
Dear Readers,
The editorial of the first issue of the tenth volume
provides a short review of the results and statistics
of the previous years. 931 articles were published in
the past 9 years, a mere 16% of the submitted ones.
84% was rejected, although a part of them con-
tained results of the acceptable high quality, but we
strove to select only cutting edge topics. This is
reflected in the fact that about 60% of the articles
published in eXPRESS Polymer Letters has been
downloaded at least 1000 times, which means that
these topics attracted the attention of our readers.
The download statistics are also reflected in the
number of citations. The most downloaded article is
Starch-based completely biodegradable polymer
materials (DOI: 10.3144/expresspolymlett.2009.46),
with about 11000 downloads. The most cited article
in the Web of Science (WoS) is The present status and
key problems of carbon nanotube based polymer com-
posites (DOI: 10.3144/expresspolymlett.2007.39),
which has already 178 citations. Further seven arti-
cles have more than ten citations per annum with the
following titles: Self healing in polymers and poly-
mer composites. Concepts, realization and outlook:
A review (DOI: 10.3144/expresspolymlett.2008.29);
Advances in synthetic optically active condensation
polymers – A review (DOI: 10.3144/expresspolymlett.
2011.15); Dielectric relaxations in PVDF/BaTiO3
nanocomposites (DOI: 10.3144/expresspolymlett.
2008.35); Raman spectroscopic characterization of
multiwall carbon nanotubes and of composites (DOI:
10.3144/expresspolymlett.2012.63); How carbon
nanotubes affect the cure kinetics and glass transi-
tion temperature of their epoxy composites? – A
review (DOI: 10.3144/expresspolymlett.2009.73);
Multi-walled carbon nanotube filled polypropylene

nanocomposites based on masterbatch route:
Improvement of dispersion and mechanical proper-
ties through PP-g-MA addition (DOI: 10.3144/
expresspolymlett.2008.87); Crystallization kinetics
of poly(lactic acid)-talc composites (DOI: 10.3144/
expresspolymlett.2011.84). 
The journals which cite the articles of eXPRESS
Polymer Letters most frequently are Polymer, Jour-
nal of Applied Polymer Science and Macromole-
cules. The h-index of eXPRESS Polymer Letters
in WoS is 37, the present impact factor is 2.761. This
indicator is being presently fiercely attacked but we
consider it important as it is still one of the most
important evaluation tools of scientific journals.
Impact factor is a helpful compass for the young sci-
entist generation to evaluate the relative rank and
quality of various journals. Otherwise, there would
be no quality-related orientation where to send their
manuscripts. Additionally, nowadays the internet is
full of ‘predator’ journals having titles, appearance
and websites which resemble those of high quality
journals with good impact factors, and WoS can
help to exclude these journals.
When launching the 10th volume of eXPRESS
Polymer Letters I wish all authors, readers and ref-
erees a successful new year and achievement of
highly cited research results. Sincerely yours,

                                                                                                      1

Preface to the tenth volume of Express Polymer Letters
T. Czigány*

Department of Polymer Engineering, Faculty of Mechanical Engineering, Budapest University of Technology and
Economics, M!egyetem rkp. 3., H-1111, Budapest, Hungary

eXPRESS Polymer Letters Vol.10, No.1 (2016) 1
Available online at www.expresspolymlett.com
DOI: 10.3144/expresspolymlett.2016.1

*Corresponding author, e-mail: czigany@eik.bme.hu
© BME-PT

Prof. Dr. Tibor Czigány
editor

http://dx.doi.org/10.3144/expresspolymlett.2009.46
http://dx.doi.org/10.3144/expresspolymlett.2007.39
http://dx.doi.org/10.3144/expresspolymlett.2008.29
http://dx.doi.org/10.3144/expresspolymlett.2011.15
http://dx.doi.org/10.3144/expresspolymlett.2008.35
http://dx.doi.org/10.3144/expresspolymlett.2012.63
http://dx.doi.org/10.3144/expresspolymlett.2009.73
http://dx.doi.org/10.3144/expresspolymlett.2008.87
http://dx.doi.org/10.3144/expresspolymlett.2011.84


1. Introduction
Technical application of rubbers requires the vul-
canization process to create a three dimensional
polymer network which provides the characteristic
elastic properties of these materials. Depending on
the vulcanization system and the type of rubber, in
addition to vulcanization conditions, the chemistry
of this process changes, having important conse-
quences on the network structure and consequently,
on the elastic properties of these rubber materials.
The most common vulcanization agents on rubber
technology are sulfur and organic peroxides. In the
case of sulfur systems, the discussion concerning
the nature of the reactions involved in the vulcan-
ization process, i.e. ionic or free radical pathways,

is still ongoing [1–4]. Several works conclude that
radical mechanisms are required to justify the cross-
link structures formed on NR after the vulcaniza-
tion with sulfur [2–6]: sulfur cross-links of different
lengths, mainly polysulfidic bonds, pendant groups,
cyclic sulfides and cis/trans isomerization of the
double bonds and/or conjugated sequences in the
polymer backbone [7]. In addition, the low reaction
efficiency and the long time required to complete
vulcanization process do not recommend the use of
sulfur without accelerators for commercial pur-
poses [6]. The sulfur-accelerator systems reduce the
optimum vulcanization time, improve the elastic
properties of NR and minimize the side-reactions
during the vulcanization process. They are classi-
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fied as conventional (CV), semi-efficient (semi-
EV) and efficient (EV) systems depending on the
accelerator/sulfur ratio (usually in a range between
0.2 and 12, for the extreme cases). The NR samples
usually show different and characteristic mechani-
cal and viscoelastic properties, fatigue and ageing
resistance according to the sulfur/accelerator sys-
tem employed in the vulcanization process [1, 7]. On
the other hand, vulcanization of NR with organic
peroxides provides materials with higher concentra-
tion of non-elastic network defects and rubber net-
work structures characterized by the formation of
C–C cross-links with more heterogeneous spatial
distribution, as compared to the samples vulcanized
with sulfur-accelerators [6]. These structural differ-
ences have a critical impact on the drop of elastic
properties of these materials, being caused by the
complex free radical mechanism (with different
radical pathways and side reactions) that character-
izes the vulcanization of NR with organic perox-
ides. Nevertheless, peroxide crosslinking has also
several advantages in comparison with sulfur cure
with regard to different applications of the rubbers
(e.g., compression set at elevated temperatures, co-
vulcanization, etc.) [8]. According to this statement,
the main objective of this work is to determine the
presence and concentration of free radicals on the
vulcanization process of NR and poly-isoprene rub-
ber concerning the different vulcanization systems
and their influence on the network structure and
physical properties of NR. In this sense, Electron
Spin Resonance (ESR) is a powerful and unique
tool for detecting radicals. ESR has been previously

used to evaluate the radical concentration on poly-
olefins and different rubbers [9–12] vulcanized with
organic peroxides. The application to other vulcan-
ization systems, e.g. sulfur based systems, has been
limited to model compounds or the analysis of the
vulcanization system without rubber [1]. Recently,
ESR has been applied to study the polybutadiene
vulcanization mechanism [13].
In addition to the study of vulcanization process, the
second part of this work will be focused on the study
of radicals generated during uniaxial deformation of
NR [14], fact that could be related with variations in
the network structure and consequently in the final
properties of NR after cycles of deformation.

2. Experimental section
2.1. Materials, preparation of samples and

rheological measurements
The studied compounds were based on standardized
natural rubber (SMRCV60), kindly supplied by
Malaysian Rubber, Kuala Lumpur, Malaysia and
poly cis-1,4-polyisoprene (IR) kindly supplied by
Kraton Polymers, Amsterdam, The Netherlands
(KRATON® IR307). Five different vulcanization
systems were used in this work: two sulfur based sys-
tems with different accelerator/sulfur ratios (A/S)
which correspond to a conventional system (named
CV with A/S = 0.2) and an efficient system (named
EV with A/S = 0.2), respectively; a sulfur donor sys-
tem (DPTT), an organic peroxide (DCP) and a diazide
molecule (BSA) as it was reported in Table 1.
For the ESR measurements during the vulcanization
process, samples were prepared in toluene solutions
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Table 1. Recipes of the samples

a)Dipentamethylene thiuram tetrasulfide
b)N-cyclohexyl-2-bezonthiazole sulfenamide
c)Accelerator/sulfur rate
d)Benzene-1,3-disulphonylazide prepared by reacting 1,3 benzene dicloro-sulfonyl with sodium azide in our laboratory [15]
e)Bis (1-methyl-1-phenylethyl) peroxide (Dicumyl peroxide, (DCP), 97% purity) which was supplied by Merck KGaA (Darmstadt, Ger-

many) and it was used as received
*Sulfur, zinc oxide and stearic acid were supplied by Sigma-Aldrich.

NR-DPTT NR-CV NR-EV NR-BSA NR-DCP IR-DPTT IR-CV IR-EV IR-BSA IR-DCP
NR
IR

100
—

—
100

Zinc oxide* 5 5 5 – – 5 5 5 – –
Stearic acid* 1 1 1 – – 1 1 1 – –
DPTTa) 5 – – – – 5 – – – –
Sulfur* – 2.5 0.56 – – – 2.5 0.56 – –
CBSb) – 0.5 6.72 – – – 0.5 6.72 – –
A/Sc) – 0.2 12 – – – 0.2 12 – –
BSAd) – – – 3.13 – – – – 3.13 –
DCPe) – – – – 1.4 – – – – 1.4



(5% in volume) according the recipes summarized
in Table 1. Finally rubber films with thickness about
0.5 mm were obtained by casting. Rubber films were
dried at room temperature until constant weight.
For other measurements, the rubber compounding
was executed on a laboratory two-roll mill with a
cylinder diameter of 15 cm, a length of 30 cm and a
friction ratio between them of 1:1.15, following the
habitual protocol employed in rubber science and
technology. Rolls were kept at 40–50°C during the
mixing procedure.
Vulcanization of rubber samples was executed using
a hydraulic press heated by electric resistances at
150°C at their respective optimum vulcanization time
(t97), whereas the samples vulcanized with azides
were vulcanized at 105 °C at their corresponding
t97.
Vulcanization time was determined by the torque-
time curve obtained from the Monsanto Moving
Die Rheometer, model MDR 2000E. These vulcan-
ization curves were used to obtain the optimum vul-
canization time, t97, defined as the time required for
reaching the 97% of the maximum elastic torque.

2.2. Determination of cross-link density
Cross-link densities were determined by equilib-
rium swelling measurements. Equilibrium swelling
experiments in toluene were performed according
to the protocol described elsewhere [16]. The sol-
vent density !s = 0.87 g/mL was used for toluene.
The influence of insoluble components (such as zinc
oxide) was corrected according to Equation (1) [16]:

  (1)

where wd is the sample weight after drying, !rubber is
the density of NR (0.92 g/cm3); wZnO is the ZnO
weight, wcompound is the recipe weight and !ZnO is
the density of ZnO (5.6 g/cm3).
Assuming an affine model to characterize the elas-
tic behavior of swollen networks, cross-link density
(") was obtained by using the Flory-Rehner equa-
tion (Equation (2)) [17]:

                                                                             (2)

where Vrubber is the volume fraction of polymer in the
swollen mass, V1 is the molar volume of the solvent

and # is the Flory-Huggins polymer-solvent interac-
tion parameter.
It is well known that the # parameter depends on the
solvent-rubber pair and the volumetric fraction of
rubber. For this reason a variable # parameter has
been used according to the recommendations made
elsewhere [16].

2.3. Electron spin resonance (ESR)
experiments

Electron spin resonance (ESR) measurements were
performed on a JEOL spectrometer ES-FA200 X-
band. The external standard of ESR spectrum for g-
value and line width were the third and fourth reso-
nant lines of Mn2+, which were at 2.034 and 1.981,
respectively. The sweep time was 30 seconds. Two
accumulations were enough to get an ESR absorp-
tion curve with high signal to noise ratio. A double
integration of the first derivative curve of ESR sig-
nal at room temperature from benzene solution of
4-hidroxy-2,2,6,6,-tetramethyl piperidinooxyl radi-
cal (TEMPOL) with a known radical concentration
was used as a standard to calculate the radical con-
centration of rubber samples [14, 18–20]. The radi-
cal concentration is defined per gram of rubber.
Measurements on un-vulcanized rubber films in
order to evaluate the formation of radicals during
the vulcanization process were performed at 150°C,
except azide sample where the temperature was
105°C. We decided the starting time as fast as the
sample is set in the chamber since the temperature
of the sample reach the setting temperature easily
due to the thinness of the sample (0.5 mm) and meas-
uring time (1 minute), although the data in initial
one minute has some uncertainty necessarily.
Measurements of vulcanized rubbers under defor-
mation were carried out by a home-built stretching
machine combined with the ESR instrument at room
temperature. Samples were stretched under a con-
stant stretching speed of 10 mm/min up to a desired
strain while ESR measurements were taken. The
strain was increased up to 200% which was the maxi-
mum strain due to an instrumental limitation. Details
for measurements were described elsewhere [21].

3. Results
3.1. Formation and evolution of free radicals

during the vulcanization process
The vulcanization process for IR and NR was moni-
tored by their corresponding rheometer curves as
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shown in Figure 1. Both rubber matrices show simi-
lar trends in the vulcanization curves for the different
systems.
The DPTT system shows the fastest cross-linking
reaction and together with the EV system are char-
acterized by higher increment of torque (associated
to the formation of cross-links between the rubber
chains, as it is shown in Table 2) as compared with the
other vulcanization systems. Although both systems
show some reversion in the vulcanization curve, i.e.
decrease in the torque after reaching the maximum
value, the sample vulcanized with CV system pres-
ents the highest reversion. This process has been
related with rubber chain scission and the breaking
down of cross-links during the vulcanization process.
In the samples vulcanized with low A/S ratio this phe-
nomenon is more evident because of the thermo-
lability of polysulfidic bonds which are predomi-
nant for CV systems [22].
Opposite to sulfur/accelerator systems, the vulcan-
ization with peroxide (DCP) does not show any
scorch time, because the cross-linking reaction takes
place immediately after the fast homolytic decompo-
sition of DCP at the vulcanization temperature. In a
similar way, the scorch time for DPTT system is very
short and it is not recorded by the rheometer [23].
The main goal of this investigation is to evaluate
the formation of free radicals during the vulcaniza-
tion process according to the different vulcanization
systems. For this reason, ESR experiments were
performed on uncured compounds at the same tem-
perature as the rheometer curves, e.g. 150°C for all
samples with exception of samples vulcanized with
BSA which were measured at 105°C. For that rea-
son the results extracted from the rheometer could
be used to understand the ESR measurements.

3.1.1. Peroxide system
Figure 2 shows the first derivative of the ESR spec-
tra for IR and NR samples vulcanized with DCP at
different vulcanization times. The graph shows the
magnetic field range from 318 to 326 H/mT.
Independently of the vulcanization time, it is possi-
ble to identify four peaks for the IR sample (Fig-
ure 2a), in a similar way as in the case of poly-
olefins crosslinked with DCP [10].
The mechanism of peroxide vulcanization is clearly
based on free radical pathways. It is initiated by the
thermal homolytic scission of the peroxide mole-
cule, creating two radicals. These radicals are able
to react with diene polymer backbones (e.g. IR and
NR) via abstraction of the more labile allylic hydro-
gen atoms or via addition to the double bonds, form-
ing polymer radicals. In the simplest cross-linking
reaction (ignoring numerous other side reactions
that do not generate junctions between rubber chains),
two competing termination reactions may take place
[8, 24–26]. On one hand, recombination of two poly-
mer radicals to form a tetra-functional carbon-car-
bon cross-link and on the other hand, addition of one
polymer radical to a double bond of another rubber
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Figure 1. Rheometric curves a) IR samples. b) NR samples. Symbols (!) indicate the optimum vulcanization time (t97) for
each sample.

Table 2. densities of the samples vulcanized at their opti-
mum vulcanization times measured by swelling
experiments

Samples NR
Crosslink

density
[mol/cm3·105]

Samples IR
Crosslink

density
[mol/cm3·105]

DPTT 10.41±0.03 DPTT 10.3±0.2
CV 6.64±0.03 CV 6.24±0.03
EV 8.84±0.02 EV 8.4±0.2
BSA 6.8±0.3 BSA 7.2±0.3
DCP 5.49±0.09 DCP 6.3±0.2



chain giving rise to a cross-link and a new active
free radical.
Taking into account this mechanism, the process is
initiated by the thermal homolytic scission of the
peroxide. Nevertheless, these radicals are not detected
by the ESR experiments because they are very reac-
tive radicals with a very short life time at the meas-
ured temperatures [27–30]. In addition, it is impor-
tant to take into consideration the unavoidable uncer-
tainties associated to the ESR data acquired during
the first minute.
The intensity of the signal in the ESR spectrum
depends on the stability of radicals (which deter-
mines the rate of decay) rather than the rate of their
formation. For that reason, signals observed in the
ESR spectra for IR samples vulcanized with DCP
(Figure 2a) should be related to the formation of dif-
ferent polymer radicals. According to the intensity
ratio and the g values around 2.0048 it is possible to
assign them to allylic radicals. When the vulcaniza-
tion time increases, the intensity of this signal
increases because more allylic radicals are generated
but some of them react with another polymer radi-
cal creating carbon-carbon crosslinks. After 120 min-
utes, the intensity of this signal diminishes because
most of the allylic radicals have reacted. This state-
ment agrees with the vulcanization curve (obtained
with the rheometer) and determines the end of the
vulcanization process.
It is important to remark that the ESR signal becomes
broader with the vulcanization time because the for-
mation of additional cross-links restricts the mobil-
ity of the radicals.

Previous work based on the study of free radicals in
cross-linked EPDM rubbers attributed the peak with
the g value around 2.012 to alkyl radicals generated
in the initial steps of the peroxide vulcanization
process. These alkyl radical intermediates  are quite
reactive and will readily react via abstraction of the
allylic hydrogen in the diene monomer [11]. In the
case of NR or IR rubber, the concentration of dou-
ble bonds are higher than EPDM rubber and for that
reason, alkyl radicals are less probable to be detected.
Nevertheless, the NR ESR spectrum recorded at the
earliest stage seems to show a signal with a g value
close to 2.012 (Figure 2b).
In the case of NR sample vulcanized with DCP, the
allyl radicals (assigned to the signal at g = 2.004)
increases with the vulcanization time and become
broader because the presence of non-rubber compo-
nents which could hinder the mobility of the radi-
cals. In addition these non-rubber components are
able to reduce the ESR spectral resolution due to
the incomplete averaging of anisotropies of mag-
netic parameters [11].

3.1.2. Sulfur cure systems
The sulfur vulcanization has been studied by using
three different systems: conventional (CV with high
sulfur concentration, A/S = 0.2), efficient (EV with
high accelerator concentration, A/S = 12) and a sul-
fur donor (DPTT without addition of sulfur).
In spite of sulfur vulcanization mechanism is still a
controversial issue, there is a widespread agreement
about the basic steps of this process, which can be
divided into three stages [2, 3]:
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Figure 2. The first derivative of ESR spectra of DCP samples at different time during vulcanization at 150°C, a) IR samples
and b) NR samples



1. Accelerators chemistry where the active sulfu-
rating agent is created.

2. Cross-link chemistry where the cross-links
between rubber chains are formed.

3. Post-vulcanization chemistry where the shorten-
ing of sulfur bridges in addition to other degra-
dation process takes place.

According to this mechanism, sulfur vulcanization is
a complex process where radical route is considered
as one of the main pathways which could explain
the network structures reported for NR [2–5].
In this sense, the evaluation of model compounds
with solid-state 13C-NMR reveals that the main struc-
tures generated during sulfur vulcanization corre-
spond to allylic attacks in both the secondary and
primary carbons [31–37].

