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ABSTRACT: PCL was blended with pristine multiwalled carbon
nanotubes (MWCNT) and with a nanohybrid obtained from the
same MWCNT but grafted with low molecular weight PCL,
employing concentrations of 0.25 to 5 wt % of MWCNT and
MWCNT-g-PCL. Excellent CNT dispersion was found in all sam-
ples leading to supernucleation of both nanofiller types. Nano-
hybrids with 1 wt % or less MWCNTs crystallize faster than
nanocomposites (due to supernucleation), while the trend
eventually reverses at higher nanotubes content (because of
plasticization). Rheological results show that yield-like behavior
develops in both nanocomposites, even for the minimum

INTRODUCTION Nanocomposites are highly attractive materi-
als, as the inclusion of nanofillers in polymers leads to an
improvement in several mechanical and electrical properties.
Carbon nanotubes (CNT)s are one of the most commonly
employed conductive nanofillers, as they have an exception-
ally large aspect ratio and low density, which makes them
ideal for blending with polymeric materials. In these blends,
the obtained materials exhibit a good balance between
lightness and outstanding properties, which are ideal for
nanotechnology.' ™

The nanocomposites of poly(e-caprolactone) (PCL) with CNT
have potential applications in the biodegradable packaging
market and in the biomedical field since the presence of the

content of carbon nanotubes. In addition, the MWCNT-g-PCL
family, when compared with the neat polymer, exhibits lower
values of viscosity and modulus in oscillatory shear, and
higher compliance in creep. These rheological differences are
discussed in terms of the plasticization effect caused by the
existence of low molecular weight free and grafted PCL chains
in the nanohybrids. © 2017 Wiley Periodicals, Inc. J. Polym.
Sci., Part B: Polym. Phys. 2017, 55, 1310-1325

KEYWORDS: crystallization; differential
(DSC); nanocomposites; rheology

scanning calorimetry

CNTs could overcome disadvantages of PCL with respect to
mechanical properties and thermal stability.*”

Several studies deal with the incorporation of CNTs to PCL,
and they have found that CNTs could improve biodegradation
rate,”'® mechanical performance,’”™*° thermal stability, and
nucleate PCL.71118-2* Additionally, an electric percolation
threshold in a range of 0.08-3 wt % has been reported.?*°

The influence of CNTs on the viscoelastic properties of poly-
mers has also been a subject of great interest in the last deca-
des. The presence of fillers of any type in polymeric matrices
leads to a well-known hydrodynamic reinforcement at low fil-
ler concentration.”® In this dilute regime, particle-particle

Additional Supporting Information may be found in the online version of this article.
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interactions are screened, and the changes in the properties
depend on the nature of the interface between the particles
and the polymeric matrix. At a given concentration, that is, the
percolation threshold, the fillers form a network, which is
responsible for the development of yield points and solid-like
behavior.*?”73? Moreover, the composition at which the transi-
tion from liquid-like to solid-like behavior occurs is an indica-
tion of the quality of the distribution and dispersion of the
nanofiller throughout the matrix, the interaction between the
filler particles and the matrix, or the filler aspect ratio and/or
orientation.

Hence, different values of the percolation threshold can be
found in the literature for several types of nanocomposites
based on PCL and CNTs. For systems prepared by dispersion of
the CNTs in PCL matrices with the aid of solvents, values of the
rheological threshold in the range 0.07-0.7 wt % have been
found.?>** For systems obtained by melt blending, much
higher values around 0.3-3 wt % have been reported.?*3*3°

In this work, we compare the influence on the crystallization
and rheological properties of two kinds of nanocomposites
obtained by the incorporation of modified (i.e., CNT surface-
grafted with PCL) and unmodified CNT to a PCL matrix with
compositions ranging from 0.25 to 5 wt %. Additionally, the
effect of the low molecular weight PCL chains produced dur-
ing the CNT modification on the crystallization and rheologi-
cal properties is also examined.

