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Abstract
A detailed analysis of nanocomposites based on epoxy polymers and various nanofillers, including one-, two- and three-
dimensional carbon nanotubes, was carried out. Special attention is paid to the structure of epoxy nanocomposites and the
interfacial layer in these systems. The data on the mechanical, electrophysical, magnetic, thermal, and tribological properties
of epoxy nanocomposites are summarized. The influence of the nature of nanofillers (carbon nanotubes, metals, and minerals) on
the properties of nanocomposites is analyzed. The problems and prospects of development of nanocomposites based on epoxy
polymers reinforced with carbon nanotubes are considered.
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Introduction

From the point of view of a set of properties, epoxy polymers
stand out among other polymeric materials and play an impor-
tant role in the aerospace, automotive, shipbuilding and other
industries. Their widespread use in technology is associated,
firstly, with the high processability of epoxy resins and, sec-
ondly, with the unique combination of the performance char-
acteristics of their curing products [1–4].

The high reactivity of epoxy groups and the thermodynam-
ic miscibility of epoxy oligomers with many substances allow
the use of different curing agents and carry out curing reac-
tions under various technological conditions [5–7]. Of no less
importance are the features of the synthesis processes, such as
the absence of volatile products and low shrinkage.

Epoxy polymers have high values of static and impact
strength, hardness and wear resistance. They have a pro-
nounced thermal stability and heat resistance. Many solid sur-
faces form strong adhesion bonds with epoxy polymers [1, 2,

8–10]. This circumstance determines their use as compounds,
glues, paint materials and coatings, including in aerospace
engineering.

Composite materials, including fibrous materials [11], pri-
marily high-filled reinforced plastics, in which high-modulus
and high-strength fibers function as load-bearing elements,
occupy a special place [12]. The matrix is mainly designed
to realize the properties of composites in an engineering ma-
terial. It ensures the integrity of the material, as well as the
transfer and distribution of internal stresses. Epoxy polymers
fully meet these criteria.

Apparently, epoxy nanocomposites are designed to imple-
ment the same degree of unique functional properties of nano-
particles (NPs): electrical, magnetic, optical, chemical, and
biological.

Complicated information about epoxy nanocomposites is
contained in [13–16]. Reviews [17–21] are devoted to epoxy
nanocomposites with carbon nanotubes (CNTs). CNTs are of
particular interest because of their low density, high compres-
sion ratio, high strength, high ductility, light weight, and ex-
ceptional mechanical, thermal, optical, and electrical proper-
ties. These unique characteristics make it possible to consider
CNTs as ideal fillers for the manufacture of light-weight poly-
mer composite materials with improved mechanical perfor-
mance and multifunctional properties. Therefore, the incorpo-
ration of CNTs in epoxy polymers leads to an increase in the
resulting material’s strength and the fracture toughness. It is
important that the level of reinforcement depends on many
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factors, in particular, on the nature of the CNT, surface mod-
ification, orientation of the CNT, the amount of CNTs and the
polymer/nanotube interfacial bonding [22–28]. Some aspects
of epoxy nanocomposites containing graphene were covered
in [29–32].

In this review, we took the opportunity to conduct a com-
parative analysis of epoxy nanocomposites containing nano-
particles of metals and minerals, graphene and CNTs, as well
as to discuss their structure and properties. Taking into con-
sideration the urgency of the problem, the growing volume of
publications in this area and the availability of recent research
not covered in the mentioned reviews, we consider the appear-
ance of such an article to be very timely.

Structure of epoxy nanocomposites

The properties of polymer nanocomposites are determined by
the structure of the matrix, the type and character of the dis-
tribution of NPs within the bulk, and finally, the size and
nature of the interfacial layer. In the case of epoxy nanocom-
posites, these factors are largely incorporated in the synthesis
stage. Many examples are given above both for the matrix and
for the distribution of, say,montmorillonite (MMT) within the
volume. However, the question of the formation of the inter-
facial layer remained open.

As has been shown in many papers, mostly using the nano-
indentation method [33, 34], regardless of the nature of the
fiber and the matrix, the interfacial layer extends to microme-
ters in polymeric fibrous composites. Obviously, the same
situation should be expected in the case of nanocomposites.

Indeed, the surface energy of NPs is quite large; therefore,
they are characterized by the adsorption of various molecules.
Components of epoxy binders are no exception [35–37]. It
should be kept in mind that the structures of the adsorption
layers are different for one-dimensional (1D) CNTs, two-
dimensional (2D) graphene, three-dimensional (3D) fullerene,
and metal-containing NPs [38]. In the latter case, agglomera-
tion of particles is possible, accompanied by the development
of fractal structures with peculiar adsorption properties [39].

CNTs and graphene can be non-covalently functionalized
without distorting the morphological structure by formation of
π-π-bonds with aromatic compounds, corresponding poly-
mers and surfactants through ionic interactions [35, 36, 40,
41]. The silicate surface of MMT and halloysite NPs [42] is
modified by organic compounds, including amines and si-
lanes [43, 44]; in this case, ionic bonds can be form.

Alkylamine-type compounds react with NPs of metals and
their oxides to formМt-N bonds [45, 46]. The same behavior
is typical of alkylthiols. But if S-Мt bonds exist, then the
potential of attraction between the alkyl chain and the surface
of NPs is such that the adsorbed molecules form bonds with
the maximum possible number of surface metal atoms [47].

At the same time, molecular dynamic calculations of the
surface area (σr) of alkanethiols adsorbed by spherical gold
NP [48] showed that σr decreases with decreasing radius (r)
according to the following formula (1):

σr

σ f
¼ 1þ 0:8

r

� �−1

ð1Þ

where σf is the footprint of the alkanethiol molecule on a
flat surface, and r is in nm.

It was shown that, starting with hexanethiol, the value of σr
does not depend on the ligand length. Calculations are consis-
tent with experimental data [49].

Thus, adsorption causes the formation of an interfacial
layer.

Another factor contributing to the stable interfacial interac-
tion of NPs with the matrix is their covalent functionalization
[50–52]. It should be noted that, unlike the non-covalent mod-
ification, the covalent modification can introduce defects into
the structure of NPs. For example, the introduction of surface
СООН-groups by oxidation of CNTs leads to tube bending
and, thus, deteriorates its mechanical and conductive properties
[53]. Note that the presence of reactive groups on the surface of
NPs allows them to be used for the introduction of the corre-
sponding ligands by grafting-from [54] or grafting-to [55].

Finally, one should take into account the peculiarity of
epoxy nanocomposites, namely, that the synthesis of an epoxy
matrix occurs, as a rule, at elevated temperatures, and the
resulting material is used at room temperature. Due to the
difference in the thermal expansion coefficients of the filler
and the matrix, the interfacial layer can be deformed to a
certain extent.

The glass-transition temperature (Tg) characterizes the ma-
trix, since it is a function of its molecular architecture and
depends on parameters such as the functionality of the epoxy
oligomer and curing agent, as well as the degree of conver-
sion. The study of the processes of curing the matrix in the
presence of NPs shows (see above) that an unambiguous con-
clusion about their effect on Tg is hardly possible.

А. Allaoui and N.-E. El Bounia [56] analyzed the published
data and suggested that if single-walled CNTs (SWCNTs) can
lead to a decrease in Tg due to their tendency to aggregate, then
multiwall CNTs (MWCNTs) tend to increase or not to change
the Tg of epoxy nanocomposites. However, K.W. Putz et al.
[57] demonstrated that the influence of MWCNTs (0.25 and
0.5 wt.%) on Tg depends on the density of the matrix network:
Tg grows in loosely cross-linked networks, and Tg decreases in
densely cross-linked networks. It is assumed that in these cases
the interfacial interaction is crucial. In loose networks, the filler
limits the mobility of the kinetic fragments due to their adsorp-
tion, whereas in dense MWCNTs it prevents the formation of
network junctions.
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The formation of interfacial layers, both in the absence of
covalent functionalization and in its presence, was proved in
[58]. SWCNTs and MWCNTs were treated with a mixture of
nitric and sulfuric acids; as a result, carboxyl groups appeared
on the surface. The latter were converted to ester groups by
reaction with phenylglycidyl ether. The matrix was obtained
by curing diglycidyl ether of bisphenol A (BADGE) with
poly(ether triamine). The difference in the treatment proce-
dure is reflected in the structure of the interfacial layer, which
is manifested in relaxation spectra. As evidenced by the pat-
tern of the tan δ(Т) curves obtained at a frequency of 0.1 Hz
(Fig. 1), a high-temperature transition typical of the matrix
(curves 1) is recorded for composites, based on both
SWCNTs and MWCNTs. But in the case of unmodified
(curves 2) and СООН-modified (curves 3) CNTs, an addition-
al transition is observed at a lower temperature. This conclu-
sion indicates the presence of a structure that is less perfect
than the structure of the matrix and, apparently, is localized in
the interfacial layer. The authors believe that the observed
effect is associated with selective adsorption of epoxy oligo-
mer on tubes, which is hardly possible when ester fragments
appear on the surface (curves 4). Another explanation for this
effect is also possible: ester tails facilitate the relaxation of
stress of the interfacial layer. Note that in the case of
SWCNTs, the effect is more pronounced than the effect for
MWCNTs. This is an obvious consequence of the fact that
CNTs are modified to a greater degree (8.6% versus 4.9%with
respect to carboxyl groups and 21.1% versus 13.7% with re-
spect to ester fragments).

S. Wang et al. [59] estimated the shear strength of the
SWCNT/epoxy matrix interface as 306 MPa under the as-
sumption that tubes are not clustered and that the grafting of
diethyltoluenediamine leads, on average, to the formation of

one bond per 25 carbon atoms. In accordance with the same
calculations, the strength of the interfacial layer in the case of
unmodified SWCNTs is ∼50 MPa. However, it should be
borne in mind that the strength of the interfacial layer (τ)
depends on the radius of CNTs. For example, according to
t h e d a t a [ 6 0 ] , o b t a i n e d b y p u l l i n g o u t o f a
polyethylenebutylene matrix, τ ≈ 85 MPa for MWCNTs with
a radius of 10–20 nm and it drops to ∼15 MPa at 60–70 nm.

