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Abstract

Nanocomposite materials made of carbon nanoparticles dispersed in a crosslinked polymer have been produced by
light-induced polymerization of a multifunctional acrylic resin containing graphite, oxidized graphite or acetylene black.
Exfoliation of graphite was achieved by sonication of the filled resin, and confirmed by sedimentation analysis. Under
intense illumination the solvent-free resin was transformed within a fraction of a second into a hard and tough material,
at ambient temperature. The photopolymerization was followed by infrared spectroscopy and shown to proceed effectively
up to 85% conversion of the acrylate double bonds. The slowing down effect of the carbon particles by screening of the
UV-radiation is becoming increasingly important as the sample thickness and the filler content are increased. A redox ini-
tiator consisting of benzoyl peroxide and a tertiary amine was used to achieve a deep through-cure of thick samples, a
process which was markedly accelerated in presence of acetylene black. These carbon nanocomposite materials proved
to be more flexible and resistant to shocks than the neat acrylic polymer. Electrical conductivity was found in nanocom-
posites containing acetylene black at concentrations above 1 wt.%.
� 2006 Published by Elsevier Ltd.
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1. Introduction

Nanocomposite polymers have drawn increased
attention over the last decade because of their dis-
tinct characteristics, in particular superior mechani-
cal and barrier properties, as well as improved
thermal stability [1,2]. Most of such composites
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are made of nanosize mineral particles, like colloid
silica, clay platelets or carbon particles, which are
dispersed in a polymer matrix. We have recently
shown that clay–polymer nanocomposites can be
rapidly produced by photoinitiated crosslinking
polymerization of multifunctional monomers and
oligomers [3–5]. This UV-curing technology offers
a number of advantages for the synthesis of
nanocomposite polymer materials, namely, an
ultrafast polymerization at ambient temperature of
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solvent-free resins with formation of highly resistant
polymers. Because of its very low energy consump-
tion and its minor emission of volatile organic com-
pounds, this UV-processing has become specially
attractive, given today’s increasing concern in the
industry for the protection of the environment.

The objective of the present study was to apply
the UV-curing technology to the synthesis of poly-
mer nanocomposites containing carbon particles.
Because of the important screen effect of this black
filler, a dual-curing process combining UV and
redox-induced polymerization had to be used in
order to achieve a deep through cure of thick spec-
imens. The basic principle can be represented sche-
matically as follows:

Acrylic resin + carbon

Redox initiator

Nanocomposite polymer

Photoinitiator

UV

Graphite is an allotropic form of a type of carbon
where the atoms are located in hexagonal planes
(graphens) separated by a distance of 3.32 Å. Car-
bon black consists of an aggregation of nanosize
particles containing a crystalline part made of
graphene lamellars and a noncrystalline part with
functional groups [7,8]. Such nanoparticles aggre-
gates are generally assembled in agglomerates which
can reach sizes in the micrometer range. Acetylene
black is a special type of carbon black obtained by
cracking of acetylene at high temperature (up to
2400 �C), which shows specific properties, in partic-
ular enhanced electric conductivity because of its
network-type morphology [9].

The most important of today’s applications of
carbon black is in the manufacturing of tires which
accounts for about three quarter of its total con-
sumption [6]. Carbon black is incoporated into a
rubber-type material at a load up to 33 wt.% in
order to improve its wear resistance, durability
and mechanical properties [8–10]. Over the years,
different types of elastomers have been used, often
in blends, to produce tires showing the expected
performance: natural rubber, polybutadiene, poly-
styrene/polybutadiene, polychloroprene, ethylene–
propylene copolymer, polyurethanes. A number of
studies have been devoted to the effect of the addi-
tion of carbon black in such elastomers [11–15],
but the actual reasons of the observed improvement
in performance are still not fully elucidated. Carbon
black has also been used as filler in a variety of other
polymers to produce composite materials showing
improved mechanical and electric properties: epox-
ides [16] ethylene/butylacrylate [17], polyethylene
[18], polyvinylidene fluoride [19], polypropylene
[20], polystyrene [21], polymethylmethacrylate [22].
Conductive nanocomposites have been obtained
by introducing graphite into various polymer matri-
ces: polyaniline [23,24], polyarylene disulfide [25],
polystyrene [26], polyamide [27]. A comprehensive
survey of the numerous studies reported in the liter-
ature on carbon black and on carbon-based com-
posite materials has been presented by Donnet
et al. in a recent textbook [28].