EXPERIMENTAL

Materials

The poly(e-caprolactone) (CAPA 6500) was a commercial
sample produced by Sowvav INTEROX, with a number average
molecular weight of 50,000 g/mol. Two types of CNT were
employed, functionalized and nonfunctionalized Multiwall
Carbon Nanotubes (MWCNT). The industrial grade NC7000
was produced by Nanocy. (Sambreville, Belgium). The
method of synthesis was catalytic carbon vapor deposition
(CCVD), the average diameter is 10 nm, and their average
length is around 2 pm. They contain less than 10 wt % of
metal oxide impurities that remain from the catalyst and cat-
alytic support.

In a first step, the MWCNTs were modified by exposing them
to a flow of atomic nitrogen (provided from an Ar+ N,
microwave plasma)®® and molecular hydrogen. These func-
tionalized MWCNTs present a grafting of 1 at.% of nitrogen
group whose 70% are primary amines groups.>’

The MWCNT-g-PCL nanohybrids were prepared by ROP of e-
CL initiated by primary amine groups grafted onto the
MWCNTs and catalyzed by AlEts. ¢ -caprolactone (&-CL, 99%,
Fluka) was dried over calcium hydride (93 + %, Acros) for
48 h and, then, distilled under reduced pressure and kept
under nitrogen at 4 °C. The triethylaluminum solution (AlEtgz,
25 wt % in toluene, Aldrich) was diluted in dried toluene to
obtain a 1 M solution, which was stored under nitrogen
atmosphere. The MWCNT-g-PCL nanohybrids were prepared
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by ROP of &-CL initiated by primary amine groups grafted
onto the MWCNTs (0.5 g) by the addition of 1 mL of AlEts
(1 M) and, then 4 mL of &CL (4.12 g). The ROP of &-CL
occurred for 24 h, and the reaction system became viscous
suggesting that the polymerization took place. The reaction
medium was poured in a large excess of heptane to selec-
tively precipitate the PCL-grafted MWCNTs and any “free”
(non-grafted) PCL that could be formed directly in solution
via homogeneous initiation from hydroxyl impurities present
in the medium. After drying, the obtained gray powder con-
tained a mixture of MWCNT-g-PCL nanohybrids and “free”
PCL chains which could be removed by washing the product
with toluene via Soxhlet extraction for 1 day. After Soxhlet
extraction of “free” PCL chains with toluene, we determined
by TGA analyses that the composition of MWCNT-g-
PCL + “free” PCL chains sample is: 20 wt % of MWCNTs, 7
wt % of grafted PCL, and 73 wt % of “free” PCL.

To determine the number-average molecular weight (M,) of
grafted polymer chains, the common strategy consists in
breaking the bonds between MWCNTs and the grafted poly-
mer and to analyze the so-formed homopolymer by Gel Per-
meation Chromatography (GPC).3® However, this strategy
cannot be used to characterize our samples because the
polymer chains are linked via a covalent amide bond at the
MWCNT surface, and amide bonds are known to be more
stable than ester bonds of PCL. Nevertheless, by GPC, we
determined the number average molecular weight (M,) of
“free” PCL chains to be equal to 12,000 g/mol with a disper-
sity (P) of 2.1. Therefore, knowing the quantity of PCL
chains covalently grafted per gram of MWCNTs and the pri-
mary amine content per gram of MWCNTSs, assuming that
each NH; groups effectively participates in the initiation of &-
CL polymerization, the number average molecular weight of
grafted PCL chains can be estimated to be 500-1000 g/mol
(see ref. 37). This value is lower than the entanglement
molecular weight, M, = 3000 g/mol, reported for PCL.>°

Thus, the final weight composition of the PCL sample filled
with MWCNT-g-PCL + PCL (3 wt % of MWCNTs) was 3 wt %
of MWCNTs, 1 wt % of grafted PCL, 11 wt % of “free” low
molecular weight PCL chains and 85 wt % of the high molec-
ular weight PCL matrix (CAPA6500).