A number of methods for covalent modification of CNTs
andmanifestation of their functionalization in the properties of
epoxy nanocomposites is discussed in reviews [19, 50]. The
methods used for the functionalization of graphene, which in
principle do not differ from those used in the previous cases,
are described in [40, 61–63]. For example, a graphene disper-
sion in a mixture of methylsulfonic acid and Р2О5 was acyl-
ated by dicarboxylic acid (4,4′-dicarboxy-diphenyl ether), and
then the polycondensation reaction with 3,3′-diaminobenzi-
dine was carried out in situ to obtain the grafted
polybenzimidazole [61]. As in the case of CNTs, an important
circumstance is the disaggregation of graphene sheets [64],
taking into consideration that the latter shows a tendency to
aggregation in an epoxy matrix.

Graphene oxide (GO) is often used as an initial re-
agent in covalent functionalization, which is obtained, in
particular, by the oxidation of graphite. For example,
amino and epoxy-functionalized GO were synthesized
using silane binders: 3-aminopropyltriethoxysilane and
3-glycidoxypropyltrimethoxysilane [65].

Alkylamines consisting of long-chain hydrophobic alkyl
groups and hydrophilic amino groups are grafted onto the
surface of GO due to the presence of two types of reactive
groups on it, namely carboxyl and epoxy. The first groups
participate in the amidation reaction, while the latter groups

Fig. 1 Temperature dependence of tanδ of epoxy matrices and epoxy
nanocomposites containing 1 wt.% of (a) SWCNTs and (b) MWCNTs.
The neat resin (1) and the epoxy nanocomposite with unmodified NPs (2)

and NPs modified withСООН groups (3) and grafted ester fragments (4).
The data are taken from [58]
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participate in the nucleophilic substitution reaction [66]. The
use of bifunctional poly(ester diamine) makes it possible to
graft amino-containing fragments capable of reacting with ep-
oxy groups of the binder [67]. Molecules with different chain
lengths (D230 and D2000) were used. It was assumed that
various interface structures between the filler and the matrix
will be created. The grafting of D230 chains onto the GO
surface leads to the limited segment mobility and, accordingly,
to minimal deformability. D2000 chains have much greater
deformability due to their greater length. This helps to increase
the mobility of the filler in the matrix and causes scattering of
energy during deformation. As a result, the interphase obtain-
ed using D230 and D2000 leads to a difference in the mechan-
ical properties of nanocomposites.

R. Konnola et al. [68] using the ratio (2) estimated the
volume fraction of the interphase (vint) in epoxy nanocompos-
ites, in which the pristine GO and GO with the grafted copol-
ymer of acrylonitrile and butadiene were used as fillers.

tgδ ¼ tgδm
1þ 1:5Bϕ

ð2Þ

Here tgδ and tgδm are the values of the loss tangent of the
nanocomposite and the matrix with the volume fraction of the
filler ϕ, and В is the parameter that essentially characterizes
the volume of the interfacial layer: B = 1 + (ΔR/R0)

3, where
R0 is the radius of NP, and ΔR is the thickness of the interfa-
cial layer. Calculations showed that, for a filler concentration
of 0.6 wt.%, the corresponding values of B = 3.12 and 8.84,
vint are 0.0040 and 0.0114.

Intercalation of various compounds in MMT is possible
[69, 70], which, after exfoliation of the filler, is actually an
interfacial layer. With this aim in view, L. Yang et al. [71] used
2-(3,4-dihydroxyphenyl)ethylamine, which was involved in
the oxidative polymerization, and the surface of the MMT
was covered by the obtained polymer. The interlayer distance
increased during the polymerization.

In [72], epoxy nanocomposites based on bentonite modi-
fied with diphenylamine-4-diazonium via ion exchange were
obtained. The interfacial layer was formed by the oxidative
polymerization of aniline. The aryl groups of the diazonium
strongly influence the interfacial interaction as a means of
effective stress transfer.

In recent years, composites with halloysite nanotubes have
attracted increasing attention of researchers [43, 52, 73, 74].
Halloysite is a kaolin rolled up to multi-walled tubes with an
external diameter of nearly 50 nm, an internal diameter of
∼15 nm and a length of 700 to 2000 nm. Composites based
on them can store and dose chemical reagents and biologically
active compounds (bactericides, antibiotics and other drugs)
for a long time. Additives to various polymeric materials give
them the desired mechanical properties while preserving their
low density [75]. Obviously, the interfacial interaction plays
not the last role here.

The peculiarity of the chemical structure of halloysite
nanotubes is that their internal surface is covered by Al-OH
groups, while the external surface mainly consists of siloxane
groups Si-O-Si. Hence, it follows the strategy for modifying
halloysite nanotubes aimed at creating an optimal interfacial
layer: grafting of silanes is a common and common procedure
for covalent functionalization [52].

Indeed, Р. Sun et al. [76] successfully grafted 3-
aminopropyltriethoxysilane onto the surface of halloysite
nanotubes, pretreated with a mixture of H2SO4 and H2O2 in
order to increase the concentration of hydroxyl groups having
a higher activity towards silanization.

As regards metallic NPs, as noted above, adsorption often
leads to the formation of chemical bonds [47]. For example,

RSHþ Aun 0ð Þ→RS−Auþ–Aun−1 0ð Þ þ 1=2H2;

that is, essentially, chemisorption occurs. Adsorbed mole-
cules can form layers, the structure of which depends [75] on
the concentration and nature of sorbates (for example,
alkanethiols with the number of CH2-groups below nine inca-
pable of self-assembly [76]), temperature and sorbent. For
example, molecular mechanics studies of А.Р. Kaushik and
Р. Clancy [77] demonstrated that small (3 nm) and larger
(6 nm or above) particles behave differently due to the differ-
ent conformations of ligands on their surface. The length of
the ligand is comparable to the lateral sizes of the facets of
small metal-containing NPs. These molecules attempt to max-
imize interaction with the facets and, therefore, prefer to be
horizontal in relation to the facet. As a result, ligands on small
metal-containing NPs are usually localized by twisting around
the core. Ligands on large particles with a larger number of
ligands on the surface are in contact with each other and re-
duce the possibility of interaction with a metal core. Due to the
large number of ligands on the surface, their horizontal posi-
tion on the core facets is hardly possible due to steric hin-
drances and, therefore, they must be oriented vertically.
Naturally, the interfacial interaction of the matrix with metal-
containing NPs will also depend on their size.

The dependence of the ligand conformation on the size of
metal NPs (Fig. 2) obtained in [76] makes it possible to cal-
culate the distances from the surface of Au NPs to the func-
tional (S) and “tail” (CH3) groups of alkylthiol molecule.

It is seen that the first value does not depend on the particle
size and decreases slightly with temperature. The second,
reflecting the conformation of ligands, increases with increasing
temperature and the stronger, the smaller the diameter of AuNPs.

Note that, on the one hand, the ligand layer protects NPs
and thereby stabilizes it, but on the other hand, it makes it
metastable, which leads to a decrease in the melting point,
the main factor of which is the interchain interaction energy
of ligands [47].
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Mechanical properties

The use of NPs as reinforcing agents for epoxy polymers
involves solving problems common to polymeric composite
materials, namely dispersing agglomerates and ensuring stress
transfer from the matrix to the filler by creating the corre-
sponding interfacial interaction. This requires consideration
of the chemistry of the curing processes of the epoxy binder
and the chemical and physical structures of the formed matrix.

In addition, it is necessary to take into account the size of
NPs: one-dimensional, two-dimensional and three-
dimensional fillers.

One-dimensional fillers: Carbon and halloysite
nanotubes

CNTs and halloysite nanotubes can be considered as fibers of
finite length.Mechanical properties, and not only they, depend
on both the degree of filling and the aspect ratio χ (the length-
to-diameter ratio). For example, in the case of unidirectional
fibers with a small filling volume, the Young’s modulus of the
composite in the direction of orientation Е11 is expressed
through the eq. (3) [78]:

E11

Em
¼ ϕ f A ð3Þ

where Em is the modulus of the matrix, ϕf is the volume
fraction of the fiber. Parameter А is a function of the modulus
Ef and the fiber aspect ratio χ, as shown in Fig. 3.

At high values of fiber modulus (plateau region on the
curves), the value of the parameter А is determined first of
all only by the aspect. In the case of random orientation of
the fibers, the modulus of the composite Ес can be represented
as follows (4):

Ес ¼ 3

8
Е11 þ 5

8
Е22 ð4Þ

The transverse modulus Е22 at a low filling can be calcu-
lated by the mix formula (5):

E22 ¼ ЕtrЕm

Еtrϕþ Еm 1−ϕð Þ ð5Þ

HereЕtr is the transverse modulus of the fiber, and Em is the
modulus of the matrix with Еtr ≪ Еm.

From formulas (3)–(5) it follows (6):

Eс

Em
¼ 1

8
5þ ϕ f 3Аþ 5

Еtr

Еm
−5

� �� �
≈
5

8
1−ϕ f

� �þ 3

8
ϕ f A ð6Þ

that is, the parameter A gives the main contribution to the
modulus value.

As can be seen from the Eq. (6) and Fig. 3, at a low filling
(ϕf < 0.01), the efficiency of the fiber becomes apparent only
when χ ≫ 10.

In the ideal case (Kelly model), the strength of the compos-
ite (σс) obeys the mix rule (7) [78]:

σc ¼ ηξ 1−
σ f

2χτ

� �
σ f ϕ f þ σm 1−ϕ f

� � ð7Þ

where σf and σm are the fiber and matrix strength, η is the
orientation factor equal to 0.2 for random distribution of fibers

Fig. 2 Dependences of the conformation of theСН3(СН2)13SН ligand on
the temperature and size of Au particles. The data are taken from [76]

Fig. 3 Dependence of the Young’s modulus of the unidirectional
composite (parameter А) on fiber characteristics. χ−1 = 0 (1), 0.01 (2),
0.03 (3), 0.05 (4), and 0.10 (5). The data are taken from [78]
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over directions [79], ξ is the coefficient taking into account the
level of realization of fiber properties, and τ is the shear
strength of the interfacial layer.

Formulas (6) and (7) describe the ideal situation. In most
studies, experimental data are matched to the Tsai-Halpin eq.
(8) [80]:

Eс

Em
¼ 1

8
3
1þ 2χηlϕ f

1−ηlϕ f
þ 5

1þ 2ηtϕ f

1−ηtϕ f

 !
; ð8Þ

where.

ηl ¼
E f −Em

E f þ 2χEm
; ηt ¼

E f −Em

E f þ 2Em
ð9Þ

М. Ayatollahi et al. [80] used formula (8) to interpret
the obtained dependence of the modulus of epoxy nano-
composite on the concentration (0.1, 0.5 and 1 wt.%)
and the aspect ratio (from 455 to 1000) of MWCNTs;
the value of χ was changed by changing the diameter,
not the length. These authors showed that satisfactory
agreement between experimental data and calculations
can be achieved by establishing χ→ aχb, a = 0.0488
and b = 1.141. It is assumed that this allows the imper-
fection of interfacial interaction, agglomeration and oth-
er possible drawbacks of the model (8).