CV system
Figure 3 shows the first derivative of ESR spectra
for IR-CV and NR-CV samples at different vulcan-
ization times. This sulfur/accelerator system seems
to form a more complex mixture of free radicals
than the peroxide system according to the multiple
peaks observed in Figure 3. This behavior could be
associated on one hand to the number of ingredients
(chemical species) in the recipe that are able to gen-
erate radicals and, on the other hand, the numerous
reactions between them.
At the beginning of the vulcanization process (chem-
istry of accelerators) the concentration of free radi-
cals increases very fast (see Figure 3) and it is pos-
sible to identify many different species (g = 1.974,
1.978, 2.004 and 2.024, respectively) which could
be formed by the reaction of sulfur, zinc oxide,

stearic acid and accelerator system [2]. The active
sulfurating agent formed during this step reacts
with the rubber chain and it is able to graft the sul-
fur atoms in the macromolecule. This precursor moi-
ety is converted into a cross-link by the direct reac-
tion with another rubber molecule via a persulfenyl
intermediate (RSy

!) [2]. For that reason, during the
cross-linking reaction, most of the free radical species
(evolved in the accelerator chemistry) disappear,
but the total concentration of radicals in the system
seems to be unaffected.
In order to understand this fact, it is mandatory to take
into consideration that once the sulfur cross-links
are formed, further desulfuration or degradation
reactions take place (according to the vulcanization
curves showed in Figure 1). In the desulfuration reac-
tions, the removal of sulfur atoms changes the length
distribution of sulfur bridges without any variation
in the cross-link density [2]. In contrast, the degrada-
tion reactions lead to loss of cross-links and it
results in complex structures like cyclic sulfides,
main chain modifications and cis/trans isomeriza-
tion [2]. Rubber samples vulcanized with conven-
tional systems are characterized by the predominance
of polysulfidic linkages in the network structure
(C–Sx–C, where x identify the number of sulfur
atoms in the sulfidic bridge), which are more sensi-
tive to temperature than shorter di- or mono-sulfidic
cross-links because of their lower dissociation energy
(approximately 150 kJ/mol for polysulfidic bridges
with four sulfur atoms) [2]. After the dissociation
process, another active sulfur radical species are
formed and they could react again to i) reform other
sulfur cross-links with different lengths and/or
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Figure 3. The first derivative of ESR spectra of CV samples at different time during vulcanization at 150°C, a) IR samples
and b) NR samples



ii) form side products like RSzH [2]. For that rea-
son, the free radical species identified in the last steps
of the vulcanization process correspond to carbon
and sulfur radicals in rubber materials situated at g =
2.004 (these radicals are not distinguished because
they have almost the same g value).

EV-cure system
Figure 4 shows the first derivative of ESR spectra
for IR and NR samples vulcanized with an efficient
vulcanization system at different reaction times.
Spectra split into four peaks at short time, which
can be attributed to radical species formed during
the accelerator chemistry, as it was explained for
the CV system.
The g-values in the ESR derivatives around 2.004
correspond to carbon or sulfur radicals generated in
the course of the cross-linking reaction or during

the post vulcanization stage according to the state-
ments widely explained for the CV systems.

DPTT system
Figure 5 shows the first derivatives of ESR spectra
for samples vulcanized with the sulfur donor DPTT
at different times. These spectra show the same peaks
than the other sulfur-based systems (CV and EV) at
the initial vulcanization time. However, in the sam-
ples vulcanized with DPTT, these radicals remain
active throughout the vulcanization process.
It is important to remind that DPTT is capable to
generate sulfidic cross-links without the addition of
sulfur to the rubber compound. In the case of sulfur
donor systems, the thermal scission of DPTT takes
place via homolytic cleavage producing free radical
species. Although other unsymmetrical cleavage is
also possible, these reactions are less probable
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Figure 4. The first derivative of ESR spectra of EV samples at different time during vulcanization at 150°C, a) IR samples
and b) NR samples

Figure 5. The first derivative of ESR spectra of DPTT samples at different time during vulcanization at 150°C, a) IR sam-
ples and b) NR samples



because require the breakdown of the more stable
C–S bond. For this reason, only the two central sul-
fur atoms of DPTT molecule are able to create
crosslinks [22, 23].
According this statement, the detection of ESR sig-
nals corresponding to the radical species formed
during the chemistry of accelerators at larger vul-
canization times identifies that their lifetime is
enlarged in the DPTT system in comparison with
the other sulfur based vulcanization systems. This
fact demonstrates that these radicals are more stable
in the sulfur donor system, because there are not
free sulfur molecules ready to react with them.

3.1.3. BSA system
Figure 6 shows the first derivatives of ESR spectra
for samples vulcanized with BSA at different vul-
canization times. 
Besides sulfur and peroxide systems, there are some
other less common vulcanization agents such as
organic azides, which are capable to cross-link unsat-
urated rubber as NR, BR, SBR, EPDM and PDMS
[15, 38, 39]. At temperatures near 100°C, azides react
by 1,3 dipolar cycle-addition mechanism giving rise
to hetero-cycles of the 1,3 triazoline type. These
derivates decompose releasing nitrogen and giving
rise to aziridine and imine derivatives, the amount
obtained from these products vary, depending on
the type of olefin involved [15]. However, sulfonyl
azides decompose to form a sulfonyl nitrene at ele-
vated temperatures (above 155°C). The nitrene exist
in both the singlet and the triplet state. Both states
can react with hydrocarbons but they do it in differ-
ent ways. The reaction involving the singlet nitrene

is an insertion at the C–H bond giving a secondary
sulfonamide, while the triplet nitrene reacts by
abstraction of a proton from the hydrocarbon result-
ing in the formation of a macroradical and this reac-
tion can follow by a recombination of two macro-
radicals to form a cross-link [40].
The ESR measurements of BSA system were exe-
cuted at 105°C in order to promote the cross-link-
ing reaction in absence of radicals, according to the
mechanism describe before. At this temperature, the
cross-linking mechanism of azide molecules is con-
trolled through the formation of the heterocyclic
1,2,3, triazoline intermediate, which is unstable at
higher temperatures. Nevertheless, BSA system is
able to create nitrogenous radical which seems to
have a similar behavior than alkoxy radicals obtained
during the vulcanization with organic peroxides, as
it is shown in Figure 6.

3.2. Comparison of radical amounts produced
by different vulcanization system

The concentration of radical species produced by
the different vulcanization agents are compared in
Figure 7. The first important conclusion extracted
from this study is that all the vulcanization systems,
e.g. organic peroxide, sulfur/accelerator, sulfur donor
system and azide molecules, produce free radical
species during the vulcanization process of NR and
IR matrices. The appearance of ESR-detectable
species requires the accumulation of high concen-
tration of radicals. Usually carbon-centered radicals
are extremely reactive and consequently not
detectable by ESR at the vulcanization temperature.
However, the formation of cross-links reduces the
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Figure 6. The first derivative of ESR spectra of BSA samples at different time during vulcanization at 105°C, a) IR samples
and b) NR samples



mobility and the accessible space to rubber seg-
ments, limiting the reaction of radicals and enlarg-
ing their lifetime.
In a previous work, the peroxide vulcanization of dif-
ferent ethylene-propylene-diene rubbers were inves-
tigated by using ESR technique, showing the increase
of ESR intensities with the vulcanization time until
it reach a maximum, followed by a long decay of this
intensity at larger times because of the consumption
of the formed radicals [11].
Opposite to this behavior, NR and IR matrices show
an increasing concentration of radical species with
the vulcanization time until a plateau is reached.
The concentration of radicals remain almost con-
stant over the optimum vulcanization time (as meas-
ured by rheometric curves), indicating that the radi-
cals generated during vulcanization process have a
long lifetime. The enhanced stability of radicals in
NR matrix is caused by the high concentration of
double bonds in the polymer backbone in compari-
son with the EPDM matrices [11]. In addition, the
more restricted mobility of polymer radicals with
the vulcanization time (because of the development
of cross-linking reaction) not only enlarge the life-
time of radicals, but also it worsens the ESR spec-
tral resolution due to the incomplete averaging of
anisotropies of magnetic parameters [11].
In this sense, the ESR spectra for NR samples always
show worst resolution and higher radical concentra-
tion than the IR samples, independently of the vul-
canization system. Differences between rubber matri-
ces are explained neither by the differences in the
chemical structure of polymer radicals nor by the
effect of cross-links in the segmental mobility of the
polymer backbone (both NR and IR have almost the
same cross-link density at the optimum vulcaniza-

tion time according the equilibrium swelling exper-
iments). These results seem to indicate the impor-
tance of non-rubber components in NR during the
creation of different radical species during the vul-
canization process, independently of the used cure
system. Additionally, thermal degradation of these
non-rubber components at the vulcanization tem-
perature would be one of the main factors in the for-
mation of radicals, although they have not a clear
influence on the creation of additional cross-links.
The EV system always shows the highest concen-
tration of free radicals (almost double) during the
vulcanization. In order to understand this result, the
two closer sulfur/accelerator systems, e.g. EV and
CV, have been compared. In first term, and taking
into account the previous statements, the higher
concentration of free radicals during the vulcaniza-
tion with EV system should be mainly ascribed to
the highest amount of accelerant (CBS) in the
recipe. According to previous studies, the molecule
of CBS produces radicals at 150°C [14, 21].
The cross-link density is around 30% higher for
samples vulcanized with the EV system. This fact
could enhance the lifetime of radical species, but it
is not enough to justify the difference in the concen-
tration of radicals. In second term, the thermal sta-
bility of mono- and di-sulfidic linkages – which are
the main type of cross-links in the EV systems – is
higher in comparison to the poly-sulfidic bridges
that are mainly formed during the vulcanization
with the CV system. The shorter sulfidic cross-links
are characterized by higher dissociation energies
(289 kJ/mol for di-sulfidic bonds [2]). This differ-
ence in bond association energies is related to the for-
mation of monosulfidic radicals RS!, which are not
stabilized by neighboring sulfur atoms [2]. This fact
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Figure 7. Radical concentration produced by different vulcanization agent a) in IR rubber and b) in NR rubber



should reduce the radical species for EV systems
during the post-vulcanization stage.

3.3. Evolution of radical amounts under the
tensile deformation

Spectra for all samples were made at different strain.
All resonance lines show a broad absorption with the
same g value of 2.004, which is assigned to carbon
and sulfur radicals as it was described in the previ-
ous sections. Since the sample volume in the ESR
cavity decreases with strain, the raw spectra were
corrected by the volume change assuming that Pois-
son’s ratio of the samples was kept as 0.5. The exper-
iments were rather difficult because the thin stripe
samples were elongated in a small ESR cavity, sam-
ples were easily torn during elongation. Only four
samples were succeeded to get the data. As an exam-
ple, radical concentrations for sulfur accelerated
vulcanization at different strains are showed in Fig-
ure 8.
During deformation, the rupture of network points
and polymer chains may occur accompanying the
formation of radicals. Network densities for all the
studied samples are similar (see Table 2), conse-
quently the differences in the creation of radicals dur-
ing deformation should be directly related to the dif-
ferent nature of network points formed during the
vulcanization process.
The radical concentration remains constant with
strain in the vulcanized IR samples as it is showed
in Figure 8a. Only the sample vulcanized with the EV
system shows a slight increase in the radical con-
centration at low strain. Opposite to this behavior,
the radical concentration increases with strain for the
NR samples, independently of the vulcanization sys-
tem. In addition, it is important to point out the cer-

tain amounts of radicals are detectable by ESR in
the un-stretched state (strain 0) for samples vulcan-
ized with EV system, demonstrating their stability
and extremely long lifetime.

4. Conclusions
ESR detectable species requires the accumulation
of high concentration of radicals. For that reason,
the extremely reactive carbon-centered radicals are
not detectable by ESR at the vulcanization tempera-
ture. However, the formation of cross-links reduces
the mobility and accessible conformations of rubber
segments, limiting the reaction of radical species
and enlarging their lifetime. In this sense, the first
important conclusion is that all the studied vulcan-
ization systems, e.g. organic peroxide, sulfur/accel-
erator, sulfur donor system and azide molecules,
produce free radical species during the vulcaniza-
tion process of NR and IR matrices.
In the case of peroxide and BSA systems only the
radical with the g value around 2.004 is detected by
ESR. This radical is attributed to the allylic radical in
the polymer backbone generated during the cross-
linking reaction. Sulfur systems seem to form more
complex mixture of free radicals according to the
higher number of peaks detected by ESR. This behav-
ior could be associated on one hand, to the high
number of ingredients inside the rubber matrix that
are able to generate radicals and on the other hand,
the numerous reactions between them. At the begin-
ning of the vulcanization process, the concentration
of free radicals increases very fast and it is possible
to identify many different kinds of radicals species
(g = 1.974, 1.978, 2.004 and 2.024) which could be
formed by the reaction of sulfur, zinc oxide, stearic
acid and the accelerator system. These radicals dis-
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Figure 8. Evolution of radical amount vs. strain in a) IR E and IR-CV systems, b) in NR-E and NR-CV systems



appear during the cross-linking reaction in the case
of sulfur/accelerator systems. However, these radi-
cals remain active for longer times in those samples
vulcanized with sulfur donor system. The higher life-
time of these radicals could be attributed to their
enhanced stability as a consequence of the lack of
reactive sulfur molecules in the system.
The ESR signals for NR samples are always broader
than in the case of IR samples due to the presence of
non-rubber components which could hinder the
mobility of radicals and additionally they provoke
the incomplete averaging of anisotropies of mag-
netic parameters.
In addition, the concentration of radicals remains
almost constant over the optimum vulcanization
time measured by the rheometer, indicating that radi-
cals generated during the vulcanization process
have a long lifetime. EV vulcanization system shows
the highest concentration of radical species, because
of large amount of the accelerator (CBS). During
deformation, the NR samples always show higher
concentration of radicals than the IR counterparts.
Additionally, the concentration of radical species
increases with deformation for NR compounds.
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1. Introduction
External heating, such as that in the autoclave cur-
ing of thermosetting composites, may induce inho-
mogeneities in the temperature distribution or in the
progression of curing because the temperature of
the material’s surface is raised by convective heat
transfer from the atmosphere. The inhomogeneity of
the curing process is especially evident in complex
or thick composite structures, where residual stress
and strain are induced, and the inhomogeneity may
eventually initiate defects such as matrix cracks and
deterioration of properties [1–3]. In order to achieve
more uniform curing of the thermosetting resin,
internal heating via an electric field has attracted con-
siderable attention because it allows the material to
be heated from the inside. Compared with conven-
tional external heating, it has been reported that inter-

nal heating leads to improved mechanical proper-
ties [4–7], adhesive bonding [8], and heating effi-
ciency, as well as shorter curing cycles [9–11].
It is possible to increase the amount of heat gener-
ated by internal heating, such as microwave or Joule
heating, by adding conductive fillers like carbon
nanotubes (CNTs) [12–14] or carbon black [15] to the
uncured thermosetting resin. At the same time, the
inclusion of nanofillers leads to superior mechanical,
conductive [16–18], and dielectric [19] properties
compared with neat resins [20–23]. However, con-
ventional microwave-heating equipment is very
expensive, especially for curing large-scale struc-
tures, thus offsetting the advantages of improved
energy efficiency. In addition, because the compos-
ite structures need to be enclosed within the con-
ventional microwave-heating equipment, the struc-
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tures must be smaller than the equipment’s heating
chamber. The expensive production costs and the
limit on the size of molded composites represent
serious problems for the application of the compos-
ites in consumer products such as automobiles. This
highlights the need to develop new methods for uni-
form heating and curing that do not require expen-
sive tools and accessories.
To meet this demand, we had developed in earlier
studies a microwave curing method using thin-film-
type electrode arrays and CNTs added to the epoxy
resin, as shown in Figure 1a [24–27]. The method
yields a heating efficiency as high as 70% and a dras-
tic increase in the amount of heat generated when
the added CNT content reaches the percolation
threshold [28]. However, in microwave-based cur-
ing processes, because an inhomogeneous electrical
conductivity (such as in the presence of CNT aggre-
gates) may induce localized heat generation (Fig-
ure 1b) [28–31], it is clear that the distribution of
CNTs must be taken into account for an accurate
evaluation of the residual stress. Whereas numerical
simulations can be used to assess the effect of an
inhomogeneous CNT distribution on residual stress,
simulations of this kind have yet to be conducted.

Therefore, in the present study, we performed numer-
ical simulations to investigate how an inhomoge-
neous CNT distribution affects CNT-filled thermoset-
ting resins cured via an electric field. The inhomoge-
neous electrical conductivity was modeled using the
microscope images of actual CNT aggregates, and the
simulations were based on the analysis of unsteady
heat transfer, including Joule heating and heat gener-
ated by the curing reaction. The residual stress due to
the thermal expansion and cure shrinkage was calcu-
lated using the finite element method based on linear
viscoelastic models. We compared the residual stress
induced by internal (electric field) and external (heat
flux) heating. Finally, we compared homogeneous
and inhomogeneous conductivity models to investi-
gate the effect of the conductivity distribution of a
CNT-filled resin on the residual stress.

2. Materials and methods
2.1. Inhomogeneous conductivity and heat

transfer models
2.1.1. Inhomogeneous conductivity model of

CNT-filled resin
Because it is difficult to attain uniform dispersion
without the formation of CNT aggregates, the CNT
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Figure 1. Microwave curing using thin-film-type electrode arrays and CNTs added to the epoxy resin. (a) Schematic of
multifunctional interdigital electrode array (MIEA) film and cross-sectional view of interdigital electrode with
CNT-filled resin. (b) Localized heat generation inside an interdigital electrode with CNT-filled resin.



distribution should be taken into account when
modeling the electrical conductivity. In order to
model the electrical conductivity of the CNT-filled
resin, we used optical microscope images of 0.05–
1.0 wt% CNT-filled resins (Figure 2a). For prepara-
tion of CNT-filled resin, the CNTs (VGCF-X, Showa
Denko, 3 µm in length, and 15 nm in diameter) were
dried in an oven at 100 °C for 1 h, after which they
were mixed with unsaturated polyester (PC-184-C,
Sundhoma) in a planetary kneader machine (NBK-1,
Nissei) at 1700 rpm for 3 min. The sample mixtures
were thereafter treated in an ultrasonic bath sonica-
tor (US-2K, AS ONE) for 2 h, with further mixing
of 3 min in the kneader machine every 30 min. The
image of each CNT–filled resin was binarized (i.e.,
converted into a black and white image), and the
CNT area ratio VCNT was calculated by assuming
that the CNTs are displayed as dark areas in the
images. By using the electrical conductivity meas-
ured for each CNT weight percentage shown in Fig-
ure 3a [32], we obtained the relationship between
the microscopic electrical conductivity and CNT
area ratio VCNT, shown in Figure 3b. In order to model
the electrical conductivity distribution of a macro-
scopic region, the corresponding CNT distribution
image was obtained and binarized; examples of the

model and binarized image of the 0.2 wt% CNT-
filled resin are shown in Figure 2b and 2c. The bina-
rized image was discretized into small regions, whose
corresponding VCNT was calculated (Figure 2d); the
electrical conductivity of each microscopic region
was then allocated (Figure 2e) based on the relation-
ship between VCNT and the electrical conductivity
revealed in Figure 3b. The size of the microscopic
region was determined to match the mesh size of
the numerical analysis, which is 0.1 mm!0.1 mm in
the present study. It should be noted that the depic-
tion in Figure 2d was generated by interpolating the
0.1 mm!0.1 mm mesh value in Figure 2c. Figure 2e
was also generated by interpolating the measured
values in Figure 3b. The validity of this approach
was confirmed by the agreement between the macro -
scopic electrical conductivity obtained from the
inhomogeneous conductivity model and the con-
ductivity measured for the resin with the same
added CNT content.

2.1.2. Unsteady-heat-transfer equation
The unsteady-heat-transfer equation for the heat gen-
erated by the resin cure reaction and by Joule heat-
ing under an electric field is given by Equation (1):
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Figure 2. Modeling of inhomogeneous electrical conductivity of CNT-filled resins. (a) Microscope image of CNT-filled
resins with various CNT concentrations [wt%] and binarized image of 0.2 wt% CNT-filled resin. (b) Analytical
model of 0.2 wt% CNT-filled resin. (c) Binarized image of (b). (d) Distribution of CNT area ratio (VCNT).
(e) Distribution of electrical conductivity (!e).



 (1)

where T is the temperature, " is the density, c is the
specific heat, Q·

j is the heat generation rate per unit
volume due to Joule heating, and Q·

c is the heat gen-
eration rate per unit weight due to the curing reac-
tion; kxx and kyy are the coefficients of thermal con-
ductivity in the x and y direction, respectively.
The heat generation rate due to Joule heating Q·

j
under an electric field E is given by Equation (2):

Q·
j = J·E = (!eE)·E = !e||dV||                                (2)

where J is the electric current density, !e is the elec-
trical conductivity, and V is the applied voltage. The
heat generation rate due to the cure reaction Q·

c is
given by the following Equation (3), using a cure
reaction model for unsaturated polyester resins
[33]:

                                                                             (3)

where # is the degree of cure, k1 is the reaction rate
constant, Ea is the activation energy, R is the gas
constant, m and n are reaction orders, and Hr is the
total heat of reaction.

2.2. Analysis of residual stress and strain
2.2.1. Strain induced by thermal expansion and

cure shrinkage
The rate of change in volumetric strain of the resin
induced by thermal expansion and cure shrinkage is
given by Equation (4) [34]:

                                                                             (4)

where V0 is the initial volume, the first term of the
right-hand side represents the contribution of bulk
thermal expansion and contraction, and the second
term is the volumetric strain change due to the cure
shrinkage. These two terms are given by Equa-
tions (5) and (6):

                                                                             (5)

                      (6)

where $gel and $cured are the coefficients of thermal
expansion of the uncured and fully cured resin,
respectively, and %chem is the total polymerization
shrinkage. The coefficients $gel and $cured are func-
tions of the temperature T and are given by Equa-
tion (7):

$gel = e1T + f1; $cured = e2T + f2                             (7)

where e1, f1, e2, and f2 are material-dependent
parameters.

