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Abstract—The formation and physical properties of epoxy nanocomposites with carbon (nanotubes,
graphene, and graphite), metal-containing, and aluminosilicate (montmorillonite and halloysite) fillers are
considered. The mutual effect of both a matrix and nanoparticles on the composite structure is discussed.
The role of the interfacial layer in the mechanical properties of nanocomposites is revealed. It is found that
the concentration dependence of electrical and thermal conductivities of the composites is related to the per-

colation phenomenon.
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INTRODUCTION

Since around the mid-1990s, polymer nanocom-
posites have become the subject of considerable atten-
tion, as evidenced by monographs [1—9], including
those published in Russian [1—5], and a great quantity
of reviews: since 2010 alone, more than two dozen
papers have been published [10—34]. The application
of nanocomposites is associated with their unique
properties related to a huge specific surface and high
surface energy of nanoparticles. Nanosized particles,
as opposed to microinclusions and coarser inclusions,
are not stress concentrators, and this circumstance
facilitates a marked improvement in the mechanical
properties of nanocomposites. Compared with the
respective polymers, the transparency of nanocom-
posites does not decrease, because nanoparticles do
not scatter light because of their small sizes. Depend-
ing on the type of nanoparticles introduced in poly-
meric materials even at a low concentration, nano-
composites acquire remarkable chemical (primarily
catalytic), electrophysical, and biomedical properties,
thereby opening wide potential for their use.

Among polymer nanocomposites (Fig. 1, curve 1),
it would appear that composites based on an epoxy
matrix occupy an unnoticeable place—nearly 10% as
to the number of publications—but an ever increasing
number of papers appear annually (curve 2). More-
over, the interest in them grows almost exponentially,
as evidenced by the number of citations (curve 3).

Epoxy polymers in terms of a set of properties stand
out among other polymeric materials and play an
important role in aerospace, automotive, shipbuild-
ing, and other industries. Their wide application in
engineering is associated, firstly, with a high process-
ability of epoxy resins and, secondly, with the unique

combination of performance characteristics of their
curing products [35—38].

A high reactivity of epoxy groups and a thermody-
namic miscibility of epoxy oligomers with many sub-
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Fig. 1. The number of publications on (/) polymeric and
(2) epoxy nanocomposites and (3) the number of their
citations according to the Web of Science.
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stances make it possible to use diverse curing agents
and to accomplish curing reactions under various
technological conditions [39—41]. Of no small impor-
tance are the features of synthesis processes, such as
the absence of volatile products and a low level of
shrinkage.

Epoxy polymers have high values of static and
shock strength, hardness, and wear resistance. They
possess marked thermal stability and heat resistance.
Many solid surfaces form strong adhesive bonds with
epoxy polymers [35, 36]. This circumstance deter-
mines their use as compounds, glues, paint and lac-
quer materials, and coatings. A special place is occu-
pied by composite materials, including fibrous materi-
als [42], primarily highly filled reinforced plastics, in
which high-modulus and high-strength fibers func-
tion as load-bearing elements [43]. A matrix is mostly
designed to realize the properties of composites in the
engineering material. It ensures integrity of the mate-
rial and the transfer and distribution of inner stresses.
Epoxy polymers meet these criteria to a full extent.

Evidently, epoxy nanocomposites are designed to
realize to the same extent the unique functional prop-
erties of nanoparticles: electric, magnetic, optical,
chemical, and biological.

Certain information about epoxy nanocomposites
is contained in the above-listed literature sources.
Reviews [19, 22] are devoted to epoxy nanocomposites
with carbon nanotubes (CNTs). Some aspects of
epoxy nanocomposites containing graphene were cov-
ered in [16]. Other generalizing papers are unavailable
in this field.

Taking into consideration the urgency of the issue
and the presence of recent studies not covered in the
mentioned reviews, we took a chance to address epoxy
nanocomposites containing metal and mineral
nanoparticles, graphene, and CNTs and to discuss the
processes of their formation and properties.

SYNTHESIS OF EPOXY NANOCOMPOSITES

From the standpoint of formation of epoxy nano-
composites, there are two types of fillers: fillers
belonging to the first type are chemically unchanged
and should be reduced to the desired size in one way or
another. An example is provided by CNTs, diverse
minerals, and graphene. Compounds whose chemical
nature changes during composite formation belong to
the second type. These are, in particular, metal salts,
in which cations should be reduced to the zero-valence
state.

In contrast to linear polymers, epoxy nanocom-
posites are obtained only via the curing of epoxy oligo-
mers in the presence of a filler or the corresponding
precursor. It is evident that these additives may affect
the kinetics of the process and the properties of the
resulting matrix. The mechanism of curing of epoxy
resins is fairly complicated, because many reactions
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occur simultaneously and depend on such phenomena
as gelation and glass transition [39, 40]. After incorpo-
ration of nanoparticles into the epoxy resin, the pro-
cess of its curing becomes even more complicated. A
considerable number of papers concern the kinetics of
curing of epoxy systems with various types of nanopar-
ticles.

Kinetics is often analyzed using empirical Eq. (1)

40 _ (k, + ky0") (1 - )", (1)
dt

9% _ (e, + heyor) (1 — @),
dt

(la)
where o is the degree of conversion of epoxy groups;
the sum of exponents m + n defines the overall reac-
tion order, which is usually two. Sometimes it is
assumed that m = 1 (Eq. (1a)). Constants k; and k,
reflect the autocatalytic character of the process.

Carbon Fillers: CNTs, Graphene,
Graphite, and Carbon Fiber

Taking into consideration the molecular structure
of carbon nanoparticles, in particular, graphene and
CNTs [30, 44—48], it may be stated that their influ-
ence on the kinetics of the process of curing of epoxy
oligomers will be similar. Indeed, graphene, CNTs,
and other compounds with the sp?-hybridized carbon
can catalyze diverse organic reactions [49—51]. Their
surface energy is fairly high; therefore, the adsorption
of various molecules is typical of them [52—55]. The
components of epoxy binders are not exceptional in
this respect. Adsorbed molecules may be involved in
the process of matrix formation in a certain manner.

H. Xie et al. [56] investigated the high-temperature
isothermal curing of tetraglycidyl-4,4'-diaminodi-
phenylmethane with 4,4'-diaminodiphenyl sulfone
(DDS) in the presence of multiwall CNTs.

The typical technique used to prepare the reaction
mixture for kinetic studies of the process will be
described below, and the techniques described in
other papers may differ from the typical one only in
details.

A mixture of an epoxy resin with preliminarily
purified multiwall CNTs was sonificated for 2 h and
placed in an oil bath at a temperature of 120°C, and
the stoichiometric amount of a curing agent was slowly
added under continuous mechanical stirring until for-
mation of a homogeneous mixture. This process took
nearly 10 min.

The kinetics was analyzed using Eq. (1). It was
found that, with an increase in the concentration of
CNTs, constant k;, which defines the initial rate of
reaction, grows, while the corresponding activation
energy drops. The autocatalytic constant k, is practi-
cally unaffected by the presence of tubes. The authors
of [56] believe that these effects may be attributed to
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the catalytic effect of surface hydroxyl groups that
arise as a result of oxidation during the purification of
CNTs.

The initial acceleration of the reaction under the
action of single-wall CNTs was also observed in [57],
but the magnitude of this effect was insignificant. At
the same time, the glass-transition temperature 7,
decreased, thus suggesting a reduction in the degree of
crosslinking of the matrix [39].

E. Esmizadeh et al. [58] studied the effect of con-
centration and type of CNTs (single-, double-, and
multiwall) on the kinetics of reaction between a low-
viscosity mixture of epoxy oligomers and amine curing
agents. Analysis was conducted in terms of the equa-
tion

4o _ 1 (Tyo" (1 - o). Q)
dt

It was shown that the type of CNTs exerts almost
no effect on kinetic parameters possibly because of
their low concentration (0.01%). At a concentration of
0.1, 0.2, and 0.5%, the rate constant changes non-
monotonically, but on the whole it is lower than that in
the absence of CNTs. The energy of activation
increases by almost one and a half times (from ~6 to
~9 kJ/mol). The heat of reaction decreases, indicating
the incompletion of the process. This is also evidenced
by a decrease in the high-elasticity modulus, i.c.,
matrix network density. In accordance with the
authors, the observed effects may be explained by
increase in the viscosity and thermal conductivity of
the system in the presence of CNTs, although these
properties were not estimated.

As was shown by A. Visco et al. [59], multiwall
CNTs, when taken at low concentrations (0.5%),
slightly accelerate the reaction of amine curing of
bisphenol F diglycidyl ether, while at higher concen-
trations (1.5%) they decelerate this reaction. In the
authors' opinion, the rate of the process is affected by
a gain in the viscosity of the system.

In [60], the curing of an epoxy resin is regarded as
a heterogeneous phase formation process and the role
of multiwall CNTs is discussed from this viewpoint.
The authors believe that the tubes restrict the local free
volume and assist in development of the heteroge-
neous morphology in a resin, especially at a high con-
tent of multiwall CNTs. At the same time, with an
increase in their concentration (to 1%), the ultimate
heat of reaction increases, while the energy of activa-
tion decreases.

The main quantity of kinetic studies is aimed at
gaining insight into the effect of functionalized CNTs
using DSC. In this case, the data are analyzed as a rule
in terms of the generalized formula

do.
—==k(T)f(). 3)
dt
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Fig. 2. Dependence of the activation energy on conversion.
The concentrations of multiwall CNTs are (/) 0, (2) 0.1,
(3) 0.5, and (4) 1.0%. The data are taken from [61].

The energy of activation E, was determined by
varying the rate of scanning. Naturally, the value of E,
depended on conversion .

As an example, Fig. 2 presents the data of A. Raha-
man and A. Mohanty [61], who studied the influence
of multiwall CNTs carrying COOH groups on the pro-
cess of curing of epoxy resin EPOLAM with anhydride
of 1,2,3,6-tetrahydroxymethyl-1,3,6-methaneph-
thalic acid. According to these authors, this depen-
dence provides evidence that in the presence of multi-
wall CNTs the degree of crosslinking increases; as a
result, the mobility of unreacted groups declines.

Note that methods using the dependence of a
change in the exothermal peak on the rate of heating
cannot provide reasonable isothermal predictions for
the kinetics of curing of epoxy compounds because of
the autocatalytic character of the process [39, 40]. The
presence of at least two kinetic constants, as in Eq. (1),
should be taken into account. An adequate analysis of
the situation is available in [62].

In this context, noteworthy are other methods that
may be used to advantage depending on the type of
investigation or the nature of epoxy resins [63].
Among them, for example, the method of lumines-
cence spectroscopy makes it possible to determine the
degree of conversion with a high accuracy at the final
stage of reaction. This is hardly achievable in the case
of other methods. Analysis with the aid of a rheometer
provides information about the time of gelation which
cannot be obtained by another method.

The DSC studies of T. Zhou et al. [64] showed that
multiwall CNTs act as catalysts, with COOH func-
tionalization stimulating the initial stage of the curing
of bisphenol A diglycidyl ether (BADGE). This accel-
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Fig. 3. Initial stage of curing of the epoxy matrix in the presence of COOH-functionalized CNTs. The data are taken from [71].

erating effect is noticeable even at a 1% content of
multiwall CNTs. Nonfunctionalized multiwall CNTs
decrease the degree of crosslinking, as evidenced by a
lower overall heat of reaction and lower glass-transi-
tion temperatures of the nanocomposites compared
with the neat epoxy resin. At the same time, the func-
tionalization of multiwall CNTs increases the degree
of crosslinking.

Compared with the neat epoxy resin, 1% of carbox-
ylated multiwall CNTs decreases the heat of reaction
and increases the energy of activation [65]. Fluori-
nated tubes insignificantly influence the value of E,
but lower the ultimate degree of conversion.

In accordance with L. Valentini et al. [66], the
grafting of butylamine onto plasma- and CF,-treated
single-wall CNTs markedly improves the ultimate
conversion, whereas neat tubes, when the reaction is
accomplished in the nonisothermal regime, have no
effect on this parameter, while in the case of the iso-
thermal regime (30°C), they decrease it.

J. Qiu and S. Wang [67] arrived at another conclu-
sion: neat and aminated single-wall CNTs reduce the
ultimate heat of reaction. Tubes with the grafted epoxy
groups give almost the same value of heat as that
obtained in the curing of resin without any filler: 355
versus 362 J/g. It is possible that different results may
be attributed to different concentrations of single-wall
CNTs. In [66], this value was 0.1%, while in [67] the
concentration is not indicated; it appears that this
value is much higher.

The kinetic analysis of the curing process in terms
of Eq. (1) does not reveal marked differences in the
values of constants and exponents for the systems of
interest.

However, as was shown in [68], the introduction of
3% of neat multiwall CNTs does not influence the
kinetics of reaction, but tubes with grafted amino
groups decrease constant k, by a factor of almost 2.5,
increase k, by a factor of 3, and decrease exponent m
from 0.53 to 0.27.

K. Yang et al. [69] demonstrated that multiwall
CNTs with amino groups decelerate the curing of
BADGE with 2-ethyl-4-methylimidazole at concen-
trations of 0.5 and 1 wt %, but the deceleration effect
vanishes at a concentration of nanoparticles of 3%.
However, in this case, the value of ultimate heat
decreases as well. Note that neat multiwall CNTs
accelerate curing of the same reaction system [64].
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The impact of multiwall CNTs carrying acidic and
amino groups on the process of curing was studied by
Raman and Iuminescence spectroscopy [70].
Throughout the reaction conducted in the presence of
nanoparticles, the rates were higher compared with
the neat resin. The difference in the rates of curing was
explained by homogeneity of the sample and the pres-
ence of chemical groups.

S.V. Kondrasheyv et al. [71] analyzed the kinetics of
the amine curing of BADGE in the presence of multi-
wall CNTs functionalized by oxygen-containing
groups using viscometry and transmission electron
microscopy along with calorimetry.

The samples of multiwall CNTs had different val-
ues of specific surface S. This factor was found to be
decisive in the kinetic study of reaction: if at the onset
the rates were equal, then, by the time of attaining the
maximum rate W,,,, the higher the value of S, the
more pronounced the deceleration of the process, so
that the time of attaining W,,,, increased. Afterwards,
the inverse effect was observed, namely, acceleration,
so that the higher the value of .S, the more pronounced
the final heat release. The rheokinetic study demon-
strated that the time of a sharp gain in viscosity of the
system (the gel point) also shifts to longer times with
an increase in .S. However, variation in the concentra-
tion of multiwall CNTs (to 5%) insignificantly influ-
ences the kinetics of reaction.

