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Thermophysical and mechanical properties of epoxy resin compositions with nonoxidized graphene particles
have been investigated. The particles were obtained using the electrochemical method and they had a block structure
with a thickness of about 50 nm. The particle concentrations in the composites were C = 1.0, 2.0 and 5.0 % for
thermophysical studies and 0.1, 0.2, 0.5 and 1.0 % for mechanical measurements.

Thermophysical measurements of the composite destruction were performed by method of thermo-
programmable desorption with mass spectrometric recording of volatile products in the temperature range 40-800
°C. The main effect of the introduction of unoxidized graphene particles is a sharp increase in the thermal stability of
the composite and a decrease in the amount of the released volatile products Q; in the low graphene loading at
C <1 %. With increasing loading, the value of Q; nonmonotonously reduces with a maximum at C = 2.0 %.

Concentration dependences of the amount of the released volatile products and the activation energy of
thermodestruction for volatile products were determined. The thermodesorption activation energy E, for atomic
fragments, which was determined from the Wigner-Polanyi equation, reduced. The E, slightly and nonmonotonously
increases with a maximum at C = 2 %. It has been shown that the run of the E; (C) dependence correlates with the
Qi (C) behavior.

Models describing growth of thermal stability and variations of mechanical parameters are proposed.
Compressive strength and elastic modulus have been measured in the low concentration range at C <1 %. It has
been found that the parameters nonmonotonously vary with maximum at C = 0.01 %. The absence of correlation
between the behavior of mechanical parameters and the thermal stability of graphene composites is related with
various reasons. Behavior of mechanical parameters is caused by variation in elastic and conformational
deformations of polymer chains upon loading gaphene filler in the polymer. The growth in thermal stability may be
attributed to partial removal of heat flux energy at the interface in the electronic subsystem of graphene particles
with subsequent lowering vibrational energy of atoms at the interface.
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INTRODUCTION modern materials. Non-oxidized, oxidized, and
functionalized particles of single layer, double
layer and multi-layered graphenes are used as
graphene fillers [4—-10].

Original graphene is a single-atom-thick
sheet of sp”-hybridized carbon atoms tightly
packed in a two-dimensional honeycomb lattice
with a carbon-carbon distance of 0.142 nm [11].
The theoretical value of its room temperature
thermal conductivity coefficient is about
5000 W/(m-K) [12], that is higher than that of
carbon nanotubes (3000-3500 W/(m-K)) [13].
Recent experimental work on a large graphene
membrane has shown its thermal conductivity to
be ~ 600 W/(m-K) that is several times higher
than that of copper [14]. Such an extraordinary
thermal conductivity is due to the strong
sp*-carbon bonds in the graphene lattice which

Modern investment technologies demand
improved functional properties for advanced
materials. Among such materials, the polymer
composites are still a rapidly growing area of
multidisciplinary research interest owing to
possibility of enhancement their properties by
incorporation of nanosized fillers in polymer
matrices [1-3].

In particular, the nanostructured graphene
polymer composites are the objects for a wide
scientific research because they allow expanding
and improving the physical and chemical
properties of composites due to the inclusion of
various nanofillers in polymer matrices, as well
as their wide industrial applications owing to the
fact that they can be chemically and physically
tailored to fulfil specific requirements for
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allow phonons to travel easily through the
graphene network without any significant
scattering while the contribution of electrons to it
is negligible [15].

Mechanical properties of graphene-based
polymer nanocomposites are in a scope of
various researches. Since graphene particles have
a high mechanical strength and low weight, it
has been assumed that the loading of polymer
matrices with graphene particles increases the
mechanical strength of polymer composites and
simultaneously reduces their weight. There are
many attempts to declare a dramatic growth in
mechanical and thermal properties of polymers
after the introduction of graphenes [16-19].
However, the measured strength values for
polymer composites are ambiguous. Obtained
parameter values depend on the structural and
size differences of graphene particles used in the
experiments.

Mechanical parameters of composites
depend on many properties of filler and matrix,
such as graphene type, aspect ratio and shape,
surface morphology, dispersion, filler
orientation, loading level and reactivity of an
interface between graphene and polymer matrix
[20—24]. Besides, in polymeric composites with
one and double layer graphene the chaotic
orientation of particles may impede the growth
of mechanical parameters in composites. Indeed,
measurements of the compressive strength for
polymer composites with weakly ordered
graphene particles in the polymer matrix shows a
growth of mechanical parameters in the
concentration range C > 1% [21-22]. It should
be noted that the effect of interfacial interaction
on the polymer structure in the composites with
different matrices can significantly influence on
their mechanical parameters.