2.2.2. Viscoelastic model taking into account
temperature and degree of cure

To model the material behavior when changing from
a liquid to a solid state during the curing process,
the mechanical behavior of the polymer resins is
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Figure 3. CNT content, electric conductivity !e, and CNT area ratio VCNT of CNT-filled resins. (a) Relationship between
electrical conductivity and CNT content [32]. (b) Relationship between electrical conductivity and VCNT.



expressed by the following linear viscoelastic con-
stitutive Equation (8):

                       (8)

where ! is the relaxation stress, E is the relaxation
modulus, and & is the strain. ' and '" are reduced
time variables that depend on temperature and the
degree of cure (see also Equation (12)). For the relax-
ation modulus, we used the following generalized
Maxwell model (Equation (9)) that takes into account
the temperature and degree of cure [35]:

  (9)

where E# is the fully relaxed modulus, Eu is the
unrelaxed modulus, Wi is the weight factor for the
ith element, and (i is the discrete stress relaxation
time of each element. (i depends on the degree of cure
and is expressed by Equations (10) and (11):

                 (10)

f "(#) = 0.0536 + 0.0615# + 0.9227#2 – 1           (11)

where #ref is the reference degree of cure (= 0.98),
and (p is the maximum stress relaxation time at the
reference degree of cure. The reduced times are
given by Equation (12):

, ,

    (12)

where aT is the shift factor, Tref (= 30 °C) is the ref-
erence temperature, and a1and a2 are material-
dependent parameters.

2.2.3. Residual stress analysis using finite
element method

The residual stress is calculated using the finite ele-
ment method on the basis of the principle of virtual
work (see Equation (13)):

($!)T"resdV = ($u)TbdV + ($u)tdS      (13)

where ! is the total strain vector, u is the displace-
ment vector, b is the body force vector per unit vol-
ume, t is the surface force vector per unit area, and
S is the mechanical boundary [m2].
Let us consider the unknown state at the time t =
t + %t, where the state at the time t is known. Equa-
tion (13) can then be linearized as shown by Equa-
tion (14):

%t ($!)T"··resdV = ($u)TbdV + ($u)tdS –

– ($!)T"resdV                     (14)

where the subscripts t and t" for V and S represent
the system states at times t and t", respectively. The
total strain rate vector !· is composed of the residual
strain rate vector !·res and the initial strain rate vector
!·0, which can be expressed in terms of the volumet-
ric strain change (see Equation (15)):

!· = !·res +!·0 = !·res +      (15)

"·res is given as follows, using the stress–strain and
strain–displacement matrices D and B, respectively,
as described by Equation (16):

"·res = D!·res = D(!· – !·0 ) = D(Bd· e – !·0)                (16)

where d· e represents the nodal displacement vector
in an element. Here, D is composed of the relax-
ation modulus E and Poisson’s ratio ). It should be
noted that the Poisson’s ratio is constant and does
not depend on the degree of cure [2]. By substitut-
ing Equation (16) into Equation (14), the following
Equation (17) can be obtained:

($!)TD(%! – %!0)dV = ($u)TbdV +

+ ($u)tdS – ($!)T"resdV         (17)

Using the total nodal displacement vector %d and B
when the body and surface forces are zero, Equa-
tion (17) can be rewritten as shown by Equation (18):
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By solving the system of linear equations in Equa-
tion (18), we can obtain the total nodal displace-
ment vector %d; thereby, the residual stress "·res can
be calculated from Equation (16).

2.3. Simulation of residual stress
2.3.1. Analytical conditions
We investigated the effect of the curing process on
the residual stress by modeling the interdigital elec-
trodes, as shown in Figure 4a. We compared models
of external heating by heat flux and internal heating
by an electric field, schematically illustrated in Fig-
ures 4b and 4c, respectively. In the models, the heat
transfer coefficient h between the resin at the top of
the model and the atmosphere was 10 W/(m2·K),
and the initial temperatures of the resin (T0) and
atmosphere (Tw) was 25 °C. The electrical conduc-
tivity distribution of the 0.2 wt% CNT-loaded resin
shown in Figure 2e was used for the inhomoge-
neous electrical conductivity model, while a constant
electric conductivity !e = 10–3 S/m was employed
in the homogeneous model, corresponding to the
average electrical conductivity of the 0.2 wt% CNT-
loaded resin. The applied voltage V was set to a
value such that the minimum degree of cure in the
model reached 0.95 after 1600 s from the start of
the analysis. The applied voltages and heat flux val-
ues for heating the CNT-filled resin are summarized
in Table 1. The residual stress was analyzed by the
finite element method using four-node quadrilateral
elements, assuming a plane-strain state. To establish
the boundary conditions, the y directional displace-
ment was constrained to the bottom line; an x direc-
tional displacement constraint was also added at the
middle point of the bottom line to keep the model
fixed. The material properties are shown in Tables 2
and 3 [33–36]. In addition, we investigated more
rapid and uniform curing cases: the interdigital elec-
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Figure 4. Analytical models and applied voltage conditions using electrodes and heat flux for heating the CNT-filled resins
for single-sided heating. (a) Schematic cross-sectional view of the analytical model by (b) heat flux and (c) elec-
tric field using electrodes.

Table 1. Values of applied voltage and heat flux for heating
the CNT-filled resin from the bottom of the model

Table 2. Material properties and parameters of cure kinetics
and volumetric change for the thermosetting resin
(Equations (1)–(7)) [33, 34, 36]

Table 3. Constants of the viscoelastic model for #ref = 0.98
(Equations (8)–(12)) [35]

Heat flux q [J/(m2·s)] 753.2
Applied voltage (homogeneous model) [V] 72.1
Applied voltage (inhomogeneous model) [V] 42.8

" [kg/m3] 1094.9
K [W/(m·K)] 0.14
c [J/(mol·kg)] 1630
k1 [1/K] 6.167·1020

Ea [J/mol] 1.674·105

m 0.524
n 1.476
R [J/(mol·K)] 8.314
Hr [J/kg] 7.750·104

e1 [J/(mol·K)] 9.167·10–7

e2 [J/(mol·K)] 9.167·10–3

f1 [J/kg] 2.425·105

f2 [J/kg] 5.250·10–5

%chem 0.07

i !i
[min] Wi

1
2
3
4
5
6
7
8
9

2.92·101

2.92·103

1.82·105

1.10·107

2.83·108

7.94·109 ((p)
1.95·1011

3.32·1012

4.92·1014

0.059
0.066
0.083
0.112
0.154
0.262
0.184
0.049
0.025

E# [GPa]
Eu [GPa]
a1 [1/K]
a2 [1/K]

0.031
0.32
1.4
0.0712



trode films were placed on the upper and lower sur-
faces of the mold, and the electric field was applied
to the CNT-filled resin between the mold plates, as
shown in Figure 5a. Figure 5b and 5c show schemes
of heat-flux and electric-field heating, respectively;
the heat flux and electric field parameters are sum-
marized in Table 4. Homogeneous (!e = 10–3 S/m)
and inhomogeneous models (Figure 5d) of the elec-
trical conductivity of the CNT-filled resin were also
obtained.

3. Results and discussion
Figure 6 shows the distributions of residual stress in
the x and y directions after 3600 s of heating by heat
flux and an electric field in both homogeneous and
inhomogeneous models. The results show that the
residual stress is suppressed in the case of electric-
field heating, compared with the case of heat-flux
heating. The different residual stress distributions
are attributed to the non-uniform curing process

along the thickness direction. Figure 7 shows the
difference between the maximum and minimum
degree of cure (#y = 0 –&#y = 4) at x = 1.0 mm. Around
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Figure 5. Analytical models and applied voltage conditions using electrodes and heat flux for heating the CNT-filled resins
for double-sided heating. (a) Cross-sectional view of analytical model by (b) heat flux and (c) electric field using
electrodes. (d) Inhomogeneous electrical conductivity 'e for the double-sided heating model.

Table 4. Values of applied voltage and heat flux for heating
the CNT-filled resin from both sides

Heat flux q [J/(m2·s)] 561.7
Applied voltage (homogeneous model) [V] 53.1
Applied voltage (inhomogeneous model) [V] 17.1

Figure 6. Cross-sectional contour plots of residual stresses
!x and 'y of CNT-filled resin heated from the bot-
tom of the mold. After 3600 s of heating by heat
flux and electric field.



1000–1600 s, the difference in the degree of cure for
electric-field heating (homogeneous and inhomoge-
neous) case is smaller than the difference observed
for heat-flux heating. This happens because upon
application of the electric field, the Joule heating
generates heat inside the model; thus, heating and cur-
ing can progress uniformly along the thickness direc-
tion. In the present analytical model, residual stress
occurs because the part that is already cured con-
strains the cure shrinkage of the portion whose cur-
ing is still in progress. Therefore, the uniform cur-
ing progress achieved by applying the electric field
successfully prevents the development of residual
stress. Compared to the homogeneous-electrical-
conductivity model, a higher local residual stress
can be seen in the lower right region of the inhomo-
geneous model.

Figure 8 shows the residual stress in the case of
double-sided heating. Similar to the case of one-
sided heating, the electric-field heating generally
suppresses residual stress compared with the heat-
flux model. However, very high local residual stress
is present in the lower right region of the inhomoge-
neous model, even compared with the heat-flux
model. This is due to the very high electrical con-
ductivity in the lower right part of the inhomoge-
neous model, as shown in Figure 5d, and to the large
amount of heat generated in the high-electrical-con-
ductivity region.

4. Conclusions
In the present study, numerical simulations were
performed to evaluate the residual stress of CNT-
filled resins cured under an electric field, taking
into account the distribution of CNTs in the resins.
The simulations were set up using the linear vis-
coelastic model and the unsteady-heat-transfer equa-
tion for the heat generated by Joule heating and the
cure reaction. In addition, microscope images of
actual CNT-filled resins were used to model the inho-
mogeneous electric conductivity due to CNT aggre-
gates. The simulation results show that compared
with external heating using heat flux, even though
the electric field generally suppresses the residual
stress, the inhomogeneous electrical conductivity due
to the CNT aggregates may induce very high local
residual stress. Therefore, in order to accurately deter-
mine the residual stress of CNT-filled resins, it is
necessary to take into consideration the inhomo-
geneity of the electrical conductivity.
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Figure 7. Difference between maximum and minimum
degree of cure (#max and #min) at x = 1.0 mm of
CNT-filled resin heated from the bottom of the
mold

Figure 8. Cross-sectional contour plots of residual stresses !x and !y for CNT-filled resin heated from both sides of the mold
after 3600 s of heating by heat flux and electric field
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1. Introduction
Electrospinning is a simple and popular method for
producing different nanofiber structures, fiber mats
are the most common format. These nanofiber webs
can have several applications, including medical [1–
3], pharmaceutical [4, 5], sensor [6], filtering [7–9],
clothing, construction engineering applications as
well as composites [10, 11]. Nanofibers have unique
properties such as high surface to mass ratio and
flexibility that makes possible to use them as rein-
forcement of composites. Polymer nanofibers can
be applied as a secondary reinforcement of hybrid
composites, where thin fiber meshes are applied as
interleaves. Such application of electrospun nano -
fibers was patented by Dzenis and Reneker [12].
Thin nanofiber interleaves of several micrometres
can hinder crack propagation and moreover it
seems that the thickness – and therefore the in-

plane properties – of the laminate are not altered
significantly. Nanofiber layers can increase both the
quasi-static and impact [13–15] performance of
composites. The appropriate pressure and material
selection is crucial for achieving a significant
improvement in interlaminar properties. Theoreti-
cally, by adjusting the thickness of the interleaves
and choosing the appropriate nanofiber material the
properties of the composite can be tailored from
rigid to tough kind of damage. This effect was
demonstrated experimentally for Nylon 6.6 inter-
leaves in [16, 17].
The toughening effect of polyacrylonitrile (PAN)
nanofibrous interleaves in carbon fiber-reinforced
structures was proved in [18]. It was demonstrated
that the presence of electrospun PAN nanofibrous
interleaves can effectively increase the impact
properties of carbon reinforced composites without
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compromising their in-plane mechanical properties.
This was achieved with low weight fraction of the
nanofibers, which do not alter the thickness of the
composite laminates. Thicker interleaves may poten-
tially improve the quality of the toughening, but they
can significantly alter the thickness of composites,
therefore reducing their in-plane strength. The com-
pressibility of fibers and the consequent thickness
of composites also influence residual stresses and
geometrical unconformities in the produced part
[19, 20]. The present paper investigates how the
presence of the interleaves of different areal weight
affects compressibility of the fabric layup during
manufacturing of the composites and hence the
fiber volume fraction attainable at the given process-
ing pressure.
Fibrous nano-additions, even in small amounts, can
significantly increase the compression resistance of
fabric layups. This was demonstrated for the case of
carbon nanotubes (CNT) grown on fibers (woven
fabrics), both for random and aligned CNT forests
[21–23]. For the CNT load of about 10 g/m2 per fab-
ric layer the layup thickness increases up to 20% for
a random CNT forest and up to 30% for an aligned
CNT forest at the same compaction pressure. This
increase of the layup thickness decreases propor-
tionally the fiber volume fraction in the composite
laminate, significantly compromising its in-plane
mechanical properties. This phenomenon is also
observed in fabrics without nano-additions [24, 25].
The high compression resistance of the CNT forests,
which is transformed in the CNT-grafted fabric in
the low compressibility of the layups, is explained
in [26, 27] by high contacts density in a CNT forest
and high resistance of the stiff CNTs to bending.
Compression behavior of random fibrous assem-
blies is controlled by a number of factors as fiber
bending rigidity and friction and fiber orientation
and density in an assembly. Descriptive and to cer-
tain extent predictive theories for compression resist-
ance can be found in [28, 29]. So far as the listed
properties of two different fiber assemblies are close,
one can expect that the compression response of
these assemblies is close as well; the differences of
these properties lead to different compression resist-
ance.
Electrospun nanofibers have larger bending rigidity
than CNTs. Bending rigidity of a typical multiwall
CNT with diameter of 20 nm, 20 walls and the wall
Young modulus of 1000 GPa is estimated as

1·10–20 N·m2 [26]. Bending rigidity of a typical PAN
nano-fiber with diameter of 200 nm [20] and Young
modulus of 8 GPa [30] is estimated as 1·10–17 N·m2.
The larger bending rigidity brings larger compaction
resistance. Moreover, the coefficient of friction for
PAN fibers (about 0.3 [31]) is much higher than that
of CNTs (about 0.005 [32, 33]), which will also
brings higher compaction resistance. However, the
orientation distribution of PAN fibers in an inter-
leave is close to in-plane, whilst CNTs’ orientation
distribution in a forest grown on the fibers is either
close to being spatially uniform or to radial align-
ment. Also the number of contacts per unit volume
between the PAN fibers is much lower than in a
CNT forest with the same areal density due to larger
diameter of the PAN fibers. These factors (flat orien-
tation and lower number of contacts) decrease the
compaction resistance of a PAN nano-fiber inter-
leave or veil in comparison with CNT forests. The
two competing tendencies make it difficult to pre-
dict a priori, whether the compaction resistance of
fabrics with PAN nanofiber interleaves will follow
the same trend as of the previously studied fabrics
with grown CNTs, and whether the fiber volume
fraction of laminates with PAN nanofiber inter-
leaves will be significantly compromised for higher
nanofiber contents. The present paper seeks an exper-
imental answer to this question. We will see that the
compression resistance of carbon fabrics is affected
by the presence of PAN nanofiber interleaves less
than by CNT growth.

2. Materials and sample preparation
Nanofibers are generated from polyacrilonitrile
(PAN) powder dissolved in dimethyl-formamide
(DMF) in a concentration of 12 mass%. The PAN
was supplied by a carbon fiber manufacturer that
wished to be anonymous, while DMF was a product
of Molar Chemicals, Hungary.
The nanofibers were produced by a novel method,
called corona-electrospinning developed by Molnár
et al. [34]. The schematic drawing of the electrospin-
ning setup can be seen in Figure 1. The setup con-
sists of a high voltage power supply, a rotating
needleless spinneret, a sheet metal collector elec-
trode, a solution feed unit and moving belt that is
just in front of the collector screen and therefore
nanofibers are deposed on the surface of this sub-
strate making possible the continuous nanofiber
production.
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The method compared to the single-needle setup
has a high throughput. The solution is continuously
fed through a circular-shaped duct that is bounded
by a sharp metal edge from outside and a plastic lid
from inside. High local field strength is formed
along the sharp metal edge and Taylor-cones are
formed from the liquid contacting this edge. The
forming cones along the circular electrode look like
a medieval crown and thus the name was given for
the technology. The slight rotation of the whole spin-
neret is necessary to homogeneously disperse the
solution material along the electrode hence avoid-
ing the local overflow of the solution.
In our experiments the corona-spinneret was an alu-
minum-based construction having a diameter of
100 mm. The rotation speed was 120 rpm. MA2000
NT 65/P (Hungary) type power supply was used to
generate the necessary high voltage of 55 kV for

fiber formation. Solution was fed through a syringe
pump (Aitecs SEP-10P Plus, Lithuania) with a flow
rate of 30 mL/h. To remove the evaporated solvent
from the electrospinning space, ventilation was
applied. Nanofibers in homogeneous layers were
produced.
PAN nanofiber veils were deposited on a stationary
substrate – 0.2 mm thick aluminum sheet with dep-
osition times of 15 min (3.64 g/m2), 30 min
(5.80 g/m2), 60 min (17.8 g/m2), 120 min (52.8 g/m2).
The values in brackets indicate areal density of the
veils, measured on a 100"100 mm area. The scatter
of these values is about 1 g/m2 (standard deviation
in five measurements). The areal density does not
depend linearly on deposition time because it takes
time to homogeneously disperse the liquid along
the long electrospinning edge. After the starting
process a continuous production is developed. In
the case of the 15 and 30 min samples the ventila-
tion was used in swinging mode to achieve a more
homogeneous deposition of the fibers. That leads to
an increased deposition area of the fibers resulting
in smaller areal densities.
In order to investigate the interaction of classical
fiber and nanofiber layers carbon fabric was coated
by nanofibers. Sigratex KDL 8003 (SGL Technolo-
gies GmbH, Germany), a plain weave carbon fabric
with an areal density of 200 g/m2 was chosen for
these experiments. The carbon fabrics were cut into
200 mm wide strips. The carbon fabric was coated
directly by nanofibers as the carbon fabric layer was
attached to the rollers (according to Figure 1.) and
continuous traction speed of 200 mm/min was
applied. In that sense the nanofibers are deposed on
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Figure 1. The applied electrospinning setup, 1: high voltage
power supply, 2: circular electrode having sharp
edge, 3: grounded collector screen, 4: fiber forma-
tion space, 5: lid, 6: solution feed, 7: traction of the
collector textile (coating of the carbon fabrics takes
place between these rolls) [34]

Figure 2. Carbon plain weave fabric without (a) and with (b) PAN nanofiber veil



the surface of the continuously moving carbon fab-
ric stripes. Different coating thicknesses were pro-
duced as the carbon fiber material was passing
through the equipment 1, 2 and 4 times, respectively.
At the compression experiments a reference fabric
was also applied (Figure 2). The main data of the
applied materials is summarized in Table 1. Figure 2

shows a surface view of the fabric before and after
coating, and Figure 3 – a fabric sample with veil.

3. Test method
The test method was the same as the one which was
used for measurement of compressibility of fabrics
with grown CNT forests [21, 22] where the reader
is referred to for more detailed description. Figure 4
shows the test setup as well as representative com-
pression data for four plies of virgin cloth over three
loading cycles. In the data in Figure 4, and through-
out the manuscript, the sample thickness (h) is nor-
malized by the number of plies so that single- and
stacked-ply data can be compared directly. Figure 4b
shows a nonlinear stiffening response h = h(p),
where p is the applied pressure, with significant
hysteresis. The fiber volume fraction is directly pro-
portional to the thickness. A displacement-con-
trolled testing machine Instron 4467 was used with
a 1 kN load cell at a test speed of 1 mm/min. Self-
aligning pivots were used (Figure 4a). The com-
pression plate diameter was 70 mm. The specimens
of the veils were cut to the size approximately
100"100 mm, and positioned for compression in such
a way that the compression plate was situated in the
middle of the specimen. To get to higher pressures
for fabric and fabric+veil specimens, they were cut
to the size of approximatively 50"50 mm, which
were placed in the middle of the compression plate.
Three tests were first performed without a specimen
to establish the reference curves ‘displacement of
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Figure 3. SEM image of PAN nanofiber veil

Table 1. Parameters of the carbon fabric and PAN nano -
fibers

Fabric Nanofibers

ID Sigratex KDL
8003 Material PAN

Fibers HT carbon 3K Diameter [nm] 195±46
Fabric areal
density [g/m2] 200 Interleave/veil

areal density [g/m2] 5 … 30

Yarn linear
density [tex] 200

Ends/picks
count [yarns/cm] 5

Figure 4. Compression test setup (a) and typical test results (b) – compression curves for compression of four layers of fab-
ric without interleaves



the head x vs pressure’ x0 = x0(p), so that the speci-
men thickness was calculated as h(p) = x(p) –#x0(p),
where x is the measured head displacement with the
specimen. The reference curves were re-registered
after testing, to confirm the stability of the measure-
ment. The neat veils produced onto the aluminum
sheets were tested in compression together with the
aluminum substrate; the reference curve x0(p) was
determined in compression of an empty aluminum
sheet.
One fabric layer and four-ply stacks of fabric were
tested to study the nesting effects during the com-
pression. Three successive compression cycles (load-
ing-unloading) were performed for each specimen.
For each material type (veils of different areal den-
sity; fabrics without nanofibers, one layer and four
layers; fabrics with nanofibers interleave, one layer
and four layers) five specimens were tested, with the
three compression cycles imposed on each speci-
men.