The kinetic features of the process may become
understandable if the micrograph of the epoxy com-
position which is measured at the initial stage of curing
performed in the presence of multiwall CNTs is exam-
ined (Fig. 3). It is seen that compact polymer struc-
tures grow along the tube. Evidently, hydroxyl groups
grafted on the surface catalyze the reaction of epoxy
groups with amine [40] to give rise to new hydroxyl
groups accelerating this reaction. In doing so, the pro-
cess of polymer formation is localized and the reaction
assumes the frontal character. The natural conse-
quence of the localization process is the formation of
ineffective crosslinks. Therefore, the value of critical
conversion increases and correlation is observed
between the time of a sharp gain in viscosity and the
specific surface of multiwall CNTs.

As was shown in [72], graphene oxide (GO) accel-
erates the curing of tetraglycidyl-4,4'-diaminodi-
phenylmethane with 4,4'-diaminodiphenyl sulfone.
According to [72], this effect is related to the presence
of hydroxyl and carboxyl groups on the surface of GO.
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S.H. Ryu et al. [73] investigated the kinetics of the
nonisothermal curing of BADGE with liquid
poly(amido amine) in the presence of amine-func-
tionalized GO using Eq. (2). It is seen that, for the sys-
tems without any filler and in the presence of GO con-
taining NH, groups, the parameters of this equation
are similar. At the same time, GO slightly decelerates
the process.

J.K. Park and D.S. Kim [74] cured a mixture of
BADGE and 1,1,2,2-tetra(p-hydroxyphenyl)ethane
tetraglycidyl ether with diethyltoluenediamine in the
presence of graphene and showed that the latter some-
what accelerates the reaction and increases T, by 15—
25°C. Previously, the same authors showed using
Eq. (1) that this effect is associated with an increase in
constant k; and the functionalization of graphene by
amine enhances the effect of the filler [75].

The IR spectral analysis of the curing of BADGE
with 4,4'-diaminodiphenylmethane in the presence of
GO allowed D.G.D. Galpaya et al. [76] to obtain
kinetic curves for both epoxy groups and primary, sec-
ondary, and tertiary amino groups. These studies
made a considerable contribution to gaining insight
into the mechanism of reaction. It was shown that the
original GO has no effect on the overall kinetics of the
process and even decelerates the consumption of pri-
mary amino groups. But after autoclave purification,
GO increases the rate of reaction of epoxy groups by
more than a factor of 2 and the rate of reaction of pri-
mary amino groups by a factor of 1.8. As was shown by
X-ray photoelectron spectroscopy, purification leads
to a marked reduction in the amount of oxygen-con-
taining groups on the surface of GO.

The glass-transition temperature of a nanocom-
posite based on the crude GO is much lower than that
of the epoxy matrix, whereas the purification of GO
causes an increase in this parameter, although 7, does
not attain the 7, value of the matrix.

The authors of [77] studied the influence of various
graphite fillers (graphite with a high surface area,
graphite oxide, and exfoliated graphite oxide) on the
reaction of epoxy ring opening of BADGE by
amines—primary (benzylamine and cyclohexyl-
amine) and secondary (dibenzylamine)—and
hydroxyl (benzyl alcohol). These data indicate a
strong catalytic effect of fillers on the reaction with
amines. This effect is the most pronounced for the
exfoliated graphite oxide. In the case of benzyl alco-
hol, interaction with epoxy groups was observed only
for graphite oxide.

A similar effect was exerted by fillers on the process
of matrix formation: in the presence of graphite fillers,
the rate and heat effect of the reaction grow and the gel
point shifts to smaller times.

In essence, analogous data were reported by
M. Mauro et al. [78]. These authors believe that a
marked rise in the 7, of nanocomposites compared
No. 6
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with the neat matrix is evidence for the catalytic effect
of graphite with a high surface area (308 m?/g) and
graphite oxide. The catalytic effect of graphites was
confirmed using the reaction of epoxystyrene with
benzylamine.

On the other hand, L. Li et al. [79] found that the
samples of graphite oxide with carboxyl or amino
groups have almost no effect on the kinetics of the
nonisothermal curing of BADGE with 4,4'-diamino-
diphenylmethane. Possibly, this is related to a low
concentration of the fillers (0.5%).

In [80], the effect of carbon nanofibers (a diameter
of 100—200 nm and a length of 30—100 um) oxidized
in a solution of nitric acid and then treated with 3-gly-
cidoxypropyltrimethoxysilane on the kinetics of cur-
ing of epoxy resin Cycom 977 described by Eq. (1) was
studied. It was shown that all kinds of fibers exert a
catalytic effect which manifests itself as an increase in
ultimate conversion and growth of kinetic constants &
and k,. Note that E,, decreases, while F,, increases. In
terms of catalytic efficiency the fibers may be arranged
in the following sequence: untreated, oxidized
(COOH groups on the surface), and treated with
silane (epoxy groups on the surface).

The catalytic effect of a carbon nanofiber was
observed in [81]: the ultimate conversion and the
kinetic constants in Eq. (1) increase, while the respec-
tive activation energies decrease. An even higher activ-
ity is exhibited by a fiber whose surface is modified
through the oxidative polymerization of aniline
(in accordance with the authors, the “nanograssy”
coating).

The above results are fairly contradictory. Most
likely, this circumstance may be explained by ambigu-
ity with respect to the filler concentration and uncer-
tainty in the degree of dispersion and in the value and
structure of its surface.

Noncarbon Fillers: Oxides of Metals and Silicon

R. Sanctuary et al. [82] explored the effect of Al,O,
nanoparticles on the kinetics of polycondensation of
BADGE under the action of diethylenetriamine using
modulated DSC. As a result, not only the rate of the
process was registered, but also variation in the heat
capacity of the system during the process was moni-
tored. It was shown that the filler increases the rate of
reaction but decreases the ultimate heat. Viscosity
measurements confirmed that the formation of the
polymer network accelerates in the presence of
nanoparticles and the gel point shifts not only with
time but also with conversion. This implies that
nanoparticles are directly involved in the formation of
intermolecular bonds. At the same time, experiments
with water additives [83] revealed that nanoparticles
affect the kinetics of the curing reaction in qualita-
tively the same manner as Al,O; nanoparticles. The



796

authors of [83] inferred that water adsorbed by
nanoparticles is responsible for the catalytic effect.

The authors of [84] used DSC to examine the effect
of additives of Al,O; and ZnO nanoparticles on the
curing of BADGE with o-tolylbiguanidine. Both
oxides decelerate the reaction but increase the ulti-
mate limiting degree of conversion. Exponents m and
n in Eq. (2) remain almost unchanged, whereas the
activation energy decreases. Note that in the case of
ZnO this decrease is considerable.

In accordance with [85], at a fairly low concentra-
tion (1 and 5%), ZnO nanoparticles accelerate the
reaction of BADGE with 2,2'-diamino-1,1'-binaph-
thyl; at a concentration of 10%, their catalytic effi-
ciency declines, while at a content of 15% retardation
is observed. Compared with the neat matrix, nano-
composites feature higher values of ultimate heat and
glass-transition temperature with the maximum values
corresponding to the 5% content of nanoparticles.
Probably, reduction in the catalytic activity of
nanoparticles with increasing concentration may be
attributed to their aggregation; as a result, the effective
surface decreases.

M. Ghaffari et al. studied how the size of ZnO
nanoparticles affects the kinetics of BADGE curing
with poly(amino amide) [86]. Nanoparticles were
sheets with a thickness of nearly 20—40 nm, while
microparticles were rods with a length of ~1 um. Anal-
ysis was performed using Eq. (2). It was found that the
autocatalysis of reaction is absent; that is, m = 0 and
n is somewhat above unity. For both composites, com-
pared with the neat matrix, the energy of activation
decreases, but the rate constant slightly grows in the
case of the microcomposite and declines in the case of
the nanocomposite.

O. Zabihi et al. [87] cured BADGE with the pro-
pylenimine dendrimer carrying eight end groups
—NH, in the presence of Fe,O; nanoparticles. The lat-
ter manifested the catalytic effect. The higher the con-
centration nanoparticles, the more pronounced the
increase in ultimate conversion and glass-transition
temperature. It is shown that the kinetics of formation
of a nanocomposite containing 10% Fe,O; is ade-
quately described by Eq. (1a). As regards other sys-
tems, including the neat matrix, no data are available.
A similar result was reported by the authors of [88],
who showed that the kinetics of curing of glycerol
diglycidyl ether with 3,3'-dimethylglutaric anhydride
in the presence of Al,O; obeys Eq. (1a).

Nanoparticles of metal oxides are able to adsorb
components of the reaction system to one extent or
another [89]. Possibly, their kinetic role is associated
with this property.

Direct measurements of the complex specific heat
capacity [90] demonstrated that the interaction of
SiO, nanoparticles and BADGE molecules is very
weak. At all stages of polymer network formation, the
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interaction of nanoparticles and matrix is of a physical
origin. The effect of the filler on the kinetics of curing
was insignificant.

In contrast, acceleration of the process was
observed in [91, 92]. The kinetic studies [93] revealed
that the catalytic effect of SiO, nanoparticles is related
to the presence of hydroxyl groups on their surface.
When the latter groups are changed for epoxy groups,
the effect of nanoparticles on the kinetics of BADGE
reaction with m-phenylenediamine is eliminated.

Minerals

For polymer nanocomposites, the most popular
fillers from the class of minerals are layered silicates
[94], which are sometimes called nanoclays, in partic-
ular, montmorillonite (MMT). The structure of its
crystal lattice is such that it can adsorb various ions
(mostly cations) and swell in polar liquids owing to
their penetration into the interlayer space [95, 96].

At the nanometer scale, MMT is composed of
three-layer stacks ~0.7 nm in thickness and several
hundred nanometers in length and width. At the
micron level, these stacks are united into primary par-
ticles with an interlayer distance of about 1.35 nm. At
a higher level, they form aggregates. During formation
of nanocomposites, stacks should be exfoliated in
order to reach a high area of contact with the matrix.
In order to facilitate exfoliation, the surface of stacks
should be treated for the purpose of changing their
hydrophilic nature to hydrophobic, because the
hydrophilic character of the silicate surface hampers
the dispersion of MMT. Neutral organic compounds
may form complexes with interlayer cations; for exam-
ple, alkylamines are transformed into alkylammonium
cations.

These properties of MMT govern the kinetic fea-
tures of formation of epoxy nanocomposites.

In the absence of the curing agent (1,3-phenylene-
diamine), the modified MMT and even the unmodi-
fied MMT promotes the homopolymerization of
BADGE at a high temperature [97]. Depending on the
nature of the intercalated modifier (octadecyl-,
trimethylstearyl-, methyldihydroxyethylammonium),
MMT may either catalyze the reaction of the epoxy
oligomer or react with a prepolymer or a curing agent.

At the same time, it was found that MMTs modi-
fied with alkylamines weakly accelerate [98—100],
retard [101], or do not affect at all [ 102] the kinetics of
curing of epoxy oligomers with amines. A weak accel-
eration was also observed in [103] for the unmodified
MMT and MMT with intercalated 3-aminopropyle-
thoxysilane.

Thus, it should be stated that the rate of curing of
epoxy oligomers is almost insensitive to the presence
of MMT. However, the kinetics of formation of poly-
mers is not reduced only to a change in the concentra-
tion of reactants: structure formation should be taken
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into account. Even to a higher extent, this applies to a
nanocomposite, whose properties are determined not
only by structural levels of the polymer matrix but also
by the structure of nanoparticles and the character of
their distribution in the material bulk.

As was noted above, MMT needs exfoliation.
Exactly this process occurs during the chemical reac-
tion, and its efficiency depends on the reaction condi-
tions. For example, it was shown [104] that the cat-
ionic polymerization of triglycidyl-p-aminophenol
occurs within the interlayer space, which entails the
exfoliation of MMT, whereas with DDS the epoxy
oligomer reacts outside the interlayer cavity. An
increase in temperature is favorable for the former
reaction: ultimate conversions inside and outside the
cavity are 0.19 and 0.74, respectively, at 120°C or 0.76
and 0.77 at 180°C.

The optimum structure of epoxy composites was
achieved when BADGE was cured with poly(ester
diamine) in the nonisothermal regime at a low rise in
temperature (2.5 and 5 K/min) [105]. Small-angle X-
ray scattering studies revealed the exfoliation of MMT
in the matrix. The authors of [106] used hyper-
branched polyethylenimine with end amino groups as
a curing agent and attained effective exfoliation. A
comparison of three systems, such as triglycidyl-p-
aminophenol + DDS, BADGE + poly(ester
diamine), and BADGE + hyperbranched polyeth-
ylenimine, showed [107] that the exfoliation ability of
MMT decreases in the mentioned sequence.

As was reported in [108], the nonisothermal curing
of epoxy oligomers with amines in the presence of
MMT includes four different reactions: formation of
the matrix via the interaction of epoxy groups with the
diamine curing agent, intracavity homopolymeriza-
tion, and two homopolymerization reactions outside
MMT which are catalyzed by onium ions of organi-
cally modified clay and tertiary amines.

D. Kong and C.E. Park [109] applied X-ray dif-
fraction to probe the exfoliation of MMT intercalated
by octadecylammonium during the isothermal curing
of BADGE with DDS and showed that this process
may be divided into three different stages (Fig. 4).

The first stage is related to the penetration of
BADGE into the interlayer space of MMT; at the sec-
ond stage, the cationic polymerization of the epoxy
resin catalyzed by ammonium takes place; and at the
third stage, BADGE sorbed by MMT is cured with
amine.