As the aspect increased, the strength and fracture toughness
of the epoxy nanocomposite increased. However, as was
shown above, the growth of χ is associated with a decrease
in diameter. Particles of smaller diameter create a stronger
interfacial interaction with the matrix (see, for example,
[60]). This facilitates the transfer of load and, accordingly,
improves the mechanical properties.

A number of models that take taking into account the effect
of the curvature of CNTs on the properties of the material were
considered in [81–83]. For example, the authors of [81] put
forward a new expression (10) for the rule of mixtures:

Eс

Em
¼ k1kE f −Em
� �

ϕ f

E f − E f −Em
� �

ϕ f
; ð10Þ

where.

k1 ¼ 1−
tanh 2χτð Þ

2χτ
; τ ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
−2Em

E f 1−μð Þlnϕm

s
ð11Þ

Here μ is the Poisson’s coefficient of the matrix; k is an
empirical constant takes into account the orientation and cur-
vature of CNTs. The authors were able to choose the values of
k < 1, which describe the experimental data on the modules of
epoxy nanocomposite by Eq. (10). The same considerations
are used to interpret experimental strength data.

But researchers mostly use a modified Eq. (12)

Eс

Em
¼ 1þ 2χηϕ f

1−ηϕ f
; ð12Þ

where.

η ¼ E f −Em

E f þ 2χEm
ð13Þ

It is believed [83] that, due to the replacement χ→
χexp{−a–bϕf}, one can take into account the curvature of
MWCNTs (Fig. 4).

The influence of various dispersion states of CNTs on the
mechanical properties of epoxy nanocomposites is important.
In particular, nanocomposites containing poorly dispersed
CNTs exhibit a higher storage modulus, loss modulus, and
complex viscosity than those of well dispersed CNTs [22].

Functionalization of CNTs has the greatest effect on the
mechanical properties of the nanocomposite. For example,
the modulus of epoxy nanocomposites containing 3% untreat-
ed MWCNTs or MWCNTs functionalized by treating with a
mixture of aminobenzoic and polyphosphoric acids increased
by 32 and 53%, respectively [84]. Note that the glass-
transition temperature also slightly increased: 189 (matrix),
190 and 199 °C.

Х. Chen et al. [85] showed that the ultimate tensile strength
of the epoxy nanocomposite (1.5 wt.% filler) increases from
39 MPa (matrix) to 46 in the case of untreated MWCNTs and
up to 59 MPa for MWCNTs functionalized by amino groups.
Tg also increases 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

Fig. 4 Dependence of the elastic modulus of the epoxy nanocomposite
on the concentration of MWCNTs (closed squares). (1) Eq. (12) and (2)
Eq. (12) with correction for curvature а= 9.15 and b = 0.12. The data are
taken from [83]
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molecules grafted onto the surface of CNTs. For example, in
[86], double-wall CNTs (with an admixture of single-, three-
and multi-wall CNTs), which were initially treated with acid,
reacted 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))-dianiline (3). Epoxy
nanocomposites containing 0.1 wt.% of double-wall CNTs
had the following values of the shear modulus G’ (T < Tg):
989 (1), 993 (2), and 1393 MPa (3), whereas for the matrix
G’ = 731 MPa.

In [55], functionalization of halloysite nanotubes was car-
ried out using 3-(2-aminoethyl)-aminopropyltriethoxysilane,
( 3 - g l y c i d y l o x y p r o p y l ) - t r i m e t h o x y s i l a n e o r
octyltriethoxysilane to produce grafted amino and epoxy
groups and a functionless “tail.” The corresponding composite
materials containing 2.5 or 5.0 wt.% of the above NPs had
G’(50) andG’(200) at or slightly higher than the initial matrix,
while Тg did not change (173–176 °C).

According to general ideas, functionalization facilitates the
dispersion of nanotubes in a matrix. For example, according to
[87], amino-functionalized CNTs have higher surface energy
than unmodified CNTs, and their wettability with epoxy resin
is much better, and grafted amine molecules resulting from
functionalization efficiently inhibit CNT re-agglomeration
during resin curing. However, functionalization also enhances
adhesion at the CNTs/epoxy resin interface, thereby improv-
ing the mechanical properties of the matrix. Essentially, the
problem is reduced to the formation of an interfacial layer (see
the previous section) and its role in controlling the properties
of the composite material.

Using scanning electron microscopy (SEM), N. Lachman
and H.D. Wagner [88] studied the fractured surfaces of epoxy
nanocomposites after stretching MWCNTs. 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 unmod-
ified MWCNTs is slightly larger than the diameter of the
nanotubes, whereas in the case of carboxyl- and amino-
functionalized MWCNTs, the diameter of the footprint is sev-
eral times larger. These data are consistent with the results of
mechanical testing of nanocomposites.

Thus, the formation of the interfacial layer is responsible
for the reinforcement of nanocomposites.

Moreover, when analyzing the effect of low concentrations
of the filler, it is impossible not to take into account the con-
tribution of the matrix to the mechanical properties of com-
posites, whose structure changes due to the effect of NPs on its
formation. The catalytic effect of surface groups leads to a
frontal autocatalytic reaction, which results in a heterogeneous
microphase structure of the polymer (Fig. 5) [89].

Due to the existence of areas with different packing densi-
ties in the polymer (this prevents the crack propagation under
loading), the energy of viscous destruction increases, elonga-
tion at break increases, and, accordingly, the strength of the

samples increases. Therefore, it is obvious that the classical
additivity formulas are of limited use for calculating the
physicomechanical parameters of nanocomposites.

Two-dimensional fillers: Graphene and MMT

For 2D sheets, the aspect ratio χ should also be considered as
the ratio of diameter to thickness. The authors of [90] devel-
oped a method (references in [90]) to estimate the value of χ
from the viscosity of dilute suspensions according to the
Einstein eq. (14):

ηr ¼ 1þ k1ϕ; ð14Þ

where ηr is the relative viscosity, ϕ is the volume fraction
of suspension (ϕ < 0.02), and coefficient

k1 ¼ χ
2ln 2χð Þ−3 þ 2: ð15Þ

The authors investigated two types of graphene, which
were obtained using different technologies. The elastic mod-
ulus of the composite material was calculated using Eq. (12),
except that formula (4) was modified to (16):

Ес ¼ 1

5
Е11 þ 4

5
Е33 ð16Þ

and Е11 = Е22 and Е33 were obtained through the expres-
sion (12). It was assumed that χ = 2 for Е33, and the value of χ
is a fitting parameter for Е11. Еf was calculated by the formula
(16), where Еf11 was in the range of 250–1000 GPa and Еf33 =
50 GPa.

Figure 6 presents the results of mechanical testing of
graphene-based epoxy nanocomposites [90]. As is clear, these
data are satisfactorily described by Eq. (12). The fitting value
χ = 1000 is close to the value calculated from the rheological
measurements: ∼1250.

Х. Wang et al. [91] investigated the effect of graphene size
on the mechanical properties of an epoxy nanocomposite
(Fig. 7). GO samples 1, 2, and 3 had the conditional sizes of
10.79, 1.72 and 0.70 μm.

It is known that in the case of CNTs, the smaller the diam-
eter, the stronger the effect [60]. This is primarily due to the
fact that the value of the specific surface is inversely propor-
tional to the radius. However, for 2D graphene sheets this ratio
is absent.

In fact, as shown in Fig. 7a, the elastic modulus of the
composite is almost insensitive to the size of the filler. As
for fracture toughness, the situation is different (Fig. 7b): the
stress concentration coefficient К1с increases with decreasing
size. К1с, associated with the size of graphene NP, is critical
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for increasing toughness. Graphene sheets in an epoxy matrix
disturb the crack propagation and prevent their expansion.
According to [91], they behave like bridge particles, which
serve as rods connecting the crack faces. Therefore, their sig-
nificant concentration (the smaller the particle size, the higher
the numerical concentration) becomes of importance.

As was shown in [92], graphene is more effective than
CNTs to improve the mechanical properties of epoxy nano-
composites. For example, at a concentration of 0.1 wt.%, the
value of К1с increases by 14% for SWCNTs, by 20% for
MWCNTs and 53% for graphene compared to the matrix.
Comparative data on tensile testing of epoxy nanocomposite
with MWCNTs and graphene are given in Table 1 [93]. It is

seen that graphene stiffens the composite to a greater degree
than MWCNTs: the modulus is higher and the strength is
lower in correlation with a decrease in elongation before
breaking.

In general, in the case of polymer nanocomposites,
graphene is superior to CNTs in terms of rheological, thermal,
and mechanical properties. This circumstance can be ex-
plained by the two-dimensionality of graphene and its higher
specific surface. As a result, in the case of graphene, the inter-
facial zone is more extensive, and the interfacial interaction of
the filler with the polymer matrix is stronger, whereas interfa-
cial CNTs can interact with polymers only through 1D linear
contacts [94].

Х. Tang et al. [95] used triglycidyl-p-aminophenol as an
agent for the transfer of graphene oxide NPs from water to
BADGE. Triglycidyl-p-aminophenol is adsorbed on the sur-
face of GO, and its sheets exfoliate without any other chemical
treatment and randomly distributed in the epoxy matrix. In
addition, triglycidyl-p-aminophenol is an efficient modifier
of the GO surface enhancing interfacial interaction in the com-
posite. As a result, the mechanical properties of epoxy nano-
composites are improved (Table 2). It is seen that the filler
itself contributes to an increase in modulus, but the strength
decreases in correlation with decreasing elongation at break
(lines 1, 2). In the presence of triglycidyl-p-aminophenol, all
parameters, including ε, grow (lines 3, 4, 6). Lines 6–8 dem-
onstrate that the dependence of the mechanical properties of
the epoxy nanocomposite on the GO concentration follows a
nonmonotonic pattern, with the optimal component being 1%.
In [96], graphene was obtained from graphite powder by a
chemical method and then functionalized with a mixture of
4-aminobenzoic and polyphosphoric acids. The epoxy nano-
composites contained 1 wt.% graphene.

