
1. Introduction

Most plastic products that are used in our everyday
lives such as polypropylene (PP), polyethylene (PE),
polystyrene (PS), polyvinyl chloride (PVC) and
polyethylene terephthalate (PET) are derived from
petrochemical resources [1]. Fossil fuel and natural
gases are the basic raw materials for the synthesis of
petroleum based polymers. These polymers have ex-
cellent mechanical properties, good thermal stability,
and chemical and biological inertness, and they have
wide applications in the packaging industry (bottles,
plastic bags, etc.). They are, however, resistant to bio -
degradation and they survive in the environment for
a long time, forming a significant part of municipal

solid waste, due to the difficulty of recycling or reuse
caused by various levels of contamination [2]. Pack-
aging industries use up to 40% of produced plastics
for short service life applications, and most of these
plastics end up in landfills. Some of these polymers
end up in the aquatic environment, and they pollute
water. During incineration of these petroleum based
plastics, harmful gases like carbon dioxide (CO2),
carbon monoxide (CO), dioxins and furans are re-
leased, and these are the major causes of atmospheric
pollution, which leads to the deterioration of the ozone
layer, resulting in climate change. There is thus a
need to develop biodegradable polymers with similar
functionality as petrochemical polymers, but that are
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readily susceptible to microbial action. This will con-
tribute to a reduction in the environmental pollution
caused by plastic waste, and also conserve petro-
chemical resources [2–5].
Biodegradable polymers are mainly synthesized
from renewable natural resources and they degrade
over a period of time through enzymolysis of micro -
organisms when exposed to a natural environment
[2]. Different types of biodegradable polymers such
as poly(ε-caprolactone) (PCL), poly(butylene succi-
nate) (PBS), poly(lactic acid) (PLA), and poly(alka-
noates) (PHA, PHB, PHBV) have been studied as po-
tential biomaterials for a variety of applications such
as biomedical devices, biodegradable packaging, ad-
hesives, agricultural areas, auto-motion and construc-
tion [6–10]. However, some of these applications are
limited due to the polymers’ poor thermal and me-
chanical properties such as brittleness, low tough-
ness and slow crystallization rates. Amongst the com-
mercial biodegradable polymers, PCL received the
most attention due to its elasticity, biocompatibility
and good ductility caused by its low glass transition
temperature (Tg) of –60 °C. It is easy to be melt
processed by extrusion, melt-spinning, film blowing
and injection moulding, but it has relatively low me-
chanical strength which limits some practical appli-
cations.
Polymer blending is a useful method for achieving
a desirable combination of properties, that are often
absent in the neat polymers. It offers advantages
such as cost effectiveness and less time-consumption
compared to the development of new monomers as
a basis for new polymeric materials. Additionally, a
wide range of material properties is within reach by
merely changing the blend composition [11]. PCL
was blended with various other biodegradable poly-
mers in a number of studies [12–22]. Amongst vari-
ous biodegradable polymers, PBS was the most in-
teresting aliphatic polyester due to its relatively good
melt processability, thermal and chemical resistance,
biodegradability, and excellent mechanical proper-
ties, closely comparable to those of the widely-used
polyethylene (PE) and polypropylene (PP) [4, 5, 15–
21, 23–36]. Double crystalline PCL/PBS blends are
particularly interesting because each component has
an influence on the crystallization behaviour of the
other component. Crystallinity and crystalline mor-
phology have an influence on the strength and me-
chanical properties of a polymer blend, and it is there-
fore important to understand the influence of the

other component in a blend on the crystallization be-
haviour of a particular component. Although blending
is a good method for improving the properties of the
individual polymers, the PCL/PBS blends are immis-
cible as evidenced by composition independent Tgs
and a bi phasic melt, which leads to poor interfacial
adhesion and macrophase separation. Several meth-
ods, such as the addition of the copolymers (poly (eth-
ylene oxide)-block-poly(propylene oxide)-block-
poly(ethylene oxide) (PEO-PPO-PEO) and poly(buty-
lene succinate-co-ɛ-caprolactone) (P(BS-co-CL))
and thermoplastic soy meal (TSM), have been ap-
plied to improve miscibility, interfacial adhesion and
the resultant mechanical properties of PCL/PBS
blends [16, 20, 21].
Recent reports [37–39] revealed that adding conduc-
tive carbon-based nano-fillers such as carbon nan-
otubes (CNTs) into PCL and PBS matrices can en-
hance some of the matrix properties to better levels
than those of the copolymers or polymers filled with
metal powders, as well as produce electrically con-
ductive materials with better mechanical properties.
This is due to their low density, inertness and better
compatibility than metal powders with most poly-
mers. CNTs have shown to have greater potential than
any other carbon-based nano-fillers (i.e., carbon black
(CB), carbon nanofibres (CNF), and graphite) be-
cause of their unique one-dimensional structure with
good electrical conductivity, as well as excellent me-
chanical and thermal properties [40–42]. These im-
proved properties depend not only on the unique me-
chanical strength, large aspect ratio, and excellent
thermal and electrical conductivities, but also on the
alignment, adhesion, and dispersion in the polymer
matrix. The enhanced mechanical properties, thermal
properties and conductivity enable the PBS/CNTs
nanocomposites to be used in industry fields, as well
as in tissue engineering scaffolds or drug delivery
systems. The potential applications for PCL/CNTs
nanocomposites include vapour sensors, electromag-
netic interference shielding and structural biomate-
rials for tissue engineering when electro-spun into
membranes. PCL/PBS/CNTs nanocomposites can be
used as biomaterials in applications such as tissue
engineering, stent materials or drug delivery systems
where their crystallinities, thermomechanical prop-
erties and biodegradation rates can be tailored ac-
cording to the intended use. CNTs are extremely
strong and stiff nanostructures of carbon atoms
arranged in a cylindrical hexagonal network, and are
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often categorized in two different groups: single-
walled carbon nanotubes (SWCNTs) and multi-walled
carbon nanotubes (MWCNTs). SWCNTs consist of
a single graphene layer rolled up into a seamless
cylinder, whereas MWCNTs consist of two or more
concentric cylindrical shells of graphene sheets coax-
ially arranged around a central hollow core with van
der Waals forces between adjacent layers. MWCNTs
are the ideal choice for high-volume industrial ap-
plications due to their bulk availability and better
dispersion compared to SWCNTs [39, 43].
Despite the advantages of carbon nanotubes, they
have a tendency to form aggregates during mixing
with polymers. This is due to the van der Waals attrac-
tion between the nanotubes, which makes it difficult
for them to be dispersed into polymers. This has
been a major drawback in the development of CNT-
based polymeric nanocomposites. Several methods
have been employed to enhance the dispersion of
MWCNTs into polymer matrices, such as (i) treat-
ment of CNTs with inorganic solvents (nitric acid
(HNO3), sulphuric acid (H2SO4) and phosphoric acid
(H3PO4)) in order to attach hydroxyl and carboxylic
acid functional groups to the nanotubes, and (ii) the
masterbatch approach, which is a direct encapsula-
tion of the CNTs into a polymer matrix, and the sub-
sequent release of the carbon nanotubes into the poly-
mer matrix during mixing in the melt. The master-
batch method has received great interest from an in-
dustrial point of view, because it does not involve sol-
vents that are harmful to the environment [43–45].
The ultimate properties of the nanocomposites are
dependent on the processing methods and processing
conditions. Most CNTs/polymer nanocomposites
were processed using the following methods: melt
blending, solution mixing and in situ polymerization
[43, 46, 47]. Melt blending is one of the most eco-
nomical and environmentally friendly methods of
fabricating composites. The compounding is gener-
ally achieved in a single or twin-screw extruder where
the polymer and the nanoparticle mixture are heated
to form a melt. The mixer imparts shear and elonga-
tional stress to the process, helping to break apart the
filler agglomerates and uniformly dispersing them
in the polymer matrix. Another advantage of melt
processing is that it does not require the use of or-
ganic solvents during processing. The compounded
nanoparticle-polymer composite can be further
processed using other polymer-processing techniques
such as injection moulding, profile extrusion, blow

moulding and hydraulic melt pressing. This is the
processing method of choice for most industries [39].
Solution mixing is the most common method used
for small-scale processing, while in situ polymeriza-
tion has also been used. These two techniques are,
however, not commercially viable and they are envi-
ronmentally unfriendly, due to the use of toxic and/or
volatile solvents. This review will explore the mor-
phology and physical properties of PCL, PBS, their
blends and their CNTs containing nanocomposites.

