Chapter 5

A Review of Non-halogen Flame
Retardants in Epoxy-Based Composites
and Nanocomposites: Flame Retardancy
and Rheological Properties

Seongchan Pack

Abstract Since more environmental regulations restricted to the use of halogen-
based flame retardants are issued the halogen-free flame retardants have been gradu-
ally increased in demand at electronics applications. Several DOPO derivatives and
recently developed phosphorus containing flame retardants are introduced into the
market as a counterpart of tetrabromobisphenol A (TBBA). This short review paper
focuses on their flame retardancy and material properties in epoxy resins. The inclu-
sions of inorgano-metallic compounds and nanoparticles are also briefly reviewed for
their potential opportunities in the epoxy composites.

Keywords Non-halogen flame retardants -+ DOPO derivatives + Epoxy-based
composites + Nanocomposites * Nanoparticles

5.1 Introduction

For several decades, polymeric materials are extensively used in a variety of appli-
cations, such as consumer appliances, construction and transportation applica-
tions, and electrical/electronic devices because they are sustainable, lightweight
and cost-effective [1, 2]. In particular, epoxy resins are one of well-known ther-
mosetting polymers and used for coating and adhesive applications, which can
also be reinforced with fibers or additives for obtaining high strengths and good
chemical resistances [1-4]. It is reported that almost 65 % of glass-fiber reinforced
composites have been consumed at the sectors of transport and construction [3].
However, they are intrinsically combustible and needed flame retarded [3, 4].
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It generally is believed that a degree of the flammability of epoxy resins depends
on epoxy monomers and curing agents, where the epoxides containing aromatic
groups produce more char formation when it is exposed to a heat source [5, 6].
Although the cured epoxy resins have some degree of flame retardancy itself, it is
not enough to pass a stringent industrial standard flammable test, such as UL-94
V0. Thus, the addition of flame retardants is one of practical means to improve the
flame retardancy of epoxy resins system.

The majority of flame retardants for epoxy resins are currently halogen-based
flame retardants because their flame retardancy is very effective at gas phase and
cost-effective at an industrial scale. Tetrabromobisphenol A (TBBA) is the lead-
ing halogenated flame retardant in epoxy resins system for electrical and elec-
tronic devices since it has good thermal stability and flammability as well as high
Tg when it is formulated with curing agents [3]. However, since environmental
concerns using the halogenated flame retardant arose from the daily consumer
products, the two major brominated flame retardants, pentabromodiphenyl ether
(PBDE) and octabromodiphenyl ether (OBDE) have recently been phased out in
North America and European markets, which could release toxic gases and may be
even accumulated in a living organisms for a long period time [7].

Due to the environmental issues mentioned in the previous paragraph, TBBA
would be also eliminated in epoxy and reinforced epoxy markets near future
[3, 6]. Thus, new approaches for the developments of non-halogenated flame
retardants have been initialized and flourished at both academics and industries.
In this short review, we first describe the mechanism of non-halogen flame retard-
ants and then review current developments of phosphorus-containing flame retard-
ants for epoxy resins. In particular, cured epoxy composites system with different
epoxy resins and curing agents are extensively reviewed in terms of their flam-
mability and rheological/mechanical properties. Later on, a current development
using inorgano-metalic compounds and nanofillers is reviewed in epoxy compos-
ites containing non-halogen flame retardants.

5.2 The Mechanism of Flame Retardant Materials
in Epoxy-Based Composites

The combustion of polymeric materials is a complex processes involved with a
series of heat and mass transfer at the surfaces of polymer melts so that an inter-
vention of the combustion processes can be achieved by the addition of flame
retardants (FRs) which makes the polymers less combustible [3]. FRs materials
generally react at either gas phase or condensed phase. It depends on what types
of FRs materials. In case of halogen-based FRs, the hydrogen halides are formed
from the FRs decomposition, which subsequently reacts with free-radical species
from decomposed polymers at gas phases [4—6]. On the other hands, in case of
non-halogen-based FRs, the thermal insulation processes mainly occurs at con-
densed phases. For example, phosphorus-based FRs release PO, or POs at gas
phase and then is oxidized to POs. A formation of the phosphoric acids can result
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Scheme 5.1 A series of flame retardant reactions with polymers occurs at condensed and gas
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in intumescing chars formation at the polymer surfaces, which acts as thermally
protective layers on polymer-melts against heat front. These charring processes
eventually interrupt the combustion processes [7, 8]. A mechanism of flame retard-
ants in polymer composites is shown in Scheme 5.1.