All of these composite polymers have been
obtained by a thermal processing. Ionizing radia-
tion have been used to crosslink polyethylene/car-
bon composites [29], and electron beams for
graphite/epoxide composite [30], as well as to induce
the polymerization of carbon filled resins [31]. UV-
radiations are commonly employed to rapidly dry
printing inks, in particular black inks which consist
typically of acrylic resins containing up to 15 wt.%
carbon black [32]. Deep through cure can be easily
achieved by UV-radiation in such opaque medium
because the layer of ink deposited is very thin,
typically 2 lm. Our objective was to use the same
UV-curing technology to produce up to 40 lm
thick coatings of carbon black nanocomposites
by an adequate choice of photoinitiator, as well
as of thicker samples by means of a dual-curable
system.

2. Experimental

The photocurable composite resin was made of
four major components: an acrylic monomer, an
acrylate functionalized oligomer, a photoinitiator
and the mineral filler. An acrylate end-capped poly-
urethane, PUA (Ebecryl 8402 from CYTEC) was
used as telechelic oligomer (M = 1200 g). Hexanedi-
oldiacrylate (HDDA) from UCB Chemicals was
selected as reactive diluent at a weight concentration
of 20% to reduce the formulation viscosity. A bisa-
cylphosphine oxide (Irgacure 819 from Ciba Spe-
cialty Chemicals) was used as photoinitiator at a
concentration of 1 wt.%. For the dual-curable resin,
a redox initiator was added to the formulation: ben-
zoyl peroxide (from Aldrich), in combination with
dimethyl-p-toluidine (from Aldrich), at a weight
concentration of 1% each.
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Three types of carbon powder were selected as
mineral filler to obtain a nanocomposite material:
natural graphite (NG) from Prolabo, acetylene
black (AB) from Showa Denko, and oxidized
graphite (OG) by a treatment with potassium per-
manganate in acid medium (concentrated SO4H2).
In order to obtain nanoparticles of carbon by
destruction of aggregates and agglomerates, the
resin was exposed to ultrasounds during 10 min
(Branson Sonifer A450) at a frequency of 20 kHz
and a power of 400 W, at 25 �C in the dark to pre-
vent any premature polymerization.

The filled resin was hardened by a short exposure
to UV-radiation which induces the crosslinking-
polymerization of the acrylate double bonds. A
medium pressure mercury lamp was used as radia-
tion source: Minicure set up from IST operated at
a belt speed between 5 and 50 m min�1 (exposure
time between 1 and 0.1 s) and a fluence rate of
400 mW cm�2. A radiometer (IL-390 from Interna-
tional Light) was employed to evaluate the UV-dose
in the 280–400 nm wavelength range received by the
irradiated sample. All the UV-curing experiments
were performed at ambient temperature in the pres-
ence of air.

The nanocomposite samples were either UV-
cured as 36 lm thick films or dual-cured as 2 mm
thick plates, depending on the type of analysis per-
formed (infrared spectroscopy or dynamic mechan-
ical analysis, respectively), in relation to the different
kinds of applications of such materials (coatings,
moulds, cements, adhesives). To ensure that exfolia-
tion of the graphene platelets has taken place in the
liquid resin upon ultrasound treatment, the sedi-
mentation of the carbon particles has been followed
by visible spectroscopy (DU-7000 spectrophotome-
ter from Beckman), monitoring the decrease of the
absorbance at 550 nm as a function of time in a
1 cm thick cell.