The loading effect of multilayered graphene
particles on mechanical parameters of polymer
composites is less studied particularly in the
interval C <1 % [8, 19, 25]. Multilayer graphene
particles may have the basical surfaces with
large sizes and the lateral surfaces arranged by
hundred grafene flakes. In polymer composites
filled with large-dimension particles having size
of basical surfaces more than 50 um [26], the
contacts among graphene particles, their
arragement and concentration in polymer matrix
essentially influence to mechanical and thermal
composite parameters. Therefore experimetally
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measured values of mechanical and thermal

parameters depend on structural and size
variations of multilayer graphene particles used
in the experiments [17,26-29]. Their
interference  originates the ambiguity in

experimental results. In the higher concentration
region upon C > 1 %, the mechanical strength of
polymer composites with nonoxidized and
oxidized graphene nanoplatelets having size of
basical surface less than 50 pm depends slightly
on the particle content [26]. In the graphene
composites with low-sized particles for the
concentration range C < 1 %, where the interface
interaction has an essential effect on the physical
properties of composites, the factors affecting
behavior of mechanical parameters of polymer
composites remain insufficiently studied.

It should be note that in the polymer
composites with three-dimensional particles of
exfoliate graphite, it were obtained higher value
of elastic modulus and less magnitude of the
thermal expansion coefficient as compared to
their values in the polymer composites with
multilayer graphene particles [30, 31].

Multilayer graphene particles along with
high mechanical strength possessing high
reactivity of the base surface and nanoscale
lateral surface are promising for application as
fillers in polymer composites to improve their
thermal stability [28, 29, 32,33]. As a rule,
introduction of multilayer graphene increases the
heat resistance of polymer composites. Besides,
the graphene particles may change the thermal
destruction mechanism of polymer chains. In
particular, the authors [33] note the appearance
of  additional polymer thermo-oxidative
destruction and the transformation of two-stage
matrix decomposition into one-stage process
after loading with graphene particles.

The atomic composition of volatile products
during the thermal destruction of epoxy
composites at low content of multilayer graphene
particles was determined using thermal
desorption mass spectrometry. It has been found
that the loading polymer with graphenes does not
affect the atomic composition of destruction
products, but it changes the desorption intensity
of atomic fragments and the amount of released
products [34].

In summary, the effect of interfacial
interaction between atoms of graphene surface
sites and macromolecule on the thermal stability
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and mechanical strength of the polymer structure
in related composites at low content of graphene
filler is insufficiently investigated. Therefore, the
goal of present work is to study the effect of low
concentration of multilayer graphene particles on
the thermal stability and mechanical strength of
polymer composites. An epoxy resin, which is
the most applied polymer component in
functional materials, was used as a composite
matrix.

SAMPLES AND EXPERIMENTAL
METHODS

The commercially available CHS-EPOXY
520 (Czech Republic) DGEBA-epoxy resin, with
epoxy group content 5.21-5.50 mol/kg, Epoxy
Equivalent Weight 182—-192 g/mol was used as
the neat resin. The Polyethylene-polyamine
(PEPA) was used as a curing agent. PEPA is a
mix of amines with a various molecular mass, its
general structural formula is HoN-[-CH,CH,NH-],H,
where n =3 corresponds to triethylenetetramine,
n=4 — to tetracthylenepentamine, and n =135 to
pentacthylenehexamine. It is widely used as a
hardener of epoxy resins due to its explosion-
proof and hard ignitable properties. The
structural formula of the resin can be found
elsewhere [35].

Multilayered graphene particles have been
prepared from thermal-expanded graphite flakes
of Ukrainian production by using the
electrochemical technique described by Xia et a/
[36].

The electronographic study showed the so-
prepared low-dimension particles to be really
multilayered graphene nanoplatelets of about
5x5 um in-plane dimensions and 50 nm in
thickness (Fig. 1). The X-ray diffraction analysis
has shown that the multilayered nanoplatelets
contain graphene sheets (Fig. 2).

The specific surface value of Sy~ 740 m%/g
has been determined for bare multilayered
graphene nanoplatelets by measuring an amount
of physically adsorbed gasous nitrogen from
adsorption—desorption isotherms according to the
standard Brunauer, Emmett, and Teller (BET)
method [37].

Epoxy composites with non-oxidized
graphene nanoplatelets have been prepared by
pouring a suspension of particles in alcohol into
an uncured resin, to avoid an oxidation of
graphene in air. The filler-mass-loading C in the
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nanocomposites was 1, 2, and 5% for
thermophysical studies and 0.1, 0.2, 0.5 and
1.0 % for mechanical measurements.

As-prepared liquid composites were manually
mixed until homogeneous suspensions were
obtained, and their further polymerization
occurred at a room temperature during 72 h with
following heat treatment at ~ 60 °C for 1.5 h. As
a curing agent, 16 % by weight of polyethylene
polyamine was used.