2. PCL/PBS blends

2.1. Morphology

Polymers are often blended together to improve the
thermal and mechanical properties of the final prod-
uct. The morphology of the polymer blend plays a
critical role in understanding the structure-property
relationships between the blend components, and
hence there has been much research on structure de-
velopment in such blends. Several studies were con-
ducted on evaluating the morphology of PCL/PBS
blends by employing scanning electron microscopy
(SEM) and polarized light optical microscopy
(PLOM) [16, 17, 19–21, 27]. These blends were
mostly prepared through melt blending and solution
mixing methods. Regardless of the preparation method
used, the morphologies of the blends were found to
depend on the ratios of the components in the blend,
their viscosities, and the interfacial tension between
the component phases [27, 48]. Depending on the
PCL/PBS blend ratios, the minor component gener-
ally formed discrete spherical domains in a matrix
of the major component, which indicates poor inter-
facial interactions between the components. This im-
plied that PCL/PBS blends are immiscible because
of the biphasic separation between the components
in the blend. The non-uniform distribution of the
spherical domains is a result of the difference be-
tween the melt viscosities of PCL and PBS [27].
Immiscible polymer blends need to be compatibi-
lized in order to achieve better interfacial interaction
between the blend components. The compatibiliza-
tion can be achieved through (i) optimization of the
interfacial tension, (ii) stabilizing the morphology
against high stresses, and (iii) enhancing the adhe-
sion between the component phases. A number of
studies investigated the effect of adding a compati-
bilizer on the morphologies of PCL/PBS blends [16,
20, 21]. In these studies, copolymers (PEO-PPO-
PEO and P(BS-co-CL)) and thermoplastic soy meal
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(TSM) were used as compatibilizers. The compati-
bilizer was generally found to encapsulate itself be-
tween the polymer phases, reducing the spherical
particle sizes and increasing the surface contact area
between the blend components. In some cases, the ad-
dition of the compatibilizer resulted in the disappear-
ance of the spherical domains, exhibiting a rougher
fracture surface than the blend without the compati-
bilizer. This apparently confirmed the effective reduc-
tion of interfacial tension and a significant improve-
ment in compatibility and interfacial adhesion [20].
Some researchers studied ternary blends of PCL and
PBS with PLA or a copolyester of adipic acid, tereph-
thalic acid, and 1,4-butanediol (EASTAR) as a third
component [27]. The third component was also lo-
cated at the interface of the PCL/PBS blends, demon-
strating a three-phase line of contact at the interface,
with improved intermolecular interactions.

2.2. Mechanical properties

The mechanical properties of immiscible polymer
blends depend on the intermolecular forces, chain
stiffness and the crystalline nature of the individual
components in the blend [27]. Very few studies re-
ported the mechanical properties of PCL/PBS blends,
with the available reports showing tensile testing and
dynamic mechanical analysis results [16, 20, 21, 27].
The tensile strength was found to decrease as the
PCL content increased in the blends, while the elon-
gation at break and impact strength increased with in-
creasing PCL content. The decreased tensile strength
indicated poor interfacial interactions between the
blend phases. The higher elongation values showed
improved ductility and toughness in the blends, due
to the plasticization by PCL, which led to improved
chain mobility and energy absorbed by the material
before fracturing.
When a P(BS-co-CL) compatibilizer was added in
amounts up to 5 wt% in a 80/20 w/w PBS/PCL blend
system, the modulus of elasticity, yield stress and
fracture strain dramatically increased with increasing
compatibilizer content [21]. This behaviour was at-
tributed to the improved interfacial compatibility in
the presence of the compatibilizer. However, the prop-
erties declined significantly with further increases in
the compatibilizer content, but no explanation was of-
fered for this observation. It is well known that the ef-
fectiveness of a compatibilizer depends on the content
added in the blend, and in this case saturation was
probably reached at 5 wt% content.

Since immiscibility of polymer blends strongly af-
fect its mechanical properties, the effect of a compat-
ibilizer on the thermo-mechanical properties of PCL/
PBS blends was investigated by dynamic mechani-
cal analysis (DMA) [20]. When PEO-PPO-PEO was
used as a compatibilizer in PCL/PBS blends with
different ratios, the storage modulus (E′) values de-
creased with increasing PCL content. This result was
attributed to the plasticizing effect of the copolymer
backbone of the compatibilizer, that caused homo-
geneity in the sequence lengths. In the loss modulus
(E″) curves, both the PBS and PCL glass transition
peaks were present, especially for the 20–40% PCL
blends. This indicated that there was limited phase
mixing of PCL and PBS. However, in the presence
of the compatibilizer, the E″ value for PBS shifted to
lower temperatures with increasing PCL content,
while the E″ value for PCL slightly increased com-
pared to that of neat PCL. This indicated interaction
and compatibility between the two polymers in the
presence of the compatibilizer.

2.3. Melting and crystallization behaviour

The immiscible nature of the two phases in the blends
influence the thermal behaviour of the PCL/PBS
blends. Several authors investigated the effect of blend
composition, cooling and heating rates on the melt-
ing and crystallization behaviour of PCL/PBS blends
[16, 19–21, 27]. The non-isothermal crystallization
behaviour of PCL/PBS blends was studied using dif-
ferential scanning calorimetry (DSC). Generally, the
blends were cooled from the melt at various cooling
rates of 2, 5 and 10 °C·min–1, and the subsequent
melting behaviour was investigated at a heating rate
of 20 °C·min–1. Two crystallization peaks were re-
ported for the non-isothermal crystallization of these
blends, corresponding to the crystallization of PBS
and PCL, respectively. The crystallization peak tem-
perature of PBS was higher than that of PCL, and
the crystallization peak temperatures for PCL and
PBS in the blends remained almost the same as those
of the neat materials, which confirmed the blend im-
miscibility. However, the crystallization exotherm of
PCL in a 40/60 w/w PCL/PBS blend split into two
peaks, although no explanation was given for this
observation [19]. One possible explanation could be
fractional crystallization, indicating better dispersion
and a significant improvement in the interfacial
adhesion compared to the PCL rich blends. For a
given blend composition, the crystallization peak
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temperatures of PCL and PBS shifted to lower tem-
peratures with increasing cooling rate due to super-
cooling.
The melting behaviour of the PCL/PBS blends, after
the completion of the non-isothermal crystallization
at various cooling rates, was also studied by DSC.
Generally, two separate melting endotherms were re-
ported for all the blends independent of the cooling
rate used, corresponding to the melting of PCL at the
lower temperature and PBS at the higher tempera-
ture. Double melting endotherms, or one main melt-
ing endotherm with a shoulder on the left side of the
main melting peak, were found for PBS, and the ratio
of the areas of the two melting peaks was influenced
by the cooling rate used and the blend composition.
The lower temperature melting peak was ascribed to
the melting of the PBS crystals formed during the
cooling process from the melt, while the higher tem-
perature melting peak was attributed to the recrys-
tallization-melting of the material which melted at
the lower temperature. At a given cooling rate, and
for a given blend composition, the ratio of the area
of the lower melting peak to that of the higher melt-
ing peak decreased with increasing PCL content, in-
dicating that the crystallization of PBS from the melt
was hindered by the presence of PCL, especially dur-
ing fast cooling, because less time was available for
the crystallization of PBS.
In the case of the melting of PCL, only one well-de-
fined melting peak was reported for the PCL-rich
blends (100/0, 80/20, 60/40 w/w) at cooling rates of
2 and 5 °C·min–1, while a main melting peak with a
small shoulder on the right side of the main melting
peak was reported at a faster cooling rate of
10°C·min–1 [19]. For the PBS-rich blends (40/60 and
20/80 w/w), two melting peaks were reported for
PCL independent of the cooling rate used. This dou-
ble melting behaviour was ascribed to a melting–re-
crystallization mechanism. However, the blend com-
position also played an important role in the melting
behaviour of the two components. When the content
of the other component was higher in the blends, the
appearance of a double melting peak due to melting-
recrystallization was more pronounced. The degree
of crystallinity (Xc) of the components in the blends
was calculated using Equation (1):

(1)

where ΔHm was the melting enthalpy, Wf the weight
fraction of PCL or PBS in the blends, and ΔHm,100

was the melting enthalpy for 100% crystalline poly-
mer. For PBS, ΔHm,100 was taken as 110 J·g–1, which
was calculated through extrapolation. For PCL,
ΔHm,100 was taken as 136 J·g–1. The degree of crys-
tallinity of PBS in the blend remained almost the
same and was independent of the blend composition,
while the degree of crystallinity of PCL in the blends
decreased sharply, especially for the 60/40 w/w
PBS/ PCL blend, indicating that the presence of a
high PBS content had a significant negative influ-
ence on the crystallization of PCL. PBS also showed
a cold crystallization peak, which was enhanced by
the addition of PCL. It was probably the larger free
volume created by the molten PCL, which improved
the mobility of the PBS chains and gave rise to its
crystallization during heating.
The melting and crystallization behaviour of the
PCL/PBS blends compatibilized with PEO-PPO-PEO
and P(BS-co-CL) copolymers was reported in some
studies [20, 21]. The melting and crystallization tem-
perature of PBS generally decreased in the presence
of a PEO-PPO-PEO compatibilizer, which was attrib-
uted to the plasticizing effect of the copolymer back-
bone of the compatibilizer that caused homogeneity
in the sequence lengths. However, there was no sig-
nificant change in the melting temperature of PCL in
the blends. It was further observed that the percentage
crystallinity of PBS was influenced differently by the
presence and amount of PCL in the blends, depending
on whether the blends were compatibilized or non-
compatibilized. This value increased with increasing
PCL content throughout the composition range for the
compatibilized blends, but for the non-compatibilized
blends it increased with increasing PCL content up to
30 wt%, after which it declined. This indicates a sat-
uration point due to limited phase mixing [20]. The
addition of 5 wt% P(BS-co-CL) compatibilizer to a
blend composition of 20/80 w/w PCL/PBS was found
to result in a stronger interaction between the two
components compared to 2 and 8 wt% compatibilizer
contents. The latter two compatibilizer contents
seemed to have retarded the crystallization of PBS and
enhanced that of PCL in the blend [21].

3. PCL/PC blends

This section describes previous research on polycar-
bonate (PC)/PCL blends, because of the effective use
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of PC as matrix polymer in the preparation of CNTs
masterbatches [49, 50]. The PC/CNTs masterbatch
can be added to PCL to improve the dispersion of
CNTs in the PCL matrix.