The extent of the polymerization was evaluated
by means of infrared spectroscopy (Bruker IFS-66
FTIR spectrophotometer), by monitoring the disap-
pearance of the band at 812 cm�1 of the acrylate
double bond after a given UV-exposure. The pres-
ence of carbon black (2 wt.%) does not affect the
monitoring of this band, as it only causes a rise of
the IR spectrum base line. The monomer conversion
(x) was calculated from the relative decrease of the
IR band absorbance: x = (A0 + At)/A0. No correc-
tion was made for shrinkage (�8%) because the
thickness decrease is compensated by a concomitant
increase of the functional group content. Exotherms
of sample undergoing polymerization were mea-
sured by optical pyrometry (Testo 825-T2), the laser
beam analyzing the 5 lm top layer of the sample.

The viscoelastic properties of 2 mm thick samples
of dual-cured carbon black acrylate nanocompos-
ites were determined by dynamic thermal mechani-
cal analysis (DMA-Q 800 from TA-Instruments),
by operating at a 1 Hz frequency and a 20 lm
amplitude, with a 2 �C min�1 temperature rising
rate. From the variation of the storage modulus
(E 0) and of the tensile loss factor (tand) with tem-
perature, values of the Young modulus and of the
glass transition (or relaxation) temperature (Tg or
Ta) were determined, respectively. Similar samples
were used for evaluation of the resiliency or impact
resistance (expressed in kJ m�2) by means of a
Mouton pendulum. The electric conductivity (C),
expressed in Siemens (S) per centimeter of carbon
black/acrylate nanocomposites was evaluated by
measuring the resistance (R in ohm) of a 1 cm long
sample cured between two metallic plates, and
applying the equation: R = C�1l (cs)�1, where l is
the sample length and cs its cross-section expressed
in cm2.

3. Results and discussion

3.1. Exfoliation of graphite

In a previous study on the synthesis of clay nano-
composite materials by light-induced crosslinking
polymerization, we have shown that a simple way
to ensure that exfoliation of the silicate platelets
has taken place upon ultrasound treatment of the
liquid resin and that a true nanocomposite has been
formed upon UV-curing is by monitoring the sedi-
mentation of the mineral particles. As expected, it
was found to be much slower for nanosize particles
than for microsize particles. The same method was
used to evaluate the efficiency of the ultrasound
treatment on the exfoliation of carbon black in an
acrylic resin (hexanediol diacrylate). Fig. 1 shows
the sedimentation profiles recorded by following
the turbidity (absorbance at 550 nm) of the graphite
(NG) filled liquid resin as a function of time, with
and without ultrasound treatment. It can be seen
that the turbidity remained essentially unchanged
during 1 h for the sample sonicated during 10 min,
while it was progressively clearing up for the
untreated sample.
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Fig. 1. Influence of the ultrasound treatment (10 min) on the
sedimentation of natural graphite NG (0.1 wt.%) in hexanedi-
oldiacrylate. Initial absorbance: 1.47.
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Fig. 2. Sedimentation profiles of oxidized graphite OG and
acetylene black AB (0.1 wt.% each) in hexanedioldiacrylate.
Initial absorbance: 1.5 and 2.0, respectively.
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A different behavior was observed with both the
oxidized graphite (OG) and the acetylene black
(AB) where the sedimentation rate was much slower
than for natural graphite (NG), as shown in Fig. 2.
The ultrasound treatment was found here to have
hardly any effect on the sedimentation rate. It can
therefore be concluded that the size of the carbon
particles in these two samples is much smaller than
for natural graphite, probably in the nanometer
range. While in the OG sample it is the oxidizing
treatment which produces nanoparticles by destroy-
ing the graphite aggregate structure, in the AB sam-
ple it is the very mode of synthesis which generates
nanosize carbon particles. It is quite remarkable
that, after 10 h of sedimentation, the relative
absorption at 550 nm was essentially the same
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Chart 1. Photoinitiated cross-linking polym
(60% of the initial value) for the AB and OG sam-
ples as for the sonicated NG sample.