Fig. 5 SEM photographs of
epoxy composites with content of
carboxylated MWCNTs of (a) 0,
(b) 0.01, (c) 0.10, and (d)
0.5 wt.%. Magnification of
20,000×. The data are taken from
[89]

Fig. 6 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. (12), where Еf11 = 1000 GPa and χ = 1000. The
data are taken from [90]
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Figure 8 shows the relaxation characteristics measured at a
frequency of 1 Hz, as well as the values ofG’ and tan δ for the
matrix and epoxy nanocomposites containing neat and amino-
functionalized graphenes. As can be seen, at temperatures
below Tg, the modulus of the composites the with the matrix,
and the functionalization provides a more pronounced in-
crease in G’. As follows from the measurements of tanδ, Tg
shows the same trend.

In [97], the mechanical properties of epoxy nanocompos-
ites were improved by the amino functionalization of
graphene NPs, which was performed by treating its СООН
modification with butadiene and acrylonitrile copolymer con-
taining terminal amino groups. As for the module, a slight
increasing effect was observed (Fig. 9a). On the contrary, the
fracture toughness increased significantly with filling, espe-
cially in the case of amino-functionalized graphene (Fig. 9b).

GO has a chemically active surface due to the presence of
hydroxyl, carboxyl, carbonyl, and epoxy groups [98]. This
circumstance allows us to expect that GO will demonstrate
reinforcing abilities. In addition, GO can be functionalized
through the reaction of these groups. In [62], GO was

modified with 3-glycidoxypropyltrimethoxysilane, while the
authors [63] used BADGE for this purpose. Table 3 lists the
mechanical properties of the epoxymatrix and the correspond-
ing composites. It is clear that the epoxy polymer becomes
rigid after the addition of GO, and the functionalization of GO
enhances this effect. Low concentration of additive is used. As
the concentration increases, the modulus increases, but the
strength decreases, which correlates with a decrease in elon-
gation at break. This trend seems typical [82].

Y. Ni et al. [99] managed to overcome this trend when they
developed 3D framework consisting of GO sheets. An aque-
ous solution of poly(amide amine) (dendrimer) was mixed
with the GO suspension in a 1: 1 weight ratio. This mixture
was quickly frozen in liquid nitrogen and lyophilized. Heating
the resulting porous body at 150°С resulted in amidation and
reduction of GO. As a result, a three-dimensional graphene
product (3DG) with a specific surface area of ∼200 m2/g was
produced and used to reinforce the epoxy matrix.

Figure 10 shows the stress-strain curves of the matrix and
epoxy nanocomposites with GO and 3DG. The modulus and
strength of the composites (curves 2–4) are higher than those
of the matrix (curve 1), while the final elongation is lower.
When GO is used as a filler, the mechanical parameters are
better by 0.1% (curve 3); their deterioration by 0.2% (curve 2)
corresponds to the above trend. The best parameters are ob-
served for a composite with a 3DG filler with a concentration
of 0.2% (curve 4).

As shown in [100], optimal mechanical properties (ultimate
tensile strength, ultimate flexural strength, impact resistance
and fracture toughness) of an epoxy nanocomposite with
MMT additives were achieved at 3 wt.% and corresponded
to an increase in these characteristics by 41, 20, 95 and 19%
compared to the matrix. This result was explained and con-
firmed by exfoliation of MMT, studied by X-ray diffraction.

Analogous data were reported by М. Wang et al. [101].
Young’s modulus, ultimate strength and elongation at break,

Fig. 7 Dependence of (a) elastic modulus and (b) fracture strength on concentration. The sizes of graphene NPs are (1) 10.79, (2) 1.72, and (3) 0.70 μm.
The data are taken from [91]

Table 1 Mechanical properties of reinforced nanocomposites: Young’s
modulus Е, breaking stress σ, and elongation at break ε [93]

Material Concentration (wt.%) Е (GPa) σ (MPa) ε (%)

Matrix 0 1.63 59 5.9

MWCNTs 0.25 1.95 68 5.4

0.50 2.00 69 4.8

0.75 2.27 72 4.9

1.50 2.04 75 5.7

Graphene 0.25 2.16 65 4.3

0.50 2.30 64 3.8

0.75 2.39 68 3.7

1.50 2.47 69 3.7
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as well as K1с of an epoxy nanocomposite had maximum
values at an MMT concentration of 1 wt.%. These values are
higher than the corresponding matrix parameters by 5, 38, 64,
and 93%, respectively.

In accordance with [87], the addition of 3 wt.% of NPs of
MMT, SiO2 or their mixture (1:1, w/w) affects the mechanical
properties of the epoxy nanocomposite (Table 4) [102]. The
addition of SiO2 significantly increases the fracture toughness
K1с and tensile strength σ, but the ultimate elongation ε grows
slightly. This conclusion indicates a tightening of the matrix.
The introduction of MMT, in contrast, increases ε and σ, but
K1с slightly increases. All of these parameters increase mark-
edly when MMT+ SiO2 mixed NPs are added. Apparently,
the difference in the efficiencies of fillers is explained by their
various shapes.

In fact, SiO2 are spherical particles, MMT are sheets with
an aspect ratio of ∼1000, and mixed NPs have a complex
shape in the form of sheets with attached balls. If the main
mechanism of nanocomposite destruction is associated with

the propagation of cracks by exfoliating the matrix of NPs,
then the synergistic effect of the mixed filler becomes clear. In
this filler, a very complex surface profile determines the elon-
gation of the crack propagation path and the increase in the
energy of composite destruction.

Three-dimensional fillers: Fullerene
and metal-containing compounds

Fullerene is of interest as a nanofiller of epoxy nano-
composites, since, unlike other carbon components,
CNTs and graphene, it is 3D (often fullerene is consid-
ered as a 0-dimensional object), and its aspect ratio is
one. Papers on the bonds of epoxy nanocomposites with
fullerene filler are few [103–105]. But in all cases the
observed trend is as follows: the modulus is weakly
sensitive to filling (Fig. 11); however, even at low ful-
lerene concentrations, the strength parameters of the
composite increase significantly.

For epoxy nanocomposites, the main ways to resist de-
struction are the introduction of particles that can act as rods
connecting the crack faces in the matrix. and the extension of
the crack propagation path through branching caused by en-
countering NPs and/or its propagation through exfoliation of
the matrix. Fullerene particles meet the requirements of these
mechanisms due to the high energy of interaction with the
chain fragments of the epoxy matrix and high numerical con-
centration. When a crack interacts with obstacles, its elonga-
tion occurs steadily, without destruction of the body in a sig-
nificant load range.

As was shown above, metal-containing NPs should be di-
vided according to the method of their formation: whether
they were pre-formed, mixed with a binder and cured in their
presence or formed in situ during the formation of epoxy
nanocomposites. Metal oxides are of the first type, while
metals are mainly of the second type. Depending on the syn-
thesis conditions, the particles of metal oxides have different
morphologies and sizes. For example, NPs of iron oxides

Table 2 Mechanical properties of epoxy nanocomposites with GO [95]

Line
number

Material Concentration of GO
(wt.%)

Concentration of triglycidyl-п-aminophenol
(wt.%)

G’ (30 оС),
GPa

σ
(МPа)

ε
(%)

Matrix 0 0 2.06 53 5.4

1 Epoxy
nanocomposite

0.5 0 2.26 51 4.8

2 1.0 0 2.34 46 4.2

3 1.0 5 2.67 57 4.3

4 1.0 10 2.75 66 4.8

5 0 20 2.12 51 4.4

6 0.5 20 2.58 82 5.7

7 1.0 20 2.94 101 6.2

8 1.5 20 2.84 83 5.0

Fig. 8 Real modulus G′ (1–3) and tan δ (1′-3′) of the matrix (1, 1′) and
nanocomposites with the original (2, 2′) and functionalized (3, 3′)
graphene. The data are taken from [96]
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F3O4, synthesized in the presence of triethanolamine or urea
surfactants, are polygonal or elongated in shape, and their
average sizes are ∼18 or ∼39 nm [106]. Accordingly, the
properties of epoxy nanocomposites filled with these particles
were different.

Figure 12 shows stress-strain curves for the epoxy matrix
(curve 1) and epoxy nanocomposites containing 1 wt.% of
polygonal (curves 2, 3) and elongated (curve 4) F3O4 NPs.
The last two particles (3, 4) were treated with 3-aminopropyl-
trimethoxysilane. As follows from the above data, fillers have
little effect on the structure of the polymer, since the value of
modulus is almost the same for the matrix and composites. At
the same time, the strength increases markedly, and treatment
with aminosilane helps in this trend (curves 2, 3). Elongated
NPs reinforce composites more efficiently than polygonal
NPs (curves 3, 4). The value of fracture toughness K1с varies
in the same sequence: 0.11, 0.43, 0.62, and 0.89 MPa·m1/2.

The efficiency of functionalization of metal oxide
NPs was confirmed by the data [107], in which cubic

Fe2O3 particles with a size of ∼40 nm were treated with
3-aminopropyl-trimethoxysilane. The results are summa-
rized in Table 5. As can be seen, the strength of the
composites is increasing compared with the matrix.
However, the increase in fracture toughness is provided
exclusively by functionalized NPs.

I.А. Al-Ajaj et al. [108] investigated how the size of filler
particles affects the mechanical properties of epoxy compos-
ites using TiO2 as an example. Nanocomposites (NPs with a
size of ∼50 nm) and microcomposites (particles with a size of
∼50 μm) were compared. The results of three-point bending
tests are shown in Fig. 13. Up to a concentration of 4%, NPs
increase all the mechanical characteristics of the composite
(Fig. 13, curves 1). Further reduction is likely due to the in-
crease in particles due to their agglomeration. In the case of
microparticles, the modulus increases with increasing concen-
tration (Fig. 13b, curve 2), and the strength parameters dete-
riorate (Fig. 13a, c, curves 2). This seems to indicate that the
coarse particles act as stress concentrators. This circumstance

Fig. 9 а Temperature dependence of the real modulus (at a frequency of
1 Hz) of the epoxymatrix (1) and nanocomposites with original (2–4) and
NH2-functionalized (5–7) graphene. Concentrations are (2, 5) 1, (3, 6) 3,

and (4, 7) 5 wt.%; (b) dependence of the fracture strength of
nanocomposites with original (1) and NH2-functionalized (2) graphene
on concentration. The data are taken from [97]

Table 3 Mechanical properties of epoxy nanocomposites with modified GOs [62, 63]

Material Concentration (vol.%) Е (GPa) σ (MPa) ε (%) K1C (МPа·m0.5)

Matrix 0 3.15 53 3.75 0.50

GO 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 GO 0.10 3.35 95 6.45 0.68

0.25 3.56 93 6.32 0.71

0.50 3.67 85 5.86 0.67

Silane oxide-functionalized graphene 0.10 3.32 81 – 0.69

0.25 3.46 79 – –

0.50 3.60 72 – –
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is favorable for the destruction of the material. At the same
time, at low concentrations, NPs increase the strength of ep-
oxy nanocomposite by interacting with cracks, as described
above.