In order to identify the intracavity polymerization,
a mixture of MMT and triglycidyl-p-aminophenol was
held at various temperatures for tens of days in the
absence of the amine curing agent. Afterwards, DDS
was added and the curing process was conducted in
the nonisothermal regime [110]. A similar trick was
employed for the system BADGE—MMT—poly(ester
diamine) [111]. At the first stage, the epoxy equivalent
and the glass-transition temperature increased. This
No. 6

POLYMER SCIENCE, SERIESA  Vol. 59 2017

797

d, nm
50

Undefinable region

40

30

20

10

1
0.8
Conversion

0.6

Fig. 4. Change in distance d between MMT sheets during
the isothermal curing of BADGE at (/) 140, (2) 130, and
(3) 120°C. Roman numerals denote stages of the exfolia-
tion process. Arrows indicate the expected tendency of
exfoliation. The data are taken from [109].

technology makes it possible to improve both the
degree of dispersion of MMT in the epoxy resin and
the subsequent exfoliation of the clay during forma-
tion of epoxy nanocomposites.

In [112], the period of the intracavity polymeriza-
tion was reduced to tens of minutes owing to the use of
complex BF; - C,;HsNH, as a catalyst.

S.B. Jagtap et al. [113] made an attempt to accom-
plish the intracavity polycondensation. As opposed to
the commonly used MMT modifiers, i.e., polyalkyl-
amines, they used half neutralized salt of poly(ester
diamine), which was intercalated via ionic exchange in
an aqueous—organic solution, assuming that these
macromolecules, when fixed by the ionic end on the
walls of the cavity, will react with epoxy groups of the
binder via its free amine end. However, no direct evi-
dence for this reaction is available in [113].

Metal-Containing Nanoparticles Synthesized In Situ

The synthesis of metal-containing nanoparticles
meant for producing nanocomposites may be accom-
plished under the action of various physical processes
on the preformed matrix containing molecules of
appropriate precursors [3, 4, 114—117]. Physical meth-
ods of obtaining metal-containing nanoparticles
(photolysis, radiolysis, and thermolysis) are as a rule
accompanied by chemical reactions leading to their
formation. An important factor is the diffusion of the
formed primary substances (metal atoms): the glassy
state of the matrix provides a considerable obstacle to
diffusion. For example, N-cetylpyridinium tetrachlo-
roaurate synthesized in [118] was dissolved in methyl
methacrylate and, after polymerization of the latter,
was subjected to UV radiation. However, the forma-
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tion of gold nanoparticles was registered only at tem-
peratures above 7, of the polymer.

A substantially different method involves the com-
bination of processes of formation of a matrix and
metal-containing nanoparticles, i.e., formation of the
nanocomposites in situ.

The main chemical method used at moderate tem-
peratures includes the reduction of chemically bound
metal atoms in nonpolar media. Exactly chemical
reduction methods are the subject of the greatest num-
ber of publications [114, 116, 119—125]. Mechanisms
controlling formation of metal-containing nanoparti-
cles in situ are highlighted in the review [126].

As precursors soluble in organics, complexes of uni-
valent gold [O(AuPR;);](CF;S0;) (R = Ph or CH,)
[127], [RN(CH;)3][Au(SC1;Hys),] (R = CgHyy, CppHys,
and CyHy), and [(C;sH3;),N(CHs),][Au(SC ,H,s),]
were proposed [128]; salts of organic acids with a fairly
bulky (even high-molecular-mass [129—131]) radical,
such as silver myristate C;H,,COOAg, copper oleate
(C3H3;C0O0),Cu, silver oleate, silver octanoate
C,Hs;COOAg, silver stearate C;H;;COOAg, silver
2-hexyldecanoate p-CgH;CH(n-CcH ;) COOAg, cis-
9-octadecanoate  p-CgH;CH=CH(CH,),;COOAg,
and silver neodecanoate CH;(CH,);C(CH;),COOAg,
have enjoyed popularity [132—140].

However, the nonideal state of solutions of these
compounds should be taken into account. This implies
that, when a certain value is exceeded, precursors in
solution are united into associates, i.e., are clustered.
Evidently, this circumstance cannot be disregarded
when considering feasible mechanisms governing for-
mation of metal-containing nanoparticles.

L.I. Kuzub et al. [161, 162] synthesized silver
nanoparticles by the reduction of alkyl carboxylates in
trimethylamine at 78°C. It was found that the induc-
tion period grows and the maximum rate decreases in
the following sequence: decanoate, myristate, and
stearate. But in this sequence, the length of the hydro-
carbon radical of carboxylates (Cy, C;3, and C,;;)
increases. It is reasonable to assume that solubility
grows in the same sequence and, hence, the possibility
of formation of clusters decreases. Thus, there is a
direct relationship between the rate of formation of
nanoparticles and the concentration of precursor clus-
ters.

This idea underlies the theory of formation of
metal-containing nanoparticles from precursors of the
silver carboxylates type via their reduction which was
put forth by M.E. Solov’ev et al. [143].

The model adopted for formation of metal-con-
taining nanoparticles may be presented as follows.
Carboxylates reversibly form triangular and tetrahe-
dral clusters. The development of larger clusters is not
allowed because of steric reasons. The reduction of
cation in them occurs. As a result, the adsorption of
new salt molecules becomes possible. Indeed, if for
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carboxylates the tetrahedral structure is limiting, then
the metal atom in the limit may be surrounded by 12
molecules (the icosahedron structure). It is assumed
that the concentration of the reducing agent is high, so
that the corresponding reaction is pseudo first order.
Thus, the kinetic scheme may be written as follows:

3Ry, Ry;—2—3R,,
Ry + Rys —= Roys—— Ry, + Ry
Ry, + R; —h R; ;i 4

k
R;,—*— Ry + R,
k
Ri—=— R,

(i=0,1,2,..;j=3,4,.). Here R; denote clusters
composed of i carboxylate molecules and j atoms of
the zero-valence metal. Accordingly, R, is the initial
carboxylate, R; is the cluster of the triangular carbox-
ylate, and R, is the cluster of the tetrahedral carboxyl-
ate. Reactions with constants k; and k, are responsible
for the formation and dissociation of associates con-
sisting of three carboxylate molecules, and reactions
with constants k; and k, correspond to the addition of
one molecule to cluster R; and its detachment. The
reaction with constant ks involves reduction of the
bound metal in a cluster.

A system of equations corresponding to scheme (4)
was analyzed with a wide variation in kinetic con-
stants. It was shown that the values of k,, k,, and k;
have a slight effect on kinetics of the process. The
decisive role is played by constants k; and k;, that is,
those constants that determine reactions giving rise to
clusters, including mixed clusters.

The kinetics of the process is characterized by exis-
tence of the induction period in the reaction of car-
boxylate consumption and an almost linear growth of
average sizes of metal-containing nanoparticles with
conversion. With increase in constant k;, the maxi-
mum rate increases, the induction period shortens,
and the sizes of resulting particles decrease. At the
same time, the narrow size distribution is typical of
these particles.

Papers addressing methods of in situ obtainment of
epoxy nanocomposites with metal nanoparticles are
scarce. Below we will concern studies published
during the last decade.

Under UV radiation 2,2'-dimethoxy-2-phenylace-
tophenone decomposes into radicals. A dimethoxy-
phenylcarbonium radical reacts with AgSbF, and
reduces a silver cation to Ag(0) via the transfer of elec-
tron, and then the radical transforms into the carbo-
nium cation able to initiate the polymerization of
diepoxide. Hence, silver nanoparticles and network
matrix are formed simultaneously [144]. With increas-
ing concentration of silver salt, the rate of polymeriza-
tion and the ultimate conversion decrease, but the
glass-transition temperature increases.
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L. Vescovo et al. [145] varied the concentration of
AgSbF; in a wide range and determined the yield of
silver nanoparticles (Fig. 5). In part, these results were
proved in [146]. As is seen, an almost full conversion
was attained (the amount of Ag is 31% of the precursor
mass).

Y. Yagci et al. [147—149] synthesized silver
nanoparticles using the same precursor, AgSbF,, but
in the presence of 3,5-bis(4-methoxyphenyl)dith-
ieno[3,2-b;2,3d]-thiophene degradable under irradia-
tion with visible light [147]. A similar technique was
employed to synthesize epoxy nanocomposites with
nanoparticles of silver [148] and gold [149], but
2,3-bornadione (camphorquinone) was used as a
source of radicals; in the case of gold, the precursor
was HAuCl,.

J. Lu et al. [150] synthesized silver nanoparticles in
situ via the reduction of AgNO; in the epoxy resin by
Triton-100, which simultaneously functioned as a sta-
bilizer of nanoparticles. A cycloaliphatic epoxy resin,
hexahydro-4-methylphthalic anhydride as a curing
agent, a reducing agent, and a precursor were dis-
solved in acetonitrile and exposed to UV radiation.
After completion of the process, the solvent was
removed at a reduced pressure.

It is supposed [151] that in this case the role of irra-
diation is insignificant; it is more probable that reduc-
tion occurs via the following mechanism

—OH + Ag* - —COOH + Ag(0),

where —OH is the end group of the reducing agent.

In [152], a complex of silver acetate and 2-ethyl-4-
methylimidazole was synthesized in an epoxy resin
and during its curing Ag* was reduced to Ag(0) as a
result of thermal decomposition of the complex. In
such a manner, silver nanoparticles were generated in
situ. The imidazole product of complex decomposi-
tion served as a curing agent.

L.M. Bogdanova et al. [153—155] cured the epoxy
resin ED-20 with triethylamine in the presence of sil-
ver myristate. The reduction of the latter and the for-
mation of silver nanoparticles occurred simultane-
ously during polymerization. Reduction agents were
both amine and the epoxy group. Carboxylate groups
compatible with the medium functioned as stabilizers
of particles.

The distinctive feature of formation of nanoparti-
cles in the curing epoxy matrix is that this process
occurs under conditions of a growing viscosity and
eventually glass transition of the system. In principle,
this may transfer any stage of the process from the
kinetic to diffusion region: nucleation, growth of
nanoparticles via addition of zero-valence atoms, and
secondary reactions of the coalescence type or Ost-
wald ripening. Indeed, as was shown in [155], in the
isothermal regime at 70°C, the process decelerates
because of glass transition. An increase in temperature
to 130°C leads to its “reanimation.” At a 3% content of
No. 6
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Fig. 5. Dependence of the yield of silver nanoparticles on
concentration of the precursor. The data are taken from
[146].

triethanolamine, the volume concentration of
nanoparticles grows. Compared with the isothermal
curing, the number of nanoparticles remains at the
same level, but their size grows. However, at a 5%
amount of triethanolamine, the volume concentration
of nanoparticles does not grow, although their size
increases, while their number shows the tendency
toward decline; that is, the process of aggregation
occurs.

STRUCTURE AND PROPERTIES
OF EPOXY NANOCOMPOSITES

The properties of polymer nanocomposites are
defined by the structure of the matrix, by the type and
character of distribution of nanoparticles within the
volume, and, finally, by the value and nature of the
interfacial layer. In the case of epoxy nanocomposites,
these factors are laid to a considerable extent at the
stage of synthesis. Many examples are given above as
both the matrix and distribution of, say, MMT within
the volume. However, the issue regarding formation of
the interfacial layer remained uncovered.

Interfacial Layer

As was shown in many papers, mostly using the
nanoindentation method ([156—162]), regardless of
the nature of fiber and matrix, the interfacial layer
extends by micrometers in polymeric fibrous compos-
ites. It is evident that the same situation should be
expected in the case of nanocomposites.

Indeed, the surface energy of nanoparticles is fairly
high; therefore, the adsorption of various molecules is
typical of them. The components of epoxy binders are
not exceptional [52, 163—165]. It should be kept in
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mind that the structures of adsorption layers are dif-
ferent for one-dimensional CNTs, two-dimensional
graphene, and three-dimensional metal-containing
nanoparticles [166]. In the latter case, the agglomera-
tion of particles accompanied by the development of
fractal structures possessing peculiar adsorption prop-
erties is possible [12].

CNTs and graphene can be noncovalently func-
tionalized without distortion of the morphological
structure through formation of t—mn bonds with aro-
matic compounds and corresponding polymers and
surfactants via ionic interactions [163, 164, 167, 168].
The silicate surface of MMT and halloysite nanopar-
ticles ([169]) is modified with organic compounds,
including amines and silanes [113, 170]; in this case,
ionic bonds may form.

Alkylamine-type compounds react with the
nanoparticles of metals and their oxides to form Mt—
N bonds [165, 171, 172]. The same behavior is typical
of alkylthiols. But if S—Mt bonds exist, the potential of
attraction between the alkyl chain and the surface of
nanoparticles is such that adsorbed molecules form
bonds with the maximum possible number of surface
metal atoms [173].

At the same time, the molecular dynamic calcula-
tions of the surface area G, of alkanethiols adsorbed by
a spherical gold nanoparticle [174] showed that o,
declines with decrease in radius r according to the fol-
lowing formula:

-1
S _ (1 + @) : (5)
o r

where G;is the footprint of an alkanethiol molecule on
the flat surface and r is expressed in nm.

It was shown that, beginning from hexanethiol, the
value of G, is independent of the ligand length. Calcu-
lations are consistent with the experimental data [175].

Thus, adsorption is a cause of interfacial layer for-
mation.

Another factor ensuring the stable interfacial inter-
action of nanoparticles with a matrix is their covalent
functionalization [30, 176, 177]. It should be noted
that, as opposed to noncovalent modification, cova-
lent modification may introduce defects into the
structure of nanoparticles. For example, the introduc-
tion of surface COOH groups via the oxidation of
CNTs leads to bending of the tube and thus worsens its
mechanical and conducting properties [178].

Finally, the specific feature of epoxy nanocompos-
ites, namely, that the synthesis of the epoxy matrix
occurs as a rule at elevated temperatures and the
resulting material is exploited at room temperature
should be taken into consideration. Because of a dif-
ference in thermal expansion coefficients of a filler
and a matrix, the interfacial layer may be deformed to
a certain extent.
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The glass-transition temperature 7, characterizes
the matrix, because it is a function of its molecular
architecture and depends on such parameters as the
functionality of an epoxy oligomer and curing agent
and the degree of conversion. Research into the pro-
cesses of curing of the matrix in the presence of
nanoparticles shows (above) that an unambiguous
conclusion about their effect on 7, is hardly possible.
A. Allaoui and N.-E. El Bounia [179] analyzed the
published data and inferred that, if single-wall CNTs
can cause a decrease in 7, because of their tendency
toward aggregation, then multiwall CNTs are inclined
to increase or not change 7, of epoxy nanocomposites.
However, K.W. Putz et al. [180] demonstrated that the
effect of multiwall CNTs (0.25 and 0.5%) on T,
depends on the density of the matrix network: in
loosely crosslinked networks, 7, grows, while in
densely crosslinked networks, 7, decreases. It is sup-
posed that the interfacial interaction plays the decisive
role in these cases. In loose networks, a filler restricts
the mobility of kinetic fragments owing to their
adsorption, while in dense multiwall CNTs it hampers
formation of network junctions.