3.2. Synthesis of carbon nanocomposites by

photopolymerization

The UV-curable polyurethane-acrylate resin used
in this study was previously shown to polymerize
rapidly upon UV-irradiation, with formation of a
tight tridimensional polymer network [33]. Such
photoinitiated crosslinking-polymerization, which
is represented schematically in Chart 1, yields a hard
and totally insoluble material within a fraction of a
second. Fig. 3 shows the conversion versus time
profile obtained by infrared spectroscopy analysis
performed immediately after UV-exposure, for a
36 lm thick sample irradiated at ambient tempera-
ture in the presence of air. As much as 80% of the
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Fig. 4. Influence of acetylene black (1 wt.%) on the photopoly-
merization of a polyurethane-acrylate resin. Film thickness:
36 lm. Atmosphere: air. Light intensity: 400 mW cm�2.
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Fig. 3. Influence of the carbon filler on the photopolymerization
of a polyurethane-acrylate (PUA) resin. Film thickness: 36 lm.
Atmosphere: air. Light intensity: 400 mW cm�2.
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acrylate double bonds did polymerize within 0.1 s
under such intense illumination, but the chain reac-
tion did not proceed much further (up to a maxi-
mum 85% conversion) because of vitrification and
related molecular mobility restrictions.

The addition of graphite (NG and OG) at a con-
centration of 3 wt.% was found to have no signifi-
cant slowing down effect on the polymerization
process, similar conversion versus time curves being
obtained as with the unfilled resin, as shown in
Fig. 3. The screen effect of the filler becomes more
apparent at concentration superior to 5 wt.%, with
a final conversion dropping from 85% to 75% when
the graphite content was increased to 10 wt.%. In
the case of acetylene black, this screen effect was
found to appear already at a concentration of
1 wt.%, as shown in Fig. 4. The reason of this differ-
ence in behavior is that the opacity of the AB filled
sample is much greater than the opacity of the sam-
ples containing NG or OG, probably because of a
better dispersion of the carbon nanoparticles.

Consequently, to achieve a deep through-cure of
thick samples it was necessary to associate a second
curing process, by introducing in the acrylic resin a
N
CH2

CH3

+

+ C O O C

O O

N
CH3

CH3

CHO

O

Chart 2. Decomposition of benzoyl peroxid
thermal initiator, like benzoyl peroxide. A few cen-
timeter thick carbon black nanocomposite materials
have thus been produced by heating at temperatures
above 120 �C for up to 1 h. In order to reduce both
the curing time and the temperature, we have
selected a redox initiating systems consisting of ben-
zoyl peroxide and a tertiary amine, dimethyl-p-tolu-
idine. The production of free radicals results from
electron and proton transfer between the two com-
pounds according to the reaction scheme shown in
Chart 2 [33,34].

Because of its short potlife, the formulation had
to be used as a two-component system, one contain-
ing the peroxide and the other one the amine, at a
concentration of 1 wt.% each [35]. Upon mixing of
the two parts, the polymerization of the acrylate
double bonds was found to proceed rapidly, already
at ambient temperature. But the exothermicity of
the reaction makes the temperature rise up to
90 �C within a few minutes for a 2 mm thick sample,
as shown in Fig. 5 for the clear resin (curve a).

The addition of 1 wt.% natural graphite has no
slowing down effect on the curing process (Fig. 5,
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e in the presence of a tertiary amine.
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Fig. 5. Influence of the carbon filler on the temperature profile of
a two-component redox-acrylic resin undergoing polymerization.
(a) neat resin PUA, (b) PUA + 1 wt.% Natural graphite (soni-
cated), (c) PUA + 1 wt.% acetylene black; (d) PUA + 2 wt.%
acetylene black. Support: PMMA; Film thickness: 2 mm.