4. Results and discussion
The measured compression diagrams follow pat-
terns typical for compression of fibrous assemblies.
The compressibility of random fibrous assemblies
in general (non-woven textiles, bulk fibers like wool)
is well understood. A typical pressure vs. thickness
diagram, shown in Figure 4b, demonstrate the same
features as are outlined in [22] for a general case of
compression of a textile. Figure 4b shows three suc-
cessive cycles of compression of the same sample.
For each cycle, region I of the diagram (low pres-
sure) is controlled by change of the fiber crimp, and
the low compression resistance is given by low bend-
ing resistance of the fibers. Region II is intermedi-
ate. In the high pressure region III the fibers come
close together, the number of contacts of between
them increases dramatically, there is no more free-
dom for the fibers to bend, and the resistance to com-
pression is more and more defined by high Hertzian
contact forces rather than by bending of the fibers.
Fibers themselves can be considered as not compress-
ible in the range of pressure used in composite man-
ufacturing. If the compaction load is released and
then applied again in a second, third etc. cycle, then
a certain part of the deformation is not recovered
when the load is released, and the thickness under
given load decreases for each successive cycle. This
hysteresis behavior is studied in [28]. Typically
after the third cycle the differences between the sub-

sequent cycles become negligible. For typical com-
posite preforms the practically interesting region of
the final state of the preform on the compression
diagram is shown in Figure 4b by the rectangle. To
reach this range, a typical assembly has to be com-
pacted into regions II–III of the diagram, with pres-
sure from the vacuum range (0.8…1.0 bar) up to
several bars.

4.1. Compressibility of PAN nanofiber veils
Figure 5 shows compression diagrams of PAN nano -
fiber veils (only curves for the veil deposition time
15 and 120 min are shown). Five tests, each with
three compression cycles, were done for every vari-
ant of the nanofiber deposition time. For better clar-
ity only the 3 most different characteristics are
depicted.
One can note a significant unevenness of the veils:
the veil thickness at the maximum pressure of
0.23 MPa can be different by two or even three times
for the same veil deposition time. All veils show a
distinct ‘sticking’ behavior. After the first compres-
sion the compressibility of the veil is drastically
decreased, especially for thinner veils (15 min, also
observed for 30 min case). Significant hysteresis is
observed for the first compression cycle for thinner
veils and for all compression cycles for thicker veils
(120 min, also observed for 60 min).
In spite of the high scatter, a clear trend of the com-
pressibility can be revealed, if one considers the veil
thickness at a given pressure. A natural choice of
the pressure level for such a comparison is 0.1 MPa
(1 bar), which is characteristic for vacuum assisted
composite manufacturing. Thickness of a material
at 0.1 MPa pressure in a loading half-cycle will be
called in this paper ‘1 bar thickness’. Figure 6 shows
1 bar veil thickness as a function of veil areal den-
sity.
1 bar veil thickness exhibits large scatter for the first
compression cycle and stabilizes for the subsequent
cycles. The dependency ‘1 bar veil thickness – veil
areal density’ is well approximated by a logarithmic
function. One can expect that because of an additive
nature of depositing the nanofibers the veil thick-
ness should be proportional to the veil areal density.
This is not the case. A material with higher areal den-
sity densifies more effectively. One can speculate
that this reflects the fact that during elecrospinning
the coverage of the surface by nanofibers is higher
for longer deposition times. Fibers try to fill the sur-
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face first, and then start building up thickness of the
veil.

4.2. Compressibility of woven laminates with
interleaves

Figure 7 shows compression diagrams obtained from
tests with woven laminates with interleaves, as well
as compression diagrams for the non-interleaved fab-
ric. The diagrams depict dependency of the thickness
of one layer on the applied pressure, for tests with
one and four layers in three successive compression
cycles. Five diagrams for each variant (three cycles
each) of the material are shown together, to give an
impression of the scatter of the compaction response.

Each of these five three-cycle diagrams have the
same qualitative characteristic shape as shown in
Figure 4b.
Standard features of the textile compaction are evi-
denced by the diagrams for non-interleaved fabric
laminates (Figure 7a, 7b, see also Figure 4b): charac-
teristic fast stiffening of the compressed fabric; sig-
nificant decrease of the compacted stiffness in the
second compaction cycle in comparison with the
first cycle at the same pressure, and stabilization of
the thickness at the third cycle; nesting, i.e. less thick-
ness per one ply in compaction of four fabric plies
in comparison with compaction of one ply.
When nanofiber interleaves are added, the compres-
sion diagrams are shifted up (compare Figure 7a, 7c,
7e or Figure 7b, 7d, 7f); the thickness of the fabric
ply or laminate at a given pressure increases. The
increase looks marginal for 5 g/m2 veil areal density,
but becomes considerable for 28 g/m2. The nesting is
present also in the case of the presence of the nano -
fiber interleaves, as well as in their absence (com-
pare Figure 7a–7b, 7c–7d and 7e–7f). To quantify this
behavior, the 1 bar fabric ply thickness with and with-
out nanofiber interleaves is considered.
Figure 8a and 8b shows dependency of the 1 bar ply
thickness of the areal density of the interleave in
one ply. The steady increase of the ply thickness is
observed. The rate of increase can be roughly esti-
mated as 3 $m thickness increase per 1 g/m2 increase
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Figure 5. Compression diagrams of PAN nanofiber veils. Veil deposition time: (a) 15 min, (b) 120 min.

Figure 6. Veil thickness at pressure 1 bar in function of the
veil areal density. Error bars show standard devia-
tion in five tests (logarithmic fit was applied).



                                           Lomov and Molnár – eXPRESS Polymer Letters Vol.10, No.1 (2016) 25–35

                                                                                                     31

Figure 7. Compression diagrams of carbon woven fabrics with interleaves of PAN nanoveils: thickness of one ply versus
pressure. Left column (a, c, e): compression of one fabric ply, right column (b, d, f): compression of four plies.
Veil interleave average areal density per ply is shown on the graphs. Diagrams of the most typical curve of the five
tests and three compression cycles, are shown in each graph, respectively.



of the veil areal density. Interestingly in the range of
areal density up to 30 g/m2 this rate is much smaller
than the increase of the 1 bar thickness of the veil
itself, compressed without fabric, cf. Figure 6. This
phenomenon will be quantified in the next sub-sec-
tion.
Increase of the laminate thickness leads to decrease
of the fiber volume fraction in the consolidated com-
posite. Figure 8c shows dependency of the 1 bar
fiber volume fraction on the nanofibers interleave
areal density for the second compression cycle. The

second cycle was chosen as a cycle giving a repre-
sentative condition of the laminate layers; the reader
is referred to [18] for more extensive discussion of
this choice. The fiber volume fraction VF was cal-
culated based on the laminate thickness per one ply
t1 as shown by Equation (1):

                                                            (1)

where m is the areal density of the fabric ply, ! is the
carbon fiber density. As it is seen from Figure 8c,
up to the interleave areal density of 10 g/m2 per fab-
ric layer the fiber volume fraction for a four-ply lam-
inate (this is a practically important case) stays over
50%, with the fiber volume fraction of the laminate
without nanofibers being 53%. Interleave areal den-
sity up to10 g/m2 can be considered as a practically
admissible values. The dependency of VF on the inter-
leave areal density is almost linear. It is remarkable
that the nesting intensity defined by Equation (2),
i.e., the ratio:

                                                (2)

where t1(N) is thickness of one ply in an N-plies
laminate, stays the same, k ! 0.12 with increase of
the interleave areal density. The fabric layers ‘feel’
the surface relief of one another in spite of the pres-
ence of nanofibers between them. This may point to
penetration of the nanofibers inside the fabric plies,
which will be supported by the observations in the
next sub-section.

4.3. Nanofibers veil thickness and the added
thickness of nanofibers interleave

Figure 9 compares nanofibers 1 bar veil thickness,
which was reported in Section 4.1, with the added
thickness of nanofibers interleave, calculated based
on the measurements of the laminate thickness
reported in Section 4.2. The latter for a given com-
paction pressure (1 bar) is calculated as shown by
Equation (3):

tCNF = t1
l–NF –#t1

l                                                     (3)

where t1
l and t1

l–NF are thicknesses per one ply of a
laminate with and without nanofiber interleaves at
the same compaction pressure. As it is seen from Fig-
ure 9, the values of tnanofibers in laminates and even
in compression of one ply of the fabric with a veil

k 5
t111 2 2 t114 2

t111 2

VF 5
m
t1r

VF 5
m
t1r

k 5
t111 2 2 t114 2
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Figure 8. 1 bar ply thickness of carbon woven laminates and
fiber volume fraction at 1 bar pressure as func-
tions of the veil areal density: (a) thickness, com-
pression of one ply; (b) thickness, compression of
four plies; (c) fiber volume fraction (VF)



on its surface are much smaller that free nano fibers
veil thickness for the same veil areal density and the
same applied pressure of 1 bar. The nano fibers veil
thickness is reduced roughly twice.
A possible interpretation of this fact is that nanofibers
penetrate inside the fabric during compaction, which
is supported by the measurements of the nesting
effect discussed above. This suspected interpenetra-
tion of nanofibers inside fabric layers can serve in
advantage for increasing delamination resistance,
potentially increasing the bridging effect of the inter-
leave by their stronger interaction with fibers in the
yarns – a subject worth investigating in future work.

5. Conclusions
Nanofiber interleaves in woven fabric laminates
decrease compressibility of the laminate, increasing
the laminate thickness for a given pressure and cor-
respondingly decreasing fiber volume fraction in the
consolidated laminate. The fiber volume fraction
decreases almost linearly with the increase of the
nanofibers areal density. However, up to areal den-
sity of the interleaves of 10 g/m2 the decrease of the
fiber volume fraction is below 3% and is practically
acceptable.
The thickness of the nanofibers interlayers inside a
woven laminate at a given pressure is twice smaller,
than the thickness of CNT veils with the same areal
density and under the same compacting pressure.
This fact points to strong interference between the
interleaves and the carbon reinforcement, which
can lead to effective toughness improvement of the
composite.
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1. Introduction
Hydroxyalkanoates (PHAs) are a family of poly-
esters that accumulate as carbon/energy or reducing-
power storage. Till now, over 100 different types of
PHA have been successfully biosynthesized using
both genetic engineering and fermentation tech-
niques [1–4]. Their unique biodegradable, biocom-
patible and thermoplastic characteristics make PHAs
promising candidates for commodity applications,
including recyclable packing materials, kitchen films,
diapers, sanitary napkins. Recently, much interest is
focused on the biomedical applications as surgical
suture and swabs, wound dressings, vascular graft,
blood vessel, and scaffold for new tissue in growth
[5–7].
Poly(3-hydroxybutyrate) (P3HB) is the most com-
mon short-chain-length PHA, first discovered in
1925 by Lemoigne who described it as a lipid inclu-

sion in the bacterium Bacillus megaterium [8]. Sev-
eral inherent deficiencies of PHB have limited its
medical applications, including the brittleness due
to the high crystallinity and the narrow thermal pro-
cessing window because of the thermal instability.
PHA copolyesters containing, besides 3-hydroxybu-
tyrate (3HB, Figure 1a), 4-hydroxybutyrate (4HB,
Figure 1b) [9–11], 3-hydroxyvalerate (3HV, Fig-
ure 1c) [12–16], 4-hydroxyvalerate (4HV, Figure 1d)
[17–18], hydroxypropionate (HP, Figure 1e) [19–
20], hydroxyhexanoate (HHx, Figure 1f) [21–23],
and hydroxyoctanoate (HO, Figure 1g) [24] units
can be produced by different microorganisms.
Varying the copolymer composition affords obtain-
ing copolyesters with adjustable mechanical and
processing properties exceeding those of the P3HB
homopolymer. Terpolyesters poly(3-hydroxybu-
tyrate-co-3-hydroxyvalerate-co-4-hydroxybutyrate)
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(P3HB3HV4HB) [25–27], poly(3-hydroxybutyrate-
co-3-hydroxyvalerate-co-3-hydroxyhexanoate)
(P3HB3HVHHx) [28, 29] and poly(3-hydroxybu-
tyrate-co-4-hydroxybutyrate-co-3-hydroxyhexanoate)
(P3HB4HBHHx) [30, 31] have be synthesized by
changing the feedstock and microorganisms.
Natural blocky-structured PHAs have been success-
fully synthesized in vivo by microorganisms and in
vitro. Diblock copolymer PHB-b-PHHx was pro-
duced by a recombinant Pseudomonas putida
KT2442 with its !-oxidation cycle deleted to its
maximum [32]. P3HB-b-P3HP was biosynthesized
via the engineered Escherichia coli strain from two
parallel synthetic pathways that were modulated by
independent regulatory systems to produce the 3HB
and 3HP monomers, respectively [33]. PHA syn-
thase from Ralstonia eutropha (PhaCRe) was engi-
neered to acquire an unusual lactate (LA)-polymer-
izing activity, which incorporated LA units into the
P3HB backbone with a block sequence in vivo
using recombinant Escherichia coli LS5218 [34].
The mutated PhaC1SG from a thermo-tolerant bac-
terium (Pseudomonas sp. SG4502) showed high ther-
mal stability in synthesizing P(LA-co-3HB) in an in
vitro reaction system by sequential feeding of the cor-
responding two substrates [35]. Fermentation of
Alcaligenes eutrophus in a culture containing poly-
ethylene glycol (PEG) or polysaccharide has pro-
duced a hydroxyterminated block copolymer consist-
ing of PHA [36, 37].
Biosynthesis provides a versatile way to produce the
copolymers with desired sequence patterns, random
or block. However, PHAs still suffer from some dis-
advantages: the deficiency of the commercialized
PHAs, high cost compared to that of petroleum-

based polyesters, and the difficulty in controlling
the structure and molecular mass, which would be
solved to some extent via synthesizing copolymer or
functionalizing PHAs chemically. This paper sum-
marized the chemical synthesis of the PHAs deriva-
tives.

2. PHAs with unsaturated side chains and
their derivatives

The introduction of other functional groups in PHAs
has also been achieved via the biosynthesis route.
Poly(3-hydroxy undecenoate) (PHU, Figure 2), being
obtained from P. oleovorans with a mixture of sodium
octanoate and 10-undecenoic acid [38], is a novel and
multifunctional type of PHA, which has attracted
much attention owing to its unsaturated side chains.
These vinyl groups can be oxidized to carboxylic acid
using osmium tetraoxide/oxone or acidic potassium
permanganate treatment [39, 40], or converted to
alcohol (nearly 100% hydroxylation) using 9-boro-
bicyclononane [41]. The partially hydroxylated
(50~60%) PHU being treated with potassium per-
manganate at 20°C was completely soluble in polar
solvents (80/20 acetone/water, methanol or dimethyl
sulfoxide), indicating a considerably enhanced
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Figure 1. Monomer units of the main PHAs: (a) P3HB; (b) P4HB; (c) P3HV; (d) P4HV; (e) PHP; (f) PHHx; (g) PHO, letter
(n) and asterisks (*) represent the number of repeat units and the chiral centers, respectively

Figure 2. Monomer unit of PHU, letters (n, m) and asterisks
(*) represent the number of repeat units and the
chiral centers, respectively



hydrophilicity [42]. Epoxides-terminated side chains
being converted from the vinyl terminal of PHU has
been reported to be modified with diethanolamine
to obtain a cationic PHA with pendant amine side
groups [43, 44]. When exposed to air at room tem-
perature for 40 days, the unsaturated copolyester
formed a highly flexible and biocompatible elas-
tomer [45].
The double bonds of the unsaturated PHAs can be
homo-/copolymerized via free radical mechanisms
to graft poly(methyl methacrylate) or by UV irradi-
ating to graft PEG in the presence of benzoyl perox-
ide [46] and benzoyl peroxide [24], respectively.  The
halogenated PHU could be transformed to macro
reversible addition-fragmentation chain transfer
agents via the substitution reaction with potassium
ethyl xanthate, which further initiated polymerization
of N-isopropylacryl amide to obtain thermo-respon-
sive and amphiphilic brush copolymers [47, 48].
Though the side chains of the unsaturated PHAs can
be easily grafted to add chemical groups or cross-link
with other polymer chains, it has been very difficult
to obtain structurally controllable block-PHAs. A !-
oxidation deleted Pseudomonas entomophila was
used to biosynthesize block copolymers of 3-hydrox-
ydodecanoate (3HDD) and 3-hydroxy-9-decenoate
(3H9D), which was produced by feeding dode-
canoic acid firstly to form a P3HDD block followed
by adding 9-decenol to form a P3H9D block [49].
This method allows further chemical modification
to widen PHA diversity, promising to control the
PHA functionality to meet various requirements.

3. PHAs copolymer via an oligomer-first
method

A two-step reaction is applied in this route: PHAs
are first functionalized with termini other than the
native hydroxyl and carboxyl groups to produce
PHAs oligomers, and these telechelic chains of PHAs
have been used for the chain-extension reaction to
synthesize new copolymers. PHAs oligomers could
be obtained via various thermal or chemical meth-
ods with the concomitant partial depolymerization
in order to reduce solution viscosities and facilitate
subsequent modification.
Pyrolysis is an easy method to produce the func-
tionalized PHA macromonomers. At the moderately
low temperature (170~200°C), PHB degraded into
a well-defined oligomer containing one unsaturated
end group, predominantly a trans-alkenyl end group,

as well as a carboxylic end group [50]. The domi-
nant thermal degradation occurred via a random
chain scission (cis-elimination) with a six-mem-
bered ring ester intermediate [51–54]. If 2,2!-bis(2-
oxazoline) was introduced in the thermal degrada-
tion, a hydroxyl-terminated PHBV was achieved
with an improved thermal stability [55].
Telechelic oligomers with hydroxyl groups are com-
monly produced via alcohololysis, a transesterifica-
tion reaction of alkanediols and high molecular-
weight PHAs. The chain length of the macrodiols
could be easily controlled by the alcoholysis time.
When a catalyst (dibutyltin dilaurate) has been
applied along with diethylene glycol, a yield of the
telechelic hydroxylated PHB (PHB-diol) has been
reported to be 80% [56]. Acid (hydrochloric acid or
sulfuric acid) catalyzed the methanolysis to produce
PHB and PHBV oligomers, having a free secondary
hydroxyl as well as a methyl ester protected car-
boxylic acid for the two respective chain ends [57,
58]. "pitalsk# et al. [59] and Akita et al. [60] have
studied the alcoholysis of PHB with two types of
alcohol (ethylene glycol or glycerol) in the presence
of p-toluene sulfonic acid, and found that the con-
trolled degradation of PHB proceeded by random
chain scission, and the molecular mass decreased
by almost two orders of magnitude. The alcoholysis
with ethylene glycol was significantly faster than
that with glycerol. Different from the thermal degra-
dation, the crystallinity did not change significantly
during the alcoholysis.
Abiotic hydrolysis of PHAs is a relatively slow
process under mild conditions [61, 62]. Based on the
mechanism of the heterogeneous hydrolysis, the scis-
sion of PHB chains occurs at the surfaces and inter-
faces of lamellar crystals. In acidic or alkaline solu-
tions, PHB can be hydrolyzed via the random scis-
sion of the ester bonds, forming insoluble/soluble
oligomers or monomeric acids [63]. The unsatu-
rated end group was formed by dehydration of the
chain ends by !-elimination after ester hydrolysis,
different from the mechanism of thermal decompo-
sition [64].
Other PHAs oligomers, such as PHB macrodiols
with a hydroxyl group and a double bond at differ-
ent chain ends [65], PHB-amine conjugate contain-
ing hydrolysable imine bond [66], chlorination of
PHAs (PHB or PHO) and their corresponding qua-
ternary ammonium salts, sodium sulfate salts, and
phenyl derivatives [67], have also been produced by
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various chemical methods. These PHAs oligomers
could be used for building the block (diblock, tri-
block, or star block), graft, or even brush type graft
copolymers of PHAs via different mechanism,
mainly coupling reaction and macroinitiating reac-
tion, to explore the suitable chemical and physical
properties, processability and biocompatibility.