Fig. 1. Electronic photograph of graphene particles

1000004
200004

= 60000
=
&

40000

200004

-
r

0 A

0 (0 20 30 40 S0 60 70 80
0, deg

Fig. 2. X-ray diffraction analysis of graphene particles

An influence of graphene filler on thermal
stability of the resin have been determined using
a programmable thermal desorption technique
combined with a mass-spectroscopic detection
via a single-pole mass-analyzer MX 7304A.
Mass spectrometric analysis of positive charged
atomic products was performed in the range
10-200 m/z (m is the mass, z is charge of the
fragment), within the temperature range of
25-800 °C, at the pressure of 0.1 Pa, and the
heating rate of 8 °C/min. The measurement
details can be found elsewhere [34].
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Mechanical parameters such as the
compressive strength o and the elastic modulus £
have been measured using a “Luis Shopper”
machine. Samples for research had the
cylindrical shape with diameter and height about
10 mm. The values of ¢ and E parameters were
determined as the average magnitude according
to the results for mechanical loading of five
samples.

RESULTS AND DISCUSSION

Thermodestruction data. The mass spectra
of atomic destruction fragments of the pure resin
and its composite with 1% of multilayer
graphene particles at temperatures corresponding
to the maximum intensity of the mass-lines of
the spectrum are shown in Fig. 3. It can be seen
from Fig. 3 that the rather strong lines visible in
the mass-spectrum of the neat resin and of its
composites with graphene correspond to the

following m/z-moieties: 14-18, 28-31, 40-45,
56-59, 65-67, 94. The majority of lines
observed in the spectra can easily be identified
by looking on the epoxy’s structural formula
[35]. Among these lines, hydroxyl-containing
moieties of m/z=17 (OH), 43 (CH,COH), and
94 (CsHsOH) originate from epoxy chains.

The introduction of graphene particles does
not vary the number of mass-lines of desorbed
atomic fragments of polymer structure.
However, the interaction of polymer atoms with
the graphene surface sites significantly affects
the intensity of thermal decomposition of the
polymer matrix and its thermal stability. The
loading with multilayered graphene improves the
thermal stability of composites. The latter is
clearly manifested upon the content of graphene
particles C =1 %, when the mass-lines intensity
drops in 3—7 times (Fig. 3).
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Fig. 3. Mass-spectra of epoxy (a) and of its composite with 1% multilayered graphene particles (b)

Interaction of graphene surface sites with
macromolecule atomic groups significantly
changes the epoxy polymer structure. Unbound
moieties of polymer chains fasten on the active
surface centers enhancing polymeric structure
[38]. Unfixed atomic fragments reveal in the
desorption curves at temperatures 7 <250 °C,
where their desorption peaks are recorded for the
unfilled epoxy polymer. The main contribution
to the thermal stability improvement comes from
the fastening process of atomic fragments with
structures including hydroxyl groups, such as
OH, CH,COH, and C¢HsCOH (Fig. 4).

Desorption peaks of unbound fragments
with OH groups do not reveal in the desorption
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curves after loading graphene nanoparticles into
epoxy  polymer (Fig.4a,b,c curves ).
Simultaneously with a sharp reduction in the
desorption intensity of unfixed fragments, the
thermodestruction intensity of formed polymer
chains and cross-links, which occurs in the
temperature range of 250450 °C, significantly
decreases (Fig.4, curves2,3 and 4). Such
reduction is a consequence of the stabilization
effect of polymeric structure [38].

Thus, the side OH-fragments of polymer
chains, on the one hand, catalyze the chain
destruction process, and, on the other hand, take
part in the fastening process of polymer chains
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and cross-links with the active surface sites of
multilayered graphene.
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Fig. 4. Temperature dependences of the desorption

intensity of volatile fragments with m/z 17
(a), 43 (b), and 94 (c) at thermal destruction
for neat epoxy (/) and its composites with
1(2), 2 (3) and 5 % (4) multilayer graphene
particles

The fastening process of unbound polymer
structure fragments is apparently saturated upon
graphene concentration C <1 %, since the low
temperature destruction of unfastened fragments
is not revealed in the desorption curves obtained
at thermal decomposition of graphene
composites with higher filler concentrations
(Fig. 4). The loading with higher graphene
concentration yields a slight effect on the
desorption intensity of stabilized polymeric
structure. There is a slight nonmonotonous
growth in the destruction intensity with a
maximum at the graphene content C=2 %
(Fig. 4, curves 2, 3 and 4). Hence, in graphene
composites the stabilization process of polymeric
structure consisting in fastening unbound
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moieties of chains and cross-links with graphene
surface sites prevails in the concentration range
C<1%. The binding of atomic groups of
formed polymer chains and cross-links with
active surface sites of graphene particles
apparently  dominates at  higher filler
concentrations.