3.1. Miscibility assessment

The most widely used method to evaluate whether
miscibility was achieved, is by measuring the glass
transition temperature. The PCL/PC blend system is
an example in which homogeneous mixing of the
components in the melt and in the amorphous phase,
over the whole composition range, is envisaged [51–
57]. PCL/PC blends were found to be miscible, be-
cause a single Tg, that varied with composition be-
tween those of the neat components, was observed
(Figure 1). This is because, upon cooling, the amor-
phous phase remained a homogeneous mixture of
the two polymers. Since the Tg of PCL is much lower
than that of PC, the Tg of the blends decreased upon
the addition of PCL to PC. The low Tg of PCL en-
abled the PC to crystallize at a rate that was much
higher than that for neat PC, indicating that the PCL
acted as a very effective macromolecular plasticizer
[51, 53]. Even though PCL and PC have been report-
ed to be miscible, some authors [50] reported partial
miscibility, where two phases were formed (PC-rich
and PCL-rich phases). In the PC-rich phase, the small
amount of PCL chains included within this phase
plasticized the PC component and the PC-rich phase
was therefore able to crystallize. In contrast, in the
PCL-rich phase, the presence of PC chains caused
changes in the glass transition temperature of the
PCL phase that were much smaller than those pre-
dicted by the Fox equation.

Several equations were proposed to predict the val-
ues of the glass transition temperature for miscible
polymer blends [51–53, 58]. The earliest of these
equations was the Fox equation (Equation (2)):

(2)

where Tg is the glass transition of the blend, and Tgi

and wi are the respective glass transitions and weight
fractions of the components in the blend. For most
blends, positive or negative deviations were observed
from the Fox equation, because this equation does
not take into account the interaction between the com-
ponents. Another equation, which does factor in this
interaction, is the Gordon-Taylor equation (Equa-
tion (3)):

(3)

where K is a dimensionless binary constant described
by Equation (4):

(4)

where Δγi is the change in the volumetric expansion
coefficient at the glass transition temperature of each
component, and Vi are their specific volumes. This
equation was originally derived for random copoly-
mers, and can be used to describe the composition
dependence of miscible polymer blends exhibiting
negative or positive deviations if K is treated as an
adjustable parameter. However, it should only be ap-
plied to blends and mixtures with relatively weak
specific intermolecular interactions. These classical
equations predict that Tg increases continuously
(smoothly) and monotonically with composition.
However, it has been reported that the Tg-composi-
tion variation of several polymer blend systems is
not monotonic and exhibited a cusp at a certain crit-
ical composition. This phenomenon became very
prominent when the Tg difference between the two
homopolymers exceeded 50°C. The classical equa-
tions became invalid below a critical temperature,
Tc, as the free volume of the high Tg component be-
came zero. The relationship between the critical tem-
perature and the composition is given by the Kovacs
expression (Equation (5)):

(5)
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where Δγ2V2 is the difference between the volume
expansion coefficients in the glassy and liquid states
of component 2, and fg2 is the free volume fraction
of polymer 2 at Tg2. Below Tc, the Tg is described by
Equation (6):

(6)

According to this equation, the Tg of the blend is
uniquely determined by the properties of the low Tg

polymer at temperatures below Tc or at compositions
below φc. For excess volume between the two poly-
mers upon mixing, Braun and Kovacs derived Equa-
tion (7):

(7)

where g is an interaction term defined by Equation (8):

(8)

where Ve is the excess volume and V the volume of
the blend. The excess volume of g is positive if blend
interactions are stronger than those between the ho-
mopolymers. g is obtained by fitting the Tg-composi-
tion data to the Braun-Kovacs equation. Even though
the literature conflicts in some aspects such as dif-
ferent methods used for preparing the blends, solu-
tion- or melt mixing, and the compositional variation
of the glass transition, Cheung and co-workers [52]
concluded that the Fox equation can only accurately
predict the glass transition temperature for compo-
sitions above 70% PC and that the Braun-Kovacs ex-
pression should be used in the other range. In con-
trast, Balsamo et al. [53] and Ketelaars et al. [51]
accurately described the compositional variation with
the Fox equation over the entire composition range.

3.2. Melting behaviour

The melting behaviour of the components in the
blend was investigated in several studies [53, 54,
56]. In order to evaluate the miscibility in polymer
blends, the equilibrium melting temperature (Tm

o) was
determined [53, 54]. Two different approaches are
often used to obtain the equilibrium melting point.
In the Gibbs-Thompson approach, Tm

o is obtained
from the intercept of a plot of the reciprocal of lamel-
lar thickness versus Tm. The most popular approach
is the Hoffman-Weeks extrapolation, in which Tm

o is

derived from a plot of apparent Tm versus Tc, the val-
ues of which are obtained after isothermal crystal-
lization. The temperature at which the experimental
Tm versus Tc line intercepts the Tm = Tc line gives the
equilibrium melting point. There are conflicting re-
ports in the literature on certain aspects, such as the
depression of the equilibrium melting temperature
of one or more components in compositions where
crystallization is possible, for example in PCL/PC
blends where PCL was the major component. In [53,
54], an equilibrium melting temperature depression
was reported for both the PCL and PC components
as the content of the other component increased. This
decrease was attributed to (i) the reduction in the
chemical potential of the component in the amor-
phous phase caused by the diluent polymer, (ii) poly-
mer-polymer interactions, and (iii) lack of influence
of morphological effects such as lamellar thickening
and crystal perfection. However, in [56] no melting
temperature depression was reported for either PCL
or PC, and the authors concluded that the Flory in-
teraction parameter, χ, for this PCL/PC blend system
was possibly zero or slightly positive. Other authors
were not able to perform the calculation of the Flory-
Huggins interaction parameter, χ from Equation (9).
This was due to a nonlinear dependence of the
curves in a plot of (1/Tmb

o ) – (1/Tm
o) versus ϕa

2, sug-
gesting that the interaction parameter could be com-
position dependent [53]:

(9)

where Tm
o and Tmb

o are the equilibrium melting points
of the neat crystalline component (PCL) and the
PCL/PC blend, respectively. The subscripts α and c
denote the amorphous and crystalline components.
R is the universal gas constant, ∆Hm

o is the molar heat
of fusion for PCL (3880 cal·mol–1) and V is the molar
volume (Vc for PCL = 105 cm3·mol–1, Vα for PC =
193.4 cm3·mol–1).

3.3. Crystallization behaviour

To be certain that the PCL/PC blends are not phase-
separated upon preparation, the isothermal crystal-
lization kinetics were investigated by employing
DSC and synchrotron SAXS [52, 53, 56, 57]. For neat
PCL, the Avrami index n was found to be between 3
and 3.7 and for the blends it varied between 3 and 4,
depending on the crystallization temperature used.
This indicated that the nucleation mechanism changed
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from instantaneous (n = 3) to sporadic (n = 4) if
spherulitic growth was assumed. When analyzing
the variation of n with composition and the variation
of n with increasing Tc, the n values in both cases ex-
hibited an increase. This indicated a change in nucle-
ation from instantaneous to sporadic. However, there
was a general reduction in the values of K both with
increasing Tc and increasing PC content. This is due
to the higher rigidity of PC in comparison with PCL,
which disturbed PCL’s nucleation and molecular dif-
fusion to the crystallizing front [53].
From the n and K values, the half-crystallization time
(the time required to achieve 50% relative crystallinity
or the time that the sample needs to develop half the
amount of crystals it will eventually produce) was
calculated according to Equation (10):

(10)

The inverse of the experimentally determined half-
crystallization time (1/τ50%), is a quantity proportion-
al to the overall crystallization rate (which includes
both nucleation and growth). When the DSC results
are coupled with the synchrotron findings, there ex-
isted a very strong parallel relationship between the
overall rate of crystallization and the lamellar growth.
The overall crystallization rate, 1/τ50%, as measured
by DSC, and the lamellar growth, as monitored by
synchrotron SAXS, decreased with increasing crys-
tallization temperature and PC content [53, 56]. This
was due to the presence of PC, that retarded both the
overall crystallization rate and the lamellar growth
of PCL, as well as the lower supercooling that slowed
the crystallization process for all the composites [52].