An example of epoxy nanocomposites with fillers formed
in situ is given in [109]. It was shown that the dependences of
the Young’s modulus Е, the breaking strength σ and the elon-
gation ε on the concentration of the precursor, silver myristate,
are described by extreme curves with a maximum correspond-
ing to 0.09 wt.%. This result contrasts sharply with the data
presented in the previous paper, where the maximum param-
eters correspond to 4 vol.%, i.e., more than two orders of
magnitude higher. Perhaps this is due to the size of NPs: in
the case of Ag, the average NP radius is 8.7 nm; for TiO2,
25 nm.

Electrophysical properties

For the electrophysical properties of epoxy nanocomposites,
the percolation threshold, which depends on the volume con-
centration, spatial distribution and aspect ratio of NPs, plays a
decisive role along with the electrophysics of the fillers.

The percolation threshold

The percolation theory [110] is based on the idea that
as the volume concentration ϕ increases, NPs are com-
bined into ever-increasing clusters and, when a certain
value of ϕс is reached, they form an infinite structure
called a percolation cluster. The value of ϕс is the per-
colation threshold. If NPs are able to conduct electricity,
namely at ϕ ≥ϕс, the electrical conductivity σ of the
composite increases by orders of magnitude. Increases
change in σ appears as a sharp increase in a narrow
range of NP concentrations. This allows percolation
transition insulator-conductor to be considered as a
second-order phase transition.

All clusters have a fractal structure. The “journey” along
the bonds connecting NPs in the final cluster (ϕ <ϕc) inevi-
tably leads to terminal branches (“tails”). A percolation cluster
(ϕ ≥ϕc) has, if only one center connects the opposite borders
of the composite sample, although the number of “tails” in its
structure is more than enough. In the vicinity of the percola-
tion threshold, the dependence σ(ϕ) is described by relations
(17):

σ∝
0; ϕ < ϕC

ϕ−ϕCð Þβ; ϕ≥ϕC

�
ð17Þ

For convenience of further presentation, it is useful to in-
troduce the idea of the correlation length (characteristic size)
of the final cluster ξ (18):

ξ∝ ϕс−ϕð Þ−ν; ϕ < ϕC ð18Þ

The parameters β and ν are called critical parameters.
Naturally, the percolation threshold depends on the struc-

tural characteristics of NPs. Figure 14 presents data reported
by J. Li et al. [111] on the influence of the degree of dispersion
and the aspect ratio χ of particles on the value of ϕс. These
authors considered the behavior of cylindrical NPs with a
length l and a diameter d and came to the equation came to
ϕс = f(χ), reaching a plateau and only aggregation becomes
the decisive 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 ofϕс is
insensitive to the size of NPs at χ < 10. Experimental data on
MWCNTs are also presented in the Figure as open circles
[111].

The value of the critical concentration ϕс depends not only
on such parameters as the size and shape of NPs but also on
the interaction between them and the matrix. This point can be
illustrated by the data [112] shown in Fig. 15. If for non-
functionalized MWCNTs the percolation threshold estimated
by electrical conductivity is less than 0.1% (curve 1), then the

Fig. 10 Stress-strain curves of the matrix (1) and the epoxy
nanocomposites with GO (2, 3) and 3DG (4). Concentrations are (2, 4)
0.2 and (3) 0.1 wt.%. The data are taken from [99]

Table 4 Mechanical properties of epoxy nanocomposites with MMT/
SiO2 [102]

Material σ (MPa) ε (%) K1C (МPа·m0.5)

Matrix 58.2 0.49 0.52

Epoxy nanocomposite/SiO2 87.4 0.76 0.93

Epoxy nanocomposite/MMT + SiO2 94.9 2.91 1.06

Epoxy nanocomposite/MMT 87.4 3.70 0.56
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introduction of СООН groups that drastically change the na-
ture of interaction of the tubes with the matrix shifts ϕс to the
right (curve 2).

These findings were tested in [113], in which the authors
compared chemically equivalent compounds and suggested
that covalent functionalization, which is favorable with re-
spect to the mechanical properties of the composite material,
does not improve its conductive characteristics in any way.

Electrical conductivity of epoxy nanocomposites
with carbon nanoparticles

CNTs and graphene are anisodiametric particles; therefore, the
electrical conductivity of polymer composites will be deter-
mined by their aspect ratio, the pattern of orientation, and
degree of dispersion. These parameters will determine the
value of the percolation threshold.

The electronic and, therefore, conductive properties of
CNTs depend on their chirality. The latter appears during syn-
thesis and characterizes the method of twisting the graphene
plane into the cylinder. The diameter and helicity of the tube
are associated with chirality. Limiting cases are found in zig-
zag and chair configurations. The first structure is completely
symmetric (zero chirality), and the second structure is helical
at an angle of 30°.

SWCNTs with zigzag structure are semiconductors, while
their chair-type structures are conducting. MWCNTs are al-
ways conductors. Macroscopic samples of SWCNTs in the
form of randomly arranged bundles are characterized by con-
ductivity up to 103 S/cm. However, the specific resistance of
the system is determined not so much by the properties of
CNTs as by the contacts between them; that is, the limiting
stage of conductivity occurs through the hopping mechanism
[114].

Charge carriers of graphene behave like massless relativis-
tic particles (Dirac fermions). High electrical conductivity in a
layer is associated with a high quality of its crystal lattice, i.e.,
with a low concentration of various types of defects that act as
scattering sites and types charge transfer by limiting the elec-
tron free path length [115]. Although graphene has a higher
electrical conductivity compared to MWCNTs (~106 vs.

Fig. 11 Stress-strain curves of the matrix and epoxy nanocomposite (a) and the dependence of shock strength of epoxy nanocomposite on the
concentration of fullerene (b). (а) Concentrations of fullerene are (1) 0, (2) 0.04, and (3) 0.1 wt.%. The data are taken from [104]

Fig. 12 Stress-strain curves of the matrix (1) and the epoxy
nanocomposite with polygonal (2, 3) and elongated (4) F3O4 NPs
treated with 3-aminopropyltrimethoxysilane. The data are taken from
[106]
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~105 S/cm), the percolation threshold of the latter in polymer
composites is much lower: mass percent fractions vs. 1–2%
[94, 116].

The electrical conductivity of composites is usually studied
by analyzing the concentration and temperature dependences
of dc conductivity σdc (dc measurements) and the real part of
complex ac conductivity σac (ac measurements). The data pre-
sented in [112] illustrate the first approach (see Fig. 15). The
second approach was implemented by А. Vavouliotis et al.
[117] in the study of the electrical conductivity of epoxy nano-
composites, in whichMWCNTswere used asNPs. The results
are shown in Fig. 16.

It can be seen that σac depends on the frequency and con-
tent of MWCNTs and grows by almost ten orders of magni-
tude with an increase in these values. The curves of ac con-
ductivity of the matrix and the sample with the lowest con-
centration almost coincide and show a power-law dependence
of σac on ω. In the low-frequency range, there is a sharp
increase in conductivity (up to eight orders of magnitude)
between samples containing 0.1 and 0.3 wt.% MWCNTs.
Nanocomposites with concentrations equal to or greater than
0.3% demonstrate a broad plateau of the so-called apparent dc
conductivity. Apparently, the percolation threshold clearly
demonstrates itself.

Based on the dc conductivity data and using Eq. (17), the
critical concentration of MWCNTsϕс and the critical factorβ
were estimated as 0.089 wt.% and 2.574, respectively. For aс
conductivity, the results were as follows:ϕс = 0.098 wt.% and
β = 3.204.

This difference can apparently be explained by different
conductivity. The dc conduction is determined via overcom-
ing energy barriers between favorable conductive areas within

Fig. 13 Dependence of (a) strength, (b) modulus, and (c) fracture energy
of the composite on the volume fraction of (1) NPs and (2) microparticles
of TiO2. The data are taken from [108]

Fig. 14 Relation of the value ofϕс to parameters χ and ε. ε = (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 [111]

Table 5 Mechanical properties of
epoxy nanocomposites with
Fe2O3 [107]

Material Concentration (wt.%) σ (MPa) K1C (МPа·m0,5)

Matrix 0 59.3 1.21

Epoxy nanocomposite without Fe2O3 1 63.2 1.19

2 67.8 1.16

Epoxy nanocomposite functionalized with Fe2O3 1 73.6 1.88

2 78.3 2.06

3 84.8 2.27

4 89.1 2.49
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the material and forming a continuous percolation path be-
tween the electrodes. Charge carriers are forced to migrate
over long distances. In addition, with ac conduction, an in-
crease in frequency leads to a decrease in the average shift of
current carriers and an increase in σac, since a better use of
conductive particles is achieved. The probability of hopping
conduction between the latter increases, and the conductivity
includes contributions from both the continuous path and the
existing terminal branches. Thus, when ac measurements, any
contact resistances are eliminated and/or reduced at all scale
levels of the interaction (from samples of macroelectrodes to
nanotubes-nanotubes).

G.D. Seidel and D.C. Lagoudas [118] developed a model
to evaluate the effect of electron hops and the formation of
conductive circuits in the electrical conductivity of CNT-
polymer nanocomposites by using conductive interfacial lay-
er. If well-dispersed CNTs are located in close proximity, then
the hops of electrons can occur easily. The critical thickness of

the interlayer that provides a hopping mechanism of conduc-
tion does not depend on the diameter (d) of tubes. Note that
the above d, the more pronounced the percolation concentra-
tion. For MWCNTs, the radius is higher than SWCNTs, so
that the percolation threshold that is associated with a hopping
of electrons is much higher. In fact, as was found in the [119]
in the epoxy nanocomposites with SWCNTs, ϕс is about
0.015 wt.%; in the case of the CNT mixture, ϕс is about
0.0225.

At high concentrations, the conductivity of the com-
posite material will be determined by the electronic
properties of the CNTs. But if MWCNTs are conducted,
then a certain proportion of SWCNTs are semiconduc-
tors. Therefore, at equal concentrations, the SWCNTs
will have lower electrical conductivity than the
MWCNTs. In this case, the electrical conductivity will
be ∼10−5 and ∼10−6 S/cm, respectively.