Nonmonotonous growth in the thermal
destruction intensity with rising graphene
content may evidence the mnonmonotonous
transformation of polymeric structure due to the
random fastening nature of epoxy polymer atoms
with graphene surface sites. Development and
evolution of random fastening of polymer chains
in the interface region enhance the disorder of
polymer structure in the composites. Disorder
level of polymeric structure nonmonotonously
varies with increasing graphene concentration
and its behavior reveals in relevant variation of
thermal stability of polymeric matrix. Besides,
the disorder variations of polymer structure with
arising graphene content are accompanied by
nonmonotonous behavior in the concentration
dependence of destruction activation energy of
polymer structure.
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Fig. 5. Concentration dependences of the amount of
released volatile products with m/z 28, 30,
42,43,44,77, and 94

The concentration dependences of an amount
of thermodesorbed atomic fragments for
polymeric structure are shown in Fig. 5. The
total amount of desorbed destruction products O;
in the investigated temperature range was
determined from the following expression:

O(D) = [(* L(T)dT (1)

where 71 =250°C and 7,=550°C are the
temperature interval of the desorption peak for
the i thermodestruction fragment of the polymer
matrix. Fig. 5 shows that the amount of desorbed
polymeric degradation products sharply reduces
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upon the filler content is C < 1.0 %. The Q/(C)
nonmonotonously diminishes with a slight
maximum at C =2 % upon increasing graphene
concentration.  Sharp  reduction in the
thermodesorption intensity of epoxy polymer
structure can be related to rising destruction
activation energy of polymer chains due to
enhancing interatomic interactions in the
composite matrix throughout chemical bonding
of atomic fragments of polymer chains and
cross-links with graphene surface sites.

Destruction activation energy. The thermo-
desorption activation energy FE; for atomic
fragments was determined from the Polanyi —
Wigner formula [39]:

E.=1n (0,/0)RTT:/(T; - T5), (2)

where 77 and T are the temperature range of the
desorption peak width in the half-height, @;, @
are the areas under desorption curves which
correspond to the amount of remaining substance
after reaching 77 and 7, temperatures.

Calculations of the activation energy for neat
epoxy polymer give FE; values in the range
55-132 kJ/mol. The Eq concentration
dependence is presented in Fig. 6. It can be seen
from the Fig. 6 that the activation energy of all
the volatile fragments significantly reduces upon
loading with 1 % graphene nanoplatelets. With
growth in the filler content, the E; slightly and
non monotonously increases with a maximum at
C=2% to values not exceeding the FEy
magnitude for the unfilled polymer over the
entire C interval.
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Fig. 6. Concentration dependences of the desorption

activation energy for volatile products with
m/z 28, 30, 42, 43, 44,77, and 94

The run of the E; (C) dependence correlates
with the O; (C) behavior (Figs.5 and 6).
However, the reduction in the desorption
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activation energy does not correlate with a sharp
increase in the thermal stability of composites
and a relevant diminishing in the destruction
intensity of the polymer matrix. The E; (C)
behavior evidences the formation of polymer
structure regions with a reduced activation
energy in the composite matrix during polymer
structure  stabilization process. Disordered
polymer structure is produced during stochastic
process of chemical binding of polymer atoms
with graphene active sites arranged within the
composite matrix in disodered manner due to a
complicate morphology of basic and lateral
surfaces of multilayer graphene particles. The
complicate morphology of the base surface of
graphene particles, namely, curvature, pores,
edge defects of graphene planes is shown in
Fig. 1. Besides, the active sites on the both
graphene surfaces locate in disodered manner
and their concentration on both surfaces is
different. The disordering in the polymer
structure arises with increasing graphene content.
Simultinously disordering of polymer chains
leads to the lowering their distruction activation
energy Eq.

Thus, the random interaction nature of
surface sites with atoms of polymer chains,
cross-links and unbound atomic moieties leads to
a weakening in the composite structure and
lowering destruction energy of polymer chains.

Heat transport. 1t is known [38], that the
stabilization effect in the polymer structure leads
to a growth of the heat resistance in graphene
composites. Besides, an additional mechanism
raising heat resistance may be realized in
graphene composites. Such a mechanism can be
related with a participate of graphene electron
subsystem in heat transport. In that case the
phonon heat flux propagating in polymer chains
to graphene particles redistributes between the
phonon and electron subsystems of graphene
particles at the interface. The graphene phonon
subsystem, as a result of heat removal by the
conductive electrons, has a lower temperature at
the interface than that of the polymer phonon
subsystem. In other words, at the heat
propagation along polymer chains fastened to
graphene atoms at the interface, a local
diminishing in the energy of vibration of surface
atoms occurs. Such a process reveals as the local
weakening of destruction for atomic groups of
polymer chains bonded with surface sites.
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Phenomenological model of local thermal
processes at the interface is as follows. The
transport of heat ¢ entering into the unfilled
polymer from an external source is carried out by
propagating of the phonon flux g™ through the
polymer chains and cross-links into the epoxy
polymer bulk. Neglecting heat dissipation on the
surface, defects and phonons, we can write:

q = qp™. 3)