Epoxy-based composites formulated with TBBA and DDS as curing agent are
flame-retarded in the decomposition steps: the halogen halides from TBBA are
first released at above 300 °C and then the nitrogen element from DDS exists in
a form of cross-linked structures in its residues [9]. In contrast, the epoxy resins
containing phosphorus-based flame retardants mainly decomposes at the condense
phase in which P-rich residues are found at the end of combustion. This result may
be explained by the existence of element P, which can act as a catalyst for promot-
ing chars formation [10].

5.3 Review of Reactive Phosphorus-Based Flame
Retardant Epoxy Resins System

In epoxy resins formulation, phosphorus-containing flame retardants can be
applied as an additive, which is relatively easy to manufacturing process.
However, it has some technical drawbacks, such as particle dispersion and dete-
rioration of the physical properties of epoxy laminates when its loading is too high
[5]. Thus, molecularly reactive phosphorus-containing flame retardants have been
used for advanced epoxy laminates, which can give better performance on flame
retardancy and material properties. The common epoxy resins are either o-cresol
formaldehyde novolac (CNE) or diglycidyl either of bisphenol-A (DGEBA),
which are frequently pre-reacted with non-halogen flame retardants in order to
improve flame retardancy of the cured epoxy resins.
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The majority of non-halogen flame retardants that pre-reacted with the epoxy res-
ins are based on 9,10-dihydro-9-oxa-10-phosphaphenanthren 10-oxide (DOPO, I),
which is shown in Fig. 5.1. Because of its intrinsically high reactive properties the
addition of DOPO can impart good flame retardancy to epoxy laminates applica-
tions [5, 11]. Moreover, a combination of the DOPO with curing agents often help
reducing the amount of % P that required for UL94-V0, which may result in obtain-
ing an improvement on the materials properties of cured epoxy systems, such as
phase transition temperature, thermal stability and modulus. They can also improved
by different curing agents systems, such as phenolic novolac (PN) and 4,4-diami-
nodiphenylsulfone (DDS).

(e}
n NH, N
Phenolic novolac (PN) 4,4-diaminodiphenylsulfone (DDS) Dicyandiamide (DICY)

Thus, a variety of phosphorus-based flame retardants have been developed and
studied for their flammability as well as rheological and mechanical properties.
Recently, the two review papers extensively focused on the flame retardancy of

Fig. 5.1 9,10-dihydro-9-
oxa-10-phosphaphenanthren
10-oxide (DOPO), I
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N\



5 A Review of Non-halogen Flame Retardants ... 119

non-halogen flame retardants for epoxy resins system [5, 6]. However, few review
papers were found for the rheological and mechanical properties of epoxy resins with
non-halogen flame retardants. In this section, we review not only the flame retar-
dancy of several DOPO derivatives and phosphorus-containing flame retardants but
also their rheological and mechanical properties in cured epoxy resins, where a cor-
relation with curing agents and % P content may exist at each epoxy resins system.

5.3.1 DOPO-Derivatives Flame Retardants System

Since the P-H group is highly reactive, it is relatively easy for the DOPO to be syn-
thesized with several functional groups. Wang and Shielh reported that 1,4 ben-
zenediol was synthesized with the DOPO and then evaluated as a curing agent in a
CNE epoxy (EEW:192). They showed that the cured CNE epoxy containing 25 %
of DOPO derivative (II) and 75 % phenolic navolac (PN) was ranked as UL94-V0
in which the total phosphorus content was 1.1 % [11, 12]. However, 4.4 % P content
was required to keep the UL94-VO when the DOPO derivative was solely used as
curing agent. Rwel et al. [13] also showed that a mixture of two curing agent (i.e.
DOPO with the 1,4-naphthalenediol(III) and PN) could have the reduced phosphorus
content for obtaining higher residues and thermal stability in N». Thus, the required
% P content for good flame retardancy can be reduced by the combination of DOPO
derivatives with conventional curing agents. Introducing phenol groups into the
DOPO can improve char formation in epoxy resins. Liu et al. synthesized an alkyl
novolac (IV) from a reaction of DOPO with 1,4-benzenedicarboxaldehyde and phe-
nols. The alkyl novolac was used as a co-curing agent with PN in a CNE epoxy resin
(EEW:200). Only 3.8 % P content in the cured epoxy could lead to having 55.4 %
residues and 32.5 in. LOI [14]. It was interesting that the amount of the residues was
highest when the similar level of % P content was found in cured CNE epoxy resins
in which different DOPO derivatives (II-IV) was included. This may result from the
existence of the hydroxyphenyl groups in the flame retardant backbone.