Formation of interfacial layers both in the absence
of covalent functionalization and in its presence was
proved in [181]. Single-wall and multiwall CNTs were
treated with a mixture of nitric and sulfuric acids; as a
result, carboxyl groups appeared on the surface. The
latter were transformed into ester groups through the
reaction with phenyl glycidyl ether. The matrix was
obtained by the curing of BADGE with poly(ether tri-
amine). The difference in the treatment procedure is
reflected in the structure of the interfacial layer, as
manifested by relaxation spectra. As evidenced by the
pattern of tan 8(7) curves obtained at a frequency of
0.1 Hz (Fig. 6), a high-temperature transition typical
of the matrix (curves ) is registered for composites
based on both single-wall CNTs and multiwall CNTs.
But in the case of unmodified (curves 2) and COOH-
modified (curves 3) CNTs, an additional transition is
observed at a lower temperature.

This finding indicates the presence of a structure
that is less perfect than the structure of the matrix and
is apparently localized in the interfacial layer. The
authors believe that the observed effect is associated
with the selective adsorption of an epoxy oligomer on
tubes, which is hardly possible when ester fragments
occur on the surface (curves 4). Another explanation
of this effect is also possible: ester tails facilitate the
relaxation of stress of the interfacial layer.

Note that, in the case of single-wall CNTs, the
effect is more pronounced than that for multiwall
CNTs. This is the evident consequence of the fact that
single-wall CNTs are modified to a higher extent
(8.6% versus 4.9% with respect to carboxyl groups and
21.1% versus 13.7% with respect to ester fragments).

S. Wang et al. [182] estimated the shear strength of
the interface single-wall CNT/epoxy matrix as
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Fig. 6. Temperature dependence of tan d of epoxy matrices and epoxy nanocomposites containing 1 wt % of (a) single-wall CNTs
and (b) multiwall CNTs. (/) The neat resin and (2—4) the epoxy nanocomposite with (2) unmodified nanoparticles and nanopar-
ticles modified with (3) COOH groups and (4) grafted ester fragments. The data are taken from [181].

306 MPa under the assumption that tubes are not
clustered and that the grafting of diethyltoluenedi-
amine leads, on average, to formation of one bond per
25 carbon atoms. In accordance with the same calcu-
lations, the strength of the interfacial layer in the case
of unmodified single-wall CNTs is ~50 MPa. How-
ever, it should be borne in mind that the strength of the
interfacial layer T depends on the radius of CNTs. For
example, according to the data [183] obtained by the
method of pulling from the polyethylenebutylene
matrix, T = 85 MPa for multiwall CNTs with a radius
of 10—20 nm and it drops to ~15 MPa at 60—70 nm.

A number of methods for the covalent modifica-
tion of CNTs and manifestation of their functionaliza-
tion in the properties of epoxy nanocomposites are
discussed in reviews [22, 30, 184]. In [167, 185—187],
methods used for functionalization of graphene are
described which in principle do not differ from those
used in previous cases. For example, the dispersion of
graphene in a mixture of methylsulfonic acid and P,0O4
was acylated by dicarboxylic acid (4,4'-dicarboxy-
diphenyl ether) and then the polycondensation reac-
tion with 3,3'-diaminobenzidine was performed in situ
to afford the graft polybenzimidazole [184]. As in the
case of CNTs, an important circumstance is the disag-
gregation of graphene sheets [ 188] taking into consid-
eration that the latter shows the tendency toward
aggregation in the epoxy matrix.

As an initial reagent in covalent functionalization,
graphene oxide (GO) is often used, which is obtained,
in particular, by the oxidation of graphite.

Amino and epoxy-functionalized GO were synthe-
sized using silane binding agents: 3-aminopropyl-
triethoxysilane and 3-glycidoxypropyltrimethoxysi-
lane [189].
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Alkylamines consisting of long-chain hydrophobic
alkyl groups and hydrophilic amino groups are grafted
onto the surface of GO owing to the presence of two
types of reactive groups on it, namely, carboxyl and
epoxy. The former groups are involved in the amida-
tion reaction, while the latter groups participate in the
nucleophilic substitution reaction [190]. The use of
bifunctional poly(ester diamine) makes it possible to
graft amino-containing fragments able to react with
the epoxy groups of a binder [191]. Molecules with dif-
ferent chain lengths were used (D230 and D2000). It
was assumed that different interface structures
between a filler and a matrix will be created. The graft-
ing of D230 chains onto the surface of GO leads to the
restricted mobility of segments and, accordingly, to
the minimum deformability. D2000 chains feature a
much higher deformability because of their higher
length. This promotes a rise in mobility of the filler in
the matrix and causes scattering of energy during
deformation. As a result, the interphase obtained using
D230 and D2000 leads to difference in the mechanical
properties of the nanocomposites.

R. Konnola et al. [192] using relationship (6) esti-
mated the volume fraction of the interphase v;,, in the
epoxy nanocomposites in which the neat GO and GO
with the grafted copolymer of acrylonitrile and butadi-
ene were used as fillers.

_tand,,

tan o .
1+ Bo

(6)

Here tand and tan J,, are the values of loss tangent of
the nanocomposite and matrix with the volume frac-
tion of the filler ¢, and B is a parameter which in
essence characterizes the volume of the interfacial
layer [193]: B=1+ (AR/R,)?, where R, is the radius of
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a nanoparticle and AR is the thickness of the interfa-
cial layer.

Calculations showed that, for a filler concentration
of 0.6 wt %, the corresponding values of v;,, are 0.0040
and 0.0114.

As was mentioned above, in MMT, the intercala-
tion of various compounds is feasible [95, 96], which
after exfoliation of the filler form in fact the interfacial
layer. With this aim in view, L. Yang et al. [194] used
2-(3,4-dihydroxyphenyl)ethylamine, = which  was
involved in oxidative polymerization [194, 195], and
the surface of MMT was covered by the resulting poly-
mer. The interlayer distance increased during polym-
erization.

In [196], epoxy nanocomposites were obtained on
the basis of bentonite that was modified with diphe-
nylamine-4-diazonium via ionic exchange. The inter-
facial layer was formed by the oxidative polymeriza-
tion of aniline. The aryl groups of diazonium strongly
affected interfacial interaction as a means of effective
stress transfer.

In recent years, composites with halloysite nano-
tubes have attracted progressively growing attention of
researchers [170, 177, 197, 198]. Halloysite is kaoline
rolled up to multiwall tubes with an external diameter
of nearly 50 nm, an internal diameter of ~15 nm, and
a length from 700 to 2000 nm. Composites on their
basis can retain and dose for a long time chemical
reagents and biologically active compounds (bacteri-
cides, antibiotics, and other drugs). Additives to vari-
ous polymeric materials impart to them desirable
mechanical properties while preserving their low den-
sity [199]. It is evident that interfacial interaction play
not the last role here.

The specific feature of the chemical structure of
halloysite nanotubes is that their internal surface is
covered by AlI-OH groups, whereas the external sur-
face is mostly composed of siloxane groups Si—O—Si.
Hence, it follows the strategy for modifying halloysite
nanotubes aimed at creating the optimal interfacial
layer: the grafting of silanes is a general and efficient
procedure for covalent functionalization [177].

Indeed, P. Sun et al. [200] successfully grafted 3-
aminopropyltriethoxysilane onto the surface of hal-
loysite nanotubes which was preliminarily treated with
a mixture of H,SO, and H,0, in order to increase the
concentration of hydroxyl groups having a higher
activity with respect to silanization.

As regards metal nanoparticles, as was noted
above, adsorption frequently leads to the formation of
chemical bonds [173]. For example,

RSH + Au,(0) — RS-Au*—Au, _,(0) + 1/2H,;

that is, in essence chemisorption occurs. The as-
sorbed molecules may form layers, whose structure
depends [199] on the concentration and nature of sor-
bates (e.g., alkanethiols with the number of CH,
groups below nine are incapable of self-assembly
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[201]), temperature, and sorbent. For example,
molecular mechanics studies of A.P. Kaushik and
P. Clancy [202] demonstrated that small (3 nm) and
coarser (6 nm or above) particles behave in a different
manner because of different conformations of ligands
on their surface. The length of the ligand is compara-
ble with the lateral sizes of the facets of small metal-
containing nanoparticles. These molecules try to max-
imize interaction with facets and, hence, prefer to
occupy the horizontal position with respect to the
facet. As a result, ligands on small metal-containing
nanoparticles are, as a rule, localized via twisting
around the core. Ligands on coarse particles having a
greater number of ligands on the surface contact each
other and decrease the possibility of interaction with a
metal core. Owing to presence of a large number of
ligands on the surface, their horizontal position on
core facets is hardly probable because of steric hin-
drances and, therefore, they should orient vertically.
Naturally, the interfacial interaction of the matrix with
metal-containing nanoparticles will also depend on
their size.

Mechanical Properties

The use of nanoparticles as reinforcing agents for
epoxy polymers assumes solution of tasks common for
polymeric composite materials, namely, dispersion of
agglomerates and assurance of stress transfer from the
matrix to the filler owing to creating corresponding
interfacial interaction. This requires that the chemism
of the curing processes of the epoxy binder and the
chemical and physical structures of the formed matrix
be taken into consideration.

Moreover, the dimension of nanoparticles should
be taken into account: one-dimensional, two-dimen-
sional, and three-dimensional fillers.

One-dimensional fillers: carbon and halloysite
nanotubes. CNTs and halloysite nanotubes may be
regarded as fibers of finite length.

Mechanical properties, and not only they, depend
on both the degree of filling and the aspect ratio
(in what follows aspect) y—the length-to-diameter
ratio. For example, in the case of unidirectionally ori-
ented fibers at a low volume filling, the Young modu-
lus of the composite in the direction of orientation E};
is expressed through the ratio [203]

Ey
E

where E, is the modulus of the matrix and ¢; is the
volume fraction of the fiber. Parameter A is a function
of the longitudinal modulus E; and the fiber aspect ¥,
as depicted in Fig. 7.

= q)an (7)

m

At high values of fiber modulus (the plateau region
on the curves), the value of parameter A is primarily
determined by just the aspect. In the case of chaotic
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orientation of fibers, the modulus of the composite E,
may be presented as follows [204]:

5

3
E,=2E, +2E 8
8 11 8 22 ()

The transverse modulus F,, at a low filling may be
calculated through the mix formula
E trE m
E o+ E,(1-9)

Here E|, is the transverse modulus of a fiber and E,, is
the modulus of the matrix, with £, < E,.

From formulas (7)—(9) it follows that

Lo 15,0 34+5E_5
E, 8 E,

5 3
==(1- + = A,
8( ®/) 8(Pf

(©))

Ey) =

(10)

that is, the main contribiution to the value of the mod-
ulus is provided by parameter A. As is seen from formula
(10) and Fig. 7, at a low filling (¢; < 0.01), the efficiency
of the fiber becomes apparent only at x > 10.

In the ideal case (the Kelly model), the strength of
composite 6, obeys the mix rule [203]

O, = T\é(l _&jcf(pf +0,(1-0¢r),
2t

where ©; and o, are the strength of the fiber and
matrix, 1 is the orientation factor equal to 0.2 for the
random distribution of fibers over directions [205], & is
the coefficient allowing for the level of realization of
fiber properties, and T is the shear strength of the inter-
facial layer.

Formulas (10) and (11) describe the ideal situation.
In most studies, the experimental data are matched to
the Tsai—Halpin equation [206, 207]:

(11)

&21{3]4_2%“1(‘% +51+2n1(pfj (12)
E, 8 I—no¢ I -n,¢
(n: E - E, n:Ef—EmJ

" E +2E, ' E;+2E,

M. Ayatollahi et al. [207] used formula (12) to
interpret the obtained dependence of the modulus of
the epoxy nanocomposite on concentration (0.1, 0.5,
and 1 wt %) and aspect (from 455 to 1000) of multiwall
CNTs; the value of y was changed via variation in
diameter rather than length. These authors showed
that satisfactory agreement between the experimental
data and calculations may be attained setting y — ay?,
a = 0.0488, and b = 1.141. It is supposed that this
makes it possible to allow for the imperfection of inter-
facial interaction, agglomeration, and other possible
drawbacks of the model (12).

With increasing aspect, the strength and fracture
toughness of the epoxy nanocomposite increased.
No. 6
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Fig. 7. Dependence of the Young modulus of the unidirec-
tional composite (parameter A) on fiber characteristics.
x_l =0 (1), 0.01 (2), 0.03 (3), 0.05 (4), and 0.10 (5). The
data are taken from [203].

However, as was shown above, the growth of 7y is
related to a decrease in diameter. In accordance with
[183], particles with a smaller diameter create a stron-
ger interfacial interaction with a matrix. This facilitates
load transfer and, accordingly, improves mechanical
properties.

A number of models taking into consideration the
effect of curvature of CNTs on the properties of the
material were considered in [208—212]. For example,
the authors of [210] advanced a new expression for the
rule of mixtures

E. _ (kkE: - E)Q¢

, (13)
E., E.—(E —E,)o¢
where k, = 1 - tanh(2x’c)’l_ _ -2F, ,
2t E(1-wine,

Here p is the Poisson coefficient of the matrix; k is
the empirical constant allowing for the orientation and
curvature of CNTs. The authors managed to choose
the values of k < 1 describing the experimental data on
the moduli of the epoxy nanocomposite via Eq. (13).
The same considerations are used to interpret the
experimental data on strength.

But the researchers mostly use the modified
Eq. (12)

E, _1+2me;

(12a)
Em l_nq)f
-7
N=———m—1|
E. +2qF,,

It is believed [212] that, owing to replacement ¥ —
xexp{—a—b@y}, the curvature of multiwall CNTs may
be taken into consideration (Fig. 8).