In epoxy composite, heat is transported
through polymer chains attached to surface
active sites of graphene particles. Heat transport
along each epoxy polymer chain to the interface
is fulfiled by the propagating flux of local
phonons ¢m,n™® in accordance with the Fourier
equation

gon™=—xpn V Tpp,

“
where xpn is the thermal conductivity coefficient of
the epoxy polymer chains, V T, is temperature
gradient in the polymer chain. The heat transfer
from local phonons to the electronic and phonon
subsystems of graphene particles realizes at the
interphase boundary in the places of fastening
chain atomic fragments having different atomic
compositions, to the graphene surface sites in
accordance with the laws of energy and momentum
conservation. In the local approximation, at the
interface boundary for temperature 7, heat transfer
from the polymer to the graphene particle can be
described by expression

o = Oqpi® + q) &)

where © is the heat transfer efficiency at the
interface, ¢, and ¢ are the phonon and
electron heat fluxes in graphene particles. At
high  temperatures close to  destruction
temperatures of polymer chains, the heat transfer
occurs in the anharmonic mode of phonon
generation, when backscattering local phonons at
the interface is unlikely and the transfer
efficiency is high and probably about to unity
®~=1. The obtained heat by the graphene
electronic subsystem does not return to the
phonon subsystem of polymer due to absence of
electron transport in the polymer. In graphene a
heated electron gas dissipates the received heat
into the phonon subsystem as a result of the
electron-phonon interaction during relaxation
time 7; at a distance from the interface

(6)

S = Vi,
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where v is the velocity of heated electrons. In the
local approximation, on the interphase surface
the temperature of the heat flux of local phonons
in the polymer 7,w® and the heat fluxes of
phonons Tp® and electrons 7.* in graphene are
the same

T= Ty = T + T (7)

Hence, the temperature of the phonon flux in
graphene ¢, at the interphase boundary
abruptly decreases by the temperature value of
heated electrons

A=TE=Tu™ — Ty ®)

Reduction in the temperature of the graphene
phonon subsystem leads to a decrease in the
energy of vibrations of surface site atoms by
value kA (k is the Boltzmann constant). As a
result, the destruction probability of polymeric
atom groups fixed with surface sites decreases,
and the decomposition intensity of the polymer
structure located near the interface also reduces.

Since atomic fragments of polymer chains
fastened to surface sites have different masses,
their frequency vibration modes differ for
various atomic groups in the interface regions. In
addition, at the interface the velocities u; and
impulses p; of local phonons in polymer chains
fastened to surface sites by various atomic
groups are also different. Therefore the
transferred momentum and energy values from
the phonon subsystem of polymer chains to the
graphene electronic and phonon subsystems as
well as the value of the temperature jump A
depend on the masses of bound atoms at the
interface. The heat transfer from polymer chain
to graphene realizes through local surface site.

The A value and its dependence on the mass
of thermodestructed atomic fragments can be
estimated from the desorption curves of
fragments with m/z 17, 43 and 94 for neat epoxy
resin and its composite with 2 % graphene
nanoplates. The value of the temperature jump A;
for i destruction fragment can be determined as a
temperature interval in the region 7' < T, here T,
is the maximum temperature of desorption peak
for atomic destruction fragments of epoxy
composite with 2 % graphene. The A value is a
difference  between the temperatures in
desorption curves for atomic fragments with the
same m/z values for the neat polymer 7; and its
composite with 2 % particles 7. when the
desorption intensity values of both curves are
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equal to maximal magnitude of intensity for the
composite's desorption peak /(Tm) (Fig. 4). The
A; interval corresponds to reduction in
destruction temperature 7; of m/z atomic
fragment for unfilled polymer structure after
introduction of graphene particles in polymer
when the desorption intensities of m/z fragments
for neat polymer /i and its composite /. is the
same. The value of A;is as follows:

Ai=T; (L) — TAL). )

Estimations give the values A = 34, 28.5, and
17 °C for fragments with m/z 17, 43, and 94
respectively (Fig.4). Thus, when mass of
fastened atomic fragments increases, A and the
amount of transferred heat to the graphene
electronic subsystem reduce.

Thus, the loading with graphene particles
gives rise to the growth in the epoxypolymer
thermal stability at concentration range C <1 %
and the thermal stability nonmonotonously
slightly reduces with rising graphene content.
Along with improving polymer structure, the
loading with graphene in the polymer leads to
reduction of activation energy for the polymer
destruction. In addition, at the interface the
distribution of heat phonon flux from polymer
chains among electronic and phononic heat
carriers in graphene particles gives the reduction
of temperature for phonon flux in the thin
surface graphene layer with thickness no more
than s value.

Mechanical parameters. Concentration
dependences of the compressive strength and the
Young's modulus for graphene composites
characterize by the similar nonmonotonous
behavior with increasing graphene content. The
o and E values raise in the extremely low loading
interval at C <0.01 %, and in the content range
0.01 <C<1% the ¢ and E smoothly diminish
with arising C (Fig. 7).