On the other hand, DOPO derivatives are frequently pre-reacted with epoxy
groups since it has reported that the incorporation of organophosphorus molecules
into epoxy backbones could release less smoke and toxic gases [15, 16]. Wang
et al. showed that 2.0-2.8 % P in the pre-reacted DGEBA with the diol flame
retardants (II) could give UL94-VO to the cured epoxy, whereas the DOPO deriva-
tive reacted with epoxy groups needed more % P content in order to obtain the
same level of UL94 grade [11, 16, 17]. This discrepancy may be explained by the
use of different curing agents and epoxy equivalent weights (EEW). Wang et al.
showed that the DOPO derivative (II) epoxy resin was cured with the three dif-
ferent curing agents. Both PN and DDS needed ~4.7 %P content for UL94-V0.
But, the cured epoxy resin needed to have 7.2 % P content in case of DICY cur-
ing agent [15]. He also demonstrated that either DDS or PN could give 30 in LOI
when the EEW of DGEBA epoxy resins containing the DOPO derivative (II) was
above 300, where the % P content was 1.7 % [17]. Thus, DOPO derivatives can be
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variable to be used as either co-curing agent or pre-reacted with epoxy resins. The
summary of the DOPO derivatives and its flammability are presented in Table 5.1.

Table 5.1 Several DOPO derivatives and their advanced epoxy resins are presented with

different curing agents and its flammability

DOPO derivatives/epoxy resin Epoxy resins or | % P UL94 V-0,
curing agents LOI
0-Cresol 4.4 V-0 [11]
formaldehyde
novolac (CNE,
EEW:192)
O—P—O
(D
0-Cresol 4.1 31[13]
formaldehyde
novolac (CNE,
EEW:195)
0=p—0
HOOH
O (111)
0-Cresol 3.8 32.5[14]
OH formaldehyde
o=p—d novolac (CNE,
ot Lo 2 EEW:200)
O—I'!’=O | N !
n
Iv)
Phenolic 4.8 34 and
Q O novolac (PN) V-0 [15]
4,4-diaminodi- | 4.5 32 and
O=f—0 phenylsulfone V-0 [15]
(DDS)
0 0 Dicyandiamide | 7.2 36 and
o{ %0 (DICY) V-0 [15]

[EEW:223-228]

(continued)
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Table 5.1 (continued)

DOPO derivatives/epoxy resin Epoxy resins or | % P UL94 V-0,
curing agents LOI
Q@ 4,4-diaminodi- |2.4-2.8| 32 and V-0
oR phenylsulfone [16, 17]
(DDS)
H H

[EEW:530-550]

Q_Q Methylene 2.1 UL9%4-VO
dianiline [11]

VO/O/\O\O/DO/\OQ}O/\IOTO/O/\O\O/\VO (MDA)

[EEW:483]