The strongest effect on the mechanical properties
of a nanocomposite is affected by the functionaliza-
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Fig. 8. Dependence of the elastic modulus of the epoxy
nanocomposite on the concentration of multiwall CNTs
(closed squares). (1) Eq. (12a) and (2) Eq. (12a) with cor-
rection for curvature ¢ = 9.15 and b = 0.12. The data are
taken from [212].

tion of CNTs. For example, the modulus of epoxy
nanocomposites containing 3% of untreated multiwall
CNTs or multiwall CNTs functionalized through
treatment with a mixture of aminobenzoic and poly-
phosphoric acids increased by 32 and 53%, respec-
tively [68]. Note that the glass-transition temperature
also increased somewhat: 189 (matrix), 190, and
199°C.

X. Chen et al. [213] showed that the ultimate tensile
strength of the epoxy nanocomposite (1.5 wt % filler)
grows from 39 MPa (matrix) to 46 in the case of
untreated multiwall CNTs and to 59 M Pa for multiwall
CNTs functionalized by amino groups. The glass-
transition temperature also grows from 98 to 109 and
112°C.

The behavior of epoxy nanocomposites depends
not only on the type of functional groups but also on
the structure of molecules grafted onto the surface of
CNTs. For example, in [214], double-wall CNTs (with
admixture of single-, three-, and multiwall CNTs),
which were initially treated with acid, entered into the
reaction with diamines: 1,12-diaminododecane (1),
7,10-trioxa-1,13-tridecanediamine (2), and 4,4'-(4,4'-
methylene-bis(4,1-phenylene)-bis(methylene))diani-
line (3). Epoxy nanocomposites containing 0.1 wt %
of double-wall CNTs had the following values of shear
modulus G' (T'< 7,): 989 (1), 993 (2), and 1393 MPa
(3), whereas for the matrix G' = 731 MPa.

In [177], the functionalization of halloysite nano-
tubes was performed using 3-(2-aminoethyl)amino-
propyltriethoxysilane,  (3-glycidyloxypropyl)trime-
thoxysilane, or octyltriethoxysilane to afford grafted
amino and epoxy groups and the functionless “tail.”
The corresponding composite materials containing
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2.5 or 5.0 wt % of the above nanoparticles had G'(50)
and G'(200) at a level or slightly above those of the ini-
tial matrix, with 7, being unchanged (173—176°C).

According to general ideas, functionalization facil-
itates the dispersion of nanotubes in a matrix. For
example, in accordance with [215], amino-functional-
ized CNTs have a higher surface energy than the
unmodified CNTs and their wettability by the epoxy
resin is much better, and the grafted amine molecules
arising as a result of functionalization efficiently
inhibit the repeated agglomeration of CNTs during
resin curing. However, functionalization also
enhances adhesion at the interface CNTs/epoxy resin,
thereby improving mechanical properties of the
matrix. In essence, the problem is reduced to forma-
tion of the interfacial layer (see the previous section)
and its role in controlling properties of the composite
material.

Using scanning electron microscopy N. Lachman
and H.D. Wagner [216] studied the fractured surfaces
of epoxy nanocomposites after pulling of multiwall
CNTs. The diameter of a footprint from the removed
tube was regarded as a marker of epoxy adhesion. It
was found that the diameter of the unmodified multi-
wall CNTs is slightly above the diameter of nanotubes,
whereas in the case of carboxyl- and amino-function-
alized multiwall CNTs the diameter of the footprint is
several times higher. These data are in agreement with
the results of mechanical testing of the nanocompos-
ites.

Thus, formation of the interfacial layer is responsi-
ble for the reinforcement of nanocomposites.

Moreover, when analyzing the effect of low con-
centrations of the filler, one cannot but allow for con-
tribution of the matrix to the mechanical properties of
composites, the structure of which changes because of
the impact of nanoparticles on its formation. The cat-
alytic effect of surface groups leads to the frontal auto-
catalytic reaction (Fig. 3), which results in the hetero-
geneous microphase structure of the polymer (Fig. 9)
[71].

Owing to the existence of regions with different
packing densities in the polymer (this hampers crack
propagation under loading), the energy of viscous
destruction rises, elongation at break grows, and,
accordingly, the strength of the samples increases.
Therefore, it is evident that classical additivity formu-
las are of limited use for calculating the physicome-
chanical parameters of nanocomposites.

Two-dimensional fillers: graphene and MMT. For
two-dimensional sheets, aspect  as the ratio of diam-
eter to thickness should also be taken into account.

The authors of [217] developed a method (refer-
ences in [217]) for estimating the value of  from the
viscosity of dilute suspensions according to the Ein-
stein equation

N, =1+ k0,
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Fig. 9. SEM microimages of epoxy composites with content of carboxylated multiwall CNTs of (a) 0, (b) 0.01, (c) 0.10, and
(d) 0.5 wt %. Magnification of 20 000x. The data are taken from [71].

where 1, is the relative viscosity, @ is the volume frac-
tion of suspension (¢ < 0.02), and coefficient k; =

X 49
21n(2y) -3

The authors investigated two kinds of graphene
which were obtained using different technologies. The
elastic modulus of the composite material was calcu-
lated according to Eq. (12a) except that formula (8)
was changed for the following one:

1 4
E.=2E, +2E,
5 11 5 33

(8a)
and E,, = E,, and E;; was obtained via expression
(12a). It was assumed that y = 2 for E;; and the value
of x was a fitting parameter for E),. E; was calculated

via formula (8a), where E};; was in the range of 250—
1000 GPa and E; ;; = 50 GPa.

Figure 10 presents the results of the mechanical
testing of epoxy nanocomposites based on graphene.
As is clear, these data are satisfactorily described by
Eq. (12a). The fitting value of x = 1000 is close to the
value calculated from the rheological measurements:
~1250.

X. Wang et al. [218] explored the effect of graphene
size on the mechanical properties of the epoxy nano-
composite (Fig. 11). GO samples 1, 2, and 3 had con-
ditional sizes of 10.79, 1.72, and 0.70 um.
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It is known that, in the case of CNTs, the smaller
the diameter, the stronger the effect ([22]). This is pri-
marily related to the fact that the value of specific sur-
face is inversely proportional to radius. However, for
two-dimensional graphene sheets, this relationship is
absent.

In fact, as shown in Fig. 11a, the elastic modulus of
the composite is almost insensitive to the size of the
filler. As regards fracture toughness, the situation is
different (Fig. 11b): the stress concentration coeffi-
cient K, grows with a decrease in size. K|, related to
the size of graphene nanoparticle is of critical impor-
tance for a rise in impact strength. Graphene sheets in
the epoxy matrix disturb crack propagation and pre-
vent their extension. In accordance with [218], they
behave as bridge particles that serve as rods linking
crack faces. Therefore, their numerical concentration
(the smaller the particle size, the higher the numerical
concentration) becomes of importance.

As was shown in [219], graphene is more effective
than CNTs for improving the mechanical properties of
epoxy nanocomposites. For example, at a concentra-
tion of 0.1 wt %, the value of K|, grows by 14% for sin-
gle-wall CNTs, by 20% for multiwall CNTs, and 53%
for graphene compared with the matrix.

Comparative data on the tensile testing of epoxy
nanocomposite with multiwall CNTs and graphene
are summarized in Table 1 [220]. It is seen that
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Fig. 10. Dependence of the elastic modulus of the epoxy
nanocomposite on the concentration of graphene. Points
refer to experiments, and the straight line refers to
Eq. (12a), where E¢; = 1000 GPa and x = 1000. The data
are taken from [217].

graphene imparts rigidity to the composite to a higher
extent than multiwall CNTs: the modulus is higher
and the strength is lower in correlation with reduction
in elongation before break.

In general, in the case of polymer nanocomposites,
graphene is superior to CNTs in terms of rheological,
thermal, and mechanical properties. This circum-
stance may be attributed to the two-dimensionality of
graphene and its higher specific surface. As a conse-
quence, in the case of graphene, the interphase zone is
more extensive and the interfacial interaction of the
filler with the polymer matrix is stronger, whereas
CNTs may interact with polymers only via one-
dimensional linear contacts [221].

X. Tanget al. [222] used triglycidyl-p-aminophenol
as an agent of transfer of graphene oxide nanoparticles
from water to BADGE. Triglycidyl-p-aminophenol is
adsorbed on the surface of GO, and its sheets exfoliate
without any other chemical treatment and are ran-
domly distributed in the epoxy matrix. In addition, tri-
glycidyl-p-aminophenol is an efficient modifier of the
GO surface enhancing interfacial interaction in the
composite. As a consequence, the mechanical prop-
erties of the epoxy nanocomposites are improved
(Table 2).

It is seen that the filler itself promotes an increase
in modulus, but the strength decreases in correlation
with a decrease in elongation at break (lines 1, 2). In
the presence of triglycidyl-p-aminophenol all param-
eters, including €, grow (lines 3, 4, 6). Lines 6—8
demonstrate that the dependence of mechanical prop-
erties of the epoxy nanocomposite on the concentra-
tion of GO follows a nonmonotonic pattern, with the
optimum being at 1%.
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Fig. 11. (Color online) Dependence of (a) elastic modulus
and (b) fracture strength on concentration. The sizes
of graphene nanoparticles are (/) 10.79, (2) 1.72, and
(3) 0.70 um. The data are taken from [218].

In [75], graphene was obtained from graphite pow-
der by the chemical method and was then functional-
ized by treatment with the mixture of 4-aminobenzoic
and polyphosphoric acids. The epoxy nanocomposites
contained 1 wt % graphenes.

Figure 12 shows the relaxation characteristics mea-
sured at a frequency of 1 Hz and G" and tan 6 values for
the matrix and the epoxy nanocomposites containing
neat and amino-functionalized graphenes. As is seen,
at temperatures below 7, the modulus of composites
grows compared with the matrix and functionalization
ensures a more pronounced increase in G'. As follows
from tand measurements, T, shows the same ten-
dency.

In [223], the mechanical properties of epoxy nano-
composites were improved via the amino functional-
ization of graphene nanoparticles which was per-
formed through treatment of its COOH modification
with the butadiene and acrylonitrile copolymer con-
taining terminal amino groups. As regards modulus, a
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Table 1. Mechanical properties of reinforced nanocompos-
ites: the Young modulus F, breaking stress ¢, and elonga-
tion at break € [220]

Material | COMCenAton | o o ls, MPal ¢, %
wt %

Matrix 0 163 | 59 | 59

Multiwall CNTs 0.25 195 | 68 | 5.4

0.50 200 | 69 | 48

0.75 227 | 72 | 49

1.50 204 | 75 | 5.7

Graphene 0.25 2.16 65 4.3

0.50 230 | 64 | 38

0.75 239 | 68 | 37

1.50 247 | 69 | 37

small increasing effect was observed (Fig. 13a). In
contrast, the fracture toughness considerably
increased with filling, especially in the case of amino-
functionalized graphene (Fig. 13b).

Graphene oxide possesses a chemically active sur-
face owing to the presence of hydroxyl, carboxyl, car-
bonyl, and epoxy groups [224]. This circumstance
makes it possible to expect that GO will exhibit rein-
forcing ability. In addition, GO may be functionalized
via the reaction of these groups. In [186], graphene
oxide was modified with 3-glycidoxypropyltrimethox-
ysilane, while the authors of [187] used BADGE for
this purpose. Table 3 lists the mechanical properties of
the epoxy matrix and the corresponding composites. It
is clear that the epoxy polymer becomes rigid upon the
addition of GO and the functionalization of GO
enhances this effect. A low concentration of the addi-
tive is used. As the concentration increases, the mod-
ulus grows, but the strength declines, correlating with
reduction in the elongation at break. This tendency
seems to be typical ([222, 225]).

807

Y. Ni et al. [226] managed to overcome this ten-
dency when they designed a three-dimensional frame-
work composed of GO sheets. The aqueous solution of
poly(amide amine) (dendrimer) was mixed with the
GO suspension at a mass ratio of 1 : 1. This mixture
was rapidly frozen in liquid nitrogen and lyophilized.
Heating of the resulting porous body at 150°C led to
the amidation and reduction of GO. As a result, a
three-dimensional graphene product 3DG with a spe-
cific surface area of ~200 m?/g was produced and used
for reinforcement of the epoxy matrix.

Figure 14 shows stress—strain curves of the matrix
and the epoxy nanocomposites with GO and 3DG.
The modulus and strength of the composites (curves
2—4) are higher than those of the matrix (curve I),
while the ultimate elongation is lower. When GO is
used as a filler, the mechanical parameters are better at
0.1% (curve 3); their worsening at 0.2% (curve 2) cor-
responds to the above-described tendency. The best
parameters are observed for the composite with the
3DG filler at a concentration of 0.2% (curve 4).

As was shown in [227], the optimum mechanical
properties (ultimate tensile strength, ultimate flexural
strength, impact resistance, and fracture toughness) of
the epoxy nanocomposite with MMT additives were
reached at 3 wt % and corresponded to increase in
these characteristics by 41, 20, 95, and 19% compared
with the matrix. This result was explained and verified
by the exfoliation of MMT studied by X-ray difraction.

Analogous data were reported by M. Wang et al.
[228]: the Young modulus, ultimate strength, and
elongation at break, as well as K|, of the epoxy nano-
composite, had the maximum values at an MMT con-
centration of 1 wt %. These values are higher than the
respective parameters of the matrix by 5, 38, 64, and
93%, respectively.

In accordance with [229], the addition of 3 wt % of
nanoparticles of MMT, SiO,, or their mixture (1 : 1,
wt/wt) affects the mechanical properties of the epoxy
nanocomposite (Table 4). The addition of SiO,

Table 2. Mechanical properties of epoxy nanocomposites with GO [222]

. Concentration of ,

Material Concentfj:;n of GO, j[riglycidyl—n- GPa (032)0 o). o, MPa €, %
aminophenol, wt %
Matrix 0 0 2.06 53 5.4
Epoxy nanocomposite 0.5 0 2.26 51 4.8
1.0 0 2.34 46 4.2
1.0 5 2.67 57 4.3
1.0 10 2.75 66 4.8
0 20 2.12 51 4.4
0.5 20 2.58 82 5.7
1.0 20 2.94 101 6.2
1.5 20 2.84 83 5.0
POLYMER SCIENCE, SERIESA Vol.59 No.6 2017
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Fig. 12. Real modulus G' (/—3) and tan & (1—3’) of the
matrix (/, 1') and nanocomposites with (2, 2’) the original
and (3, 3') functionalized graphene. The data are taken
from [75].

noticeably increases fracture toughness K. and tensile
strength ©, but the ultimate elongation € grows slightly.
This finding indicates toughening of the matrix. The
introduction of MMT, in contrast, promotes increase
in € and ©, but K. increases insignificantly. All the
mentioned parameters appreciably grow upon the
addition of mixed nanoparticles MMT + SiO,. It
appears that the difference in the efficiencies of the
fillers may be explained by their different shapes.
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Actually, SiO, are spherical particles, MMT are
sheets with an aspect ratio of ~1000, and mixed
nanoparticles are complex shaped in the form of sheets
with balls attached to them. If the main mechanism of
nanocomposite destruction involves the propagation
of cracks via exfoliation of the matrix from the
nanoparticle, then the synergistic effect of the mixed
filler becomes understandable. In this filler, a very
complex profile of the surface predetermines elonga-
tion of the crack propagation path and increase in the
energy of composite destruction.