4. PCL/CNTs nanocomposites

4.1. Morphology

Morphology characterization can answer many im-
portant questions about the distribution of nanotubes
in a polymer matrix, the dispersion/agglomeration of
the particles, and the interfacial interaction between
the nanofiller and the polymer matrix [11]. There-
fore, the visual aspects of morphology determination
allow the investigator to hypothesize explanations
concerning the observed property behaviour.
Extensive work has been conducted on PCL/
MWCNTs nanocomposites [40–43, 46, 59–68]. The
samples were mostly prepared by melt blending, so-
lution mixing and in situ polymerization. The melt
blending method is generally considered less effective

to disperse MWCNTs in PCL than the other tech-
niques, due to primary MWCNT aggregates that could
not be fully detached during melt processing. Solu-
tion mixing is a two-step sonication method in which
the polymer is first dispersed in a solvent and then
the MWCNTs are dispersed in the polymer solution,
while in situ polymerization involves the polymeriza-
tion of the monomer using a radical initiator, with the
MWCNTs dispersed in the prepolymer through ul-
trasonication. The nanocomposites prepared through
solution mixing and in situ polymerization showed
a uniform dispersion of the MWCNTs in the polymer
matrix, because the agglomerates could be broken
down giving rise to better contact and interfacial in-
teractions between PCL and the MWCNTs [43, 63].
However, the dispersed MWCNTs sometimes tend-
ed to reaggregate due to the van der Waals interac-
tions among the MWCNTs, if the space between the
dispersed MWCNTs was close enough. This tenden-
cy of reaggregation was more pronounced after stop-
ping the ultrasonication and mechanical stirring.
Several methods have been used to enhance the dis-
persion of MWCNTs into polymer matrices [43–45].
The methods commonly employed to improve dis-
persion include: (i) treatment of CNTs with inorganic
solvents such as nitric acid (HNO3), sulphuric acid
(H2SO4) and phosphoric acid (H3PO4), in order to at-
tach hydroxyl and carboxyl acid functional groups
to the nanotubes, and (ii) the masterbatch approach,
which is a direct encapsulation of the MWCNTs into
a polymer matrix, and the subsequent release of the
carbon nanotubes into the matrix polymer during
mixing in the melt. The masterbatch method has re-
ceived great interest from an industrial point of view,
because it does not involve solvents that are harmful
to the environment [44, 45, 50]. During the function-
alization process, the use of strong acids could dam-
age the nanotubes by shortening of the length or un-
zipping the MWCNTs [43].
In investigations of the effect of pristine and func-
tionalized MWCNTs on the morphologies of PCL/
MWCNTs nanocomposites, the functionalized MW-
CNTs were found to be embedded in the PCL matrix
and uniformly dispersed without apparent aggrega-
tion (Figure 2b). This was due to the formation of
chemical bonds between the ester groups through a
reaction between the carboxylic acid groups of PCL
and the hydroxyl groups of functionalized MW -
CNTs. Some of the MWCNTs were emerging from
the surface, but they were still surrounded by PCL,
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indicating good compatibility between the MWC-
NTs and the PCL matrix. On the other hand, the pris-
tine MWCNTs (Figure 2a) were dispersed in the PCL
matrix along with minor agglomerates due to the van
der Waals interaction between the entangled carbon
nanotubes [64].
Elsewhere in the literature [50], the authors prepared
nanocomposites by melt blending PCL with a poly-
carbonate (PC)/multi-wall carbon nanotubes (MW-
CNTs) masterbatch in a twin screw extruder. Their
results indicated the presence of two phases (PC-rich
and PCL-rich phases), where a small amount of PCL
chains were present in the PC-rich phase, and can
plasticize the PC component, such that it can crystal-
lize. The PCL-rich phase contained only a small
amount of PC chains, such that changes in the Tg of
the PCL phase were much smaller than those predict-
ed by the Fox equation. Due to the partial miscibility
and the establishment of PC-rich and PCL-rich phas-
es, a fair number of MWCNTs diffused from the PC-
rich phase to the PCL-rich phase, but their diffusion
depended on the masterbatch content in the blend.

4.2. Mechanical and thermo-mechanical

properties

Mechanical performance of polymer nanocomposites
is dependent upon the interfacial interaction between
the nanofiller and the polymer matrix, chain stiff-
ness, and the crystallinity of the polymer in the nano -
composite. This implies that to utilize the reinforcing
capability of carbon nanotubes and to maximize the
mechanical properties of the nanocomposites, strong
interfacial bonding is necessary. The extent of inter-
action depends on how well the filler is dispersed in

the matrix [27]. Several authors evaluated the me-
chanical and thermo-mechanical performance of
pristine and functionalized MWCNTs (f-MWCNTs)
in PCL nanocomposites [39, 59, 60, 62, 68]. Gener-
ally, non-functionalized MWCNTs existed as agglom-
erates, because of the van der Waals forces and elec-
trostatic interactions between the carbon nanotubes.
The carbon nanotube agglomerates act as stress con-
centration points in the polymer matrix and can, in
some cases, reduce the mechanical properties of the
original polymer [39]. Functionalized MWCNTs
nanocomposites gave much better mechanical prop-
erties than non-functionalized MWCNTs nanocom-
posites, which was ascribed to a better dispersion of
the functionalized MWCNTs in the PCL matrix
compared to the non-functionalized MWCNTs [59,
60, 68]. The mechanical properties such as tensile
modulus, compressive modulus, tensile strength, stor-
age modulus and elastic modulus increased with in-
creasing MWCNTs content up to 0.5 wt%. However,
the properties were more improved for the f-MW -
CNTs than for the pristine MWCNTs nanocompos-
ites [41,62, 68]. The improvement of these properties
was related to the better dispersion of the f-MW -
CNTs in the polymer matrix that provided more uni-
form stress distribution, minimized the presence of
stress-concentration centres, and increased the inter-
facial area for stress transfer from the polymer ma-
trix to the MWCNTs [39, 59, 60, 62, 68]. Increasing
the MWCNTs content above 0.5 wt% (especially for
pristine MWCNTs) resulted in a decline in the me-
chanical properties of the nanocomposites. This was
due to the formation of MWCNTs aggregates, which
led to poor dispersion in the polymer matrix [41].
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Figure 2. SEM images of the fractured surfaces (a) p-MWNT (5 wt%)/PCL and (b) f-MWNT (5 wt%)/PCL [64].



4.3. Nucleation and crystallization behaviour

The nucleation and crystallization behaviour of poly-
mer nanocomposites is very important, because it af-
fects not only the crystalline structure and morphol-
ogy of semi-crystalline polymers, but also the final
physical properties of the material. In previous re-
search [46, 60, 64, 67–69], different functional groups
such as N-methylpyrrolidine, carboxyl and hydroxyl,
urethane, phenylmethanol, primary amine groups and
2-hydroxyethylbenzocyclobutene were used to func-
tionalize MWCNTs. In some cases, the MWCNTs
were not modified [40, 50, 66, 69]. In order to eval-
uate the efficiency of the MWCNTs as nucleating
agents, it is necessary to compare their effect with
that of the PCL self-nuclei or self-seeds. Self-nucle-
ation (SN) experiments deal with the dependence of
the melting temperature or self-nucleation tempera-
ture (Ts) on the subsequent crystallization process.
According to Fillon et al. [70], three different do-
mains can be identified. Domain I is when the Ts tem-
perature is high enough to melt all the crystals and
destroy the crystalline memory. Domain II is when
lower Ts values will partially melt the crystals or
leave some residual crystalline memory that can self-
nucleate the material during cooling from Ts. Do-
main III is when lower Ts temperatures can only par-
tially melt the material, and unmolten crystals can
anneal during the time the sample stays at Ts (usually
5 min), while the molten material can self-nucleate
during cooling from Ts. The self-nucleation temper-
ature that originates the largest amount of self-nuclei
is the lowest temperature belonging to Domain II.
This temperature is called the ideal Ts (Ts,ideal). It is
expected that the Tc values after SN at Ts,ideal are the
highest temperatures for the crystallization under
non-isothermal conditions for a polymer. In fact, Fil-
lon et al. [70] used such values as a reference to cal-
culate the efficiency of a nucleating agent. The effi-
ciency of the MWCNTs as nucleating agents for
PCL was calculated according to Equation (11),
which was proposed by Fillon et al. [71]:

(11)

where Tc,NA is the peak Tc value determined from a
non-isothermal DSC cooling run for a sample of the
polymer with the nucleating agent (NA), Tc,PCL is the
peak Tc value for neat PCL after its crystalline history
has been erased (also determined from a non-isother-
mal DSC cooling scan), and Tc,max is the maximum

peak crystallization temperature determined after
neat PCL has been self-nucleated at the ideal self-
nucleation temperature or Ts,ideal (i.e., the self-nucle-
ation temperature that produces maximum self-nu-
cleation without any annealing) [71, 72].
Müller and coworkers [66, 69] first described super-
nucleation effects for PCL/CNT nanocomposites. Su-
pernucleation refers to the nucleation action that is
better than that provided by the polymer’s own crys-
tals. A characteristic of this behaviour is a large in-
crease in Tc. Some authors did, however, encounter
antinucleation effects when the interaction between
the CNTs’ surfaces and the polymer was very poor
[46]. Figure 3 summarizes the shifts in non-isothermal
crystallization temperatures from that of neat PCL
after introduction of CNTs, and the reasons for the dif-
ferences observed in this figure are discussed in the
next paragraphs.
Trujillo et al. [66] investigated the nucleation behav-
iour of simple melt mixed, untreated PCL/MWCNTs
nanocomposites, and reported for the first time a su-
pernucleation effect in a well dispersed melt mixed
system. This result indicated that the CNTs supernu-
cleation could be dominated by (i) the strong inter-
action between the polymer and the MWCNTs and
(ii) the dispersion quality of the blend. A similar or
better supernucleation effect was reported when PCL
was blended with PCL grafted MWCNTs (MW -
CNTs-g-PCL) [69]. The supernucleation effect of the
MWCNTs was the result of an excellent dispersion
of the MWCNTs in the polymer matrix. However,
the improvement in the dispersion with the modifi-
cation of MWCNTs approach led to a decrease of its
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Figure 3. Crystallization temperature (Tc) shift (difference
between the Tc value of neat PCL and the Tc value
of the PCL with CNTs) for different PCL/CNT
systems reported in the literature.