The inclusion of conductive NPs in a polymer medium
dramatically changes its dielectric parameters, which in the
alternating electric field are characterized by complex dielec-
tric constant ε*, or permittivity (19):

ε* ¼ ε0–iε00 ð19Þ
where ε′ and ε′′are the real and imaginary parts of the dielec-
tric permittivity. The first value is a component of polarization
that changes in phase with a variable field, and the last value is
a contribution to polarization with a phase shift by π/2 relative
to the field and characterizes the dielectric losses.

As shown in [120], the dependence ε′(ϕ) can be described
by the same relation as the electrical resistance, namely by Eq.
(17): ϕс = 0.006 (0.6 wt.%) and β = 3.7. The value of ε′′ first
increases to a critical concentration, and then decreases. Eq.
(18) is applicable to the growing branch of the dependence ε′
′(ϕ): ν = 0.47.

Fig. 16 Dependence of ac
conductivity of the epoxy
nanocomposite on frequency. The
concentrations of MWCNTs 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 [117]

Fig. 15 Dependence of dc conductivity of the epoxy nanocomposite on
the concentration of (1) original and (2) СООН-functionalized
MWCNTs. The data are taken from [112]
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Metal-containing nanoparticles

It is obvious that the electrophysical properties of epoxy nano-
composites with metal-containing NPs depend on their con-
ductive ability: conductor (Ag, Cu) or semiconductor (Al2O3,
ZnO). If in the first case the filler can transfer the conductive
properties to the composite, then in the latter case it can only
modify dielectrics to a greater or lesser extent.

Semiconductors В. Tsonos et al. [121] used dielectric relaxa-
tion spectroscopy to study epoxy nanocomposites with ZnO
NPs with sizes less than 100 nm. The conductivity data are
presented in Fig. 17.

As follows from the frequency dependence of σ′ас
(Fig. 17a), at low frequencies all the curves show a
plateau. This corresponds to dc conductivity σdc.
However, its value is small (10−9 S/cm). This fact im-
plies the absence of direct current conductivity, and the
applied field is compensated by the orientation of the
dipoles. Since there are no fundamental differences in
the curves describing the matrix and composites, it is
clear that in this case we are talking about dipoles be-
longing to polymer chains. NPs interacting with molec-
ular fragments of the matrix facilitate (ZnO concentra-
tions are 10 and 12%) or make it difficult (3 and 7%)
for their orientation relaxation.

The data shown in Fig. 17b confirm this conclusion. The
temperature dependence of the dc conductivity is described by
the empirical Vogel-Fulcher-Tammann law (20):

lnσdc∝−
B

T−T0
ð20Þ

(В and Т0 are empirical constants).

This equation is usually used to describe the relaxa-
tion dynamics of the α process in polymers. Constant
Т0, which is often interpreted as the temperature of
“static freezing” of electric dipoles or the transition to
the dipole glass state, is 30–60 K below Тg. Both pa-
rameters Т0 and B are associated with the so-called
strength parameter D through the ratio D = B/Т0. The
parameter D is inversely proportional to the value of
brittleness m (21), which characterizes the degree of
deviation from the Arrhenius dependence,

m ¼ ∂lgη
∂ Tg=T
� �

 !
T¼Tg

ð21Þ

Here η is viscosity.
The kinetic fragility index m depends on the inter- and

intramolecular interactions in the system and serves as a mea-
sure of the bonds formed during the glass transition [122].

Table 6 shows the Vogel-Fulcher-Tammann constants for
the systems of interest [121, 123].

A low value ofD and, accordingly, a high value ofmmean
that the glass transition occurs in a narrow temperature range
of about Тg, which is typical of polymers.

Thus, the fact that the parameter D is almost insensitive to
the existence of NPs in the composite proves that the epoxy
matrix makes a decisive contribution to the electrophysical
properties of epoxy nanocomposites.

The electrophysical properties of an epoxy composite
with BaTiO3 microparticles (less than 2 μm) were in-
vestigated by the method of broadband dielectric spec-
troscopy [124]. It was shown that the imaginary part М′′
of the electric modulus М*, which is defined as the
inverse value of the complex dielectric permittivity

Fig. 17 Dependences of (a) specific conductivity σ′ac of the epoxy nanocomposite with ZnO on frequency at 110 °C and (b) σdc of the same composite
on temperature at a frequency of 1 Hz. The concentrations of ZnO NPs are (1) 0, (2) 3, (3) 7, (4) 10, and (5) 12 wt.%. The data are taken from [121]
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according to Eq. (22), depends on the BaTiO3 content
with a maximum loss that monotonically decreases with
the filler concentration:

M* ¼ ε*−1 ¼ ε0−iε00ð Þ−1 ¼ ε0

ε02 þ ε002
þ i

ε00

ε02 þ ε002
¼ M 0 þ iM 00

ð22Þ

The curvesМ′′(f) show peaks, which in increasing frequen-
cy order can be tied to the interfacial polarization, also known
as the Maxwell-Wagner effect; α transition (glass transition);
and local β transition, which is usually explained by the rear-
rangement of the polar side groups of the polymer chains.
Figure 18 shows the temperature and concentration depen-
dences of the frequencies fmax corresponding to the maxima
of the first two peaks.

It can be seen that for all systems the α transition is de-
scribed by the Vogel-Fulcher-Tammann equation, whereas the
interfacial polarization obeys the Arrhenius law. The activa-
tion energy for the interfacial polarization process somewhat

increases with the content of BaTiO3, but in both cases the
dependence on the filler concentration is very weak. Note that
interfacial polarization is almost always found in polymers
due to the presence of various additives, plasticizers, etc.
Parameter T0 also increases with the filler content in accor-
dance with the increase in Tg.

Consequently, the regularities of the temperature and fre-
quency dependence of М′′ of the composites confirm that the
epoxy matrix makes a decisive contribution to the
electrophysical properties of epoxy nanocomposites.

S. Singha and M.T. Thomas [125] compared epoxy nano-
composites with TiO2, Al2O3, and ZnONPs as insulators. The
highest efficiency was manifested by TiO2, which reduced the
dc resistance of the matrix from 7 × 1017 to∼2 × 1017Ω·cm for
a composite containing 0.5 wt.% TiO2. Then ZnO (∼3 ×
1017 Ω·cm, concentration 0.5 wt.%) and, finally, Al2O3

(∼4 × 1017 Ω·cm, concentration 5 wt.%) follow. The effect of
the filler type on the specific dc resistance of nanocomposites
is not very large. Probably, this phenomenon can be explained
by the fact that excess free charges are introduced into the
composite by particles. The phenomenon is most pronounced
in the case of TiO2.

These fillers have a similar effect on ас dielectric strength.
The probability of breakdown was analyzed in terms of the
Wiebull distribution (23):

F xð Þ ¼ 1−exp − x=λð Þβ
n o

ð23Þ

(λ is the scale parameter, and β is the shape parameter).
The presence of NPs increases the probability of break-

down by a noticeable decrease in the value of λ. For example,
λ is 28.6 kV/mm at 0.5% ZnO, while for the matrix λ = 52.3.
In the case of Al2O3, the scale parameter is 36–40 kV/mm.

Figure 19 shows the ас dielectric strength of epoxy nano-
composites as a function of the concentration and size of ZnO
particles [126]. If at low concentrations (less than 10%) the
size of NPs has practically no effect, then at high filling (more
than 10%) large particles (∼500 nm) reduce the electric
strength much more strongly than small particles (∼65 nm).

Q. Wang and G. Chen demonstrated [127] that the ac di-
electric strength of epoxy nanocomposites significantly de-
pends not only on the type of filler, but also on the interfacial
layer. For example, the treatment of SiO2 NPs with silane
leads to an increase in λ from 140.1 (matrix) to 151.4 kV/
mm, whereas for untreated particles λ = 130.5 kV/mm.

The interfacial layer plays an important role in controlling
the properties of composites. However, at low concentration
of NPs, their contribution can hardly be determined. Using
broadband dielectric spectroscopy,Х. Huang et al. [128] stud-
ied highly filled epoxy nanocomposites containing 50 vol.%
BaTiO3 NPs with six kinds of surface chemistry (Fig. 20). It
was assumed that in this case it is the interfacial layers that will

Fig. 18 Temperature and concentration dependences of fmax

corresponding to (I) the α transition and (II) the interfacial polarization
effect. The concentration of BaTiO3 is varied from 0 to 13.6 vol.%. The
data are taken from [124]

Table 6 Vogel-Fulcher-Tammann constants for the epoxy
nanocomposites with ZnO

ZnO (wt.%) 0 2.9 4.8 6.5 6.5 10.7 Ref.

В, К 714 600 – 699 712 612 109
Т0, К 268 279 – 274 274 276

D 2.7 2.2 – 2.6 2.6 2.2

В, К 754 700 675 611 608 550 111
Т0, К 263 268 271 274 278 281

D 2.9 2.6 2.5 2.3 2.2 2.0
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have a decisive influence on the properties of the composite.
In contrast to the dependence constructed, for example, in
Fig. 18, in this case the Arrhenius law holds. This means that
the matrix does not become apparent. The activation energy
(Еа) of conductivity depends on the chemical nature of the
groups grafted onto the surface of NPs, i.e., on the structure
of the interfacial layer. The lowest values of Еа are manifested
by structures formed by amino and epoxy groups that can
directly participate in the formation of a matrix network
(straight lines 3, 4). This is apparently the densest layer. The
mobility of the polymer chains is limited, and the dipole or
orientation contribution to the polarizability will be minimal.

The most mobile molecular fragment providing high conduc-
tivity is the layer obtained with the participation of
hyperbranched aromatic polyamide. The same layer has the
highest activation energy (straight line 6).

Conductors Among conducting metallic NPs, silver is distin-
guished by excellent electrical conductivity. In [129], epoxy
nanocomposites were obtained using Ag powder 70 nm in
size. Direct measurements have shown that the dc conductiv-
ity is described by the relation (17) atϕс = 1 ± 0.3% andβ = 5
± 0.5. Usually ϕс = 15% and β = 2 [130]. The authors explain
this discrepancy of the aggregation of NPs into chain struc-
tures with a high aspect ratio; therefore, the percolation thresh-
old is reduced. Another possible reason may be an increase in
NPs, but, as shown in [130] (indeed, for microparticles), this
leads to a decrease in ϕс.