Table 1
Influence of various factors on the maximum temperature
reached upon redox polymerization of a clear acrylic resin

Support Film
thickness
(mm)

Temperature
(�C)

Reaction
time (s)

PMMA 0.35 28 192
PMMA 0.70 32 200
PMMA 2.0 88 196
PVC 10.0 130 180
Copper (1 mm) 2.0 63 195
Steel (1 mm) 2.0 60 200
Steel (1 mm) 2.0 50 195
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curve b), the maximum temperature being still
reached after 200 s, but its value was significantly
lower (47 �C) than for the clear resin. This is prob-
ably due to the well known effect of the carbon filler
which can act as a heat trap. A quite different
behavior was observed with the formulation con-
taining acetylene black, where the polymerization
was substantially accelerated (Fig. 5, curves c and
d), the maximum temperature being reached within
20 s for the resin containing 2 wt.% AB. This cata-
lytic effect of acetylene black, clearly illustrated by
a plot of the reaction time versus the AB concentra-
tion (Fig. 6), is not well understood. It may be due
to the formation of an activated complex between
the acrylic resin and the carbon nanoparticles,
which would accelerate the redox reaction and thus
200

150

100

50

0 0.5 1.0 1.5 2.0

Acetylene black concentration (wt%)

Time (second)

Fig. 6. Accelerating effect of acetylene black on the polymeriza-
tion of a redox acrylic resin (PUA), as measured by the time to
reach the maximum temperature.

M
A

the production of initiating radicals. The presence
of paramagnetic centers in carbon black has been
detected by ESR spectroscopy. The unpaired elec-
tron was shown to be preferentially located at the
surface of the carbon particles [36,37]. In the case
of acetylene black, the presence of functional groups
at the nanoparticles surface may also contribute for
the enhanced production of free radicals.

It should be mentioned that the magnitude of the
temperature rise in this redox polymerization
depends not only on the formulation composition,
but also on external factors such as the sample
thickness and the type of support. As expected,
the highest temperatures were reached for thick
samples placed on insulating plastic supports, as
shown in Table 1.

3.3. Properties of UV-cured carbon

nanocomposites

The physico-chemical properties of photocross-
linked polymers depend primarily on the chemical
structure of the functionalized oligomer, on the
functionality of the monomer used as reactive dilu-
ent, as well as on the final cure extent [38]. They can
be varied in a large range, depending on the consid-
ered application, from soft and flexible elastomers
well suited for adhesives applications to hard and
tough organic glasses well suited for protective coat-
ings. The polyurethane-acrylate resin used in this
study generates upon UV-exposure a polymer which
belongs to the second class of material. Because of
its high crosslink density (2 mol/kg), the UV-cured
polymer exhibits excellent chemical and heat resis-
tance. Total insolubilization was achieved within
1 s of UV-irradiation, with formation of a polymer
which starts to decompose at temperatures above
350 �C.
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The addition of carbon nanoparticles was found
to affect, to a certain extent, the viscoelastic proper-
ties by imparting to the nanocomposite polymer
some flexibility and increased impact resistance.
Fig. 7 shows some typical profiles recorded by
dynamic mechanical analysis for a 2 mm thick redox
cured samples, by monitoring the variation of the
storage modulus (E 0) and of the tensile loss factor
(tand) with increasing temperature. It can be seen
that the addition of the carbon nanoparticles
(5 wt.% of natural graphite, and sonication) causes
a small decrease of the glass transition temperature
(from 57 to 45 �C) and of the Young modulus (from
1050 to 820 MPa). A similar flexibilisation effect
was observed by addition of the oxidized graphite
particles, as shown by the data reported in Table
2. As a result of the decreased rigidity, the UV-cured
nanocomposite material becomes more resistant to
shocks. The resiliency, measured by a Mouton pen-
dulum on 2 mm thick samples, was found to
increase from 34 kJ m�2 for the neat polymer up
to 57 kJ m�2 for the carbon nanocomposite. A sim-
Table 2
Influence of carbon nanoparticles on the properties of a
polyurethane-acrylate (PUA) polymer

Cured resin Tg

(�C)
Young
modulus
(MPa)

Resiliency
(kJ m�2)

PUA-1 57 1050 34
PUA-1 + NG (5 wt.%) 44 820 55
PUA-1 + OG (5 wt.%) 43 720 57
PUA-2 48 830 17
PUA-2 + AB (1 wt.%) 42 410 23
ilar but less pronounced effect was observed by
introducing small amounts of acetylene black
(1 wt.%) into a more flexible polyurethane-acrylate
matrix (Table 2).