nucleation capacity, as a result of the agents intro-
duced. Sanchez-Garcia et al. [73] prepared PCL/
MWCNT nanocomposites by solution blending and
obtained an increase in Tc of the PCL of only 2°C for
5 wt% CNT content. When they increased the MWNT
content to 10 wt%, they observed a maximum in-
crease in Tc of 9°C. Wu et al. [74] obtained Tc shifts
of up to 10°C in nanocomposites of PCL with 5 wt%
functionalized MWNTs (the nanocomposites were
prepared by a ‘grafting to’ technique during melt
blending). On the other hand, Mitchell and co-work-
ers [75] prepared PCL-g-SWNT nanocomposites with
a ‘grafting from’ method and were able to observe a
maximum increase in Tc of 14°C with a 5 wt% MWNT
content. Gumede et al. [50] prepared PCL/(PC/MWC -
NTs) nanocomposites by melt blending and obtained
an increase in Tc of the PCL up to 1 wt% MWCNTs
content. At MWCNT concentrations above 1 wt%,
the increase was slow due to (i) limited phase mixing
between the PC-rich and the PCL-rich phases, and
(ii) an agglomeration of MWCNTs and PC crystal-
lization.
Not all the literature reported increases in Tc for the
PCL/CNT nanocomposites, because the efficiency
of a nucleating agent depends on, among other fac-
tors, the interaction between the polymer and the
CNT surface, and the quality of the dispersion and
distribution of the particles. Pérez and co-workers
[46] reported that MWCNTs, functionalized with 2-
hydroxyethyl benzocyclobutene (BCB-EO) through
a Diels-Alder cycloaddition reaction, nucleated lin-
ear PCL (L-PCL), but showed an antinucleation ef-
fect in cyclic PCL (C-PCL). This was due to the re-
duced diffusion of C-PCL induced by the threading
effect induced by the L-PCL molecules grafted to the
MWCNTs, which opposed the nucleating effect of
the MWCNTs.
Crystallinity and crystalline morphology have an in-
fluence on the strength and mechanical properties of
a polymer nanocomposite, and it is therefore impor-
tant to understand the influence of the other compo-
nent in the nanocomposite on the crystallization

behaviour of a particular component. To describe the
crystallization kinetics, the overall crystallization
rate, 1/τ50% (which includes both primary nucleation
and growth kinetics components) is expressed as the
inverse of the experimentally determined half-crys-
tallization time and depends on isothermal crystal-
lization temperatures. Table 1 shows crystallization
temperature ranges for neat PCL and different PCL/
CNT systems reported in the literature. In most of the
kinetic studies [50, 66, 69] on the crystallization of
PCL/CNTs nanocomposites there were three general
observations: (i) The crystallization temperature range
for neat PCL was lower than those for the nanocom-
posites. This was an indication that the supercooling
needed for the development of isothermal crystal-
lization in the nanocomposites is much lower than
that for neat PCL in view of the nucleation effect that
they cause on the PCL matrix; (ii) The overall crys-
tallization rate increased with MWCNTs loading for
the systems explored, which was probably due to the
nucleation effect that accelerated the primary nucle-
ation and contributed to increasing the overall crys-
tallization kinetics; (iii) The temperature dependence
of the overall crystallization rate was not the same
[46, 50, 66, 69]. However, in study [46] the crystal-
lization temperature range for C-PCL was higher than
that of the C-PCL/MWNT-g-PCL nanocomposite,
and the nanocomposite exhibited a decrease in over-
all crystallization rate compared to C-PCL. This was
because of the antinucleation effect caused by the
MWNT-g-PCL on C-PCL (caused by the threading
effects of the grafted linear PCL chains and the C-
PCL chains).
The influence of MWCNTs on the crystallinity of a
polymeric matrix can vary, depending on the poly-
mer/MWCNTs interaction and the nanofiller disper-
sion achieved. Different trends were reported in
terms of evaluating the percentage crystallinity of
PCL/MW CNTs nanocomposites, amongst others an
increase [66], a decrease [50, 60] and no change [46]
after the addition of MWCNTs. The increase in crys-
tallinity was attributed to the excellent dispersion
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Table 1. Crystallization temperature range for neat PCL and different PCL/CNT systems reported in the literature.

*L-PCL, **C-PCL

Sample
Tc range

[°C]

Neat PCL
*33.0–40.5 [46]

**43.0–46.5 [46]
45.0–49.5 [66] 35.0–44.0 [69] 41.0–50.0 [50]

Nanocomposites
*36.5–40.5 [46]

**39.0–46.5 [46]
49.0–54.5 [66] 48.0–53.0 [69] 42.0–54.0 [50]



and nucleating power of the MWCNTs, and the de-
crease to steric restrictions between the polymer
chains and the MWCNTs that limited chain diffusion
during crystallization.
The data obtained during the isothermal crystalliza-
tion experiments were analyzed employing the Avra-
mi equation, which is expressed in Equation (12) [76]:

(12)

where t is the experimental time, t0 is the induction
time, Vc is the relative volumetric transformed frac-
tion, n is the Avrami index, and K is the overall crys-
tallization rate constant. The Avrami index n, which
is obtained from the slope of the linear fit in Equa-
tion (3), represents the order of the crystallization ki-
netics and depends on the dimensionality of the crys-
talline superstructure and on their nucleation kinetics
[76, 77]. Generally, neat PCL revealed Avrami index
values of approximately n = 3. This indicates that
(i) the crystal geometry is spherulitic and follows an
athermal nucleation which leads to spherulites of
roughly the same size during isothermal crystalliza-
tion, and that (ii) the nucleation is very fast (instan-
taneous), and the nucleation starts almost immedi-
ately after the isothermal crystallization temperature
was reached [47, 66, 69]. Trujillo et al. [66] reported
lower Avrami index values (approximately n = 2) for
PCL/CNT nanocomposite systems compared to the
n = 3 for neat PCL, corresponding to the formation of
axialites. This indicates that the growth of the poly-
mer crystals was affected by the dense nucleation on
the MWCNTs surfaces, thereby decreasing the di-
mensions of the polymer crystals. Gumede and co-
workers [50] reported values higher than 3 for the
PCL/(PC/MWCNTs) nanocomposites, which was un-
expected because it was reported that MWCNTs are
effective in nucleating PCL. In some cases, the Avra-
mi index values showed slight variations for both
neat PCL and the nanocomposites in the range of 1.4
to 1.8. The slight variation of n indicates that the crys-
tallization mechanism may not change within the in-
vestigated crystallization temperature range, irre-
spective of the content of the MWCNTs [68]. An
increase in n values was also reported [46], as nu-
cleation tends to be more sporadic with increasing
temperature. The Avrami index values were within
2.5–3, indicating instantaneous spherulites were
formed. At low Tc values, the Avrami index ap-
proached 2 (corresponding to axialites) indicating

that nucleation densities are too high and early im-
pingement prevented superstructures from develop-
ing full tridimensional spherulites. However, in the
case of C-PCL/MWNT-g-PCL, the effect caused a
relatively more sporadic nucleation as Avrami in-
dices were between 3.5 and 4 at high Tc tempera-
tures. Since the unit of K (intercept of the linear fit
in Equation (3)) is min–n and n is not constant, it is
difficult to compare the crystallization rate directly
from the values of K. However, the values of K1/n

display a similar trend to 1/τ50%, since K1/n is also re-
lated to the overall crystallization kinetics.
In addition to the use of the Avrami equation, many
researchers employed nucleation and growth theo-
ries to fit the crystallization kinetics data. The most
widely employed approach is the Lauritzen and
Hoffman (LH) theory, originally derived for second-
ary nucleation, and extended to nucleation and
growth DSC data, in the expression given by Equa-
tion (13) [78]:

(13)

where 1/τ50% is the inverse of the experimental half-
crystallization time (obtained by DSC isothermal ex-
periments), 1/τ0 is a pre-exponential factor that in-
cludes nucleation and growth, U* is the activation
energy for the transport of the chains to the growing
front (a value of 1500 cal·mol–1 is usually employed),
R is the gas constant, Tc is the isothermal crystalliza-
tion temperature [K], T∞ is the temperature at which
chain mobility ceases (usually taken as Tg – 30 K),
and ΔT is the supercooling (Tm

o – Tc), with Tm
o as the

equilibrium melting temperature. The correction fac-
tor f is a temperature correction term equal to
2Tc/(Tc + Tm

o), and Kg
τ is a constant related to the en-

ergy barrier for crystallization and growth. If the crys-
tallization rate is approximated to experimentally de-
termined values of the inverse of half crystallization
times (1/τ50%), then Kg

τ values are proportional to the
energy barrier for overall crystallization. The value
of Kg

τ is given by Equation (14) according to the Lau-
ritzen and Hoffman theory:

(14)

where b0 is the width of the chain, σ is the lateral sur-
face free energy, σe is the fold surface free energy,
Tm

0 is the equilibrium melting temperature [K], k is
the Boltzmann constant and Δhf is the heat of fusion
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of a perfect crystal. The parameter j is determined by
the crystallization regime and is equal to 4 for regime I
and III, and equal to 2 for regime II. The Lauritzen-
Hoffman theory analyzes the growth data according
to competition between the rate of deposition of sec-
ondary nuclei (i) and the rate of lateral surface spread-
ing (g), resulting in three different regimes. Regime I
occurs when i << g and may be found at very low su-
percoolings; in regime II, i is of the order of g and
occurs at moderate supercoolings; in regime III, i > g
and is found at very high supercoolings. From the
values of Kg

τ, the product σσe is obtained from Equa-
tion (14). Equations (15) and (16) allow the calcula-
tion of σ (and therefore σe) and q, the work done by
the chain to form a fold:

(15)

(16)

where a0b0 is the cross-sectional area of the chain.
To obtain the parameters of the LH theory, the fol-
lowing values were used: Tg = 213 K, Tg – 30 K,
∆H = 163 J·g–1, a0 = 4.52 Å, b0 = 4.12 Å, pc =
1.1 g·cm–3, U* = 1500 cal·mol–1. According to the lit-
erature [78], the Kg

τ values are lower for the nano -
composites than for neat PCL. This result was inter-
preted by considering that a supernucleation effect
contributed to decreasing the energy barrier for over-
all crystallization (which includes both nucleation
and growth) and decreased the fold surface free en-
ergy (σe) and the work needed for the chains to fold
(q). It was found that above 0.5 wt% MWCNTs load-
ing [66], the supernucleation effect was so large that
a transition to Regime III occurred, since nucleation
was much faster than the spreading rate. However,
some studies reported only Regime II for the nano -
composites, indicating that the nucleation was not so
fast due to the moderate supercoolings and interac-
tion between the polymer and the MWCNTs [79, 80].