3.1. Coupling reaction
Coupling reaction is a general and powerful strat-
egy for preparing PHAs derivatives. For example,
PHB oligomers were directly coupled with amino
groups of chitosan to synthesize graft copolymers
[68, 69], though the yield was rather low. The indirect
coupling reaction usually uses an agent between the
PHAs macromonomer and the second component.
Acyl chloride, 1,3-N,N-dicyclohexylcarbodiimide
(DCC)/4-(dimethylamino) pyridine (DMAP), and
diisocyanate are three main coupling agents that

have been employed to synthesize PHAs deriva-
tives (Table 1). It should be noted that these impuri-
ties (coupling agents) would be left inside the
copolymers, so that the coupling reaction is often
used for systems without other options.

3.1.1. Acyl chloride
Coupling mechanism using acyl chloride as a bridge
to link the hydroxyl-terminated PHAs macromono -
mers with other dihydroxyl-teminated oligomers is
a direct method to produce block copolymer. For
example, a PHO-diol and a PHB-diol were chosen to
produce block copolyesters with terephthaloyl chlo-
ride (Figure 3), where a polycondensation reaction
occurred between COCl and OH groups. Since water
can inhibit the polymerization by reacting with
TeCl to give the corresponding acid, the reaction
must be carried out under an anhydrous condition
and a nitrogen atmosphere [70].
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Figure 3. Components for the synthesis of PHO-b-PHB copolymer using terephthaloyl chloride as the coupling agent

Table 1. Coupling reaction for the synthesis of PHAs derivatives
Coupling agent PHAs macromonomers Other components Copolymer References

Terephthaloyl chloride PHB-diol PHO-diol Block [70]

1,3-N,N-dicyclohexylcarbodiimide
4-(dimethylamino)pyridine

PHB-diol Methoxy-PEG-monocarboxylic acid Block [71, 72]

PHB-diol
Multifunctional cores (trimethyol propane,
pentaerythiritol or dipentaerthritol), 
"-caprolactone

Star block [73]

PHB-COOH 
(via thermal degradation) Hydroxyethyl methacrylate Comb graft [74]

1,6-hexamethylene diisocyanate

PHB-diol PCL-diol Block [78]
PHB-diol PEG Block [82, 85–87]
PHB-diol PCL-PEG-PCL triblock copolydiol Block [88]
PHB-diol Poly(propylene glycol), PEG Block [92, 93]

PHB-diol Poly(butylene glycol adipate)-diol OR
Poly(diethylene glycol adipate)-diol Block [79–81]

P3HB4HB-diol PHBHHx-diol Block [75]
P3HB4HB-diol PHHxHO-diol Block [76]

P3HB4HB-diol P3HB4HB-diol with different 4HB contents
and segment lengths Block [77]

P3HB4HB-diol PEG Block [83]
PHBHHx-diol PEG Block [84]

Toluene diisocyanate PHB-diol PCL-diol Block [94]

2,2,4-Trimethylhexamethylene
diisocyanate

PHBV-diol Poly[glycolide-co-("-caprolactone)]-diol
Poly[(L-lactide)-co-($-caprolactone)]-diol Block [95]

PHBV-diol Block [96]
PHB-diol PCL-diol Block [97]

L-Lysine methyl ester diisocyanate
PHB-diol PHO-diol Block [98]
PHBV-diol Block [96]
PHB-diol PCL-diol Block [97]

PEG-diisocyanates P3HB4HB-diol – Alternative
block [99]



3.1.2. DCC/DMAP
DCC/DMAP system induces the esterification reac-
tion between PHAs macromonomers and other com-
ponents. Li and coworkers [71, 72] have synthesized
a PEO-b-PHB-b-PEO triblock copolymers from
PHB-diol and methoxy-PEG-monocarboxylic acid
by esterification reaction for drug delivery applica-
tions. PEO and PHB blocks formed separate crys-
talline phases in the copolymers: the crystallinity of
PHB block increased, while that of the PEO block
decreased. The amphiphilic copolymer could self-
aggregate into micelles in the aqueous medium,
being composed of the hydrophobic PHB core and
the hydrophilic PEO corona shell. Once coupled
with multifunctional cores (trimethyol propane,
pentaerythiritol or dipentaerthritol), the PHB-diol
could initiate the ring opening polymerizations of "-
caprolactone (CL) to form star block copolymers
with structural variation on arm numbers and
lengths [73]. Methacrylic macromonomers of PHB
via thermal degradation could copolymerize with
hydroxyethyl methacrylate to yield a comb graft,
containing 0.5~14 mol% of PHB blocks. However,
the graft was controlled poorly with unpredictable
molecular mass and broad polydispersity [74].

3.1.3. Diisocyanate
1,6-Hexamethylene diisocyanate is a common cou-
pling agent to prepare PHAs elastomers whose seg-
mented and domain structure can be easily con-
trolled by a selection of the monomer units for
building the segments, their relative proportions and
the length of segments. P3HB4HB has been reported
to couple with PHBHHx [75], PHHxHO [76], or only
P3HB4HB with different 4HB contents and seg-
ment lengths [77] based on the dihydroxyl-temi-
nated precursors by melting polymerization. Hydro -
phobic and biodegradable PCL (soft segment) has
been designed to synthesize PCL-b-PHB by one-
step solution polymerization. The block polymer
was semicrystalline, having a PCL crystalline phase
along with the PHB crystalline phase and the melt-
ing temperature within 126~148°C [78]. Poly
(butylenes glycol adipate)-diol (PBA-diol) or poly
(diethylene glycol adipate)-diol (PDEGA-diol) as
soft segments was also coupled with PHB-diol. When
PHB-diol was less than 50 wt%, PBA and PHB
phases crystallized separately in PBA-b-PHB. How-
ever, only PHB segments crystallized in PHB-b-
PDEGA. Both copolymers showed three-step decom-

position, being assigned to the thermal degradation
of PHB hard blocks, PBA or PDEGA soft blocks,
and the urethane linkage, respectively [79–81].
Hydrophilic PEG could function as the soft seg-
ment to synthesize block copolymers, along with
PHB [82], P3HB4HB [83], or PHBHHx [84] seg-
ment (Figure 4/I). PHB and PEG segments formed
separate crystalline phases with a lower crystallinity
and a lower melting point than those of their corre-
sponding pre-polymers, and a glass transition temper-
ature between two pre-polymers. Young’s modulus
and the stress at break of the copolymers increased
with increasing PHB segment length or PEG seg-
ment length, whereas the strain at break increased
with increasing PEG segment length or decreasing
PHB segment length [85, 86]. When fabricated into
an electrospun fibrous scaffold, it can be coated
with calcium minerals by simple incubation in sim-
ulated body fluid, showing a potential application
for bone regeneration [87]. The multi-block based on
PHB-diol and PCL-PEG-PCL triblock copolydiol
by one step solution polymerization was a semi-
crystalline with two crystallizable PHB and PCL-
PEG-PCL blocks. The melting temperature of PHB
segments was ~40°C, less than that of neat PHB.
Only one glass temperature was exhibited, which cor-
responded to PCL-PEG-PCL components [88].
Proper choice of the composition of the copolymers
(input ratio of hard and soft segments) and the type of
macrodiols allows the production of various materi-
als that possess a wide range of thermal and mechan-
ical properties, procesability, hydrophilicity and
degradability [89]. It should be noted that small crys-
talline particles of short-chain PHB (PHB-P, Mn =
2300) released when the block copolymers degraded.
Phagocytosis of PHB-P with an irregular shape (1~
10 µm) at high concentrations (>10 µg/mL) was
dose dependent and associated with cell damage in
macrophages (J774), but not in mouse fibroblasts
(3T3) [90]. Primary rat tibia osteoblasts were capa-
ble of phagocytosing PHB-P (diameter of 2~20 µm),
and this process was accompanied at low PHB-P
concentrations by dose- and time-dependent alter-
ation of alkaline phospatase activity, but not of col-
lagen type I or osteocalcin [91].
Coupling the second (PEG) and even the third com-
ponent (polypropyleneglycol, PPG) provided the
PHB-based copolymers with an unexpected and
unique function. The amphiphilic and thermosensi-
tive triblock underwent a sol-gel-sol transition as
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the temperature increased from 4 to 80°C. It showed
a very low critical gelation concentration ranging
from 2 to 5 wt%, much lower than that of the com-
mercial thermogelling PEG-PPG-PEG triblock
copolymers (15~20 wt% or above). Moreover, non-
biodegradable PEG-PPG-PEG triblock copolymers
have been reported to show hyperlipidemia and
high plasma level of cholesterol in rabbits and rats
[92], and less cells (L929 mouse fibroblasts) attach-
ment [93], suggesting that introducing a hydrophilic,
biodegradable and biocompatible soft phase in the
PHAs block copolymers is an effective way to design
novel biomaterials.
Other diisocyanate, including toluene diisocyanate
[94], 2,2,4-trimethylhexamethylene diisocyanate
[95–97], and L-lysine methyl ester diisocyanate
[96–98] have also been applied to synthesize block
copolymer. The coupling reaction via diisocyanate
must be carried out under anhydrous conditions and
an argon or nitrogen atmosphere due to the mois-
ture sensitivity of the coupling agent. More impor-
tantly, the above coupling approach lacks the block

selectivity and provides the copolymers with the
blocks in a random manner, so that the properties of
the copolymer were not able to be tuned finely. Pan
et al. [99] have attempted to prepare a series of
amphi philic alternative block copolymers based on
P3HB4HB-diol and PEG via the terminal coupling
reaction of hydroxyl group of P3HB4HB-diol with
isocyanate group of PEG-diisocyanates, so that one
component can be fully characterized (Figure 4/II).
This synthetic methodology provides a way to tailor
the exact structure of the biomaterials.

3.2. Macro-initiating reaction
Macro-initiators can be used as precursors for the
synthesis of block copolymers through radical and
ionic polymerization. Arslan et al. [100] have sug-
gested a two-step route to synthesize PHB-b-PMMA
(where polymethylmethacrylate, PMMA) as follows:
A PHB macroinitiator (PHB-MI), having hydroxyl
groups at two ends of the polymer chain and an
internal azo group, was obtained through the con-
densation reaction of PHB-diol with 4,4!-azobis(4-
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Figure 4. Scheme of the synthesis of the random block copolymer (I) and alternative block copolymer (II) based on PHAs-
diol and PEG, R = CH3, C2H5, C3H7, C5H11



cyanopentanoyl chloride). Through a redox free-
radical polymerization of methyl methacrylate
(MMA) with a PHB-MI/Ce(IV) redox system, a
multiblock active copolymers with azo groups
(PMMA-PHB-MI) were prepared, which was fur-
ther used in the thermal polymerization of MMA to
obtain the final block copolymer. However, it is diffi-
cult to produce copolymers with well-controlled
molecular mass and low polydispersity in this way.

3.2.1. Ring opening polymerization
Ring opening polymerization (ROP) is a useful syn-
thetic route to synthesize biomaterials (Table 2) with
various controllable properties for medicinal and
pharmaceutical applications [101, 102]. The oligo (3-
hydroxybutyrate) conjugates with sorbic acid, ben-
zoic acid and p-coumaric acid have been obtained
via the anionic ring-opening oligomerization of
racemic !-butyrolactone being initiated by sodium
sorbate, sodium benzoate, and p-coumaric acid potas-
sium salt, respectively [103, 104]. PHAs macroini-
tiators containing olefinic and carboxylic end groups
were obtained by the controlled depolymerization
of natural PHAs (PHB, PHBV or PHO), being cat-
alyzed by KOH/18-crown-6 complex in a CHCl3/
H2O system. These macroinitiators, having similar
molecular mass (Mn = 3000) and a unimodal molec-
ular mass distribution, were then used in anionic
ROP of !-butyrolactone to obtain the respective
diblock copolymers of natural origin PHA and a-
PHB [105–107].

Macroinitiators of PHAs, PHB-O-AlEt2 being pro-
duced from PHB-diol and AlEt3, can initiate ROP
of other monomers ("-caprolactone and lactic acid)
to produce PHB-PCL, PHB-D,L-PLA, and PHB-L-
PLA diblock copolymers, respectively. These diblock
copolymers may serve as emulsifiers for the respec-
tive blends of the homopolymers [58]. However, it
is well accepted that aluminum ethyl cannot be used
to synthesize degradable biomaterials due to the
retention of aluminum in vivo and low catalytic
efficiency.
Alkyl tin carboxylate is the most common catalyst
for the synthesis of PLA and PCL because of the
high catalytic activity. The triblock copolymers
containing PHBV and PCL units were synthesized
by using PHBV2000 as a macroinitiator to carry out
ROP of "-caprolactone in the presence of dibutyltin
dilaurate at 130°C. It was found that the crystalliza-
tion rate of PCL block increased gradually with the
increase of PCL content, though both blocks crystal-
lized more difficultly than the corresponding homo -
polymers [108]. Methyl-PHB oligomers containing
hydroxyl and carboxyl end groups have been
reported to initiate a controlled coordination inser-
tion ROP of D,L-lactide and $-caprolactone via the
catalyst of stannous 2-ethylhexanoate, respectively
(Figure 5). The triblock copolymers PHB-PLA-PCL
showed potential applications as drug release carri-
ers, or surface coatings on other biomedical devices
[109]. It should be noted that the toxic nature of
stannous ethylhexanoate is a big obstacle for its use
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Figure 5. Scheme of the two-step synthesis of the PHB-PLA-PCL triblock copolymer through ring opening polymerization
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in biomedical application, though it has been granted
as a food additive by FDA. Another problem is the
rather low rate of ROP. Therefore, catalysts or co-
catalysts that enable the rate of polymerization
and/or the applicability of the reactions to commer-
cially viable systems to be increased would be the
focus of ROP in the next few years.

3.2.2. Atom transfer radical polymerization
Atom transfer radical polymerization (ATRP) has
been attracting much attention as a new route to
synthesizing well-defined polymers [110, 111]. Halo-
genated PHAs as macroinitiators can be used in
ATRP of vinyl monomers to obtain the block, graft,
or brush type multi-graft copolymers. The starting
dibromo-terminated PHB (Br-PHB-Br) macroini-
tiator (Figure 6/II) was usually obtained by the reac-
tion of the terminal hydroxyl of PHB-diol (Figure 6/I)
with 2-bromoisobutyryl bromide. The macroinitia-
tor then initiated N-isopropylacrylamide in dioxane
to form the triblock copolymer with PHB as the cen-
tral hydrophobic block and PNIPAAm as the flank-
ing block segment (Figure 6/III, 6a). The exciting
potential for PNIPAAm-PHB-PNIPAAm lied in its

low critical micelle concentrations, the tunability of
the biodegradability and the loading capacities by
variation in its composition. The water-soluble
copolymers formed core-corona-type micelle aggre-
gates with the critical micelle concentrations of
(1.5~41.1) mg/L and the partition coefficients of
(1.64~20.42)·105. The length of PNIPAAm blocks
on either side of the PHB block could be restricted
to a molecular mass of <20000 g/mol so as to allow
the final degraded fragment to be easily excreted
from the body via renal filtration. Moreover, the
hydrophobicity of the micellar core could be con-
trolled by adjusting the composition of the copoly-
mer to tune the encapsulation efficiency of hydro -
phobic drugs [112].
The dibromo-terminated PHB macroinitiator induced
the polymerization of 2-(dimethylamino)ethyl
methacrylate (DMAEMA, Figure 6/III, 6b) and poly
(tertbutyl acrylate) (Figure 6/III, 6c) either. The for-
mer amphiphilic PDMAEMA-PHB-PDMAEMA tri-
block copolymer showed lower toxicity and better
gene transfection efficiency than polyethyleneimine
or PDMAEMA homopolymers [113]. The latter pre-
sented a microphase-separated structure at higher
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Figure 6. Synthesis of PHB based triblock copolymer by ATRP. I. PHB-diol; II. Br-PHB-Br; III. R!-PHB-R! triblock
copolymer: (a) poly(N-isopropylacrylamide); (b) poly(2-(dimethylamino)ethyl methacrylate); (c) poly(tertbutyl
acrylate), R = CH3, C2H5, C3H7, C5H11



PHB block content, along with better thermal sta-
bility than their respective homopolymers [114].
Graft copolymers based on PHB macromonomers
can be synthesized in a one-step procedure via ATRP
[115]. Vinyl monomers, methyl methacrylate (MMA)
or styrene (S), have been initiated by PHA-Cl (macro -
initiator) using cuprous chloride (CuCl)/2,2!-bipyri-
dine complex (catalyst) to obtain PHA-g-PMMA or
PHA-g-PS brush type graft copolymers with differ-
ent numbers of side arms. Further, the multigraft
brush copolymers PHO-g-PMMA (with more
PMMA content) and PHO-g-(PMMA-b-PS) were
synthesized via ATRP of MMA and S using PHO-g-
PMMA-Cl as macroinitiator [116, 117]. A brush
copolymer composed of the PHB chain and PEG
brushes was designed as amphiphilic self-aggregat-
ing species with potential application in the health-
care field [118].
The graft copolymers via ATRP were of lower poly-
dispersity (~1.2) than the ones by the conventional
free radical polymerization (FRP, 1.6~2.1), and lower
molecular mass (~20 000 for ATRP, 31800~84100
for FRP) [119]. Usually, ATRP is characterized by the
well-controlled molecular mass and polydispersity
of a polymer, which depends on fast initiation with
respect to propagation at a low radical concentra-
tion and a fast dynamic equilibrium between the
active and dormant radicals. Therefore, the rate of
polymerization is rather slow, and the solvent polar-
ity could significantly affect the equilibrium of the
active and dormant species. The reaction should be
performed under a nitrogen atmosphere and anhy-
drous conditions, because O2 and water could be a
hindrance to the polymerization. Another key prob-

lem is the ageing of macromolecules by the remain-
ing transition metal complex.

4. Direct route to synthesizing PHAs
derivatives

Theoratically, the simplest method to synthesize
PHAs derivatives is to link the second component
and PHAs directly through a coupling agent (Table 3),
for example, PHB-co-PEG copolymer by toluene
diisocyanate (coupling agent). Unexpectedly, the
main product was the homopolymer PEG other than
the copolymer owing to the limited hydroxyl on the
macromolecular chains [120]. Active polymers con-
taining peroxide groups ‘in chain’ have been reported
as coupling agents to be grafted onto poly(hydroxyl
nonanoate) at 80°C. But polystyrene or poly(methyl
methacrylate) need to be treated first by using
oligo(adipoyl-2,5-dimethylhexane-2,5-diyl perox-
ide) or oligo(dodecanedioyl peroxide) to obtain the
active polymers [121–123].
Catalyzed transesterification is a green chemical
method, accompanied with the pyrolysis of PHAs
melt of high molecular mass. Increasing reaction tem-
perature and/or reaction time are advantageous to
the reaction. Through a transesterification reaction
in the presence of 4-toluenesulfonic acid monohy-
drate, oligo(3HB-co-4HB) conjugate with (4-chloro-
2-methylphenoxy)acetic acid was synthesized in
one pot under an argon atmosphere. This conjugate
could be used as biodegradable controlled-release
systems of pesticides with potentially higher resist-
ance to weather conditions in comparison to con-
ventional forms of pesticides [124]. If a nucleophile
(monomethoxy PEG, mPEG) empolyed in the trans-
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Table 3. Direct route to synthesizing PHAs derivatives
Second monomer/polymer PHAs Copolymer Initiator/catalyst Synthetic route References

Acrylic acid PHB
PHBV Graft # radiation Free radical polymerization [137]

Isoprene PHB Graft # radiation Free radical polymerization [136]

Maleic anhydride PHB
Graft Benzoyl peroxide Free radical polymerization [128–131]
Graft # radiation Free radical polymerization [138]

Phenyl vinyl ketone PHBV Graft Benzoyl peroxide Free radical polymerization [127]
Methyl methacrylate
2-Hydroxyethyl methacrylate PHBPHBV Graft # radiation Free radical polymerization [132, 133]

Methyl methacrylate PHU Graft Benzoyl peroxide Free radical polymerization [46]
Monoacrylate PEG PHU Graft Benzoyl peroxide Free radical polymerization [139]
Monomethoxy PEG PHB Diblock Bis(2-ethylhexanoate) tin Transesterification [125]

N-isopropyl acryl amide PHU-Br Graft – Reversible addition-fragmentation
chain transfer [47]

PCL PHB Diblock Stannous octoate Transesterification [126]
Styrene PHBPHBV Graft # radiation Free radical polymerization [134, 135]



esterification under bis(2-ethylhexanoate) tin (cata-
lyst), a PHB-b-mPEG copolymer was formed (Fig-
ure 7). The diblock copolymers were amphiphilic
and could be self-assembled into sterically stabi-
lized colloidal suspensions of PHB crystalline lamel-
lae. This process was faster than the condensation
reactions between mPEG and PHB oligomers, so
that it is difficult to control the molecular mass of
the PHB moiety. The yield was much higher and the
contamination of products by the reagents like DCC
and DMAP was avoided [125]. The transesterifica-
tion of thermally unstable copolymer PHB-b-PCL
could be conducted in liquid phase using stannous
octoate as a catalyzer. The crystallization behavior
of PHB-b-PCL copolyesters altered evidently with
the increase in PCL content, though the crystalline
structure of PHB remained unchanged [126].
Grafting polymerization using benzoyl peroxide as
an initiator was often applied to introduce second
component onto the PHAs chains, such as grafting
polymerization of phenyl vinyl ketone onto PHBV
under nitrogen atmosphere [127]. However, long
graft chains may cause new environmental prob-
lems. Maleic anhydride showed good reactivity and
controllability in free-radical polymerization so as
to avoid long and undegradable graft chains via
homopolymerization. The crystallization tempera-
ture of the graft decreased, and the thermal decom-
position temperature increased by ~20°C compared
with that of PHB homopolymer [128–131]. The
drawback of the benzoyl peroxide-initiated grafting
polymerization lies in the high reaction tempera-
ture, the large amount of solvents and high energy
consumption, and the difficulties in purifying the
product. The #-radiation grafting polymerization
could be done at the ambient temperature without any
initiator. Vinyl monomers, such as methyl methacry-
late or 2-hydroxyethyl methacrylate [132, 133],

styrene [134, 135], isoprene [136], acrylic acid [137],
and maleic anhydride [138] have been reported to
be grafted onto PHB or PHBV with a high yield (up
to 80%).