The loading curves of the neat resin and its
graphene composites are shown in Fig. 8. The
curves are characterized by two loading intervals
having different physical nature of deformation.
In the deformation range of € <3, where strain
lineary increases with growing stress, the
deformation is elastic. The conformational
plastic deformation occurs at € > 2.5, when &(P)
is practically unchanged. During conformational
deformation the irreversible configuration
changes realize in the polymer chain structure.
Structural deformation of polymer chains are
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accompanied by relevant altering in the free
volume of  composites.  Conformational
deformation reveals in the neat polymer
(Fig. 8 @). The loading of polymer with graphene
leads to the nonmonotonous change in the
volume of configurational deformations. At a
extremely low content of graphene particles
upon C<0.01 %, the plastic deformation value
Ae = g4—¢., here ¢, and & are the strain values for
the onset and ending of plastic deformation, and
the relevant volume of configurational
deformation in the polymeric chains increases
(Fig. 8 b). However, in the concentration interval
0.01<C<1.0, AegC) and the plastic
deformation volume of polymeric structure
gradually decrease with increasing filling
(Fig. 8 ¢, d, e).
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Fig. 7. Dependences of compressive strength (a)
and elastic modulus (b) on the graphene

content

Thus, the concentration dependence of the
volume of conformational deformations indicates
a nonmonotonous dependence of the free volume
in the composite matrix on the graphene content
in the content region C < 1.0 %.

The changes of conformational deformationt
volume upon loading polymer with graphene
correlate with variations in the ¢(C) and E(C)
parameters (Fig. 9). Loading with grapheme
particles changes the polymeric structure chains,
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free volume of composites and their mechanical
parameters in the similar way. Increasing free
volume and Ag(C) at C<0.01 % lead to growth
in the strength and elastic modulus of the
composites. Reduction in the volume of
configurational deformations in the range
C>0.01 % accompanies a diminish of both ¢(C)
and E(C) parameters. The growth of free volume
and strength of composites upon C <0.01 % can
be attributed to fastening unbounded moieties of
polymer chains with graphene surface sites.
Fastening process reduces the faultiness of
polymer chains and cross-links and leads to more
perfect and strength polymeric structure. The
latter reveals in the increasing free volume and
mechanical parameters.
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Fig. 8. Dependence of deformation on loading of
samples of the neat resin (a¢) and its
composites with 0.01 (b), 0.1 (¢), 0.5 (d) and
1% (e) of graphene particles

In the concentration interval
0.01<C<1.0% the disorder in polymer

structure caused by random process of fastening
atoms of polymer chains with active surface sites
of graphene particles dominates. Such fastening
gives rise to enhancement of conformational
strains in polymer chains and correlated lowering
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of mechanical parameters in the composites.
Besides, the polymer structure disordering with
increasing gaphene content at C>0.01 % also
results in reduction of activation energy of
destruction for the polymer chains and cross-
links.

C, %

Fig. 9. Concentration dependence of  the

configurational deformation

Thus, the interface atomic interaction of
polymer chains with surface sites of graphene
particles results in the stabilization of polymer
structure due to fastening unbound moieties of
polymeric chains and cross-links with surface
sites at the extremely low graphene content.
Stabilization in the polymer structure yields an
increase in the free volume, the number of
structure defects and mechanical parameters. The
random character of the interface atomic
interaction polymer chains and surface sites
reveals in the growth of polymer structure
disorder and reducing in the activation energy of
polymer structure decomposition and mechanical
parameters. The disorder process prevails with
increasing content of graphene particles at
C>0.01 %.

It should be noted that the nonmonotonous
reduction in the mechanical parameters does not
correlate with the monotonic increase in the
thermal stability of polymer structure in the
concentration range 0.01 < C <1 %. The absence
of correlation between the behavior of
mechanical parameters and the thermal stability
of graphene composites is related with various
reasons. Behavior of mechanical parameters is
caused by variation in elastic and conformational
deformations of polymer chains upon loading
graphene filler in the polymer. The growth in
thermal stability may be attributed to partial
removal of heat flux energy at the interface in
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the electronic subsystem of graphene paticles have been investigated. It has been found that
with subsequent lowering vibrational energy of both mechanical parameters increase in the
atoms at the interface. extremely low concentration interval upon
CONCLUSIONS C <0.01 % and reduce with increasing graphene

content.