4.4. Conductivity

Heat dissipation in modern electronic devices require
interface materials with high electrical and thermal
conductivities. Nanocomposites made up of polymer
matrices and carbon nanotubes have been investigat-
ed with the aim of utilizing the good thermal and
electrical properties of carbon nanotubes. Currently,
the proposed applications for PCL/CNTs nanocom-
posites include vapour sensors, electromagnetic in-
terference shielding and structural biomaterials for
tissue engineering when electro-spun into mem-
branes. A low electrical percolation threshold and
good electrical conductivity are the critical proper-
ties required. It is important to note that electrical
and thermal conductivities occur according to differ-
ent mechanisms. The mechanism of thermal energy
transport in CNTs is perceived to take place through
phonon conductivity, and it preferably occurs in the
crystalline parts in the bulk of the polymer, and to a
smaller extent at the points of contact with the CNTs.
Phonons transfer heat energy through interactions
with each other and with subatomic particles. On the
other hand, the mechanism of electrical energy trans-
port in CNTs is dominated by the tunneling distances
at the nanotube-nanotube contacts [40–42, 49, 64].
The type of processing method, dispersion and con-
centration of the CNTs play a significant role in their
electrical conductivities.
Several studies investigated (i) the electrical conduc-
tivities of pristine and functionalized MWCNTs,
(ii) the percolation threshold in PCL nanocompos-
ites, and (iii) the dependence of electrical and thermal
conductivities on the degree of crystallinity of PCL
[40–42, 50, 64, 49, 81, 82]. In general, irrespective of
the reported methods of PCL/MWCNTs nanocom-
posites preparation, the percolation threshold of the
nanocomposites was less than 1.0 wt% in most cases
(Table 2). This indicated that the MWCNTs were
fairly well dispersed in the polymer matrix and could
connect with each other, and subsequently form an
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Table 2. A comparative study of PCL/MWCNTs nanocomposites.

Functionalization technique Dispersion technique MWCNTs content Percolation threshold Reference

No MWCNTs modification melt-mixing 0.2–0.5 wt% 0.20 wt% [40]

No MWCNTs modification melt-mixing 0.05–5.0 wt% 0.30 wt% [41]

No MWCNTs modification melt-mixing 0.5 wt% 2.00 wt% [42]

Nitric acid-treatment in situ polymerization 0.5–5.0 wt% – [64]

No MWCNTs modification melt blending 0.35–7.0 wt% 0.14 wt% [49]

PC/MWCNTs masterbatch melt blending 0.5–4.0 wt% 0.5–1.0 wt% [50]



interconnecting conductive pathway. The electrical
conductivity values increased by more than one order
of magnitude. The increase in the electrical conduc-
tivity with increasing crystallinity can be explained
by the reduction of the nanotube-nanotube distances
in their contact regions, which suggested an enhance-
ment in the electron transport and a reduction in ion
mobility in the crystalline phase [40]. Both the pris-
tine and functionalized nanocomposites showed
good electrical conductivity at low MW CNTs con-
tents, which is related to the formation of a conduc-
tive nanotube network. However, the electrical con-
ductivity values of the nanocomposites with pristine
MWCNTs was higher than those of the nanocom-
posites with functionalized MWCNTs. This is due to
the acid treatment in the functionalized MWCNTs,
which usually destroys the π-network in the carbon
nanotubes [64]. The thermal conductivities of the
PCL/(PC/MWCNTs) nanocomposites (with 4 wt%
MWCNTs content) increased by 20% in comparison
to that of the neat material [50]. This is because the
thermal conductivity of carbon nanotubes ranges be-
tween 650 and 10 000 W·m·K–1, and the thermal
conductivity of a typical polymer ranges between 0.1
and 0.3 W·m·K–1 [39], and therefore the improve-
ment in the thermal conductivity is most probably
caused by the increasing numbers of high thermal
conductive MWCNTs in the nanocomposites. Since
the MWCNTs were fairly well dispersed in the PCL/
PC blend (although there were pockets where the
MWCNTs were concentrated), the MWCNTs were
positioned closer to each other as the MWCNTs con-
tent increased, which gave rise to more effective trans-
port of the phonons through the nanocomposite, and
which improved the transportation of heat by high
frequency phonon vibration, leading to higher ther-
mal conductivities.

4.5. Rheological properties

Rheology is the study of the flow behaviour of a ma-
terial under conditions in which they flow rather than
deform. The study of the rheological response of CNT/
polymer nanocomposites has both practical impor-
tance related to composite processing and scientific
importance as a probe of the composite dynamics and
microstructure. The rheological properties of CNT/
polymer nanocomposites depend on factors such as
aspect ratio, dispersion, polymer molecular weight,
the interfacial interaction between the polymer and
filler, and the characteristics of the filler loading [43].

The variations of viscosity and storage modulus of
composites as a function of frequency are two com-
monly used techniques to characterize the rheological
properties of CNT/polymer nano composites.
The complex viscositiy (η*) at low frequencies in-
creased as the MWNT content increased for P-
MWNT/PCL and A-MWNT/PCL. The η* of P-
MWNT/PCL and A-MWNT/PCL showed Newton-
ian behaviour for MWCNT contents less than 2 wt%,
while those of higher than 2 wt% MWCNTs showed
profound shear-thinning behaviour. This viscosity
behaviour indicated that a percolation threshold,
which represents a starting MWCNT content for a
three-dimensional network, was 2 wt% for both the
P-MWNT/PCL and A-MWNT/PCL [64].
Pötschke et al. [42] prepared composites of PCL and
0.5 wt% MWCNTs at different rotation speeds by
melt-mixing in a conical twin-screw micro-com-
pounder. The results for the composite produced at
the lowest mixing speed (25 rpm) and having the
highest agglomerate ratio were similar to those of
neat PCL, but at low frequencies there was already
a deviation towards higher values. The two compos-
ites produced at 50 and 75 rpm (showing decreased
agglomerate area ratios) showed a pronounced in-
crease in complex viscosity and storage modulus at
all frequencies, but especially at low frequencies.
These changes implied the better development of a
combined filler-polymer network. However, at high-
er rotation speeds (above 75 rpm), a decrease in the
complex viscosity and storage modulus at low fre-
quencies was reported, which was explained through
an overlapping influence of nanotube shortening
during the mixing process at the corresponding high-
er shear stresses. The effects were also related to the
dispersion and nanotube shortening, but a third pos-
sible influence, namely PCL degradation at higher
mixing speeds, could be excluded.

5. PBS/CNTs nanocomposites

5.1. Morphology

In the reported research, multi-walled carbon nan-
otubes (MWCNTs)/polybutylene succinate (PBS)
nanocomposites were prepared by two frequently
used methods, melt and solution mixing. The state of
dispersion of MWCNTs depended on the mixing
method, modification and concentration of MWC-
NTs in the nanocomposites.
Nanocomposites prepared by melt blending result-
ed in MWCNTs aggregation, which is inefficient in
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dispersing the aggregates into individual MWCNTs,
despite the large shear forces applied during mixing
[83–87]. In the case of nanocomposites prepared
through solution mixing, no apparent aggregation
was reported. This is due to the use of ultrasonication
that is able to disrupt nanotube aggregation, giving
rise to better contact between PBS and the MWCNTs
[88]. Several chemical methods have been reported
for the functionalization of MWCNTs, such as (i) the
use of N,N′-dicyclohexylcarbodiimide (DCC) to in-
troduce a long alkyl chain onto the MWCNTs, and
(ii) surface wrapping of poly(sodium 4-styrenesul-
fonate) (PSS) with the aid of ultrasound [47, 88]. In
these studies, the MWCNTs were well dispersed in
the PBS matrix and showed better interfacial adhe-
sion with the PBS phase than with each other. This
is due to π–π interactions between the benzene rings,
and between the long alkyl chain groups and the
graphite rings of the MWCNTs.
The concentration of the MWCNTs was found to
have an influence on the state of dispersion and dis-
tribution in the polymer matrix. Some authors stud-
ied the effect of melt-mixed MWCNTs on the mor-
phology of the PBS/MWCNTs nanocomposites [83–
85]. Their results indicated that at low MWCNTs con-
tent (i.e., 1 wt%), the carbon nanotubes were well
dispersed and embedded in the PBS matrix. Howev-
er, at high MWCNTs loadings (i.e., 3 wt%), the car-
bon nanotubes were poorly dispersed as aggregates.
It is well known that agglomeration of filler nanopar-
ticles increases with increasing filler content. This is
because the nanotubes are closer to each other as the
content of the nanotubes increases, and agglomera-
tion occurs due to the Van der Waals interactions be-
tween the MWCNTs. It is difficult separating these
MWCNTs during melt processing, even when the
MWCNTs are modified. MWCNTs were also func-
tionalized by surface wrapping of PSS with the aid
of ultrasound, and the nanocomposites were prepared
by solution mixing [88]. In this case, the carbon nan-
otubes were uniformly dispersed in the PBS matrix.
No obvious aggregation was reported for all the
nanocomposites.