5.3.2 Phosphorus Containing Flame Retardants System

Several research groups have reported that organophosphates or organophosphine
oxides can be chemically pre-reacted to epoxy resins, which also imparts good flame
retardancy to the cured epoxy resins [18-23]. Cheng et al. reported that di-epoxide
containing phenyl phosphonate [V] could be cured with DDS having 29-31 in LOL
However, the cured epoxy resin had a lower thermal stability and higher % P content
needed to obtain the better flame retardancy [20, 21]. Moreover, the high level of the
% phosphorus content may be caused to lower the glass transition temperature (Tg)
of the cured epoxy resins. Thus, the % P content in a finial epoxy formulation has to
be reduced while other materials properties remain as same. Ren et al. showed [18]
that the phenyl phosphine oxide with bis-phenoxyl (VI) was synthesized with the
epoxy resins and then cured with DDS in which 34 of LOI and good thermal stabil-
ity (~357 °C at 5 % weight loss in N») were obtained. The % P content was also
reduced to 7.8 from 9.5. The concentration of the P content may be still high enough
to affect the material properties of the cured epoxy resins. Therefore, the epoxides
groups have to be replaced by more thermally stable and cross-linked epoxy resins.
DEGBA is a good cross-linked and relatively produces higher residues because
of the bisphenol groups in its backbone. It can be also synthesized with a variety of
phosphorus-based flame retardants. Lin et al. reported that the amount of % P was
reduced by replacing the bis-phenoxyl with bis-diphenoxyl group in the DEGBA
epoxy resin, where only 1.5 % P could be contributed to achieving above 30 in LOI,
high Tg (180 °C) and higher residues remained (26 % in N») [19]. In the report,
the advanced epoxy resins with the phosphorus-based flame retardant [VII] had the
highest number of LOI obtained among the epoxy resins with other flame retardants,
such as TBBA, DHBP (dihydroxybiphenyl) and PPA (phenyl phosphonic acid).
Organophosphate molecules are also used to increase thermal stability of the
cured epoxy resins. Derouet et al. synthesized a series of alkyl or aryl phosphates
[VII] with a DEGBA epoxy resin to make advanced epoxy resins having good
flame retardant properties along with a higher Tg [22]. He demonstrated that the
DEGBA epoxy resin with diphenyl phosphate achieved the highest number of
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Table 5.2 Chemical structures of the phosphorous-containing flame retardants and their flame
retardancy are presented with % P content and LOI

Phosphorus-containing flame retardants Curing agents | % P | LOIL
DDS 9.5 |29-31[20]

V)
ﬁ DDS 7.8 | 34[18]

HO. O——P——0. OH

> @ J
DDS 1.5 |30.5[19]

~ Y@ O-O-"Y~
(VII)

DDS 1.1 | 32[22]

OH
[o}
O\>/\O "
O O—I|>—OR
OR

R:Ph (VI

LOI value and Tg, which was 32 and 190 °C, respectively. A surprised discov-
ery at his study was that the phenomena of intumescing chars formation could be
only observed in the cured systems, where the pre-reacted DEGBA with the aryl
or alkyl phosphates was cured by DDS curing agent. However, in the same cured
DEGBA epoxy resin with DDS, the additive phosphates did not produce good
chars formation. The summary of the phosphorus-containing flame retardants and
its flammability are presented in Table 5.2.

5.4 Review of Rheological and Mechanical Properties
of Advanced Epoxy Resins Containing
DOPO-Derivatives

The mobility of an entangled polymer chain is frequently determined by a glass
transition temperature, which is an indication of a relaxation statue of the entan-
gled polymer chains. Unlike thermoplastic polymers, epoxy monomers can be
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chemically cross-liked at elevated temperatures by either itself or the aid of curing
agents [1]. Thus, a Tg of a cured epoxy resins can depend on the type of epoxy res-
ins, curing agents and curing temperatures as well as flame retardants. It is important
for epoxy laminates to obtain higher Tg at a low level of % P content, which may be
a key factor to prevent a failure of the PCT (pressure cooker test) or soldering bath
at electronic applications [1-4]. As we mentioned at the above section, DOPO deriv-
atives can be used as a co-curing agent. We here have the three DOPO derivatives
(II-IV) to present their rheological properties in terms of Tg versus % P content. In
Fig. 5.2, from the figure we can see that the two DOPO derivatives (II and III) have
increased Tg when % P increases in the cured epoxy resins. Moreover, in case of the
DOPO derivative (IIT), the Tg of the cured epoxy resins are slightly higher than that
of the epoxy containing the 1,4-naphthalenediol DOPO (III), which may result from
the existence of the resonant structures. However, the Tg of the cured CNE contain-
ing the DOPO derivative (IV) decreases as % P increases in the case of the DOPO
derivative (IV), which may be explained by a reduced cross-linking density because
of the relatively high volume of the bulky DOPO groups [14].