Three-dimensional fillers: fullerene and metal-con-
taining compounds. Fullerene is of interest as a nano-
filler of epoxy nanocomposites because, as opposed to
other carbon ingredients, CNTs and graphene, it is
three-dimensional and its aspect ratio is unity.

Papers addressing links of the epoxy nanocompos-
ites with the fullerene filler are few in number [230—
233]. But in all cases, the observed tendency is as fol-
lows: the modulus is weakly sensitive to filling
(Fig. 15a); however, even at low fullerene concentra-
tions, the strength parameters of the composite grow
considerably.

For epoxy nanocomposites, the main ways to resist
destruction are the introduction of particles which
could act as rods linking crack faces in a matrix and
extension of crack propagation path via branching
caused by encounter with nanoparticles and/or its
propagation through exfoliation of the matrix. Fuller-
ene particles meet requirements of these mechanisms
owing to a high energy of interaction with chain frag-
ments of the epoxy matrix and a high numerical con-
centration. When the crack interacts with obstacles, its

K,c, MPam!/?
L5f (b) P
1
1.2+
0.9+
0 1 2 3 4 5

Concentration, wt %

Fig. 13. (Color online) (a) Temperature dependence of the real modulus (at a frequency of 1 Hz) of (/) the epoxy matrix and
nanocomposites with (2—4) original and (5—7) NH,-functionalized graphene. Concentrations are (2, 5) 1, (3, 6) 3, and (4, 7)
5wt %; (b) dependence of the fracture strength of nanocomposites with (7) original and (2) NH,-functionalized graphene on

concentration. The data are taken from [223].
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Table 3. Mechanical properties of epoxy nanocomposites with modified GOs [186, 187]

Material Concentration, vol % E, GPa 6, MPa g, % Kic, MPa m'/?
Matrix 0 3.15 53 3.75 0.50
Graphene oxide 0.10 3.27 72 4.23 0.59
0.25 3.32 68 3.85 0.63
0.50 3.36 65 3.51 0.63
BADGE-functionalized 0.10 3.35 95 6.45 0.68
graphene oxide 0.25 3.56 93 6.32 0.71
0.50 3.67 85 5.86 0.67
Silane oxide-functionalized 0.10 3.32 81 — 0.69
graphene 0.25 3.46 79 — —
0.50 3.60 72 — —

extension occurs steadily without destruction of the
body in a significant load range.

As was shown above, metal-containing nanoparti-
cles should be divided according to the method of their
formation: whether they are formed preliminarily,
mixed with a binder, and cured in their presence, or
they are formed in situ during formation of epoxy
nanocomposites. Metal oxides are assigned to the first
type, while metals mostly belong to the second type.

Depending on synthesis conditions, the particles of
metal oxides have different morphologies and sizes.
For example, nanoparticles of iron oxides F;0, syn-
thesized in the presence of surfactants triethanol-
amine or urea are polygonal or elongated in shape and
their average sizes are ~18 or ~39 nm [234]. Accord-
ingly, the properties of epoxy nanocomposites filled
with these particles were different.

Figure 16 presents the stress—strain curves for the
epoxy matrix (curve /) and the epoxy nanocomposites
containing 1 wt % of polygonal (curves 2, 3) and elon-
gated (curve 4) F;0, nanoparticles. The latter two par-
ticles (3, 4) were treated with 3-aminopropyltrime-
thoxysilane.

As follows from the above data, fillers insignifi-
cantly affect the structure of the polymer because the
value of modulus is practically the same for the matrix
and the composites. At the same time, the strength
grows appreciably and treatment with aminosilane
assists in this tendency (curves 2, 3). Elongated
nanoparticles reinforce composites more efficiently
than polygonal nanoparticles (curves 3, 4). The value
of fracture toughness K,. changes in the same

sequence: 0.11, 0.43, 0.62, and 0.89 MPa m'/2.

The efficiency of functionalization of metal oxide
nanoparticles is confirmed by the data of [235], in
which cubic F,0; particles with a size of ~40 nm were
treated with 3-aminopropyltrimethoxysilane. The
results are summarized in Table 5. As one can see, the
strength of the composites grows compared with the
No. 6
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matrix. However, the increase in fracture toughness is
provided solely by functionalized nanoparticles.

I.A. Al-Ajaj et al. [236] explored how the size of
filler particles influences the mechanical properties of
the epoxy composite materials using TiO, as an exam-
ple. Nanocomposites (nanoparticles with a size of
~50 nm) and microcomposites (particles with a size of
~50 um) were compared. The results of three-point
bending tests are shown in Fig. 17.

Up to a concentration of 4%, nanoparticles
increase all the mechanical characteristics of the com-
posite (Fig. 17, curves [). Further reduction is proba-
bly associated with the enlargement of particles
because of their agglomeration. In the case of micro-
particles, with increasing concentration, the modulus
grows (Fig. 17b, curve 2), while the strength parame-
ters worsen (Figs. 17a, 17¢, curves 2). This apparently
suggests that coarse particles act as stress concentra-

o, MPa
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40+ 1
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Fig. 14. (Color online) Stress—strain curves of (/) the
matrix and the epoxy nanocomposites with (2, 3) GO and
(4) 3DG. Concentrations are (2, 4) 0.2 and (3) 0.1 wt %.
The data are taken from [226].
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Table 4. Mechanical properties of epoxy nanocomposites
with MMT/SiO, [229]

. K]C,
Material o,MPa| €, %
MPa m!/?

Matrix 58.2 0.49 0.52
Epoxy nanocomposite/SiO, | 87.4 0.76 0.93
Epoxy nanocompos- 94.9 2.91 1.06
ite/MMT + SiO,
Epoxy nanocompos- 87.4 3.70 0.56
ite/MMT

tors. This circumstance is favorable for destruction of
the material. At the same time, at a low concentration,
nanoparticles increase the strength of the epoxy nano-
composite via interaction with cracks, as described
above.

An example of epoxy nanocomposites with fillers
formed in situ is reported in [154]. It was shown that
the dependences of the Young modulus E, breaking
strength ¢, and elongation € on concentration of the
precursor, silver myristate, are described by extremal
curves with a maximum corresponding to 0.09 wt %.
This result is in sharp contrast with the data presented
in the previous paper, where the maximum parameters
correspond to 4 vol %, i.e., higher by more than two
orders of magnitude. Possibly, this is associated with
the sizes of nanoparticles: in the case of Ag, the aver-
age radius of nanoparticles is 8.7 nm; for TiO,, 25 nm.

o, MPa
180 @)
120 - /
I 3
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I I
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Electrophysical Properties

For the electrophysical properties of epoxy nano-
composites, the percolation threshold, which depends
on the volume concentration, spatial distribution, and
aspect ratio of nanoparticles, plays the decisive role
along with the electrophysics of fillers.

The percolation threshold. The percolation theory
[237, 238] is based on the idea that, as the volume con-
centration @ grows, nanoparticles are united into clus-
ters of an ever growing size and, when a certain value
of @, is attained, they form an infinite structure, the
so-called percolation cluster. The value of @, is the
percolation threshold. If nanoparticles are able to con-
duct electricity, namely, at @ = @, the electrical con-
ductivity o of the composite grows by orders of magni-
tude. A change in ¢ appears as a sharp increase in the
narrow concentration range of nanoparticles. This
allows the percolation transition insulator—conductor
to be regarded as a second-order phase transition.

All clusters feature a fractal structure. The “jour-
ney” over bonds linking nanoparticles in a finite clus-
ter (¢ < @.) inevitably leads to terminal branches
(“tails”). The percolation cluster (¢ = ¢.) possesses if
only one center linking opposite opposite boundaries
of the composite sample, although the amount of
“tails” in its structure is more than enough.

In the vicinity of the percolation threshold, depen-
dence () is described by the relations

0, <
oo { ¢ Bcpc (14)
@-9c)", 920c
G, kJ/m?
120 (b)
90 |-
60 |-
30 1 1 1
0 0.05 0.10

Concentration, wt %

Fig. 15. (a) Stress—strain curves of the matrix and epoxy nanocomposite and (b) the dependence of shock strength of epoxy nano-
composite on the concentration of fullerene. (a) Concentrations of fullerene are (/) 0, (2) 0.04, and (3) 0.1 wt %. The data are

taken from [232].
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gated F304 nanoparticles (3, 4) treated with 3-aminopro-
pyltrimethoxysilane. The data are taken from [234].

For convenience of further presentation, it is useful
to introduce the idea of the correlation length (charac-
teristic size) of the finite cluster &:

Eoc (0. =), Q<O (14a)

Parameters 3 and v are called critical parameters.

Naturally, the percolation threshold depends on
the structural characteristics of nanoparticles. Figure
18 presents the data reported by J. Li et al. [239] on the
effect of the degree of dispersion and the aspect ratio
of particles on the value of @.. These authors examined
the behavior of cylindrical nanoparticles with length /
and diameter d and arrived at the equation relating the
value of @, to the parameters of nanoparticles and the
degree of their aggregation €. The curves refer to cal-
culations via the equation for the values of € designated
by number of the curves on the figure. At aspect ratio
I/d =y ~ 100, the curves describing function ¢, = f())
attain a plateau and just aggregation becomes the deci-
sive factor. The lower the aggregation, i.e., the higher
the dispersion of particles, the lower the percolation
threshold. At the same time, as follows from these
data, the value of @, is insensitive to the size of
nanoparticles at x < 10. The experimental data on
multiwall CNTs are also presented in the figure as
open circles [239].

The value of critical concentration ¢, depends not
only on such parameters as the size and shape of
nanoparticles but also on interaction between them
and the matrix. This point may be illustrated by the
data of [240] displayed in Fig. 19.
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Fig. 17. Dependence of (a) strength, (b) modulus, and (c)
fracture energy of the composite on the volume fraction of
(1) nanoparticles and (2) microparticles of TiO,. The data
are taken from [236].

If for nonfunctionalized multiwall CNTs the per-
colation threshold, as estimated from electrical con-
ductivity, is less than 0.1% (curve I), then the intro-
duction of COOH groups that drastically change the
character of interaction of tubes with the matrix (sec-
tion “One-dimensional fillers: carbon and halloysite
nanotubes”) shifts @, far to the right (curve 2).

These conclusions were varified in [241], in which
the authors compared chemically equivalent com-

Table 5. Mechanical properties of epoxy nanocomposites
with F,05 [235]

_ Kic,
Material (t:i?)rrllfiilltt; G, MPa MPalfnl P

Matrix 0 59.3 1.21

Epoxy nanocomposite 1 63.2 1.19
without F,04

2 67.8 1.16

Epoxy nanocomposite, 1 73.6 1.88

functionalized by F,0; 2 78.3 2.06

3 84.8 2.27

4 89.1 2.49
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Fig. 18. Relation of the value of ¢, to parameters ) and €.
e=(1)0.01, (2) 0.05, (3) 0.1, (4) 0.2, and (5) 0.4. See text
for explanations. The data are taken from [239].

pounds and inferred that covalent functionalization,
which is favorable with respect to the mechanical
properties of a composite material, by no means
improves its conducting characteristics.

Electrical conductivity of epoxy nanocomposites
with carbon nanoparticles. CNTs and graphene are
anisodiametric particles; therefore, the electrical con-
ductivity of polymeric composite materials will be
determined by their aspect ratio, the pattern of orien-
tation, and the degree of dispersion. These parameters
will determine the value of the percolation threshold.

The electronic and, hence, conducting properties
of CNTs depend on their chirality. The latter appears
during the synthesis and characterizes the way of
twisting of the graphene plane into a cylinder. The
diameter and helicity of the tube are related to chiral-
ity. The limiting cases occur in zigzag and chair con-
figurations. The first structure is fully symmetric (the
zero chirality), while the second structure is helical at
an angle of 30°.

Single-wall CNTs with the zigzag structure are
semiconductors, while their chair-type structures are
conducting. Multiwall CNTs are always conductors.
The macroscopic samples of single-wall CNTs in the
form of chaotically arranged bundles feature conduc-
tivity up to 10* S/cm. However, the specific resistance
of the system is determined not so much by the prop-
erties of CNTs as contacts between them; that is, the
limiting stage of conduction occurs via the hopping
mechanism [44—46].

Charge carriers of graphene behave as massless rel-
ativistic particles (Dirac fermions). A high electron
conductivity in a layer is related to a high quality of its
crystal lattice, i.e., low concentration of various kinds
of defects that act as scattering sites and inhibit charge
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Fig. 19. Dependence of dc conductivity of the epoxy nano-
composite on the concentration of (/) original and (2)
COOH-functionalized multiwall CNTs. The data are
taken from [240].

transport by means of limitation of electron free path
length [47, 48, 242].

Although graphene compared with multiwall
CNTs has a higher electrical conductivity (~10° S/cm
vs. ~10° S/cm), the percolation threshold of the latter
in polymer composites is much lower: mass percent
fractions against 1—-2% [221, 243].

The electrical conductivity of composites is usually
studied by analyzing the concentration and tempera-
ture dependences of dc conductivity G, (dc measure-
ments) and the real part of complex ac conductivity
0,. (ac measurements). The data reported in [240]
illustrate the first approach [240] (Fig. 19). The sec-
ond approach was implemented by A. Vavouliotis et al.
[244] in the study of the electrical conductivity of
epoxy nanocomposites in which multiwall CNTs were
used as nanoparticles. The results are shown in Fig. 20.