5.2. Mechanical and thermo-mechanical

properties

Several factors, such as dispersion, distribution and
matrix-CNTs interfacial adhesion, influence the
mechanical and thermo-mechanical properties of
polymer nanocomposites [83, 86]. Tensile testing

and dynamic mechanical analysis (DMA) were em-
ployed to study the mechanical and thermo-mechan-
ical properties of the nanocomposites. The nanocom-
posite preparation methods, in most cases either
melt-mixing or solution-blending, led to different
properties of the materials. For instance, PBS/MW-
CNTs nano composites prepared by solution mixing
exhibited better mechanical properties, such as high-
er tensile strength and storage modulus, than the
melt-mixed nanocomposites. This was due to the
better dispersion of the MWCNTs in the PBS matrix
for the solution mixed samples [88].
The effect of pristine and functionalized MWCNTs
on the mechanical and thermo-mechanical properties
of the PBS/CNTs nanocomposites were investigated
in a number of studies [33, 47, 83, 84, 86, 88, 89].
The carbon nanotubes were mostly functionalized
using (i) acid solution followed by grafting MWC-
NTs with polyetheramines, (ii) N,N′-dicyclohexyl-
carbodiimide (DCC) dehydrating agents, (iii) nitric
acid, and (iv) surface wrapping of MWCNTs with
PSS with the aid of ultrasound. The nanocomposites
containing functionalized MWCNTs exhibited an in-
crease in the storage modulus and Young’s modulus
with increasing MWCNTs content, while the elon-
gation at break for the nanocomposite samples was
smaller than that of neat PBS. This was attributed to
the well dispersed carbon nanotubes in the PBS ma-
trix and the good interaction between the compo-
nents in the nanocomposites, that resulted in more
uniform stress distribution and minimization of the
presence of stress-concentration centres. This further
implied that the nanotubes could enhance the rigidity
of the nanocomposites, because reinforcement by in-
corporation of MWCNTs causes a loss in flexibility
[33, 47, 83, 88]. For nanocomposites containing pris-
tine MWCNTs, the storage modulus, loss modulus,
and tensile strength initially increased with increas-
ing MWCNTs contents, but then decreased for MW-
CNTs contents above 3 wt%. This was attributed to
the significant aggregation of the pristine MWCNTs
that prevented efficient load transfer to the polymer
matrix. The significant improvement in mechanical
properties at lower MWCNT contents was attributed
to the incorporation of rigid MWCNTs into the rela-
tively soft PBS matrix that caused a reinforcement ef-
fect [86]. Elsewhere in the literature [88], the authors
investigated the effects of different carbonaceous
nanoparticle types such as carbon nanotubes (CNT),
carbon black (CB), and fullerene (F) on the dynamic
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mechanical properties of PBS. Their results indicat-
ed that all the nanocomposites exhibited higher stor-
age modulus with respect to neat PBS below the
glass transition temperature. This was attributed to
the reinforcement effect of the presence of rigid car-
bon nanoparticles and the good interaction between
PBS and nanofillers, leading to a prominent im-
provement in the stiffness of the PBS matrix. The
modulus of PBS/1 wt% CNT nanocomposite was
the highest, because of the higher interfacial area be-
tween CNT and the PBS. However, the storage mod-
ulus leveled off at temperatures above 50°C for both
neat PBS and its nanocomposites, indicating that the
effect of the nanofiller incorporation became negli-
gible, and the rigidity of the nanocomposites was ma-
trix-dependent. The glass transition temperature of
the nanocomposites did not change with respect to
PBS by the addition of different carbonaceous nano -
particles. The results indicated that the molecular
movements or segmental motions of the PBS matrix
were not significantly affected by the incorporation
of the nanofillers.

5.3. Melting and crystallization behaviour

The melting and crystallization behaviour of poly-
mer nanocomposites has an influence on the strength
and mechanical properties of the final product. It is
therefore important to understand the influence of
the nanofiller in the nanocomposite on the crystal-
lization behaviour of the polymer. A number of stud-
ies investigated the melting, nucleation, and crystal-
lization behaviour of PBS/MWCNTs nanocomposites
by DSC and polarized light optical microscopy
(PLOM) [47, 84–86, 88–91]. Generally, double melt-
ing peaks were reported for all the PBS/MWCNTs
nanocomposites, associated with the partial melting,
recrystallization, and re-melting of the PBS crystal-
lites. The main peak remained at the same tempera-
ture as the melting of neat PBS, but the small peak
shifted towards a lower temperature with increasing
MWCNTs content. The main peak was attributed to
the melting of larger, more perfect crystals that was
not affected by the presence of MWCNTs, while the
small peak was ascribed to the melting of unstable
crystals formed at a higher temperature. This was
due to the nucleating effect of the MWCNTs that re-
duced the ability of the PBS chains to be fully incor-
porated into the growing crystalline lamellae.
In most cases, the crystallization temperature, Tc, of
all the PBS/MWCNTs nanocomposites was higher

than that of neat PBS, and increased with increasing
MWCNTs content. This was attributed to the nucle-
ating effect of the MWCNTs on PBS crystallization
that improved the crystallizability of the PBS. How-
ever, with an increase in MWCNTs content above
0.5 wt%, the Tc increased only slowly, indicating a
saturation in the nucleation effect at higher MW -
CNTs contents [47, 84, 86, 88–90]. In order to visu-
alize the nucleating ability of MWCNTs on the crys-
tallization of PBS, the spherulitic morphology of
neat PBS and its nanocomposites was investigated
(Figure 4). Neat PBS showed well-developed, large
Maltese-cross pattern spherulites with clear bound-
aries. However, with increasing MWCNTs content,
the sizes of the spherulites decreased while the num-
ber of spherulites gradually increased. This was an
indication of the nucleating effect of the MWCNTs
on the PBS crystallization that hindered the growth
of the PBS crystals through obstruction of the fold-
ing of the PBS chains during the crystallization
process. At high MWCNTs content the spherulites
were not well-developed, imperfect and grew rapid-
ly. The presence of MWCNTs caused impingement
and restricted further growth of the spherulites. This
was due to the formation of large numbers of nucle-
ation sites at high MWCNTs contents [84, 85, 88,
90, 91].
Since the presence of CNTs had a large influence on
the crystallization behaviour of PBS, it was neces-
sary to further explore the crystallization kinetics of
the PBS/CNTs nanocomposites. Both the isothermal
[85, 90] and non-isothermal [87, 91] crystallization
kinetics of neat PBS and the nanocomposites were
explored. For non-isothermal crystallization kinetics,
several different kinetic models were employed [87,
91]. The Avrami equation (as described in sec-
tion 3.3) was used to describe the isothermal crys-
tallization. Irrespective of the nanocomposite prepa-
ration method, the type of CNTs (single or multi
walled), or the crystallization temperature range used,
the Avrami index values for both neat PBS and the
PBS/CNTs nanocomposites were approximately 3.
This indicated that although the CNTs provided ad-
ditional nucleation sites and enhanced the nuclei
density, the mechanism of crystal growth for PBS
did not change with the addition of MWCNTs. In
contrast, the Avrami index values for the PBS/MW-
CNTs nanocomposites (n = 2) were lower than that
of neat PBS (n = 3). This indicated that for the PBS/
MWCNT nanocomposites the dimensionality of
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growth switched from 3D to 2D due to the nucle-
ation density that was greatly enhanced.
The overall isothermal crystallization rate de-
creased with an increase in Tc (in the crystallization
temperature range of 82–101 ºC) due to the low su-
percooling. However, the overall crystallization rate

of the nanocomposites was higher than that of neat
PBS in this temperature range, and increased with
increasing CNTs content. This was due to the nucle-
ation effect of the CNTs in the PBS matrix [85, 90].