The effect of low concentrations of The reduction in the activation energy of
multilayer graphene particles on the thermal destruction in polymer structure and mechanical
stability, compressive strength and elastic parameters is related to a rise of the disorder in
modulus of epoxy composites has been studied. polymer structure due to arbitrary atomic binding

The loading with graphene particles in polymer chains with surface sites of graphene
concentration C <5 % results in an essential particles.
increase in the thermal stability of composites The growth in thermal stability is related to
and a reduction in the activation energy of lowering vibrational energy of atoms of
destruction of polymer structure in the epoxy graphene surface sites due to partial removal of
composites. heat flux energy from polymer chains by the

The influence of low concentration of electronic subsystem of graphene paticles at the
graphene particles at C<1% on the interface.

compressive strenght and the Young's modulus

TemyoBi Ta MexaHIYHi BJACTHBOCTI KOMIIO3UTIB €MOKCHIHOI CMOJIM 3 HEOKHMCHEHUM
rpa)eHoM 3a MaJIOro BMicTy rpageny

H.B. CirapsoBa, .M. I'opeaos, O.B. Micuanuyk, J1.JI. CTapokagoMcbKuii

Tuemumym ximii nogepxui im. O.0. Yyuxa Hayionanvhoi akademii nayx Yxpainu
eyn. I'enepana Haymosa, 17, Kuis, 03164, Ykpaina, microfi2@ukr.net

Jlocniooxceno mennogisuuni ma Mexamiuni 61acmusocmi KOMRNO3UMI6 enoKCUOHOI CMONU 3 HEOKUCHEHUMU
epagenosumu yacmunkamu. dacmunuku 6yau ompumani e1eKkmpoximidsHum Memooom ma Maroms Cmpykmypy 6j10Kie
sasmosuwiku 6ina 50 nm. Konyemmpayia yacmumox y wxomnosumax cmanosura C=1.0, 2.0 i 5.0% ona
mennogizuunux docnioxcenv ma 0.01, 0.1, 0.5 i 1.0 % Ons mexaniunux excnepumenmis.

Tennoghizuuni eumipu OecmpyKyii KOMNO3UMI8 GUKOHAHI MEMOOOM MePMONPOSPAMOBAHOL decopbyii 3 mac-
CREKMPOMEMPUYHOIO Peecmpayicio iemkux npodykmis 6 inmepsani memnepamyp 40—800 °C. Ocnosnum egpexmom
68€0€HHSI HEOKUCHEHUX 2PApeHO8UX YACMUHOK € pi3Ke 30UIbWeHHs MepMIiYHOl CmIuKocmi KOMno3umy ma
3MEHUIeHHs KITbKocmi 8uoiienux npodykmie decmpykyii Q; npu manromy emicmi epageny C <1 %. 3i 36invuennam
KOHYyeHmpayii HanoenenHs, 3Hauyenns Qi HeMOHOMOHHO 3MeHuyembest ma mac makcumym npu C = 2.0 %.

Bynu eusnaueni KonyeHmpayitiHi 3a1e)CHOCMI KilbKOCMI 8UOIIEHHUX NPOOYKMIE MepMOPO3KIA0AHH Ma IXHbOl
enepeii akmusayii Oecopoyiii. Eunepeia axmugayii Oecopoyii E; 0na amomuux ppacmenmis, po3paxosana 3a
dopmynorwo Bienepa — Ilonawi, smenwyemsca. 3nauenuss E; HeicmomHO ma HEMOHOMOHHO 3POCMAE mMd Mae
makcumym npu konyenmpayii epageny C = 2 %. Ilokasano, wo 3anedxncnicmo Eq(C) kopenioe 3i sminoio Q; (C).

3anpononosani mooleni, AKi ONUCYIOMb NOBEOIHKY MeNIoPi3uyHUX ma MexaHiynux napamempis. Meowca
MIYHOCMI HA CIMUCKAKHS MA MOOYIIL NPYAHCHOCME GU3HAYEHT OIS eNOKCUKOMIO3UMIE 3 6MICMOM 2pageny He binbuie
1%. Buseneno, w0 napamempu HeMOHOMOHHO 3MmiHwOmbca 3 makcumymom npu C = 0.01 %. Biocymuicmo
KOPenAYii Midic NOBEOIHKOIO MEXAHIYHUX NAPaAMempis i mepMIYHOI0 CMIUKICMIO 2PApeH08UX KOMRO3UMIE N8 S3aHA 3
bacamoma npuuuHamMu. 3MIHA MeXAHIYHUX NAPAMEmpie 3YMOGIeHA 6apIayiclo elacmuyHux ma KOHQOpMayitiHux
dehopmayiti  NONIMEPHUX JAHYIO2I8  6I0 eMICmy 2pagenosoco HanosHiosaua 6 noiimepi.  3pocmarms
mepmMocmadiibHOCMI  3YMOBIEHO YACMKOSUM NEPepO3N00LIoM MeNnio8020 HOMOKY HA MIdCQA3HIL NOGepxHI
eeKMPOHHOI0 RIOCUCMEMOI0 2PAPEHY 3 NOOATLUUM SHUINCEHHAM eHep2ii KOTU8AHb amoMie Ha Medici nooiny ¢as.