On the other hand, the mechanical strength of cured epoxy resins can be meas-
ured by a relationship between storage modules and loss modules at elevated tem-
peratures. Since epoxy laminates are composed of several stacked pregregs it may
be a critical point to review what factors can be influenced to the strength. Here is
an example of the factors in Figs. 5.3 and 5.4: A relationship between Tg and % P or
modulus of pre-reacted DGEBA containing the DOPO derivative (II), which were
cured by different curing agents. As we can see from the figures, the higher Tg of the
cured epoxy resins is obtained in case of DDS. However, the moduli of DDS-cured
epoxy resins are lower than that of PN-cured epoxy resins, which could result from
the different reactivity of the two curing agents. Therefore, the evaluation of the rheo-
logical and mechanical properties of cured epoxy resins can be considered in explain-
ing how cured epoxy resins are evolved at different curing systems even though it
is at the same level of % P content. Eventually, this evaluation would be useful for
epoxy laminates applications, where the bonding strength may be a first priority.
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A relationship between rheological properties of epoxy pregregs and curing
processes in laminated structures: The absorption of small oligomers on different
geometries surfaces has been extensively studied its thermal and rheological prop-
erties since the surface properties are modified by the absorbed substances and the
geometries itself. In particular, because of its size nanoparticles are of great inter-
est in academics and industries [7]. Rod-type or hollow-type inorganic particles
are relatively in many demands at the field of reinforced composites [1, 2]. Marney
et al. showed that phenyl phosphoric acids treated into halloysite nanotubes had a
potential for flame retardant and reinforcing fillers in nylon 6 [24]. Lin et al. also
demonstrated that the addition of the functionalized halloysites with sodium dode-
cyl sulfate could improve the thermal stability and mechanical properties of the
polystyrene matrix [25]. Nanotubes is also an interesting geometry to be adsorbed
with phosphors-containing molecules [26]. Due to the cost-effective aspects, most
reinforced polymer composites are filled with rod-type glass or carbon fibers in
an industrial scale. On the other hand, epoxy resins are reinforced in forms of pre-
greg-mats, where a series of the autoclave-curing processes on epoxy pregregs are
involved at elevated temperatures. Thus, the rheological properties of epoxy resins
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on the prepregs-mats is an important property to be used for achieving a good epoxy
laminates at the end. Since the epoxy-vanished pregregs are cured with pressure at
different temperature profiles the viscosity of the epoxy resins on the pregregs is
changed at a different rate with temperature. Thus, obtaining optimized curing pro-
cess is necessary to impart good physical and chemical properties to epoxy lami-
nates. Dynamic mechanical analysis (DMA) is a typical instrument of measuring
the rheological properties of composite materials such as complex viscosity, storage
and loss modulus. The complex viscosity of two different single prepreg formulated
with different curing agents and DOPO derivatives are presented in Fig. 5.5. As we
can see the viscosity graph in the figure, the trace of the complex viscosity from the
two single pregregs is relatively same with temperature. However, the temperature
at starting to increase the viscosity is different at each epoxy pregreg, where one has
a higher temperature and the other has a lower temperature. Moreover, the rate of
increasing the viscosity is also different at each case, which may indicate that each
epoxy formulation would undergo different curing behaviors.

In the previous paragraph, it has been shown that the viscosity of each single
pregreg is changed at a different rate with temperature, which may imply that the
rheological properties of epoxy laminates can be changed in a different way. The
storage modulus and tan delta of the epoxy laminates, which has the lower rate
of the viscosity in the pregregs, are presented in Fig. 5.6. As we can see from the
graph, a higher Tg is obtained at the lower curing temperature, whereas a lower Tg
is obtained at the higher curing temperature. However, in case of the higher rate of
the viscosity in the epoxy pregregs, the trend for Tg is vice versa. In Fig. 5.7, the
Tg of the epoxy laminates at 170 °C for 1 h curing time is lower than that of the
laminates at 160 °C for the same curing time, which could result from a faster cur-
ing process at the high temperature. This difference may be related to the density
of cross-linked epoxy resins and the interactions of the polymer chains and the
glass-fibers. Thus, it is believed that an optimized temperature and time in the cur-
ing process may be significantly dependent upon the viscosity of each pregregs.
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5.5 Review of Inorganic and Metallic-Based
Flame Retardants in Epoxy Resins

Because of the high efficiency of charring process, which results from the reaction
of phosphoric acids with decomposed polymers, a series of metal salts of phos-
phors containing flame retardants were invented and commercialized by Clariant
under a trade name of Exolit for thermosetting polymers, where 10-30 parts based
100 part resin was used to obtain the stringent flammability test, such as UL94-V0
and DIN4102 B1 [27, 28]. On the other hand, the use of metal oxides or metal-
based compounds recently reveals their potential flammability on polymeric mate-
rials due to their versatility to be formed in stable compounds at high temperatures
[29-31].