It should be mentioned that the addition of car-
bon nanoparticles causes a drastic loss of the gloss
of such acrylic polymers, as observed previously
with clay and silica nanoparticles [5]. This matting
effect was shown to result from the increased surface
roughness, which makes also the surface of the
nanocomposites material less slippery, as requested
for some floor finishes applications. These polyure-
thane-acrylate/carbon nanocomposites show an
excellent resistance to photodegradation, because
of their high crosslink density and of the presence
of the carbon filler which acts both as a radical scav-
enger and a UV-screen. They are therefore well sui-
ted for coatings applications to improve the
weathering resistance of organic materials (wood,
plastics, fabrics, paper) used in outdoor applica-
tions, if a black appearance is accepted.

With respect to the electrical conductivity of such
carbon nanocomposites, a significant effect could be
detected only at very high loads of graphite (NG
and OG), above 30 wt.%. A quite different behavior
was found by using as filler acetylene black, where
some electrical conductivity could already be mea-
sured at concentrations above 1 wt.%, as shown in
Fig. 8. The electrical conductivity was found to rise
exponentially with increasing concentration of acet-
ylene black to reach a value of 35 mS/cm at a load
of 2.5 wt.%, and 600 mS/cm at 10 wt.%. This effect
could be attributed to the network structure and
string-like morphology of acetylene black together
with the large specific area of the nanosize AB par-
ticles. The electrical conductivity of carbon black
3

2

1

0 1.0 2.0
Acetylene black concentration (wt%)

Fig. 8. Influence of the acetylene black content on the electrical
conductivity of a redox-cured PUA nanocomposite.
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was shown to increase with decreasing particle size
and average particle distance [39,40]. To obtain
highly conductive carbon-based nanocomposite
materials, acetylene black appears to be the choice
candidate. By using the two-component redox
acrylic resin as a glue, we have succeeded in assem-
bling within minutes two metallic plates, without a
substantial loss of electrical conductivity. Such a
conductive glue is particularly easy to use, by apply-
ing a thin layer of one component on one part of the
assembly and the second component on the other
part, and by pressing the two parts together to a
strong bonding was achieved within 1 min, at ambi-
ent temperature.

4. Conclusion

Polymer nanocomposites have attracted growing
attention in the past few years, owing to their
unique characteristics, and they have found a num-
ber of applications in various industrial sectors
(automotive, electronics, aeronautics). We have
developed a simple method to synthesize rapidly at
ambient temperature carbon-based nanocomposite
materials by photo- or redox-initiated polymeriza-
tion of a solvent-free acrylic resin. The very low
emission of volatile organic compounds, together
with the minor energy consumption, makes this cur-
ing technology particularly attractive in consider-
ation of today’s growing concern in the chemical
industry for environment-related issues. The pres-
ence of carbon nanoparticles was found to lower
the glass transition temperature of the polymer
and make it more flexible and impact resistant.
These highly crosslinked nanocomposite polymers
are quite resistant to organic solvents, heat and
weathering, as well as to mechanical aggression.
They are therefore well-suited for coatings applica-
tions to protect and improve the surface properties
of different types of materials. The two-component
redox based resin containing acetylene black can
also be used as a glue to assemble metallic parts
or wires, without much loss of electrical
conductivity.

This UV-radiation and redox curing technology
is not restricted to the synthesis of carbon/acrylate
nanocomposites, but it can be extended to other
types of polymer systems, such as crosslinked
thiol/polyenes, unsaturated polyesters and interpen-
etrating polymer networks, as well as to other types
of layered nanoparticles. Further work should be
oriented in such directions to take full advantage
of the remarkable performance of this environ-
ment-friendly and cost-effective method of produc-
ing nanocomposites polymers.
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