Knrouosi cnoea: enokcuouuii Komnosum, HeOKUCHeHUU epaghet, XiMiuna cmiliKicms, MeXaniyHi 61acmueocmi
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TennoBbie 1 MeXaHNYeCKHE CBOHCTBA KOMIO3UTOB 3MOKCHIHON CMOJIBI ¢ HEOKHCJIEHHBIM
rpag)eHOM MpHU MAJIOM coJep:KaHuH rpadeHa

H.B. Curapésa, b.M. I'opesioB, A.B. Mucuanuyk, /I.JI. CtapokagoMmckuii

Hnemumym xumuu nogepxnocmu um. A.A. Yyiiko Hayuonanwnoi axademuu Hayx Yrpaumvl
ya. 'enepana Haymosa, 17, Kues, 03164, Yxpauna, microft2@ukr.net

Hccnedosanvl mennoghuzuyeckue u mexanuieckue cOUCMEA KOMNO3UMOG INOKCUOHT CMObL ¢ HEOKUCTEHHBIMU
epaghenosvimu  yacmuyamu. Hacmuyvl cunmesuposanu INeKMpPOXUMUYECKUM MeMOOOM U UMenu ONOYHYIO
cmpykmypy moauwuro npumepro 50 um. Coodepocanue epagena 6 komnozumax cocmasnino C=1.0, 2.0 u 5.0 %
ona menaogusuueckux uccreooganuii u 0.01, 0.1, 0.5, 1.0 % ona mexanuueckux sKCHepuMeHmos.

Tennogusuueckue ucciedosanust 0eCmpyKyuu KOMRO3UMOE GbINOJIHEHbL MEMOOOM MEPMONPOSPAMMUPOBAHHOL
decopbyuu 3 Mac-cneKmpomMempu4ecKol pecucmpayueti 1emyqux npooykmos ¢ unmepgaie memnepamyp 40-800 °C.
Ochognbim 3¢hghexmom 66eden st HEOKUCIEHHBIX 2PApEHOBbIX Hacmuy A8 sl PE3KOe NOGbIULEHUE THEPMUYECKOl
CMadUILHOCU KOMIO3UMA U NOHUICEHUE KOIUYECmEa OecopOUpOBanHblX emydux npooykmos Q; npu Maiom
cooepoicanus epagena, xo2oa C < 1.0 %. C ysenuyenuem Konyenmpayuu Hanoanumens, snavenue Qi HeMOHOMOHHO
ymenvuaemes u umeem maxcumym npu C = 2.0 %.

Bovinu onpedenenvt konyenmpayuonuvie 3a6UCUMOCHU KOIUYECTNEA GblOEIEHHbIX NPOOYKMO8 MepMOodecopoyuu u
ux suepeuu akmusayuu oecopoyuu E4 Onepeus akmusayuu oecopboyuu Eg 0151 amomusix hpacmenmos, nouyyeHnas
u3 pacuemog no Qopmyne Buenepa — Ilonsanu, ymenvwiaemcs. 3unauenue Eg ne3nauumenvHo u HEMOHOMOHHO
yeenuuueaemcs, u umeem mMakcumym npu konyenmpayuu epagpena C =2 %. Iokazano, umo 3asucumocmo Eq (C)
xkoppenupyem ¢ uzmeneruem Q; (C).

Ipeonosicenvl modenu, onucvlearouue nosedeHue MenioQuauueckux u mexanudeckux napamempos. Ilpeoden
APOUHOCHU HA CoICamue U MOOYIU YHPO2OCMU Onpedeienbl sl INOKCUKOMNO3UMOE C COOepIIcaHuem 2papena He
bonee 1 %. O6mnapysceno, umo napamempuvl HeMOHOMOHHO usmeHaromca ¢ makcumymom npu C = 0.01 %.
Omcymcemeue Koppersiyuy  mexcoy nosedeHuem MeXaHUYecKux napamempos iU MmMepMUdeckol CmouKocmu
2paghenosbix KOMNO3UmMo8 Ce53aH0 ¢ MHOSUMU NPUHUHAMU. HI3MeHeHue MexanuiecKux napamempos o0yclo8ieHo
sapuayueti dAACMUYHBIX U KOHOOPMAYUOHHBIX O0ehopMayutl NOTUMEPHLIX Yenel Om COOEpIHCaHUusi 2pagenoso2o
HanoiHumenst 6 noaumepe. Yeenuuenue mepmocmaburbHOCMu O00YCIO6IEHO YACIUYHBIM NepepacnpeeneHuem
MENL08020 NOMOKA HA MENCHAZHOU NOBEPXHOCTU IIIEKMPOHHOU NOOCUCMEMOU ePApeHa ¢ OaNbHEUUUM CHUICEHUEM
9Hepeuu KoreOaHull amomo8 Ha epanuye pazoeia (as.

Knroueevie cnoea: 3nokcuoHwlll KOMNO3UM, HEOKUCTICHHbIN 2papeH, XUMU4eckdas CmouKoCmys, MeXaHuyecKue
ceolicmea
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