It is seen that ¢,. depends on the frequency and
content of multiwall CNTs and grows by almost ten
orders of magnitude with increase in these values. The
curves of ac conductivity of the matrix and the sample
with the lowest concentration almost coincide and
show a power-law dependence of G, on ®. In the low-
frequency range, there is a sharp rise in conductivity
(up to eight orders of magnitude) between samples
containing 0.1 and 0.3 wt % multiwall CNTs. Nano-
composites with concentrations equal to or above
0.3% demonstrate a broad plateau of the so-called
apparent dc conductivity. It appears that the percola-
tion threshold evidently demonstrates itself.

On the basis of the dc conductivity data and using
Eq. (14) the critical concentration of multiwall CNTs ¢,
and the critical factor B were estimated as 0.089 wt %
and 2.574, respectively. For the ac conductivity, the
results were as follows: @, = 0.098 wt % and 3 = 3.204.
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Fig. 20. Dependence of ac conductivity of the epoxy nanocomposite on frequency. The concentrations of multiwall CNTs are
(1) 0.1, (2) 0.3, (3) 0.5, (4 0.6, (5) 0.8, and (6) 1.0 wt %; (7) matrix. The data are taken from [244].

This difference may apparently be explained by dif-
ferent conduction mechanisms. The dc conduction is
determined via overcoming of energy barriers between
favorable conducting regions within the material and
formation of a continuous percolation path between
electrodes. Charge carriers are forced to migrate over
long distances. In addition, in the ac conduction, an
increase in frequency causes a reduction in the average
shift of current carriers and a rise in 0, because a bet-
ter usage of conducting particles is achieved. The
probability of hopping conduction between the latter
grows, and the conduction includes contributions of
both the continuous path and the existing terminal
branches. Thus, in ac measurements, any contact
resistances are eliminated and/or decreased at all scale
levels of interaction (from sample macroelectrodes to
nanotube—nanotube).

G.D. Seidel and D.C. Lagoudas [245] advanced a
model for estimating the effect of electron hops and
formation of conducting circuits on the electrical con-
ductivity of CNT-polymer nanocomposites owing to
the use of a conducting interfacial layer. If well-dis-
persed CNTs are located in close proximity, then the
hops of electrons may occur readily. The critical thick-
ness of the interlayer providing the hopping mecha-
nism of conduction is independent of the diameter d
of tubes. Note that the higher the d, the more pro-
nounced the percolation concentration. For multiwall
CNTs, the radius is higher compared with single-wall
CNTs, so that the percolation threshold related to the
hopping of electrons is much higher. In fact, as was
found in [246], in the epoxy nanocomposites with sin-
gle-wall CNTs, ¢, is about 0.015 wt %; in the case of
the CNT mixture, @, is about 0.0225.
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At high concentrations, the conductivity of the
composite material will be determined by the elec-
tronic properties of CNTs. But if multiwall nanotubes
are conducting, then a certain fraction of single-wall
nanotubes are semiconductors. Therefore, at equal
concentrations, single-wall CNTs will possess a lower
electrical conductivity than multiwall CNTs. In the
case under consideration, the electrical conductivity
will be ~10~° and ~10~° S/cm, respectively.

The incorporation of conducting nanoparticles
into the polymer medium dramatically changes its
dielectric parameters, which in the alternating electric
field are characterized by complex dielectric constant
€*, or permittivity
(15)
where €' and €"are the real and imaginary parts of
dielectric permittivity. The former value is a compo-
nent of polarization that changes in phase with the
alternating field, and the latter value is the contribu-

tion to polarization with the phase shifting by /2 rel-
ative to the field and characterizes dielectric losses.

As was shown in [247], the dependence €'(¢) may
be described by the same relationship as the electrical
resistance, namely, by Eq. (14): ¢, = 0.006 (0.6 wt %)
and § = 3.7. The value of €" first increases to the criti-
cal concentration and then decreases. Equation (14a)
is applicable to the growing branch of dependence
e"(p):v=047.

Metal-containing nanoparticles. It is evident that
the electrophysical properties of epoxy nanocompos-
ites with metal-containing nanoparticles depend on
their conducting ability: conductor (Ag, Cu) or semi-
conductor (Al,O3, ZnO). If in the former case a filler

e*=¢ —je",
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Fig. 21. (Color online) Dependences of (a) specific conductivity ¢',. of the epoxy nanocomposite with ZnO on frequency at
110°C and (b) 64, of the same composite on temperature at a frequency of 1 Hz. The concentrations of ZnO nanoparticles are
(10,2 3,37, (4 10, and (5) 12 wt %. The data are taken from [248].

may impart conducting properties to the composite,
then in the latter case it may only modify dielectrics to
a greater or lesser extent.

Semiconductors. B. Tsonos et al. [248] used dielec-
tric relaxation spectroscopy to study epoxy nanocom-
posites with ZnO nanoparticles having sizes less than
100 nm. The data on specific conductivity are pre-
sented in Fig. 21.

As follows from the frequency dependence of ¢,
(Fig. 21a), at low frequencies, all curves show a pla-
teau. This corresponds to dc conductivity 64.. How-

ever, its value is small (10~° S/cm). This fact implies
the absence of direct current conductivity, and the
applied field is compensated owing to the orientation
of dipoles. Because there is no drastic difference in the
curves describing the matrix and composites, it is clear
that the case in point is dipoles belonging to polymer
chains. Nanoparticles interacting with molecular frag-
ments of the matrix facilitate (the concentrations of
ZnO are 10 and 12%) or hinder (3 and 7%) their ori-
entation relaxation.

The data depicted in Fig. 21b confirm this conclu-
sion. The temperature dependence of dc conductivity
is described by the empirical Vogel—Fulcher—Tam-
mann law

B
T_TO

(B and T, are empirical constants).

InGy, o< — (16)

This equation is usually used to describe the
dynamics of relaxation of the o process in polymers.
Constant T;, which is often interpreted as a tempera-
ture of “static freezing” of electric dipoles or transition
to the dipole glass state, is 30—60 K lower than T7,.
Both parameters 7 and B are related to the so-called
strength parameter D via ratio D = B/T,. Parameter D
is inversely proportional to the value of brittleness m,
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which characterizes the degree of deviation from the
Arrhenius dependence,

m = [ dlogn j ’
AT/ T) )y,
where 1 is viscosity.

The kinetic fragility index m depends on inter- and
intramolecular interactions in the system and serves as
a measure of bonds formed during glass transition
[249].

Table 6 lists the Vogel—Fulcher—Tammann con-
stants for the systems of interest [248, 250].

A low value of D and, accordingly, a high value of
m imply that glass transition occurs in a narrow tem-
perature range near 7,, as is typical of polymers. Thus,
the fact that parameter D is almost insensitive to the
existence of nanoparticles in the composite proves that
the epoxy matrix makes the decisive contribution to
the electrophysical properties of the epoxy nanocom-
posites.

The electrophysical properties of the epoxy com-
posite with BaTiO; microparticles (smaller than 2 um)
were investigated by broadband dielectric spectros-
copy [251]. It was shown that the imaginary part M" of
electric modulus M*, which is defined as the inverse
value of complex dielectric permittivity via Eq. (18),
depends on the content of BaTiO; with the loss maxi-
mum monotonically decreasing with the filler con-
centration:

A7)

M* =g =@ —ig")"!
1 ”" 18
- .28 ot .28 S M+iM” ()
e +e e +e

Curves M'(f) exhibit peaks, which in order of
increasing frequency may be assigned to interfacial
polarization, also known as the Maxwell-Wagner
effect; o transition (glass transition); and local B tran-
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sition, which is usually attributed to the rearrange-
ments of polar side groups of polymer chains. Figure
22 shows the temperature and concentration depen-
dences of frequencies f,,,, corresponding to the max-
ima of the first two peaks.

It is seen that for all systems « transition is
described by the Vogel—Fulcher—Tammann equation,
whereas interfacial polarization obeys the Arrhenius
law. The energy of activation for the process of interfa-
cial polarization somewhat increases with the content
of BaTiO;, but in both cases the dependence on the
filler concentration is very weak. Note that interfacial
polarization almost always occurs in polymers owing
to the presence of various additives, plasticizers, etc.
Parameter 7, also increases with the filler content
according to a rise in the glass-transition temperature.

Hence, the patterns of the temperature and fre-
quency dependence M" of the composites confirm
that the epoxy matrix makes the decisive contribution
to the electrophysical properties of the epoxy nano-
composites.

S. Singha and M.T. Thomas [252] compared the
epoxy nanocomposites with TiO,, Al,O;, and ZnO
nanoparticles as insulators. The highest efficiency was
exhibited by TiO,, which decreased the dc resistance

of the matrix from 7 x 107 to ~2 % 10”7 Q cm for the
composite containing 0.5 wt % TiO,. Then follow
ZnO (~3 x 107 Q cm, a concentration of 0.5 wt %)
and, finally, Al,O; (~4 % 107 Q cm, a concentration of
5wt %). The effect of the filler type on the specific dc
resistance of nanocomposites is not very high. Proba-
bly, this phenomenon may be explained by the fact
that excess free charges are introduced in the compos-
ite by particles. The phenomenon is the most pro-
nounced in the case of TiO,.

An analogous effect is exhibited by these fillers on
the ac dielectric strength. The probability of break-
down was analyzed in terms of the Wiebull distribution

F(x) = 1 —exp{~(x/M)"} (19)

(A is the scale parameter, and B is the shape parame-
ter).

The presence of nanoparticles increases the proba-
bility of breakdown via a marked reduction in the value
of A. For example, A is 28.6 kV/mm at 0.5% ZnO,
whereas for the matrix A = 52.3. In the case of Al,O,,
the scale parameter is 36—40 kV/mm.

Figure 23 plots the ac dielectric strength of the
epoxy nanocomposites as a function of the concentra-
tion and size of ZnO particles [253]. If at low concen-
trations (less than 10%) the size of nanoparticles has
almost no effect, then at a high filling (above 10%)
coarse particles (~500 nm) decrease the electric
strength much more strongly than fine particles
(~65 nm).
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Table 6. Vogel—Fulcher—Tammann constants for the epoxy
nanocomposites with ZnO

Content of
710, % B, K Ty, K D
0 714/754 268/263 2.7/2.9
2.9 600/700 279/268 2.2/2.6
4.8 —/675 —/271 —/2.5
6.5 699/611 274/274 2.6/2.3
9.1 712/608 274/278 2.6/2.2
10.7 612/550 276/281 2.2/2.0

The data taken from [248] are in the numerator, and the data
taken from [250] are in the denominator.

Q. Wang and G. Chen demonstrated [254] that the
ac dielectric strength of epoxy nanocomposites is con-
siderably affected not only by the type of the filler but
also by the interfacial layer. For example, the treat-
ment of SiO, nanoparticles with silane leads to an
increase in A from 140.1 (matrix) to 151.4 kV/mm,
whereas for the untreated particles A = 130.5 kV/mm.

The interfacial layer plays an important role in con-
trolling the properties of composites. However, at a
low concentration of nanoparticles, its contribution
can hardly be determined. Using broadband dielectric
spectroscopy, X. Huang et al. [255] studied highly
filled epoxy nanocomposites containing 50 vol %
BaTiO; nanoparticles with six kinds of surface chem-
istry (Fig. 24). It was assumed that in this case exactly
interfacial layers would exert the decisive effect on the
properties of the composite.

fmax» HZ
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Fig. 22. (Color online) Temperature and concentration
dependences of 1, corresponding to (I) the o transition
and (1I) the interfacial polarization effect. The concentra-
tion of BaTiOyj is varied from 0 to 13.6 vol %. The data are
taken from [251].
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Fig. 23. Dependence of the ac dielectric strength of the
epoxy nanocomposite on the concentration of ZnO parti-
cles with a size of 65 (closed circles) and 500 nm (open cir-
cles). The data are taken from [253].

As opposed to the dependence plotted, for exam-
ple, in Fig. 22, the Arrhenius law holds in this case.
This implies that the matrix does not make itself evi-
dent. The energy of activation E, of conduction
depends on the chemical nature of groups grafted onto
the surface of nanoparticles, i.e., on the structure of
the interfacial layer. The lowest values of E, are exhib-
ited by structures formed using amino and epoxy
groups able to directly participate in formation of the
matrix network (straight lines 3, 4). This is apparently
the densest layer. The mobility of polymer chains is
restricted, and the dipole or orientation contribution
to polarizability will be minimal. The most mobile
molecular fragment providing a high conductivity is
the layer obtained with participation of the hyper-
branched aromatic polyamide. The same layer exhib-
its the highest activation energy (straight line 6).

Conductors. Among conducting metal nanoparti-
cles, silver is distinguished by its excellent electrical
conductivity. In [256], epoxy nanocomposites were
obtained using a powder Ag with a size of 70 nm.
Direct measurements demonstrated that the dc con-
ductivity is described by relationship (14) at . = 1 =
0.3% and f = 5 £ 0.5. Usually ¢, = 15% and = 2
[257]. The authors attributed this discrepancy to the
aggregation of nanoparticles into chain structures with
a high aspect ratio; therefore, the percolation thresh-
old decreases. Another possible reason may be the
enlargement of nanoparticles, but as shown in [257]
(really, for microparticles), this leads to a reduction

in Q.

At the same time, ac measurements performed in
[256] are in conflict with the above data. Figure 25
presents the data on the ac conductivity. As in the case
of multiwall CNTs (Fig. 20), at low frequencies and
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Fig. 24. (Color online) Temperature dependence of the dc
conductivity of the epoxy nanocomposite with BaTiO;
nanoparticles (/) without treatment and with (2) SH,
(3) OH, (4 NH,, and (5) epoxy grafted groups and
(6) hyperbranched aromatic polyamide. The data are
taken from [255].

fairly high concentrations of Ag nanoparticles, curves
0,.(f) cease to be frequency dependent, thereby
demonstrating the transition to 6,.. However, it is seen
that, at concentrations of 2.2 and 3.3%, there is no any
sign of such a tendency. A sharp attainment of the pla-
teau corresponds to 8.3%. Hence, ¢, > 1%.

Using powder Ag with a size of 200 nm as a filler,
S. Nam et al. [258] showed that, in accordance with
electrical resistance measurements, the percolation
threshold is nearly 0.23. Interestingly, the addition of
SiO, microparticles (1-5 wm) in an amount of
12 vol % shifts the threshold to ~0.18. On the basis of
electron microscopy studies, the authors believe that
the supramolecular structure of the matrix becomes
more uniform upon introduction of the additives.