At the same time, ac measurements made in [129] contra-
dict the above data. Figure 21 presents the data on the ас
conductivity. As in the case of MWCNTs (see Fig. 16), at
low frequencies and rather high concentrations of Аg NPs,
curves σас( f ) cease to be frequency dependent, thereby dem-
onstrating the transition to σdc. However, it can be seen that at
concentrations of 2.2 and 3.3% there is no signs of such a
trend. The sharp achievement of the plateau corresponds to
8.3%. Therefore, ϕс > > 1%.

Using Ag powder with a size of 200 nm as a filler, S. Nam
et al. [131] showed that, according to measurements of elec-
trical resistance, the percolation threshold is about 0.23. It is
interesting to note that the addition of SiO2 microparticles (1–
5 μm) in the amount of 12 vol.% shifts the threshold to ∼0.18.

Fig. 20 Temperature dependence of the dc conductivity of the epoxy
nanocomposite with BaTiO3 NPs (1) without treatment and with (2)
SH, (3) OH, (4) NH2, and (5) epoxy grafted groups and (6)
hyperbranched aromatic polyamide. The data are taken from [128]

Fig. 19 Dependence of the ac dielectric strength of the epoxy
nanocomposite on the concentration of ZnО particles with a size of 65
(closed circles) and 500 nm (open circles). The data are taken from [126]

Fig. 21 Frequency and concentration dependences of the ac conductivity
of the epoxy nanocomposite with silver NPs. The data are taken from
[129]
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Based on electron microscopy studies, the authors believe that
the supramolecular structure of the matrix becomes more uni-
form with the introduction of additives.

Further studies [132] showed that the size of SiO2 particles
is of great importance. When 5 vol.% NPs with a diameter of
1000 nm was added, the percolation threshold ϕс decreased
from 0.23 to 0.14. In the end, NPs with a smaller diameter
(500, 80, and 10 nm) reduced ϕс to 0.1.

In [133], silver NPs with sizes of 15–20 nm were synthe-
sized in situ by the reduction of AgSbF6. The percolation
threshold according to the ас conductivity measurements
was not reached even at 20 wt.% precursor; this value
corresponded to approximately 5 wt.% or ∼0.5 vol.% Ag
NPs, which is quite natural.

At filler concentrations higher than ϕс, dielectric spectros-
copy measurements reflect the relaxation properties of the
matrix and the effect of NPs on them. For example, as shown
in [134], which is a continuation of the previous study, the
dependence of the complex dielectric permittivity ε* on the
frequency ω is described by the Havriliak-Negami eq. (24):

ε* ωð Þ ¼ ε∞ þ ε0−ε∞
1þ iωτð Þα½ �β

; ð24Þ

where ε∞ and ε0 are the dielectric permittivity at extremely
high and low frequencies, τ is the relaxation time, α and β are
the parameters generalizing various types of relaxation:
α =β = 1 (Debye equation), α = 0 and β ≠ 0 (Cole-Davidson
equation), α ≠ 0 and β = 0 (Cole-Cole equation).

In the presence of Аg NPs, low-temperature peaks on the
curves ε″(ω) correspond to a shift of β-relaxation to high
frequencies, which most likely characterizes the plasticization
effect. The same argument can be used to explain the decrease
in the activation energy from 61 (matrix) to 50 kJ/mol
(4.1 wt.% Аg) in the Arrhenius dependence τ(Т).

The temperature dependence logσdc =ϕ(1/T) of the direct
current conductivity of films characterized by different con-
tent of Ag myristate is shown in Fig. 22. For reference, the
range of glass transition temperatures Tg = 383–388 K obtain-
ed by DSC is shown by a black rectangle in Fig. 22. It can be
seen that two regions are observed in the dependence: the
regions above and below Tg. Curves show different behavior
in these regions. Thus, in the case of the high-temperature
region, the dependence of the Vogel-Fulcher-Tammann type
is observed. Experiments [135, 136] show that the values of
eq. (20), parameters T0 and B, do not depend on the concen-
tration of Ag NPs within the error within the studied concen-
tration range. These facts show that joint motion has a signif-
icant effect on the change in viscosity of the system with
decreasing temperature. The Arrhenius temperature depen-
dence, characterized by an activation energy of about 1.2 eV,
is observed at temperatures below Tg.

The observed shape of the temperature dependence [135] is
associated with a change in the mechanism of conductivity
after the “freezing” of ionic mobility in this temperature re-
gion. Low-temperature peaks on ε”(ω), corresponding to β
relaxation, are shifted toward high frequencies in the presence
of Ag NPs, which probably characterizes the effect of plasti-
cization. The decrease in activation energy from 61 kJ/mol
(0.63 eV) (matrix) to 50 kJ/mol (0.52 eV) (4.1 wt.% Ag) in
the case of the Arrhenius τ(Т) dependence is associated with
the same effect. Thus, the activation energy of β relaxation
was about 2 times lower than that determined in these exper-
iments based on the direct current conductivity in the same
temperature range at low concentrations of NPs. Despite the
differences between the ΔE values, these data to a certain
extent correspond to each other. In fact, the direct current
conductivity involves long-distance transfer of charges and
the breakthrough of barriers, and the β-relaxation process is
localized in small areas. This fact requires a detailed study of
the processes of electric dipole relaxation. It should be noted
that the data obtained correspond to the results of studies [137]
of the frequency dependences of the complex electric modulus
M*. The peaks on the curves of complex componentМ′′ of the
electric modulus associated with interfacial polarization also
shift toward the high-frequency region as the Ag concentra-
tion is increases, and the activation energy values calculated
on basis of the temperature dependence of their frequency
increase to 159 kJ/mol (1.6 eV), which indicates an increase
in the heterogeneity of the system.

The peaks on the curves of the imaginary part М′′ of the
electric modulus М* (12), which relate to interfacial

Fig. 22 Temperature dependences of the dc-conductivity of nanocom-
posite films based on ED20 epoxy oligomer with different concentrations
of Ag myristate: (1) 0.032, (2) 0.7 wt.%; the black rectangle shows the
range of Tg obtained via DSC. The data are taken from [135]
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polarization, are also shifted to high frequencies with increas-
ing concentration of Аg and activation energies calculated by
temperature dependence of their frequency increase to 159 kJ/
mol, most demonstrating an increase in system heterogeneity.

Magnetic properties

It is obvious that the magnetic properties of epoxy nanocom-
posites are determined by NPs, which have a magnetic mo-
ment. In particular, magnetite Fe3O4 is characterized by a high
saturation magnetization (Мс ∼ 92–100 emu/g at room tem-
perature). Therefore, when incorporated into the polymer ma-
trix, magnetite can be widely used in applications such as
magnetic resonance imaging, biomedical sensors, electromag-
netic interference shielding, flexible electronics, magneto-
optical storage devices, etc. However, since surface functional
groups capable of reacting with an epoxy matrix are in short
supply, Fe3O4 NPs easily participate in agglomeration due to
the strong magnetic dipole-dipole interaction between the
particles.

In [138], magnetic epoxy nanocomposites were obtained.
The functionalization of Fe3O4 NPs by polyaniline was car-
ried out using surface-initiated polymerization.

Experiments have shown that in epoxy nanocomposites
containing 15 wt.% both functionalized and non-
functionalized NPs at room temperature, there was no mag-
netic hysteresis loop. Its absence on all magnetization curves
with almost zero coercivity indicates the superparamagnetic
behavior of composites. This is apparently due to the fact that
the size of magnetite NPs is below the critical value (10–
20 nm), so that each particle can serve as single magnetic
domain with a high constant magnetic moment and can be-
have like a huge paramagnetic atom. This NP can quickly
respond to an applied magnetic field with low coercivity and
negligible residual magnetization.

For all samples, the saturation magnetization Мс was not
achieved even when a strong magnetic field H was applied.
This parameter was estimated by extrapolating dependence
Мс(H

−1). The calculated values of Мс for NPs were much
lower than for bulk Fe3O4 samples: the level of magnetization
for 15% epoxy nanocomposite was about 9.5 emu/g.

JacobsiteMnFe2O4, whose NPswere used to produce mag-
netic epoxy nanocomposites [139], exhibits a ferromagnetic
behavior, being a magnetite. Table 7 shows the magnetic char-
acteristics of the composite compared with crystalline
MnFe2O4: the coercivity Нс, the saturation magnetization Мс

and the magnetic moment m. The growth of coercivity and
magnetic moments for nanocomposites can be associated with
the presence of hydrogen bonds in the epoxy matrix. The
composite magnetization is determined by the dimension of
the network of hydrogen bonds with their coordinated motion,
which plays the role of exchanging paths between magnetic

centers and causing their remagnetization [140]. The value of
Мс is influenced by the dipole interaction of NPs, which grows
with the concentration of the filler. It seems that this discovery
may provide an explanation for the data given in Table 7.

This dependence is confirmed by data on the magnetic
properties of epoxy nanocomposites containing inclusions of
barium ferrite BaFe12O19 NPs (Fig. 23) [141]. It is clear that
not only the saturation magnetization (straight line 1), but also
the residual magnetization (straight line 2) linearly increase
with the concentration of BaFe12O19. The limiting values of
these parameters are 14.0 and 4.1 emu/g, respectively. Note
that the coercivity is the same for all systems: Нс = 1.3 kOe.

To impart magnetic properties to epoxy nanocomposites,
Х. Zhang et al. [142] used graphene with a precipitated prod-
uct of thermal decomposition of Fe(CO)5 - a mixture of Fe and
Fe2O3. The saturation magnetization of the composite was
0.04, 0.16, and 0.45 emu/g for 1.0, 3.0, and 5.0 wt.%, respec-
tively. For a neat filler, Mс was 14.7 emu/g. Therefore, the
calculated values of Мс for the same concentrations should
be 0.15, 0.44, and 0.74 emu/g. According to the authors, the
decrease inMс for NPs can be due to iron oxidation during the
curing process.

Table 7 Magnetic properties of epoxy nanocomposites with MnFe2O4

[139]

System Нс (Oe) Мс (emu/g) m (μB)

Neat MnFe2O4 14.9 31.68 1.244

5% nanocomposite 44.7 1.84 1.373

10% nanocomposite 43.9 4.21 1.354

Fig. 23 Dependence of (1) saturation magnetization and (2) residual
magnetization on the volume fraction of the BaFe12O19 filler. The data
are taken from [141]
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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, NPs with a core-shell structure are
used, and noble metals, carbon, and iron oxides are used as
a shell [143]. The last metal was used in [144]: Fe (core) +
FeO (shell) with a particle size of 15–25 nm and an oxide
thickness of 0.5 nm.