Layered double hydroxides (LDH) with metal ions was first investigated in
epoxy resins. Zammarano et al. reported a variety of organic modifiers could be
incorporated to magnesium-aluminum(MG) LDH via the ionic exchange method
and lead to an increase in d spacing of the MG LDH [30]. They showed that
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the d spacing of cured DGEBA epoxy resins varied in different organic modifi-
ers, which could result in an occurrence of the self-extinguishing behavior in the
UL94 HB test. Manzi-Nshuti et al. [31] investigated three different metal-based
flame retardant, CoAl layered-double hydroxide (LDH), Co oxide and zinc ace-
tate dehydrate (ZnAc) on their flammability in a cone calorimetry. They found
that a significant reduction on peak heat release rate (PHRR) was obtained by
the small amount of zinc acetate dehydrate (ZnAc) added the cured epoxy res-
ins while the addition of either CoAl LDH or colt oxides did not help reducing
its PHRR noticeably. Nshuti et al. [31] also demonstrated the flame retardancy
of the three zinc-based compounds, where the cured epoxy resin with the zinc
hydroxystannate had the two steps of the decomposition while both zinc borate
and zinc stannate had one decomposition step as nest cured epoxy resin did. In
particular, in the case of zinc hydroxystannate, the highest reduction of pHRR and
lowest time to ignition were obtained when its loading was 30 wt% in the cured
matrix. Moreover, these zinc-based flame retardants can catalyze the promotion of
chars formation when they are combined with melamine phosphates or aluminum
phosphinates and borates [32].

Another approach for flame retarding epoxy resins is the use of nanoparticles.
It already has been proved that an inclusion of nanoparticles can impart supe-
rior thermal and mechanical properties such as an improvement of heat distor-
tion temperature and a significant improvement of modules and strength [33-37].
However, there is one of important technical concerns using nanoparticles: How
nanoparticle are dispersed in a polymer matrix [35]. Recently, Pack et al. demon-
strated a combination of two nanoparticles with different surface energy and inter-
action at the interfaces could help improve their dispersion in the polymer blends
[36] later they showed that a direct absorption of the phosphors-based flame
retardant was successfully achieved onto the montmorillonite (MMT) clays, which
could be really exfoliated in several thermoplastic polymers and improve the com-
patibility of the polymer blends [37].

In contrast to thermoplastic polymers, the structure of a cross-linked network
is various in each of thermosetting polymers system. Although the curing process
of an epoxy resin is governed by the type of epoxy groups and curing agents, it
becomes more dependent upon a degree of the nanoparticles in cured epoxy res-
ins. A comprehensive review paper for CNT-epoxy composites reported that the
physical and chemical aspects of CNT to epoxy monomers and curing agents
could alter its curing reactions [38]. Since the use of CNT had some disadvantages
in polymers and polymer compounds, such as its color and the possibility of toxic
gases released when it is burnt, more environmental friendly nanotubes has been
in great demand, which could lead to the research developments of Halloysite
nanotubes (HNTs). Several research groups already reported their possibility in
nanocomposites [39—-41]. Deng et al. [41] showed that the different chemical treat-
ments affected on HNTs dispersion in the cured epoxy matrix, where a combina-
tion of a phosphoric acid treated HNTs with the enhanced ball mill process could
improve the degree of dispersion of HNTs in the matrix.
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5.6 Conclusion

We first reviewed the flame retardancy of DOPO derivatives and DOPO-free
derivatives in cured epoxy resins. Most works had focus on their possibility of
being used as co-curing agent, which could result in reducing the amount of %
P for obtaining good flame retardancy, such as UL94-V0 and above 30 in LOI,
significantly. Moreover, better materials properties of cured epoxy resins could be
achieved when they were pre-reacted with epoxy resins. We also investigated that
the rheological/mechanical properties of cured epoxy resins was adjustable by the
curing agents and the flame retardants, which would predict the physical proper-
ties of epoxy laminates. In the review of flame retardancy of the inorgano-metalic
compounds, they were relatively easier to be applied in epoxy resins but still have
not been enough studied for their flame retardancy in epoxy resins matrix. Finally,
the possibility of using nanoparticles in epoxy-based nanocomposites was briefly
reviewed. The improvement of the nanoparticles dispersion could be one of key
elements to be overcome during the curing process.
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