5.4. Conductivity

The incorporation of electrically conductive particles
into a polymer can impart electrical conductivity to
the nanocomposite. The level of conductivity strong-
ly depends on the dispersion of the filler. When the
filler disperses as well separated particles in the
polymer, the improvement in the electrical conduc-
tivity is limited, since a conductive path cannot be
formed because of the insulating nature of the poly-
mer matrix. The electrical conductivity can be en-
hanced by several orders of magnitude if a filler net-
work is formed. In the reported literature, the
MWCNTs were either used as received [89] or mod-
ified by (i) polyetheramines, (ii) N,N′-dicyclohexyl
carbodiimide (DCC) dehydrating agents, and (iii) ni-
tric acid [33, 47, 83]. The effect of modified and un-
modified MWCNTs on the surface resistivity of
PBS/MWCNTs nanocomposites was reported [33,
47, 83, 89]. The surface resistivity decreased from
>1016 Ω (pristine PBS) to >109 Ω with the addition
of 3 wt% unmodified MWCNTs, a decrease of about
107 fold in value of the electrical resistivity [47].
Elsewhere in the literature, the surface resistivity of
the PBS/MWCNTs nanocomposites decreased from
>1014 Ω (pristine PBS) to >103 Ω (for modified
MWCNTs/PBS), a decrease of about 1011 fold in the
value of the electrical resistivity [33]. Ray and co-
workers [83] prepared unmodified MWCNTs/PBS
nanocomposites by melt blending in a batch mixer.
The electrical conductivity of the nanocomposites
dramatically increased compared to that of the pris-
tine PBS sample. The in-plane conductivity in-
creased from 5.8·10–9 S·cm–1 for neat PBS to
4.4·10–3 S·cm–1 for a 3 wt% MWCNTs-containing
nanocomposite, an increase of 106 fold in the value
of the electrical conductivity. The surface resistivity
of the PBS/MWCNTs nanocomposites decreased from
>1016 Ω (pristine PBS) to >106 Ω for 3 wt% modified
MWCNTs nanocomposites, a decrease of over 109

fold. The decrease in surface resistivity of modified
MWCNTs/PBS nanocomposites was larger than that
of the unmodified MWCNTs/PBS, indicating the
better dispersion of the modified MWCNTs in the
polymer matrix compared to the unmodified MWC-
NTs. This implies that the percolation threshold of

Gumede et al. – eXPRESS Polymer Letters Vol.12, No.6 (2018) 505–529

521

Figure 4. Polarized optical micrographs for PBS/MWCNT
composites with (a) 0%, (b) 0.5%, and (c) 1%
MWCNTs. These samples were all melt crystal-
lized at 95°C [84]



electrical conductivity was depressed. For this reason,
the well dispersed MWCNTs in the PBS matrix could
easily connect with each other, and subsequently form
an interconnecting conductive pathway. Therefore,
the amount of MWCNTs needed to construct a con-
ductive pathway was relatively small [33, 47, 89].

6. PBS/PCL/CNTs nanocomposites

6.1. Morphology

There is currently only one research paper available
on PBS/PCL/CNTs nanocomposites [92]. The au-
thors introduced MWCNTs into double-crystalline
multiblock PBS/PCL copolymers using solution mix-
ing and solvent casting processes. The morphologies
of the resulting PBS/PCL/MWCNTs nanocompos-
ites of different compositions are shown in a series
of TEM images (Figure 5). The MWCNTs exhibited
a much finer dispersion morphology in the PBS/
MWCNT nanocomposite (Figure 5b) than in the PCL/
MWCNT nanocomposite (Figure 5a). This was attrib-
uted to the wetting coefficient data for MWCNTs in-
troduced into the binary copolymer which was cal-
culated as 1.74 (harmonic-mean equation) or –3.43
(geometric-mean equation). According to the au-
thors, this meant that the MWCNTs were selectively
distributed in the PBS phase. Similar results were re-
ported by Fenni et al. [93] who added graphene oxide
(GO) to a 70/30 w/w poly(L-lactic acid) (PLLA)/
poly(butylene succinate) (PBS) blend. Their mor-
phology results indicated microsize droplets of PBS
dispersed in the PLLA phase, with most of the GO
nanoparticles located in the PBS phase, although
some GO stacks were also observed in the PLLA ma-
trix. This was probably, during the preparation of the
nanocomposites, the GO nanoparticles were first
added to the PBS matrix via solution dispersion, and
this was followed by melt blending with PLLA. The
GO nanoparticles therefore had a good interaction
with each other and with the PBS, but not so much
with the PLLA.
In the ternary PBS/PCL/MWCNT system, a selec-
tive dispersion morphology was formed. It was as-
sumed that the blank area in light color is the PCL-
enriched domain while the MWCNT located area is
the PBS-enriched domain (Figure 5c). When 1 wt%
MWCNT was loaded, varying the PBS content re-
sulted in different dispersion states. When the PBS
content was 20 wt% (Figure 5d), the blank area in light
color was dominant and the MWCNTs were sporad-
ically distributed in the PBS phase. This indicated

that the MWCNTs containing PBS was dispersed in
the PCL continuous phase. Upon increasing the PBS
content to 30 wt% (Figure 5e), it was found that the
area occupied by the MWCNTs increased, while the
PCL phase was reduced. This was attributed to a co-
continuous phase between PCL and PBS at 40 wt%
PBS, as well as the formation of a conductive MW-
CNTs network at this content (Figure 5f). When the
loading capacity of MWCNTs increased to 3 wt%
(Figure 5g–5i), the advantage of the selective disper-
sion was weakened because part of the MWCNTs
spread to the PCL-enriched domain when the PBS-
enriched domain was saturated, especially in the
PBS4.2

4PCL6.3
6/CNTs3.0 sample (Figure 5i).

6.2. Mechanical properties

Generally, carbon nanotubes improve selective me-
chanical properties, depending on the system em-
ployed. It is well known that a flexible polymer has
a high elongation at break, as a result of its high duc-
tility. The addition of rigid materials such as carbon
nanotubes normally improves the modulus of flexi-
ble polymers at the expense of its ductility. He et al.
[92] reported on the tensile properties of multiblock
PBS/PCL copolymers and their nanocomposites, and
found a good compromise between strength and flex-
ibility. The authors reported an increase in the elon-
gation at break for the multiblock PBS/PCL copoly-
mers with an increase in PCL content, which resulted
in a high ductility. However, the addition of MWC-
NTs resulted in a decrease in elongation at break but
an increase in stiffness (Table 3). The decrease in elon-
gation at break is due to an increase in the amount
of rigid areas in the blend caused by the increasing
MWCNTs content, giving rise to a reduction in the
deformable polymer portion in the nanocomposites.

6.3. Melting and crystallization behaviour

For a double-crystalline PBS/PCL system, all the
samples exhibited two crystallization peaks and two
melting peaks. The variation of the composition had
no obvious effect on the melting temperature, but in-
creasing the content of one segment increased its
crystallinity (especially for the PBS segment). The
addition of 1 wt% MWCNTs to the PBS/PCL copoly-
mer had no obvious effect on the melting temperature
of both segments, but the crystallinity significantly
increased when compared to the pristine PBS/PCL
copolymers. For the PBS/PCL/MWCNTs nanocom-
posite with the lowest PBS content, the crystallinity
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of the PBS segment was enhanced, while a slight
change was reported in the PCL segment. This was
attributed to the nucleating effect of a large concen-
tration of MWCNTs in the PBS domain. It is worth
noting that the nucleating effect became less signif-
icant when the PBS content decreased. For the PLLA/
PBS/GO system [94], the GO nanoparticles also
acted as nucleating agents for both semicrystalline
polymers. A nucleating value of about 80% was re-
ported for GO towards PBS, which is among the
highest nucleation efficiencies ever reported for this
polymer. The nucleating efficiency for GO towards

PLLA was, however, only ~15%, because a very
small amount of GO nanoparticles were located in
the PLLA.

6.4. Conductivity

The key factor determining whether the material can
respond to electricity is the electrical conductivity of
the nanocomposites. The pristine PBS/PCL copolymer
belongs to a typical insulator due to its low electrical
conductivity value of about 10–15 S·cm–1. The intro-
duction of 1.0 wt% MWCNTs significantly im-
proved the electrical conductivity of the PBS/PCL/
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Figure 5. TEM images of (a) PCL6.3/MWCNTs1.0, (b) PBS4.2/MWCNTs1.0, (c) PBS4.2
2/PCL6.3

8/MWCNTs1.0,
(d) PBS4.2

2PCL6.3
8/MWCNTs1.0, (e) PBS4.2

3PCL6.3
7/MWCNTs1.0, (f) PBS4.2

4PCL6.3
6/MWCNTs1.0,

(g) PBS4.2
2PCL6.3

8/MWCNTs3.0, (h) PBS4.2
3PCL6.3

7/MWCNTs3.0, and (i) PBS4.2
4PCL6.3

6/MWCNTs3.0 [92].



MWCNTs nanocomposites to 6.25·10–4 S·cm–1, so
that the nanocomposites with an electrical conduc-
tive network are achieved, and an insulator trans-
forms into a conductor. For comparison, the conduc-
tivity of PBS/MWCNTs was evaluated as
9.79·10–5 S·cm–1, which is lower than that of PBS/
PCL/MWCNTs. The authors suggested that this
could be proof of the selective dispersion of MW -
CNTs in the PBS domain [92].

7. Conclusions

Carbon nanotubes have clearly demonstrated their
capability as a filler in various polyester matrices
such as PCL, PBS and PC. Nanocomposites pre-
pared through solution mixing showed no apparent
aggregation, giving rise to better interfacial interac-
tions between the polymer and the carbon nanotubes.
Furthermore, functionalization of MWCNTs as well
as the MWCNTs masterbatch gave rise to significant
improvements in the thermal, electrical, and me-
chanical properties of the nanocomposites as com-
pared to pristine MWCNTs. The masterbatch tech-
nology is also a suitable way to (i) obtain well dis-
persed MWCNTs nanocomposites with electrical
conductivity at low amounts of nanotubes, and (ii) to
limit inhalation exposure to MWCNTs in occupa-
tional settings because it operates in solvent-less en-
vironments. In all the nanocomposites, addition of a
small amount of carbon nanotubes, e.g., 0.5 wt%,
was sufficient to enhance the thermal and mechani-
cal properties, and thermal and electrical conductiv-
ities, of the nanocomposites, because adding more
carbon nanotubes resulted in agglomerates due to the
strong van der Waals interaction between the nan-
otubes at higher loadings. There is currently no pub-
lished information on PBS/PC blends.
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