As in the previous cases, the saturation magnetization in-
creases with the concentration of NPs. Мс = 17 emu/g for ep-
oxy nanocomposites with 20wt.%NPs. This value is ∼16% of
the corresponding value of the block filler. With dispersion,
the coercivity increases from 62.33 to 202.13 Oe. This obser-
vation can be explained by the weakening of the interparticle
dipole interaction due to the increase in the distance between
single-domain NPs compared with NPs that are in close con-
tact in the block.

A change of the NP shell from FeO to carbon [145] leads to
a decrease in the saturation magnetization and causes an in-
crease in the coercivity. This tendency can also be explained
by the deterioration of the interparticle dipole interaction.

Thermal conductivity of epoxy
nanocomposites

Thermal conductivity is closely related to electrical conduc-
tivity. For example, in metals, according to the Wiedemann-
Franz law, the thermal conductivity coefficient K is directly
proportional to the electrical conductivity. However, carbon
fillers with extremely high thermal conductivity and low spe-
cific gravity do not demonstrate the expected improvement in
thermal conductivity in epoxy nanocomposites, largely due to
their poor dispersion and problems associated with the nature
of the interfacial layers, in particular, with the Kapitza thermal
resistance Rk.

Figure 24 shows the concentration dependences of
the thermal conductivity coefficient K for epoxy nano-
composites with a number of carbon nanofillers [146].
The best results were obtained for graphene flakes
(curve 1), i.e., growth 10 times at 10 wt.% MWCNTs.
At the same concentration (curve 2), the thermal con-
ductivity of the matrix increases about five times. But
in this case, the electrical conductivity increases by five
to seven orders of magnitude. However, the proportion-
ality between these values (K and σdc) is preserved if
the percolation threshold of MWCNTs is overcome
[147]. The same relationship is observed between K
and σас at lower concentrations of graphene, which
was obtained by ultrasound exfoliation of graphite oxide
[148].

The important role of the interfacial layer was dem-
onstrated by С.-С. Teng et al. [149], who used
poly(glycidylmethacrylate) with a terminal pyrene group
for non-covalent functionalization of graphene. The ther-
mal conductivity of epoxy nanocomposites containing
∼4 wt.% of these NPs was 1.91 W/(m K), which is
~20% higher than in the case of non-functionalized
graphene. The thermal resistance of the boundary layer,
which is known as Kapitza thermal resistance, is Rk ≈
8 × 10−8 m2/(K W). This value applies not only to CNTs
and other carbon fillers in epoxy matrices, but also to
other composite materials and polycrystals [150]. Even
a small increase in Rk entails a noticeable deterioration
in the thermal conductivity of composite, despite the
high values of the thermal conductivity coefficient and
the aspect ratio of NPs. As revealed by molecular dy-
namics modeling using SiC NPs, taking into account the
contributions of Kapitza resistance and effective interfa-
cial layer to the overall thermal conductivity is a com-
mon and important analytical consideration when ana-
lyzing the thermal properties of epoxy nanocomposites,
in particular, the effect of particle size [151].

In accordance with [152], for NPs with a small as-
pect ratio with a volume fraction ϕ ≥ ϕс percolation
theory gives (25):

ln
λ
λ f

� �
¼ 1−ϕ

1−ϕc

� �n

� ln
λc

λ f

� �
ð25Þ

Here λ, λf, and λс are thermal conductivity of the compos-
ite, filler and percolation concentration ϕс. The index n de-
pends on the size and shape of the filler and the character of its
distribution in the composite.

Since a noticeable increase in the thermal conductiv-
ity of polymer composites is possible only above the
percolation threshold, the use of metal NPs for this pur-
pose presents a problem. Indeed, for particles with an

Fig. 24 The concentration dependence of thermal conductivity K of
epoxy nanocomposites with fillers: (1) graphene, (2) MWCNTs, (3)
GO, and (4) graphite. The data are taken from [146]
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aspect ratio of the order of unity ϕс ∼ 0.15; that is, the
weight fraction of metallic filler is extremely high. An
example is paper [153], in which K is 27 W/(m K) with
a volume content of silver NPs of 45%, which corre-
sponds to a weight concentration of 86%.

Tribological properties

Polymer composite coatings have many advantages, for
example, resistance to oxidation, to acids and alkalis,
possess chemical stability and anti-friction ability. The
advantage of polymer nanocomposites as materials for
friction units is their increased strength characteristics
associated with the interaction features of polymer-nano-
particle: NPs are firmly held in the matrix, and their
separation does not change the surface properties.
Epoxy polymers occupy an important place among the
materials used as coatings [154]. An increase in the
strength characteristics of polymeric materials usually
leads to a decrease in the coefficient of friction (COF)
and wear in friction pairs. These goals are achieved
through the use of carbon nanofillers, such as CNT,
graphene, fullerene [155].

The self-lubricating property of carbon fiber in poly-
mer composites has been found to improve wear resis-
tance by reducing COF [156]. CNT additives improve
the tribological properties of the composite, i.e., the
combination of carbon fibers and CNT has a strong
synergistic effect [157, 158]. Indeed, as follows from
the data [157], shown in Table 8, COF of a composite
containing short carbon fibers (μ0) decreases after
adding 0.1 wt.% CNT (μ0.1).

Graphene is a promising material due to the fact that
it can form on the contact surface a self-lubricating film
with a low and stable COF and wear, which is depos-
ited from a polymer nanocomposite in the process of
friction [159, 160]. With increasing graphene content
(up to 4%) COF and wear rate of the composite coating
are gradually reduced [159]. GO is more effective than
graphene [160].

Liu et al. conducted a comparative study of the tri-
bological properties of epoxy coatings with fullerene
C60 and graphene as fillers [161]. For better dispersion
and compatibility with the matrix, both fillers were

functionalized with 3-aminopropyltriethoxysine. COF of
coatings based on epoxy nanocomposites initially de-
creased and gradually increased after the content of
C60 and graphene was higher than 0.5 wt.%. But it
was even lower than for epoxy resin. A significant de-
crease in COF for nanocomposite coatings may be due
to self-lubricating fillers as a result of the formation of
a continuous film between the steel surface and the
rough composite coating. The addition of C60 showed
better tribological and scratch resistance properties com-
pared to graphene. Those results indicate that the prop-
erties of epoxy nanocomposite coatings can strongly de-
pend on the shape of the filler.

R.K. Upadhyay and A. Kumar conducted [162] a
comparative study of fullerene C70 and CNT as addi-
tives (1, 3, 5%) to epoxy coatings, which improve tri-
bological properties. They showed that COF of C70 and
MWCNT substrates was in the range of 0.17–0.29,
0.07–0.27, respectively, the wear rate was in the range
of 10−3–10−2 mm3/N·m. The minimum value of the in-
dicators refers to 3% of the first additive and 1% of the
second.

The use of hybrid NPs has proven to be a very
effective way to control the tribological properties of
coatings based on epoxy nanocomposites. For exam-
ple, the inclusion of MWCNT-GO hybrid with a low
content in the epoxy matrix led to a significant in-
crease in tribological performance [163]. As shown
in Fig. 25, in the absence of CNTs, the use of GO
leads to an increase in COF, although the wear rate is
significantly reduced. However, in the presence of
CNT, COF decreases the more, the higher the concen-
tration of GO. The wear rate also decreases at low
concentrations of GO, although as it grows, wear also
increases.

According to the authors of [163], these phenomena
are due to the following reasons. First, the dispersion of
CNTs in the epoxy matrix was significantly improved
using 0.1 phr GO. Secondly, the introduction of GO can
increase the adhesion/interlocking of the nanofiller-
epoxy resin and the glass transition temperature [164].

Conclusions

An analysis of the data examined suggests that signif-
icant experimental material on epoxy nanocomposite
materials reinforced with carbon nanotubes has been
accumulated by now, indicating the intensity of the
development of their chemistry. To date, the basic prin-
ciples of designing such nanocomposites have been
formulated, their structural organization is understood,
and development trends in this area are relatively well

Table 8 COF (μ) of epoxy composite coatings on concentration of
carbon fibers

Fiber (wt.%) 0 0 5 10 15 20

μ0.1/μ0 0.58 0.48 0.38/0.50 0.34/0.45 0.40/0.51 0.42/0.51
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represented. It should be emphasized that the molecular
design of epoxy nanocomposites is an important, and
in some cases, a defining problem for both the targeted
production of such materials with predetermined prop-
erties and their subsequent use. Due to their improved
mechanical, electrophysical, magnetic, thermal and tri-
bological properties, epoxy nanocomposites can be
widely used in the aerospace field, as laminates and
sandwich structures, anti-lightning, anti-radar protec-
tion devices, flame retardant and heat-resistant paints,
ameliorating anti-corrosion performances, etc.

How do we present the prospects for the development of
this interesting area of nanocomposite materials?

First, it is a search for greater “accuracy” in the di-
rectional synthesis of epoxy nanocomposites with con-
trolled composition, size and functionality, which allow
targeted development of nanocomposite materials with
desired properties. As already noted, the properties of
polymer nanocomposites are determined by the structure
of the matrix, the type and nature of the distribution of
nanofillers in the bulk, and finally, the size and nature
of the interfacial layer. This is especially true for epoxy
nanocomposites, including a wide range of carbon
nanofillers. At this level, the greatest attention should
be paid to a clearer definition of the specificity of ep-
oxy matrices, their chain nature and transformations that
they undergo in the process of obtaining nanocompos-
ites. Among the most important tasks in this direction is
the further development and optimization of methods for
producing epoxy nanocomposites reinforced with carbon
nanotubes for target applications. Of particular interest
is the study of the influence of the conditions for
obtaining epoxy nanocomposites on their final properties
and composition. Without any doubt, such research di-
rections will become a guideline for investigation of
epoxy nanocomposites in the near future.

It can be concluded that, although in some aspects of chem-
istry of epoxy nanocomposites reinforced with carbon nano-
tubes there is still no complete clarity, the intensity of research
in this area ensures that the successful solution of many prob-
lems is unquestionable.

Abbreviations BADGE, Diglycidyl ether of bisphenol A; CNT, Carbon
nanotube; COF, Coefficient of friction; 3DG, Three-dimensional
graphene product; GO, Graphene oxide; MMT, Montmorillonite;
MWCNT, Multiwall carbon nanotube; NP, Nanoparticle; SEM, Scanning
electron microscopy; SWCNT, Single-walled carbon nanotube
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