5. Conclusions
New commercialized PHAs via biosynthesis route
would burst with the development of research and
industrial technique in the next few years, though
time- and money-consuming procedures to bio-syn-
thesize PHAs with specific functional groups are
needed. The derivatives based on these novel PHAs
will increase to meet the requirement for the final
applications. The direct route to synthesizing the
PHAs derivatives is limited owing to the low yield
and purity, while the two-step route is advantageous
to developing the structure- and property-controlled
PHAs derivatives, especially when the living poly-
merization is applied in the second step. The chal-
lenge involves preparing the PHAs’ oligomers with
low polydispersity index.
The new macromolecular synthesis reaction and
mechanism stimulates us to develop the block
(diblock, triblock, or star block), graft, or even brush
type graft copolymers of PHAs into promising can-
didates as biomaterials. The biocompatibility is still
the most essential properties of the PHAs deriva-
tives for the biomedical application. Therefore, the
research relevant to the biocompatible components
and initiator/stimulators will be an important key to
developing the PHAs derivatives.
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Figure 7. Scheme of the catalyzed transesterification reaction between PHB and mPEG
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1. Introduction
Carbon nanotubes (CNTs) have attracted many basic
research efforts since their discovery in 1991 [1].
They have an exceptional structure with superior
physical and chemical properties as well as excel-
lent mechanical performance. Owing to these prop-
erties, they have been widely used in nanoelectronic
devices, actuators, air and water filters, chemical
sensors, biosensors, drug delivery, phototherapy,
etc. [2–4]. They can serve as a promising reinforce-
ment phase incorporated into a polymer matrix to
prepare high-performance polymer nanocomposites
[5–10].

It has been found that the as-produced CNTs tend to
agglomerate together due to the high aspect ratios
and very strong van der Waals forces between the
nanotubes. Therefore, poor dispersion, the lack of
solubility and weak chemical compatibility with the
polymer matrix have become a bottleneck in the
application of CNTs [11]. Mechanical methods such
as ultrasonication and high-shear mixing as well as
chemical methods including non-covalent and cova-
lent functionalization were among the commonly
used methods to prevent CNTs aggregation and
achieve good dispersion in the polymer matrix. The
chemical functionalization of CNTs not only
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enhances the dispersion ability of CNTs in solvents
and composites, but can also improve the compatibil-
ity of CNTs with the composite matrix [3, 12, 13].
Ultrasonic irradiation is widely used to dispersing
nanoparticles and colloids, functionalization of CNTs
and produce nanocomposites, nanomaterials, and
nanoforms of chemical compounds [14]. The chem-
ical effects of ultrasound derive from acoustic cavi-
tation. The ultrasonic cavitation can generate bubble
collapse and high-energy inter-particle collisions,
producing intense local heating and high pressures
together with implosion shock waves and micro jets
in the liquid medium. The combined effect is able to
provoke chemical reactions on the CNTs [15].
Poly(ester-imide)s (PEI)s show good mechanical
properties, high thermal stability, facile processing
and electrical insulation [16–18]. This class of poly-
mers brings together the desirable characteristics
from both polyesters and polyimides. These proper-
ties make them suitable for different applications in
printed circuit boards, engineering thermoplastics,
electronic devices, membranes, and adhesives, [19–
21] being a promising matrix candidate for hybrid
materials.
In this paper, the attaching of thiamine hydrochlo-
ride (vitamin B1) on carboxylated-multi-walled car-
bon nanotubes (MWCNTs-COOH) was carried out
under ultrasonic irradiation. The chiral PEI was pre-
pared by a direct polycondensation of equimolecu-
lar amounts of aromatic diol and natural amino acid
based diacid. The different loading levels of function-
alized MWCNTs (5, 10, 15 wt%) were effectively
dispersed in the aromatic polymer through ultrasonic
irradiation to prepare MWCNTs reinforced polymer
nanocomposites. The structure and morphology char-
acterization as well as thermal stability of the modi-
fied MWCNTs and the obtained nanocomposites
were investigated by FT-IR spectroscopy, thermo-
gravimetric analysis (TGA), X-ray diffraction
(XRD), transmission electron microscopy (TEM),
and field emission scanning electron microscopy
(FE-SEM).

2. Experimental
2.1. Materials
MWCNTs-COOH synthesized by thermal chemical
vapor deposition process (CVD), having inner diame-
ter of 5–10 nm, outer diameter of 10–20 nm, purity
>95 wt%, carboxyl content of 2.00 wt% and length

~30 µm were used. Other solvents and chemicals
were reagent-grade quality, achieved commercially
from Aldrich Chemical Co. (Milwaukee, WI), Fluka
Chemical Co. (Buchs, Switzerland), Riedel-deHaen
AG (Seelze, Germany) and Merck Chemical Co.
(Germany). Pyromellitic dianhydride (benzen-
1,2,4,5-tetracarboxylic dianhydride) (1) was puri-
fied by recrystallization from acetic anhydride fol-
lowed by sublimation. N,N-dimethylformamide
(DMF) and N,N-dimethylacetamide (DMAc) were
distilled over barium oxide under reduced pressure.
Thiamine hydrochloride, 4,4!-thiobis(2-tert-butyl-
5-methylphenol) (TTMP) and L-phenylalanine were
used as obtained without further purification.

2.2. Measurements
FE-SEM images were obtained at 15 kV using a
HITACHI S-4160 instrument (Tokyo, Japan). TEM
analyses were performed using a Philips CM 120
operating at 100 kV (Germany). The XRD patterns of
the samples were recorded using a Philips X'PERT
MPD with a copper target at 40 kV and 35 mA and
Cu K" " =1.54 Å in the range 10–80° at the speed of
0.05 °C/min. TGA data were taken on a STA503
instrument (Bahr-Thermoanalyse GmbH, Hüllhorst,
Germany) in a nitrogen atmosphere at a rate of
20 °C/min. FT-IR spectra were recorded with a Jasco-
680 (Tokyo, Japan) spectrometer at a resolution of
4 cm–1 and scanned at wavenumber range of 400–
4000 cm–1. The spectra of solids were obtained using
KBr pellets. Band intensities were assigned as weak
(w), medium (m), shoulder (sh), strong (s) and broad
(br). The reaction was carried out on MISONIX ultra-
sonic liquid processors, XL-2000 SERIES (Raleigh,
NC, USA). Ultrasound was a wave of frequency
2.25·104 Hz and power of 100 W.

2.3. Monomer synthesis 
N,N!-(pyromellitoyl)-bis-L-phenylalanine diacid
(3) as an optically active monomer was prepared
based on our previous research (Figure 1) [22].

2.4. Polymerization procedure
Optically active and biodegradable PEI was synthe-
sized by the direct polycondensation of equimolec-
ular amounts of aromatic diol (4) and chiral
diacid (3), using TsCl/DMF/Py as a condensing agent
(Figure 1) [23].
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2.5. Thiamine functionalized MWCNTs
(Tm-MWCNTs)

The MWCNTs-COOH was chemically modified
with vitamin B1 as shown in Figure 2. 100 mg of vita-
min B1 was dissolved in 10 mL of H2O. Then the
MWCNTs-COOH (50 mg) and 0.10 mL of conc.
HCl were added to this solution and the whole mix-
ture was ultrasonicated for one hour. After irradia-
tion, the mixture was centrifuged, washed thor-
oughly with water, and dried under vacuum to give
the product of Tm-MWCNTs.

2.6. Preparation of the PEI/Tm-MWCNTs
nanocomposites

The different amounts of functionalized MWCNTs
(5, 10, 15 wt%) were dispersed in DMAc solvent and
stirred for 1 day at 30–40 °C. Then, the PEI was
added into this solution and ultrasonicated in a
water bath for 1 h. Finally, the obtained suspension
was poured into glass Petri dishes, followed by sol-
vent evaporation at room temperature. The obtained
nanocomposites were further dried under vacuum at
120 °C for 6 h to remove the remaining solvent.

3. Results and discussion
3.1. Fabrication of Tm-MWCNTs
Weakly dispersed CNTs often weaken the perform-
ance of CNTs-based composites materials. Chemi-
cal modification of the CNTs is essential to achieve
a sufficient interfacial adhesion and obtain the
advantage of exceptional properties of the CNTs to
prepare polymer composites with enhanced perform-
ance [24]. In this work, the surface of MWCNTs-
COOH was chemically functionalized with vita-
min B1 as a biological molecule, under ultrasonic
irradiation. Vitamin B1 is a water-soluble vitamin,
pharmaceutically and biologically important com-
pound. It plays a major role in the carbohydrate
metabolism and good health of the body, mainly in
terms of emotional health and well being [25, 26].
The carboxylic acid groups on the surface of
MWCNTs could be reacted with the hydroxyl group
of vitamin B1 to form ester groups. The vitamin B1
is expected to interact with different polar groups on
the surface of MWCNTs through van der Waals,
hydrogen bonding, electrical and hydrophobic inter-
action. Also, the aromatic structure of vitamin B1
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Figure 1. Synthetic route used to prepare the PEI

Figure 2. Chemical attachment of vitamin B1 to MWCNTs-COOH



could provide the possibility for #–# interactions
with the delocalized #-bonds on the CNTs wall
(Figure 2). The modification of CNTs surface with
vitamin B1 is anticipated to reduce the tendency of
CNTs to aggregate, increase its dispersion in sol-
vents and improve interfacial interaction between
polymer matrix and the Tm-MWCNTs.

3.2. Preparation of PEI/Tm-MWCNTs
nanocomposites

The novel nanocomposites were prepared by mixing
the appropriate amounts of functionalized MWCNTs
and the optically active PEI under ultrasonic irradi-
ations. CNTs functionalization and ultrasonication
were used as useful methods to improve the interfa-
cial interaction between MWCNTs and PEI matrix
leading to efficient MWCNTs dispersion [27–31].
The obtained PEI contains heteroatoms with high-
electron density, such as sulfur, nitrogen, and oxygen
in its molecular structure, which provide the possi-
bility for hydrogen bonding, van der Waals, electri-
cal and hydrophobic interaction with different polar
groups on the surface of modified MWCNTs. Also,
the aromatic structure of PEI prefers to form #–#
interactions with the delocalized #-bonds on the
CNTs wall, as well as pyrimidine and thiazole ring
of vitamin B1 attached on the CNTs surface. Figure 3
illustrates possible interactions between the PEI
chains and Tm-MWCNTs.

3.3. FT-IR spectroscopy
Figure 4 shows the FT-IR spectra of MWCNTs-
COOH, Tm-MWCNTs, vitamin B1, PEI and nano -
composites with 5, 10 and 15 wt% of Tm-MWCNTs.
For MWCNTs-COOH, a characteristic peak at wave -
number of 3454 cm–1 corresponded to the O–H
stretching mode of the carboxylic acid groups and
the absorption peaks at 2852 and 2922 cm–1 could be
related to C–H stretching vibrations of MWCNTs-
COOH defects [32]. The peaks at 1629 and
1431 cm–1 could be assigned to the C=C aromatic
ring stretching of the CNTs backbone [33] (Figure 4
curve (a)). For functionalized MWCNTs, the appear-
ance of new peaks resulted from the functionaliza-
tion of MWCNTs with vitamin B1. The absorption
bands at 1735 and 3464 cm–1 could be attributed to
the stretching vibration of C=O and O–H groups,
respectively (Figure 4 curve (b)). For pure PEI, the
bands at 1383 and 726 cm–1 were related to the pres-
ence of the imide heterocycle in this polymer. The
absorption bands at 1780 and 1726 cm–1 corre-
sponded to the carbonyl stretching vibrations of the
imide and ester groups, respectively (Figure 4
curve (d)). The presence of CNTs in the polymer
matrix demonstrated little changes in the FT-IR
spectrum. It was probably attributed to low MWC-
NTs content, the weak vibration signal of MWC-
NTs and overlapping with the absorption peaks of
pure PEI (Figure 4 curves (e–g)).
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Figure 3. Schematic illustration of the possible interaction between the Tm-MWCNTs and the PEI matrix



3.4. XRD studies
The XRD patterns of MWCNTs-COOH, Tm-
MWCNTs, pure PEI, and nanocomposites with dif-
ferent loadings (5, 10, 15 wt%) are demonstrated in
Figure 5. MWCNTs-COOH showed two peaks
around 2# = 26 and 43°, which related to the inter-
layer spacing d(002) and d(100) reflections of the car-
bon atoms, respectively (Figure 5 curve (a)) [34]. The
XRD pattern of Tm-MWCNTs was similar to
MWCNTs-COOH. It confirmed that the cylinder
wall structure and inter planner spacing of MWC-
NTs did not change (Figure 5 curve (b)). For the
neat PEI, a broad peak centering at 2# = 18° sug-
gested that the PEI was in amorphous nature (Fig-
ure 5 curve (c)). For the nanocomposites, both char-
acteristic peaks of the MWCNTs and the broad
amorphous peak of PEI were observed. The peak
intensity of Tm-MWCNTs was enhanced by the
increasing of the loading level of Tm-MWCNTs in
the nanocomposites (Figure 5 curves (d–f)).

3.5. Surface morphology studies
The morphological characterization of MWCNTs-
COOH and Tm-MWCNTs was obtained using FE-
SEM and the results are shown in Figure 6. The
change of morphology after functionalization was

evidenced. The diameter of the Tm-MWCNTs
became a little bigger than that of MWCNTs-COOH.
This could be due to the absorption of vitamin B1 on
the surface of MWCNTs during the functionalization.
The FE-SEM images of the fracture surfaces of
pure PEI and nanocomposites are presented in Fig-
ure 7. It could be seen that the pure PEI had nanos-
tructured morphology with a relatively spherical
and smooth surface compared to the fracture sur-
faces of the nanocomposites (Figure 7a, 7b). For the
nanocomposites, the distribution of bright dots and
lines with protruding out of the polymer matrix was
seen. These dots and lines represented the ends of
the functionalized MWCNTs. It is clear that the Tm-
MWCNTs were well dispersed in the PEI matrix
and the increase of CNTs content did not lead to the
formation of noticeable aggregation. The histograms
of CNTs diameter distribution for the nanocompos-
ites 10 and 15 wt%, showed mean CNTs diameter
sizes of 30.98 and 34.50 nm, respectively (Figure 7).
The effect of functionalization on the structure of
the MWCNTs was studied by TEM (Figure 8). The
MWCNTs-COOH were observed in the form of
bundle and showed smooth surface with obvious
aggregation (Figure 8e). After the attachment of vita-
min B1 onto the surface of MWCNTs, the debundling
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Figure 4. FT-IR spectra of (a) MWCNTs-COOH, (b) Tm-
MWCNTs, (c) thiamine hydrochloride, (d) pure
PEI, (e) PEI/Tm-MWCNTs 5 wt%, (f) PEI/Tm-
MWCNTs 10 wt%, (g) PEI/Tm-MWCNTs 15 wt%

Figure 5. XRD curves of (a) MWCNTs-COOH, (b) Tm-
MWCNTs, (c) PEI, (d) PEI/Tm-MWCNTs 5 wt%,
(e) PEI/Tm-MWCNTs 10 wt%, (f) PEI/Tm-
MWCNTs 15 wt%



of aggregates was observed and the diameter of
MWCNTs was slightly increased. Moreover, the
increased roughness of modified CNTs surface was
apparent, which could be attributed to the function-
alization (Figure 8a–8d).
The TEM images of nanocomposites containing
10 wt% Tm-MWCNTs are shown in Figure 9. The
presence of isolated and well distributed nanotubes
was clearly observed. The Tm-MWCNTs were
embedded in the polymer matrix and the polymer
layer wrapped around them. The result indicated a
good compatibility and strong interfacial adhesion
between modified CNTs and the polymer matrix.

3.6. Thermal properties
Figure 10 shows the TGA curve of MWCNTs-
COOH, Tm-MWCNTs, pure PEI and the nanocom-
posites with different contents of Tm-MWCNTs.
The thermal analysis data of the samples are sum-
marized in Tables 1 and 2. Table 1 demonstrates ther-
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Figure 6. The FE-SEM images of the fracture surfaces of Tm-MWCNTs (a, b) and MWCNTs-COOH (c, d)

Table 1. Thermal properties of the PEI and nanocomposites

aTemperature at which 5% weight loss was recorded by TGA at heating rate of 20 °C/min under a nitrogen atmosphere.
bTemperature at which 10% weight loss was recorded by TGA at heating rate of 20 °C/min under a nitrogen atmosphere.
cWeight percentage of material left undecomposed after TGA analysis at a temperature of 800 °C under a nitrogen atmosphere.
dLimiting oxygen index (LOI) evaluating at char yield at 800 °C.

Sample T5
[°C]a

T10
[°C]b

Char yield
[%]c LOId

Pure PEI 387 410 20 25.5
PEI/Tm-MWCNTs 5 wt% 388 414 30 29.5
PEI/Tm-MWCNTs 10 wt% 399 435 36 31.9
PEI/Tm-MWCNTs 15 wt% 417 459 38 32.7

Table 2. Thermal stability of CNTs samples obtained from
TGA thermograms

aTemperature at which 5% weight loss was recorded by TGA at
the heating rate of 20 °C/min under a nitrogen atmosphere.

Sample T5
[°C]a

Char yield
[%]

MWCNTs-COOH 550 90
Tm-MWCNTs 227 42



mal stabilities of the PEI and nanocomposites based
on 5 and 10% weight loss (T5, T10), residue at 800 °C
(char yield) and limiting oxygen index (LOI).
Pure PEI did not show substantial weight loss until
387 °C and this value was gradually increased with
raising the concentration of Tm-MWCNTs in the
nanocomposites, showing that an improvement was
achieved due to the presence of Tm-MWCNTs as
reinforcement. This could be ascribed to the excel-
lent thermal stability of CNTs and their effective
interactions with the PEI matrix.

The extent of surface functionalization can be eval-
uated by the percentage of weight loss in the TGA
curves. The MWCNTs-COOH exhibited approxi-
mately a minor weight loss of 10 wt% and the func-
tionalized MWCNTs showed 58 wt%, when the
temperature was up to 800 °C. The comparative
analysis proved the existence of vitamin B1 grafted
on the surface of MWCNTs. The relative content of
vitamin B1 was determined about 48 wt% (Table 2).
LOI could be used to evaluate the flame-retardancy
of materials and theoretically predicted in accor-
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Figure 7. FE-SEM photographs of pure PEI (a, b), PEI/Tm-MWCNTs (5 wt%) (c, d), PEI/Tm-MWCNTs (10 wt%) (e, f),
PEI/Tm-MWCNTs (15 wt%) (g, h) and size distribution histograms of PEI/Tm-MWCNTs (10, 15 wt%) (e, g)
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Figure 8. TEM images of Tm-MWCNTs at different magnifications (a–d) and MWCNTs-COOH (e)



dance with Van Krevelen and Hoftyzer equation
[35]. Materials with an LOI above 28% will demon-
strate self-extinguishing behavior. A self-extinguish-
ing material is one that would stop burning after the
elimination of the fire or ignition source. The LOI for
the pure PEI was obtained 25.5%, while for those of
the nanocomposites were in the range of 29.5–
32.7%. Therefore, all nanocomposites can be classi-
fied as self-extinguishing materials.
LOI = 17,5 + 0,4CR, where CR = Char yield)

4. Conclusions
In this study, the surface of MWCNTs-COOH was
functionalized with vitamin B1 as a biological and
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Figure 9. TEM micrographs of PEI/Tm-MWCNTs nanocomposites (10 wt%)

Figure 10. TGA curves of (a) MWCNTs-COOH, (b) Tm-
MWCNTs, (c) pure PEI, (d) PEI/Tm-MWCNTs
5 wt%, (e) PEI/Tm-MWCNTs 10 wt%, (f) PEI/
Tm-MWCNTs 15 wt%



environmental-friendly molecule under ultrasonic
irradiation. The chemical functionalization of
MWCNTs could improve their compatibility with
PEI, leading to better interaction of the polymer
chains with Tm-MWCNTs and efficient load trans-
fer from the polymer matrix to the CNTs. The graft-
ing was confirmed by FT-IR spectroscopy, TGA, and
electron microscopic techniques. A biodegradable
and optically active PEI was synthesized by a direct
polycondensation of L-phenylalanine based diacid
and 4,4!-thiobis(2-tert-butyl-5-methylphenol) and
used as a continuous medium to prepare PEI/Tm-
MWCNTs composites. The obtained nanocomposites
were studied in the terms of chemical structure, mor-
phology and thermal stability by FT-IR, XRD, TGA,
TEM and FE-SEM techniques. Based on TGA data,
the comparative extent of grafted vitamin B1 onto
MWCNTs surface was estimated to be around
48 wt%. The incorporation of Tm-MWCNTs into the
PEI matrix exhibited obvious improvements in the
thermal properties as a result of homogenous and effi-
cient dispersion of CNTs throughout the polymer
matrix. Electron microscopic studies revealed that
the Tm-MWCNTs were well dispersed and embed-
ded in the PEI matrix, showing good compatibility
of Tm-MWCNTs with the polymer matrix.
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1. Introduction
Composite materials based on polymer matrix filled
by conductive or magnetic micro/nano particles have
shown very interesting mechanical and electrical
properties [1–3], and are very promising for applica-
tion in aeronautical, mechanical and civil engineer-
ing [4–7]. In particular, several investigations have
highlighted the existence of a giant piezoresistive
effect (the electron conductivity can change by
9 orders of magnitude) in composite materials consti-
tuted by a silicone matrix filled by conductive
microparticles at a volume fraction around percola-
tion threshold [8–10].

