo-
ment in magnetic nanoparticles, energy resulting from the Neel and Brownian
relaxation is converted to thermal energy.

Accordingly work [7] application of stationary magnetic field on polymer com-
posite containing mixture of carbon black and magnetite nanoparticles resulted
in diffusion of oxide particles toward the magnetic field lines and their alignment.
The magnetic stimulated iron oxide particles put pressure on the nonmagnetic
carbon black particles enhancing particle connection leading to decreased resis-
tivity.

Similar this, the pressure and temperature also contribute to the increased dif-
fusion of magnetic nanoparticles in direction to defect areas. Results of cited works
could be used to understand effects observed in this work. As a result of com-
bined stimulated diffusion of C/Co nanoparticles prepared films show good self
healing and adhesion properties as well as good electric conductivity due to the
passivated conducting carbon coated magnetic Co nanoclasters. These effects were
most intensive in the case of combined application of alternating and stationary

magnetic fields at temperatures above the temperature of glass transition.

3. Conclusion

The self-healing and self-organization processes were studied in the magnetic
polymer nanocomposites synthesized on basis of carbon nanoparticles doped by
cobalt nanoclasters, synthesized by original CVD technology developed by au-
thors. These processes were taking place under combined stimulated diffusion of
magnetic nanoparticles by outer alternative and steady magnetic fields, as well as
heating and pressure. Polymeric composite samples have good electric and ad-

hesive properties and are perspective for potential practical applications.
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