Further studies [259] showed that the size of SiO,
particles is of great importance. When 5 vol %
nanoparticles with a diameter of 1000 nm was added,
the percolation threshold ¢, was reduced from 0.23 to
0.14. Eventually, nanoparticles with a smaller diameter
(500, 80, and 10 nm) decreased @, to 0.1.

In [145], silver nanoparticles with a size of 15—
20 nm were synthesized in situ via the reduction of
AgSbF. The percolation threshold according to the ac
conductivity measurements was not reached even at
20 wt % precursor; this value corresponded to approx-
imately 5 wt % or ~0.5 vol % Ag nanoparticles, which
is quite natural.

At filler concentrations not above @, dielectric
spectroscopy measurements reflect relaxation proper-
ties of the matrix and the influence of nanoparticles on
them. For example, as was shown in [146], which is a
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continuation of the previous study, the dependence of
complex dielectric permittivity €° on frequency ® is
described by the Havriliak—Negami equation
80 - SDO

[+ (ot

where €., and g, are the dielectric permittivity at ulti-
mately high and low frequencies, T is the time of relax-
ation, and ovand P are the parameters generalizing var-
ious types of relaxation: oo = = 1 (the Debye equa-
tion), .= 0 and 3 # 0 (the Cole—Davidson equation),
and oo = 0 and B = 0 (the Cole—Cole equation).

In the presence of Ag nanoparticles, low-tempera-
ture peaks on the curves €"(®) corresponding to the 3
relaxation shift to high frequencies, which, most prob-
ably, characterizes the effect of plasticization. The
same argument may be used to explain reduction in

the energy of activation from 61 (matrix) to 50 kJ/mol
(4.1 wt % Ag) in the Arrhenius dependence (7).

Peaks on the curves of the imaginary part M" of
electric modulus M* which refer to the interfacial
polarization also shift to high frequencies with an
increase in the concentration of Ag, and the energies
of activation, as calculated from the temperature
dependence of their frequency, grow to 159 kJ/mol,
thereby demonstrating an increase in the heterogene-
ity of the system.

e(w) = €. + (20)

Magnetic Properties

It is evident that the magnetic properties of the
epoxy nanocomposites are determined by nanoparti-
cles possessing a magnetic moment. Specifically,
magnetite Fe;O, features a high saturation magnetiza-
tion (M, ~ 92—100 emu/g at room temperature).
Therefore, upon incorporation into the polymer
matrix, magnetite may be extensively used in such
applications as magnetic resonance tomography, bio-
medical sensors, screening of electromagnetic distur-
bances, flexible electronics, magneto-optical storage
devices, etc. However, because surface functional
groups able to react with the epoxy matrix are in defi-
ciency, Fe;O, nanoparticles are easily involved in
agglomeration because of a strong magnetic dipole—
dipole interaction between particles.

In [260], magnetic epoxy nanocomposites were
prepared. The functionalization of Fe;O, nanoparti-
cles by polyaniline was implemented via surface-initi-
ated polymerization.

The experiments showed that, in the epoxy nano-
composites containing 15 wt % of both functionalized
and nonfunctionalized nanoparticles at room tem-
perature, there was no loop of magnetic hysteresis. Its
absence on all magnetization curves with an almost
zero coercivity indicates the superparamagnetic
behavior of the composites. This is apparently associ-
ated with the fact that the sizes of magnetite nanopar-
ticles are below the critical value (10—20 nm), so that
No. 6
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Fig. 25. Frequency and concentration dependences of the
ac conductivity of the epoxy nanocomposite with silver
nanoparticles. The data are taken from [256].

every particle may serve as one magnetic domain with
a high permanent magnetic moment and may behave
as a huge paramagnetic atom. This nanoparticle may
rapidly respond to the applied magnetic field with a
small coercivity and an insignificant residual magneti-
zation.

For all of the samples, saturation magnetization M,
was not attained even under application of a strong
magnetic field H. This parameter was estimated by
extrapolating dependence M (H™"). The as-calculated
values of M, for nanoparticles were much lower than
those for bulk Fe;O, samples: the level of magnetiza-
tion for the 15% epoxy nanocomposite was about
9.5 emu/g.

Jacobsite MnFe,O,, whose nanoparticles were
used to prepare magnetic epoxy nanocomposites
[261], exhibits ferromagnetic behavior, being a mag-
netite. Table 7 lists the magnetic characteristics of the
composite in comparison with the crystalline
MnFe,0,: coercivity H,, saturation magnetization M.,
and magnetic moment m.

The growth of coercivity and magnetic moments
for the nanocomposites may be associated with the
presence of hydrogen bonds in the epoxy matrix. The
magnetization of a composite is governed by dimen-
sionality of the network of hydrogen bonds with their
coordinated movement playing the role of exchanging
paths between magnetic centers and causing their
remagnetization [262].

The value of M, is affected by the dipole interaction
of nanoparticles, which grows with the concentration
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Table 7. Magnetic properties of epoxy nanocomposites with
MnFe,0, [261]

M,
System H_, Oe © m, g
emu/g
Neat MnFe,0, 14.9 31.68 1.244
5% epoxy nanocomposite 44.7 1.84 1.373
10% epoxy nanocomposite| 43.9 4.21 1.354

of the filler. It appears that this finding may provide an
explanation for the data summarized in Table 7.

This dependence is confirmed by the data on the
magnetic properties of epoxy nanocomposites con-
taining inclusions of barium ferrite BaFe;O4
nanoparticles [263] (Fig. 26). As is clear, not only the
saturation magnetization (straight line /) but also the
residual magnetization (straight line 2) linearly
increase with the concentration of BaFe ;0. The
limiting values of the mentioned parameters are 14.0
and 4.1 emu/g, respectively. Note that the coercivity is
the same for all of the systems: H, = 1.3 kOe.

In order to impart magnetic properties to epoxy
nanocomposites, X. Zhang et al. [284] used graphene
with the deposited product of thermal decomposition
of Fe(CO)s—a mixture of Fe and Fe,0;. The satura-
tion magnetization of the composite was 0.04, 0.16,
and 0.45 emu/g for 1.0, 3.0, and 5.0 wt %, respectively.
For the neat filler, M_ was 14.7 emu/g. Hence, the cal-
culated values of M, for the same concentrations
should be 0.15, 0.44, and 0.74 emu/g. In the author’s
opinion, reduction in M, for the nanoparticles may be
attributed to the oxidation of iron during the curing
process.

M, emu/g
4 -

Il

10
¢, %

Fig. 26. Dependence of (/) saturation magnetization and

(2) residual magnetization on the volume fraction of the
BaFe,0,y filler. The data are taken from [263].
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The coercivity is inversely proportional to the filler
content: 67.2, 46.5, and 12.3 Oe, respectively.

In order to protect iron (and other variable valence
metals) from further oxidation, nanoparticles with the
core—shell structure are employed and noble metals,
carbon, and oxides of iron are used as a shell [265].
The latter metal was used in [266]: Fe (core) + FeO
(shell) with a particle size of 15—25 nm and an oxide
thickness of 0.5 nm.

As in previous cases, the saturation magnetization
grows with the concentration of nanoparticles. M, =
17 emu/g for the epoxy nanocomposites with 20 wt %
nanoparticles. This value is ~16% from the corre-
sponding value of the block filler. During dispersion,
the coercivity grows from 62.33 to 202.13 Oe. This
observation may be explained by weakening of inter-
particle dipole interaction because of an increased dis-
tance between single-domain nanoparticles compared
with nanoparticles that are in close contact in the
block.

A change of the shell of nanoparticles from FeO to
the carbon one [267] leads to reduction in the satura-
tion magnetization and causes a rise in coercivity. This
tendency may also be explained by the worsening of
interparticle dipole interaction.

Thermal Conductivity of Epoxy Nanocomposites

Thermal conductivity is closely related to electrical
conductivity. For example, in metals, according to the
Wiedemann—Franz law, the thermal conductivity
coefficient K is directly proportional to electrical con-
ductivity. However, carbon fillers featuring an
extremely high thermal conductivity and a low specific
gravity do not demonstrate the expected improvement
of thermal conductivity in epoxy nanocomposites
largely because of their poor dispersion and problems
related to the nature of interfacial layers, in particular,
to the Kapitza thermal resistance R,.

Figure 27 shows the concentration dependences of
the thermal conductivity coefficient K for the epoxy
nanocomposites with a number of carbon nanofillers
[268]. The best results are obtained for graphene flakes
(curve 1), i.e., growth by a factor of ~10 at 10 wt %
multiwall CNTs. At the same concentration (curve 2),
the thermal conductivity of the matrix increases by
approximately five times. But in this case, the electri-
cal conductivity grows by five to seven orders of mag-
nitude. Nevertheless, proportionality between these
values (K and o©4) is preserved if the percolation
threshold of multiwall CNTs is overcome [269]. The
same relationship is observed between K and o, at
lower concentrations of graphene that was obtained by
the sonification exfoliation of graphite oxide [270].

An important role of the interfacial layer was
demonstrated by C.-C. Teng et al. [271], who used
poly(glycidyl methacrylate) with the terminal pyrene
group for the noncovalent functionalization of
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K, W/(m K)
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Fig. 27. (Color online) The concentration dependence of
thermal conductivity K of epoxy nanocomposites with fill-
ers: (/) graphene, (2) multiwall CNTs, (3) graphene oxide,
and (4) graphite. The data are taken from [268].

graphene. The thermal conductivity of the epoxy
nanocomposites containing ~4 wt % of these
nanoparticles was 1.91 W/(m K), which is ~20%
higher than that in the case of nonfunctionalized
graphene.

The thermal resistance of the boundary layer,
which is known as the Kapitza thermal resistance, is
R, = 8 X 10~ m?/(K W). This value refers not only to
CNTs and other carbon fillers of epoxy matrices but
also to other composite materials and polycrystals
[272]. Even a slight increase in R, entails a marked
worsening of the thermal conductivity of the compos-
ite, despite high values of the thermal conductivity
coefficient and the aspect ratio of nanoparticles. As
was revealed by molecular dynamics modeling per-
formed using SiC nanoparticles, taking into account
contributions of the Kapitza resistance and the effec-
tive interfacial layer to the overall thermal conductivity
is a general and important analytical consideration in
analysis of the thermal properties of epoxy nanocom-
posites, in particular, the effect of dependence on the
size of particles [273].

In accordance with [274], for nanoparticles with a
small aspect ratio at volume fraction ¢ = @, the perco-
lation theory gives

nf2)- ({52 ) (]
A¢ -0, A

Here A, A;, and A, are the thermal conductivities of a
composite, of a filler, and at the percolation concen-
tration .. Exponent » depends on the size and shape
of the filler and the character of its distribution in a
composite.

Because a marked gain in the thermal conductivity
of polymer composites is feasible only above the per-
colation threshold, the use of metal nanoparticles for
this purpose presents a problem. In fact, for particles
with the aspect ratio on the order of unity, ¢, ~ 0.15;
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that is, the weight fraction of the metal filler is
extremely high. An example is provided by paper
[275], in which Kwas 27 W/(m K) at a volume content
of silver nanoparticles of 45%, which corresponds to
their weight concentration of 86%.

CONCLUSIONS

It has been shown that, regardless of whether a
filler is introduced in the reaction system or is formed
in situ during the process of matrix formation, its
structure changes to a greater or lesser extent com-
pared with the unfilled cured epoxy binder. In addi-
tion, the matrix influences the character of distribu-
tion of nanoparticles over volume. This effect is espe-
cially important in the case of graphene and MMT,
when exfoliation is the case in point. The matrix gov-
erns the size and shape of the resulting nanoparticles.
Their interaction with the epoxy resin affords interfa-
cial layers. There is no doubt that all these factors
affect the properties of the epoxy nanocomposites.

The application areas of composites are defined by
both the physicomechanical parameters of the epoxy
matrix, its strength, thermomechanical stability, and
adhesion ability and the unique properties of nanopar-
ticles.

Nanoparticles of gold, silver, copper, TiO,, ZnO,
fullerene, and CNTs demonstrate effective antibacte-
rial properties; therefore, composites containing these
nanoparticles may be used for the microbiological
control and purification of water, disinfection of sur-
faces, and creation of germicidal coatings, protective
films, etc. Silver shows anti-inflammatory behavior
and features antiviral and antifungal abilities. Its appli-
cation in the form of nanoparticles (compared with
the ionic form) decreases the cellular toxicity rather
than the antibacterial efficiency [276, 277].

Dielectric and magnetic polymer nanocomposites
have found wide use in such fields as Fourier spectros-
copy, NMR, data storage, and absorption of electro-
magnetic radiation from other objects. Epoxy nano-
composites are not exception. The role of nanoparti-
cles shows itself as improvement of electric strength
and stress durability, suppression of space charge, and
increase in the stability of dielectric discharge. For
example, in the case of built-in planar capacitors, the
insertion of dielectric films between copper sheets
makes it possible to efficiently reduce the number of
assembly devices. This not only leads to the miniatur-
ization of circuit boards and electric wiring but also
improves the characteristics of devices (e.g., promotes
reduction in electromagnetic interference and switch-
ing noises) [255, 261, 263].

Epoxy resins are often employed in antiwear appli-
cations. The use of such fillers as graphene oxide [278]
or complexes MMT + SiO, [229] and cloisite + TiO,
[279], even at their very low content, decreases the rate
of material wear by almost an order of magnitude.
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The present review covers far from all aspects of the
processes of formation, properties, and application of
epoxy nanocomposites which deserve consideration.
We did not go into the details of kinetics and mecha-
nisms of chemical reactions of epoxy oligomers,
assuming that these issues have sufficiently been high-
lighted in the literature [40, 41, 280].

Evidently, little attention has been paid to relax-
ation properties. Problems pertaining to thermal sta-
bility and heat resistance are beyond the scope of this
review. One of the reasons is the ambiguity of the pub-
lished data.

As for the application of epoxy nanocomposites, in
our opinion, this subject deserves a separate article.

In conclusion, it should be noted that, although
many papers devoted to various problems of epoxy
nanocomposites have been published in recent years,
these fields of science and engineering are progressing
so rapidly that after two to three years the need for a
new generalization will arise.
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