On the other hand, composites made of magnetic par-
ticles homogeneously dispersed into an elastic matrix
(generally known as magnetorheologic materials)
present improved mechanical, thermal and mag-
neto-electric properties under the application of an
external magnetic field, during the production or
onto the produced composite [11–14]. In particular,
the inverse elastomagnetic effect is exhibited: strain
appears when its state of magnetization is changed,
due to the alignment or rotation of magnetic parti-
cles and it is not depending on the intrinsic magne-
tostriction of the particles [15–19].
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When the filling particles inside the polymer matrix
are magnetic and conductive (Fe, Ni, FeSi, etc.) con-
comitant effects of piezoresistivity and elastomag-
netism appear in the same sample, and their opti-
mization is obtained by a proper combination of the
particle size, shape, volume fraction, magnetic per-
meability and electrical conductivity. In this way, if
the filling particles have no preferential orientation,
the application of a longitudinal gradient of mag-
netic induction produces a sample sensible elonga-
tion, independent of both intrinsic magnetostriction
and particle rotations. Indeed, this strain is promi-
nently produced by the forces applied by the mag-
netic field gradient (elastomagnetism). As a result of
this strain, a decrease of average distance among the
particles and a consequent decrease in resistivity
occur (piezoresistivity). These are the fundamental
mechanisms in the coupling of elastomagnetism and
piezoresistivity which produce the magneto-piezore-
sistive (MPR) effect extensively treated in  [20] and
[21]. A magneto-piezoresistive sensitivity (change
of resistivity on the inducing magnetic field gradi-
ent) higher than 1011 !m/T has been both predicted
by theoretical models and experimentally detected
[20, 21].
The main objective of this paper is to establish, by
means of some basic experiments in the millimeter
scale range, that the MPR effect can be used to detect
the change of magnetic polarization direction at a
magnetization intensity similar to that produced by
the semi-permanent nanomagnets of a magnetic
memory.
It does not seem easy to produce samples MPR
through the nanowires by keeping the used mag-
netic interaction between nano-particles of iron in
it, but there are some encouraging data in the litera-
ture [22, 23]. Nevertheless, the methodology, and
operation principles of the sensor proposed here, are
very promising and intriguing, and can constitute a
basic step to open new perspectives in the field of
magnetic reading heads with competitive perform-
ance and costs in comparison with standard GMR
spin valve.

2. Experimental
2.1. Sample preparation
Iron micro-particles have been used as magnetic fill-
ing charge of the MPR composite samples used for
this investigation. They have been obtained by
mechanical crushing of a pure Fe foil (pureness

99,99, cod.338141,Aldrich Chemical Company, Inc.,
U.S.A.) at room temperature and they exhibit a pecu-
liar irregular shape similar to a shrunken little plate or
a chip (Figure 1). The elaboration of several SEM
images evidenced an average thickness of 7 µm and
an average size of particles major axis around
37 µm.
Magnetic particles, at the volume fraction of 39%,
were mechanically dispersed into liquid silicone
(Essil 291, Axon, France), and hand spatulated care-
fully for 1 hour, in order to obtain both a homoge-
neous particle distribution and a good intrusion of
silicone among the particle protrusions. After 1 hour
of degassing process, at a constant temperature of
40 °C, the solidification process of the polymeric
matrix was triggered by adding, and mixing for
20 minutes, a reticulating agent at a percentage of
12% (Essil 292 Catalyseur, Axon, France). Immedi-
ately after mixing with the crosslinking agent, the
mixture was slowly injected into a Teflon mould
2"2"25 mm3. The little bar of composite (polymer
matrix+magnetic particles) was peeled off from the
mould after 48 hours. The sample length can be eas-
ily reduced by a laboratory knife. All the process has
been described in some detail in previous papers [9,
20, 21]. No methodology has been applied to induce
a preferential orientation of the Fe microparticles;
therefore they resulted homogeneously distributed
and randomly oriented. The peculiar morphology of
magnetic particles used in this work is different from
the one employed in previous investigations (pseudo-
spherical morphology with moderate roughness).
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Figure 1. SEM image of iron particles used as filling mag-
netic/conductive charge



The reason of this choice is to improve composite
material performances, delineated on the basis of
previous studies [9, 20, 21], in order to achieve three
specific characteristics: i) bigger size particles; ii) bet-
ter silicone entrapping among particle cavities dur-
ing the mechanical dispersion process to isolate
each particle from nearest ones; iii) lower transver-
sal contraction able to give particle contact as conse-
quence of the irregular surface protrusions; iv) pref-
erential in plane magnetization of a single particle
due to shape anisotropy. The positive effects of these
listed material characteristics were verified by means
of the sample performance as will be shown and
discussed in Section 3.

2.2. Principles of the experimental
demonstrator

The experimental apparatus, specifically arranged
to demonstrate the potential of the sensors based on
the innovate elastomagnetic composite produced
for the present investigation, is shown in Figure 2.
The magnet M has a permanent magnetization inten-
sity of 16·104 A/m. It produces an initial polariza-

tion status of the MPR material; in this status the sam-
ple resistance is R0. The magnets Mi (identical in size
and magnetization intensity to M) are embedded in
the Plexiglas holder P2 that can run perpendicularly
to the longitudinal axis of the MPR sensor core.
When a running magnet Mi becomes coaxial with the
sample, its magnetizing field adds to initial static
polarization induced by the fixed magnet M. As we
shall see in the following section, the sample length
was designed so that the fields of M and Mi affect
only a half of the sample, the one on the side of M
and Mi, respectively. On the basis of this experimen-
tal expedient, a different MPR core elongation is
obtained if the Mi magnetic moment is directed in
concordant or opposite direction with respect to M
magnetization. According to the MPR model [20, 21],
a different sample elongation determines a different
decrease of sample initial resistance R0. We will use
the symbol Rup for the sample resistance when M
and Mi magnetization directions are identical, while
we will use Rdown in case they are opposite.

3. Results and discussion
In Figure 3 the longitudinal magnetization cycle of
a MPR sample (2"2"6 mm3), produced as described
in Section 2, is reported. The magnetization behav-
iour appears strictly related to both the peculiar mor-
phology of the particles, with a strong shape aniso -
tropy, and the silicone matrix that enables only little
rotation of the particles towards the longitudinal
magnetizing field axis.
In agreement with these peculiar characteristics of
the innovative composite polymer produced for this
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Figure 2. Scheme of the experimental arrangement used to
evaluate the capability of a MPR sensor to detect
local magnetization direction. S – MPR sample
(2 mm"2 mm"6 mm); M –#permanent magnet
(2 mm"2 mm"3 mm) producing a static polariza-
tion of the MPR sample; P1 –#Plexiglas matrix in
which M is fixed and S is free to have a variable
strain under the action of an additional external
magnetizing field; W–# microwires for conductive
contacts; pA –#HP picoammeter to measuring sam-
ple electrical resistance; P2 –#sliding Plexiglas
holder in which external magnets (Mi, similar to M)
are embedded; Mi = 1,2,3… –#permanent magnets
having magnetization direction concordant or
opposite to M static polarization; C –#mechanical
cursor enabling P2 displacement along y axis,
orthogonal to sample longitudinal axis (z).

Figure 3. Longitudinal magnetization cycle of the sample
constituted by iron microparticles in the volume
percentage of 39% homogeneously dispersed into
a silicone matrix. Coercive field is 3900 A/m and
saturation field higher than 1 MA/m.



investigation, one observes low values of both coer-
cive field and remnant magnetization, together with
a progressive approach to saturation of the magneti-
zation that, above 2·105 A/m, mainly increases for
rotation of magnetic moments towards the applied
field axis.
When the magnet M is in contact with the MPR sam-
ple S (see scheme in Figure 2) its magnetizing field
is not able to homogeneously magnetize all the com-
posite material. In order to monitor this effect, an Hall
probe was placed on the MPR sample end located on
the opposite side of M magnet (see inset in Figure 4)
and, by using samples with variable length l, the mag-
netization induction B obtained in the MPR mate-
rial versus the distance l from the magnet pole was
measured. Subsequently, the measure of magnetiza-
tion induction B0 without MPR sample was per-
formed. The graph in Figure 4 was obtained by cal-
culating M = (B – B0)/µ0: at a distance of about
3 mm the magnetization is practically zero. More-
over, also the gradient of magnetic inductions B and
B0 are negligible at a distance from M higher than l/2.
This means that, when a magnet Mi is put on the
opposite side of M, one can predict the overlap of the
magnetization intensity as reported in Figure 5. Since
the sample has a length of 6 mm, practically the mag-
net M gives polarization of Fe particles in one half of
the sample, while magnet Mi influences the oppo-
site half of the sample. Since the magnetic induction
gradient and the magnetization intensities are prac-
tically zero in the sample center, in any case the half
of the composite near M is always magnetized in the
same way and undertakes the same attractive force
towards M, whose longitudinal component is: F1z =
$
0

l/2
Mz(%B0z/%z)dz. This force gives an initial con-

traction of the interested sample region which deter-
mines the conduction status of the MPR sample
when Mi action is absent. When the cursor runs and
a Mi magnet aligns with sample axis (Figure 2), its
presence does not modify the effect of the fixed
magnet M. Mi produces induction field gradient and
magnetization only in half the sample, the one closer
to Mi itself, and a consequent attractive force with a
component: F2z = $

l/2

l
Mz(%B0z/%z)dz. Since the change

of longitudinal magnetizing field, applied by Mi,
produces a sign change of both magnetization and
magnetic induction gradient, the last force does not
change in intensity and direction with direction
change of Mi magnetic moment (‘up’ or ‘down’). In
conclusion, the MPR core is attracted by the same
force towards Mi magnet in any case (‘up’ or ‘down’
configuration). The last attractive force produces
the same elongation of the MPR sample and an
equal resistance decrease.
On the other side, since magnetization cycles exhibit
a practically zero remnant magnetization (Figure 3),
one can deduce that, also if particle rotations in the
elastic matrix occur during the magnetization process,
whenever a magnetizing field zero is restored, par-
ticle orientations are always randomly distributed
around the longitudinal axis of magnetization. This
assures that the eventual particle rotations, during
the magnetization process in the half sample influ-
enced by Mi gives always a sample elongation inde-
pendent on magnetization direction. Consequently,
also the resistance decrease due to particle rotations
is independent of Mi moment direction.
In conclusion, what discriminates the condition ‘up’
from that ‘down’ is the fact that the total sensor core
strain is also determined by the internal attractive
forces that the polarized particles in half sample
apply to those ones on the other side. If M and Mi
produces the same magnetization directions (con-
figuration ‘up’; Figure 5a; see the insert too), the iron
particles polarization is the same in all the sample:
internal attractive forces are produced that oppose
the fixed tensile stress applied by the external mag-
netic induction gradient and promote a decrement of
elongation. On the contrary, if magnetization direc-
tions of M and Mi are opposite (configuration ‘down’;
Figure 5b), iron micro-magnets inside the sample
half in proximity of M have a longitudinal magnetic
moment anti-parallel with respect those in the sam-
ple half closer Mi: repulsive internal forces are pres-
ent that promote an increment of elongation. Thus,
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Figure 4. Intensity of magnetization produced statically
inside the MPR sample as a function of the dis-
tance l from the magnet M



in the last case (Mdown) the sample should have a
higher elongation and, on turn, a higher decrease of
resistance in comparison with the decrement pro-
duced in the condition ‘up’.
The scheme in Figure 5 is very effective in explain-
ing the experimental evidences as we will describe
below.
The MPR sample resistance has been detected by
means of the experimental apparatus described in
Section 2, at a displacement velocity of the cursor
C+P2 fixed at 1 mm/10 s.
In Figure 6, R behaviour versus the displacement
along y axis is reported, starting from the position
shown in Figure 2, namely when the P2 hole in front
of the MPR sample is an empty one. On the same
figure, along the y axis, the different Mi magnets posi-
tion is shown, in order to deduce the relative posi-
tion of external magnets with respect to the sensor
core longitudinal axis and their different magnetic
polarization directions.
The experimental points are centered in the average
R value obtained by several measurement runs. The
error bars are contained into the graph point size.
The effects of Mup or Mdown magnets on sample
resistance, qualitatively predicted above, are com-
pletely verified.
In particular, the resistance decrease (R0 –#Rup), pro-
duced by the alignment of Mup magnets with sensor
core axis, is around 450 k!; while, Mdown magnets
alignment gives (R0 –#Rdown) higher than 700 k!.  Rup
and Rdown values have an average difference higher
than 250 k!. This enable an easy detection of the
Mup or Mdown alignment and a clear discrimination

between the two cases. Moreover, also the signals
produced by a sequence of equal polarization direc-
tions, Mup –#Mup, or Mdown –#Mdown, can be effec-
tively read. In fact, the two correspondent R minima
are well separated by a relative maximum, the
amplitude of which, in all cases, exceeds 140 k!
(&up and &down in Figure 6).
The running Mi magnets simulate a sequence of
registered bits in a magnetic memory and the MPR
core works as a reading head, obviously, with a
scale factor of about 104. Since polymer wires with
diameter of 100–200 nm have been already pro-
duced [22], as well as iron nanoparticles assembly
could maintain magnetic stability down to size of
10–20 nm [23], even if its realization is complex, in
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Figure 5. Total behavior of magnetization longitudinal component along the MPR sample as function of the longitudinal
coordinate z, in the case of concordant magnetization direction of the external aligned magnets M and Mi (a) and
in the case of opposite magnetization directions (b)

Figure 6. Resistance R of the MPR core measured versus
the displacement &y of the Mi magnets, that, slid-
ing along the y axis (Figure 2), align with the
sample z axis, in the sequence reported on the
bottom of the figure



principle it is not to be excluded that the miniatur-
ization of the MPR sensitive core, described in this
paper, can achieve similar functionality.

4. Conclusions
A MPR magneto-elastomer constituted by Fe micro -
particles dispersed into a silicone matrix, at the vol-
ume percentage near percolation threshold, was
produced on the basis of previous investigation,
selecting the particle shape in order to have two
main effects: i) improve the capability of entrap-
ping a thin silicone layer among the particles in spite
of the high particle density; ii) to give a good mag-
netization intensity at a moderate external field with
a practically reversible magnetization process. A
proper experimental system was built in which the
MPR material is used as core of a sensor. The last is
able to read the magnetization direction in a random
sequence of little permanent magnets, which are run-
ning orthogonally to the sample longitudinal axis.
The sensitive core has a constant square section and
its length was properly dimensioned in order that a
half of the MPR sample is statically magnetized by a
fixed permanent magnet, while the opposite half sam-
ple is influenced by the magnetizing field of the exter-
nal magnets whose magnetization direction should
be detected. In this way, the interaction between the
two sample halves  produces a different elastomag-
netic strain distinguishing the external magnetization
direction concordant or opposite to the permanent
one. In turn, these strains produce different resistance
changes which can be detected to determine the exact
sequence of polarization directions. So that, if the lit-
tle magnets are arranged in a binary code, it is easy
to read any registered sequence. Taking into account
the demonstrated sensitivity (about 1250 k!/T), the
obtained results constitute a stimulating basis to
study the effects of reduction in size, going down to
nano-range, on the reported principles and experi-
mental methodology, deeply investigating the poten-
tiality of MPR nanowire (also of different composi-
tion with respect that reported in this study) in
perspective of innovative and cheap reading heads.
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1. Introduction
The disposal of used tires has become an important
issue worldwide and represents a major environmen-
tal problem. Therefore, the development of an effi-
cient way to utilize rubber waste is an emerging eco-
nomic and environmental task faced by the rubber
industry worldwide [1–4]. Rubber wastes are chem-
ically crosslinked rubbers and are among the most
difficult materials to recycle because they will not dis-
solve or melt. Tires are a complex mixture of numer-
ous different materials, which include several rub-
bers, carbon black, steel cord and other organic and

inorganic components [5]. This is another reason why
used tires are not easily recycled.
Over the years, different alternatives for tire recy-
cling, such as repeated use (retreading), energy recy-
cling (incineration) and grinding have been used, but
none of these applications are capable of totally elim-
inating the waste disposal problem while resulting in
adequate profitability. Tire pyrolysis, at present, is an
attractive and challenging area of research. The pyrol-
ysis processing of used tires is considered to be an
environmentally acceptable and promising disposal
method with its high energy recovery and low pollu-
tion emission.
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Basically, the pyrolysis process is the thermal decom-
position of organic wastes at high temperatures in an
oxygen-free environment. The pyrolysis process pro-
duces three different fractions: a solid fraction known
as char or pyrolytic carbon black (33–38 wt%), a liq-
uid fraction known as pyrolytic oil (38–55 wt%) and
a gas fraction (10–30 wt%) [6].
Pyrolytic oil may be used as an industrial fuel after
extracting chemical materials. CBp can be used as a
filler in asphalt for rheological modification [7, 8].
There are several papers in the literature devoted to
the study of tire pyrolysis in liquids and pyrolytic
carbon black, and each presents its particular exper-
imental procedure and characterization [6, 9–13]
but do not discuss using the products as a process oil
and reinforcement additive in rubber compounds,
which is focus of this study. In recent years, Du and
coworkers [14, 15], Cataldo [16] and Norris et al.
[17] tested CBp in new rubber compounds. Jie et al.
[18], Jie et al. [19] and Delchev et al. [20] investi-
gated the modification of CBp and studied the effect
of modified CBp on the properties of NR and SBR
vulcanizates. There are fewer reports about Op used
in rubbers than about CBp [12, 21].
In this paper, we studied the characteristics of CBp
and Op and focused our efforts on the application of
CBp and Op in rubber compounds. Rubber com-
pounds are made from a blend of NR/SBR by using
several additives. The effects of CBp and Op on the
processing properties of NR/SBR compounds and
the mechanical and dynamical mechanical proper-
ties of NR/SBR vulcanizates were systematically
studied and compared with those of commercial
carbon black and commercial processing oil.

2. Experimental
2.1. Materials and characterization
The styrene butadiene rubber (SBR 1502; bound
styrene (wt%), 22.5, Mooney Viscosity (ML 1+4) at
100 °C, 52), the natural rubber SIR20 (NR) and
other curing ingredients (Sulfur, N-Cyclohexyl-2-
benzothiazolesulfenamide (CBS), zinc oxide (ZnO)
and stearic acid) used in this study, were supplied
from Yuksel Rubber Co., Ltd., Konya, Turkey, these
ingredients were produced by Bayer AG (Germany).
The original carbon black (N550) used in this study
was supplied by Tupras Co., Turkey. Octobus N821
used as an original process oil was supplied from
Petroyag Chemicals Co., Kocaeli, Turkey. Pyrolytic
carbon black (CBp) and pyrolytic oil (Op) were sup-

plied by a local tire pyrolysis plant (Tam Rubber Co.,
Aksaray, Turkey). The CBp and Op were produced
from the used tires by using a fixed bed reactor at a
temperature of 500–550 °C in the supplying plant.
The CBp was used as a filler in the rubber com-
pound formulation without removing ash or any
other purification. The determination of the ash con-
tent in CBp was determined according to ASTM
D1506. The elemental composition of the CBp was
determined by using a Thermo Scientific FLASH
2000 elemental analyzer. The surface area of the CBp
was measured using a BET (Brunauer, Emmett and
Teller) tester (Quantachrome NovaWin2). The phys-
ical properties of the pyrolysis oils were determined
according to standards for sulfur content (EN ISO
8754) kinematic viscosity (ASTM D445) and den-
sity (ASTM D5002).

2.2. Preparation of rubber compounds
The formulations of the compounds are presented
in Table 1. SBR and NR were used in the same ratio
(50/50 phr) in all formulations. The amounts of the
other additives (ZnO, stearic acid, CBS and sulfur)
in the formulations are based on 100 g of rubber.
NR/SBR, other additives and various proportions of
the CBp or Op were mixed for 15 minutes on an open
two-roll mixing mill at room temperature. The first
formulation, which is called the control sample,
does not contain CBp or Op. Original carbon black
and original process oil were partially replaced by
the CBp and Op in the other formulations, as shown
in Table 1. Samples were identified as PC and PO fol-
lowed by the sample number, corresponding to the
introduction of pyrolytic carbon black and pyrolytic
oil, respectively. The cure characteristics of the rub-
ber compounds were characterized using a rheome-
ter, Beijing RADE MR-C3, at 170 °C.

2.3. Measurement of mechanical properties
The tensile properties of the NR/SBR vulcanizates
were measured with a Shimadzu AG-IC tensile test-
ing machine, according to ASTM D412, at a testing
speed of 500 mm/min. Dumbbell-shaped specimens
were punched from compression-molded sheets.
The tear strength was tested according to ASTM
D624 C with a Gibitre (Tensor Check Profile PC) ten-
sile testing machine. The compression set test was
carried out at 100 °C for 24 h, in agreement with
ASTM D395-03. The Shore A hardness was meas-
ured according to ASTM D 2240. At least three or
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five samples for each composition were tested, and
the average values are reported.

2.4. Dynamic mechanical analysis (DMA)
The dynamic mechanical properties of the NR/SBR
vulcanizates were measured with a Perkin Elmer
DMA7e in tension mode. The frequency used in
this experiment was 1 Hz, with a temperature range
from –90 to 60 °C and a heating rate of 5 °C/min.

2.5. Morphology
The morphology of the original carbon black and
CBp surfaces and the fracture surfaces of the NR/
SBR vulcanizates that were fractured in liquid nitro-
gen were evaluated with a Fei Quanta 250 FEG scan-
ning electron microscope (SEM). Prior to this oper-
ation, the specimens were coated with a thin gold
layer.

3. Results and discussion
3.1. Characterization of the pyrolytic carbon

black and pyrolytic oil
The most important characteristics of the CBp pro-
duced by the tire pyrolysis plant are given in Table 2.
An important difference between N550 and CBp is
the high ash content, which includes inorganic com-
ponents. The ash content of CBp is 15.36%, which
is much more than that of N550. The most impor-
tant sources of the inorganic components in CBp are
usually ZnO and S, which are used as a curing cata-
lyst and curing agent, respectively, and sometimes
mineral fillers or additives such as SiO2 and Al2O3.
The composition of the inorganic components in the
CBp also depends on the pyrolysis conditions and
the quality of the tire feed. The surface area of N550
and CBp was 42 and 30.4 m2/g, respectively. The
lower surface area of the CBp was most probably
due to a blockage of a portion of the carbon black

surface by carbonaceous deposits [22, 23]. The sulfur
content of approximately 1.45% is consistent with lit-
erature [6, 13, 24] reports. The residual S in CBp was
attributed to the sulfur in the recipe of the tires.
In addition to the ash content and surface area, the
surface morphology also plays an important role in
the characterization of the carbon black. SEM pho-
tos of N550 and CBp are shown in Figure 1a and 1b.
The surface morphology of the commercial carbon
black shows a rough surface. CBp has a smooth sur-
face due to the deposition of ash and carbonaceous
deposits on the surface [22, 23].
The pyrolytic oil was characterized, and the results
are presented in Table 3. The specific gravity of Op
was found to be higher and the viscosity lower than
that of commercial oil. As expected, the sulfur
amount in Op was higher than that of commercial oil.
This may be explained based on the high content of
sulfur in the vulcanization recipe.

3.2. Cure characteristics
The vulcanization curves of the NR/SBR compounds
with the additions of CBp and Op are shown in Fig-
ure 2a and 2b, respectively. There exist three regions
along the vulcanization curves of the compounds
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Table 1. Formulations of the rubber compounds

*parts per hundred rubber

Sample code/Ingredients (phr*) Control PC1 PC2 PC3 PC4 PO1 PO2 PO3 PO4
NR/SBR 50/50 50/50 50/50 50/50 50/50 50/50 50/50 50/50 50/50
Carbon black (N550) 50 43.75 37.5 25 0 50 50 50 50
Pyrolytic carbon black (CBp) 0 6.25 12.5 25 50 – – – –
Process oil 20 20 20 20 20 17.5 15 10 0
Pyrolytic oil (Op) 0 – – – – 2.5 5 10 20
ZnO 3 3 3 3 3 3 3 3 3
Stearic acid 1 1 1 1 1 1 1 1 1
CBS 1.8 1.8 1.8 1.8 1.8 1.8 1.8 1.8 1.8
Sulfur 1.75 1.75 1.75 1.75 1.75 1.75 1.75 1.75 1.75

Table 2. Characteristics of pyrolytic carbon black and com-
mercial carbon black

Table 3. Characteristics of pyrolytic oil and commercial oil

Specific surface area
[m2/g]

Ash
[%]

Sulfur
[%]

C
[%]

H
[%]

CBp 30.4 15.36 1.45 79.15 4.91
N550 42 0.2 0.5 92.36 –

Specific gravity
[g/cm3], at 15 °C

Kinematic viscosity
[mm2/s], at 100 °C

Sulfur
[%]

Op 0.937 0.86 2.1
Octobus N821 0.908 8.8 <0.01



containing CBp. The first region is the scorch delay,
an induction region during which the majority of
the accelerator reactions occur. In this region, the
scorch time (ts2) of the compounds was little or not
affected by the addition  of the CBp. The minimum
torque (ML), measure of the rubber’s resistance to
flow during processing increased slightly with the
addition of 50 phr CBp. This indicates that the pro-
cessing of rubber compounds containing only CBp
was more difficult than for blends containing com-
mercial carbon black. The second region is the curing
reaction period. The optimum cure time (t90), the
vulcanization time required to obtain a product with
optimum physical characteristics, slightly decreased
with the addition of CBp. With the use of only CBp,
t90 has the lowest value. This is probably due to the
some sulfur content of the pyrolytic carbon black.
The final region of the vulcanization process is
dependent on the crosslink network stability. The
modulus can reach a stable plateau (ideal), it can con-
tinue to increase (marching modulus), or it can
decline (cure reversion). During this period, with the

increase of the CBp content, the maximum torques
of the SBR/NR compounds, which are the measure
of the compound’s final stiffness, are lower than that
of the control sample. This should be attributed to the
poor reinforcing effect of the CBp in NR/SBR com-
pounds, associated with its smaller surface area [25].
The effect of the Op on the vulcanization curves of
the NR/SBR compounds is different from that of
CBp, as shown in Figure 2b. The vulcanization
curves also have three regions, as in Figure 2a, but
the scorch time, optimum cure time, minimum torque
and maximum torque of the compounds was signif-
icantly affected by the addition and increases in the
amount of Op. ts2 and t90 decreased, while ML and
MH increased. The decreases of ts2 and t90 may be
because the content of sulfur in Op is higher than
that of the original process oil. The Op can be con-
sidered as the sulfur donor, so that the formation of
sulfur cross-links was accelerated. The vulcaniza-
tion process occurs more rapidly when pyrolytic oil
is used, as was reported earlier [12]. The increasing
of MH may indicate that NR/SBR compounds loaded
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Figure 1. SEM photographs of (a) N550  (b) CBp

Figure 2. Effects of the (a) CBp and (b) Op on the vulcanization curves of the NR/SBR compounds



with Op tend to become stiff due to the high cross -
linking density produced by sulfur curing.

3.3. Mechanical properties
The mechanical properties of the NR/SBR vulcan-
izates are summarized in Table 4 and 5. CBp and
Op showed different effects on the mechanical prop-
erties for NR/SBR vulcanizates.
With the increase of the CBp content, all of the prop-
erties of the NR/SBR vulcanizates (tensile strength,
elongation at break, modulus, tear strength and hard-
ness) except for compression set are decreased. At
the higher levels, the CBp (50 phr) gives a larger drop
in the mechanical properties relative to the com-
mercial carbon black. The compression set, a meas-
ure of the material’s elasticity after a prolonged
action of compression, gradually increased with the
addition of CBp. There are several reasons for these
results, such as the surface area and ash content of the
pyrolytic carbon black. All of these parameters play
a role in rubber reinforcement through different
mechanisms such as interfacial interaction between
the carbon black and rubber [25, 26]. The measure-
ment of the surface area has been shown to be lower
for CBp than for N550 carbon black (approximately
30.4 m2/g versus 42 m2/g for N550). It is well known

that the degree of reinforcement increases with a
decrease in particle size or an increase in surface
area [25]. As the surface area of the carbon black
increases, the degree of entanglement between the
rubber chains and carbon black particles as well as
the degree of crosslinking increases [27, 28]. There-
fore, the surface area of carbon black is of great
importance for the density of the physical crosslink-
ing. Additionally, in filled rubbers, the fillers act as
stress concentrators. The smaller the particle size of
the fillers, the more efficient will be the stress trans-
fer from the matrix to the fillers. [25, 29]. Hence, it
is understandable that the development of a large
polymer-filler interface is the most important factor
for the degree of reinforcement provided by the
filler [28].
Another factor that may explain the insufficient rein-
forcing effect of CBp is the high ash content of the
pyrolytic carbon black, which limits its use as a rein-
forcement filler for rubber manufacturing. This
means that the real amount of carbon black added to
the rubber vulcanizates is only a part of that used in
the reference compound filled with N550. The ash
content also leads to a low structure, which is the
other parameter that affects the reinforcing proper-
ties of carbon black in a rubber recipe [16]. There-
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Table 4. Effects of pyrolytic carbon black content on mechanical properties of NR/SBR vulcanizates

Table 5. Effects of pyrolytic oil content on mechanical properties of NR/SBR vulcanizates

Control PC1 PC2 PC3 PC4
Pyrolytic carbon black [phr] 0 6.25 12.5 25 50
Elongation at break [%] 664.31 570.28 548.63 539.82 514.17
Tensile strength [N/mm2] 10.91 6.37 5.53 5.13 2.03
100% Modulus [N/mm2] 1.68 1.45 1.42 1.35 0.82
200% Modulus [N/mm2] 3.04 2.49 2.34 2.21 1.23
300% Modulus [N/mm2] 4.62 3.50 3.20 2.88 1.45
Hardness (Shore-A) 52 51 49 45 42
Tear strength [N/mm] 36.9 28.8 25.6 22.7 14.3
Compression set [%] 31 34 34 35 41
Density [g/cm3] 1.09 1.1 1.08 1.06 1.05

Control PO1 PO2 PO3 PO4
Pyrolytic oil [phr] 0 2.5 5 10 20
Elongation at break [%] 664.31 697.10 748.69 770.02 732.67
Tensile strength [N/mm2] 10.91 10.41 10.29 9.65 11.90
100% Modulus [N/mm2] 1.68 1.72 1.74 1.51 2.20
200% Modulus [N/mm2] 3.04 3.05 2.97 2.76 3.96
300% Modulus [N/mm2] 4.62 4.47 4.31 3.89 5.62
Hardness (Shore-A) 52 54 55 62 58
Tear strength [N/mm] 36.9 35.1 34.3 26.6 46
Compression set [%] 31 32 32 36 35
Density [g/cm3] 1.09 1.08 1.07 1.11 1.08



fore, the reinforcement effect of CBp is lower com-
pared with that of commercial carbon black. These
results are supported by SEM images of the carbon
blacks and the fracture surface of the vulcanizates
(Figures 1 and 5).
On the other hand, the mechanical properties of NR/
SBR vulcanizates obtained from Op loading are quite
different from those obtained using CBp, as shown in
Table 5. The tensile strength, modulus and tear
strength decreased at the loadings of 2.5, 5 and
10 phr, but all of these properties increased remark-
ably with a loading of over 10 phr. In contrast, the
elongation at break, hardness and compression set
first increased and then decreased with the addi-
tional Op loading. It is well known that the soften-
ing effect of process oils leads to improved process-
ing through easier filler incorporation and disper-
sion, enabling lower processing temperatures and
better flow properties [30]. In our opinion, the change
in the mechanical properties with the increase of Op
content is due to the adverse influence on process-
ing, such as difficult dispersion, slow filler incorpo-
ration and inferior flow, due to the low level of purity
of Op. However, with the addition of 20 phr Op, the
mechanical properties remarkably changed due to
the effect of the increasing crosslinking density in
the NR/SBR vulcanizates because of the high sulfur
content of Op. These results indicate that the
pyrolytic and commercial oils interfere with the vul-
canized network in different ways. This result is sup-
ported by the prior work by Roy et al. [12], as well
as by the cure properties of NR/SBR compounds.

3.4. Dynamic mechanical properties
The dynamic mechanical behavior of the rubber
vulcanizates is the other indicator of the reinforcing

effect of CBp. The mechanical loss tangent (tan!) is
the ratio between the dynamic loss modulus (E!) and
the dynamic storage modulus (E") (tan! = E!/E"). It
naturally represents the macromolecular mobility of
the chains and the polymer phase transitions [31–33].
It is accepted that a higher tan! indicates greater
mechanical losses, which are related to the high
energy input required for the motion of the molecu-
lar chains of the polymer as the transition is
approached [34, 35].
Figure 3a shows the effect of CBp loading on tan!
as a function of the test temperature. It is well known
that the tan! peak corresponds to the glass transition
temperature (Tg). It can be seen that tan! shows a
peak at temperatures between –60 and –10 °C,
known as a transition region. By incorporating CBp,
the height of the tan! peak and the glass transition
temperature change slightly due to the rubber-filler
interaction. It is well known that the rubber-filler
interaction increases with the increasing surface
area of carbon black, reducing the chain mobility and
transferring less mechanical energy to the rubber mol-
ecules, so that tan #max decreases [36]. The tan! first
increased and then decreased by increasing the CBp
level, but all samples comprising CBp have a higher
tan! than control sample. The results also suggest that
increasing the CBp content causes a decrease in the
elastic behavior (increased tan #max) due to the
decreased real amount of carbon black upon increas-
ing the CBp content. The storage moduli were
effected by the amount of CBp added as shown in
Figure 3b. Accordingly [37], the hydrodynamic rein-
forcement occurs in the rubber composites filled
with the conventional fillers such as CB, giving rise to
an increase in the modulus in polymer matrix. The
storage modulus (E") values decreased with the
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Figure 3. Effect of CBp on (a) tan! and (b) storage modulus as a function of temperature for NR/SBR vulcanizates



increasing CBp amount. This is due to the weaker
reinforcing effect of CBp than that of N550s in the
NR/SBR matrix as discussed earlier. The obtained
results for the dynamic mechanical properties of the
investigated NR/SBR vulcanizates can be explained
by the difference in the morphology, structure and
surface area of the two types of fillers.
The height of the tan! peak decreased and the stor-
age modulus (E") values increased as the Op content
increased (Figure 4a and 4b). The results suggest that
increasing the Op content caused an increase in the
elastic behavior. This is probably due to the increased
crosslinking density. The results obtained for the
dynamic mechanical properties of the investigated
NR/SBR vulcanizates containing Op can be explained
by the difference in the plasticizer effects of Op and
commercial oil.

In addition, the results of DMA testing of the rubber
compounds has also been shown to be a predictor of
the compound’s performance [38]. SBR/NR blends
are used in tire tread compounds for passenger car
due to the good wet traction and rolling resistance
[39]. Comparison of the tan! values of the com-
pounds from this study and other studies was given
in Table 6. A high tan! at 0 °C is correlating with
good wet traction and a low tan! at 60 °C correlat-
ing with low rolling resistance [40]. Generally, it is
difficult to obtain a high tan! at 0 °C and at the
same time a low tan! at 60 °C. Therefore, a balance
between the tan! values at 0 and 60 °C may suggest
the suitable tire tread compound [40]. Both the tan!
at 0 °C and the tan! at 60 °C are obtained in this
study is lower than commercial tire treads [38]. The
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Figure 4. Effect of Op on (a) tan! and (b) storage modulus as a function of temperature for NR/SBR vulcanizates

Table 6. Comparison of the tan! values of the compounds

*Terrill et al. [38], 2010, forty-eight commercial tire treads were investigated by authors for prediction of rolling resistance and wet trac-
tion. Three samples were given here.

**Barcode numbers are given by the authors.

This study Literature

Control PC4 PO4 Waddel et al.,
1990 [39]

Kim et al.,
2009 [41]

Terrill et al., 2010 [38]*

(3287)** (3229)** (3034)**

Ingredients [phr]
SBR 50 50 50 50 100

– – –

NR 50 50 50 50 –
Carbon black 50 – 50 45 35
Silica – – – – 20
Pyrolytic carbon black (CBp) – 50 – – –
Process oil 20 20 – 9 2
Pyrolytic oil (Op) – – 20 – –
ZnO 3 3 3 3 3
Stearic acid 1 1 1 1 1.6
Sulfur 1.75 1.75 1.75 1.6 1

Dynamic mechanical properties
tan! at 0 °C 0.138 0.136 0.155 0.139 0.266 0.174 0.184 0.226
tan! at 60 °C 0.090 0.097 0.115 – 0.169 0.108 0.119 0.178
Ratio of the  tan! (0 °C)/tan! (60 °C) 1.53 1.40 1.35 – 1.57 1.61 1.55 1.27



ratios of the tan! (0 °C)/tan! (60 °C) were obtained
in this study are well satisfied with the literature.

3.5. Morphology
Scanning electron micrographs of the fractured sur-
faces of rubber vulcanizates containing N550 and
CBp are shown in Figure 5. The carbon black mainly
exists as aggregates in the rubber matrix [42]. In the
SEM of all of the NR/SBR vulcanizates, carbon black
aggregates can be easily distinguished. The carbon
black aggregates for N550 have smaller sizes than
the CBp aggregates. As Table 2 demonstrates, N550
has a higher specific surface area than CBp. With the
increase of the CBp content, the interfaces between
the CBp aggregates and the NR/SBR matrix are
apparent. Desirable interaction between the mole-
cules of rubber and carbon black does not exist
between the CBp and the NR/SBR matrix due to the
surface properties of CBp such as its surface area and
the ash on the surface. Hence, CBp has a weaker
reinforcing performance than that of N550s in the
NR/SBR matrix, which is in agreement with the
other conclusions from our experimental results.

On the other hand, the quality of the carbon black
containing rubber is extremely dependent on the
degree of dispersion the carbon black particles
achieved inside the rubber matrix [43]. With the
increased CBp loading the fractured surfaces show
that the filler is nonuniformly dispersed in the NR/
SBR matrix, and the particle size distribution is
extended. These results, as seen from Figure 5, lead
to the low mechanical properties.

4. Conclusions
In this work, the properties of the NR/SBR blends
with the addition of CBp or Op were studied. The
following conclusions can be drawn:
• The processability of the blends did not change

meaningfully with the increase of the CBp content.
However, the processability of the blends is signifi-
cantly affected by the addition and increases in
the amount of the Op. ts2 and t90 were decreased
due to the high sulfur content of Op. Vulcaniza-
tion reactions occurred more rapidly, and the high
sulfur content also affected ML and MH, which
increased due to the high crosslinking density.
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Figure 5. SEM photographs of NR/SBR vulcanizates (a) control (b) PC2 (c) PC3 (d) PC4



• The NR/SBR vulcanizates with increasing CBp
content have lower mechanical properties com-
pared with the commercial CB due to the high ash
content and low surface area of the pyrolytic car-
bon black. From this result, it has been found that
CBp cannot replace commercial carbon black in a
recipe at equal parts, but it may be added in a
small amount, or the drop in the mechanical prop-
erties may become unacceptable. On the other
hand, the mechanical properties of NR/SBR vul-
canizates obtained from Op loading were signifi-
cantly affected by the addition and increases in the
amount of the Op. The tensile strength, modulus
and tear strength decreased at loadings of 2.5, 5 and
10 phr, but all of these properties increased remark-
ably with a loading of over 10 phr. In contrast, the
elongation at break, hardness and compression set
first increased and then decreased with the addi-
tional Op loading. This is due to the low influence
on the processing because of the chemical com-
position.

• With the increase in CBp, NR/SBR vulcanizates
have a higher tan!, which causes a decrease in the
elastic behavior compared with the control sample
due to the decreasing rubber-filler interaction with
the decreasing surface area of CBp. However, the
height of the tan! peak reduced with the increase of
the Op content. The results suggest that increas-
ing the Op content causes an increase in the elas-
tic behavior. This is probably due to the increased
crosslinking density.

• In this work, the variations in the specific surface
area, ash content and sulfur content of the carbon
blacks and also the variations in the chemical
composition of the process oils were found to
cause significant changes in the properties of the
NR/SBR blends. If the CBp and Op are modified,
before adding them to the rubber recipe, they may
improve certain properties of the rubber blends.
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