The PCL (i.e., CAPA 6500) was blended with 0.25, 0.3, 0.5,
0.75, 1, 2, and 3% w/w of the previously prepared MWCNT-
g-PCL (i.e,, nanohybrids) and up to 5% w/w of nonfunction-
alized MWCNT (i.e, nanocomposites), respectively. Table 1
reports the sample nomenclature (i.e, M refers to unmodi-
fied MWCNT and NH refers to nanohybrid and corresponds
to the modified MWCNT (MWCNT-g-PCL) employed in this
work.

Morphological Evaluation (TEM)

The morphological observations were performed by Trans-
mission Electron Microscopy (TEM) with a TECNAI G2 20
TWIN (FEI) microscope, operating at an accelerating voltage
of 200 kV in bright-field image mode. The samples,
which are films, were sectioned using a Leica EMFC 6

JOURNAL OF POLYMER SCIENCE, PART B: POLYMER PHYSICS 2017, 55, 1310-1325

1311



1312

FULL PAPER

WWW.POLYMERPHYSICS.ORG

sournaL oF _ Polymer
POLYMER sCiENCE Physics

TABLE 1 Characteristics and Nomenclature of the Materials Employed

Name MWCNT (% wt) g-PCL (wt %)
PCL 0 -
PCLgg.76Mo 25 0.25 -
PCLgg 3Mp 3 0.3 -
PCLgg 5Mo 5 0.5 -
PCLgg.25Mo.75 0.75 -
PCLgoM; 1 -
PCLggM> 2 -
PCLg;M3 3 -
PCLgsM5 5 -
PCLgg.75NHo 25 0.25 0.1
PCLggsNHo 5 0.5 0.2
PCLgg.25NHg 75 0.75 0.3
PCLggNH; 1 0.4
PCLggNH> 2 0.7
PCLg7NH3 3 1.0

Free PCL (wt %) Matrix PCL (wt %) Total PCL (% wt)

100
99.75
99.7
99.5
99.25
- - 99

- - 98

- - 97

- - 95

0.9 98.75 99.75%
1.8 97.5 99.5%
2.7 96.25 99.25%
&7 95 99°
7.3 90 98?

11 85 97

2 In the nanohybrid, the total PCL is equal to the sum of g-PCL, “free” PCL and PCL of the matrix. In contrast, in the nanocomposites, the total PCL

is equal to the PCL added in the blend.

ultramicrotome device at —25 °C equipped with a diamond
knife. The ultrathin sections (~100 nm) were placed on 300
mesh copper grip.

Differential Scanning Calorimetry

Calorimetric studies were carried out in a PErxIN ELMER Dia-
MonD Differential Scanning Calorimeter (DSC) calibrated with
indium and tin. Ultra-high purity nitrogen was used as a
purge gas. Samples of approximately 5 mg each were encap-
sulated in aluminum pans and sealed. The crystalline ther-
mal history was erased by heating the samples at 100 °C for
3 min. Cooling and subsequent heating scans were registered
at 20 °C/min. The calorimetric analysis was performed only
one time per sample per condition. The errors of the values
reported corresponding to those expected on the basis of the
DSC used, that is, —0.5 °C in temperatures and around 10%
in enthalpies.

Self-Nucleation Tests (SN)

The self-nucleation (SN) test was performed according to
procedures devised originally by Fillon et al,***!' and
recently reviewed by Michell et al.*? and applied to nano-
composites incorporating CNT by Miiller et al.****° The com-
plete procedure is as follows:

a. Hold at 100 °C for 3 min.

b. Creation of a “standard” thermal history by cooling at 20
°C/min to —10 °C.

c. Partial melting up to a temperature denoted T,

d. Thermal conditioning at Ts during 5 min.

e. DSC cooling scan at 20 °C/min from T to —10 °C.

f. Hold at —10 °C for 1 min.

g. DSC heating scan at 20 °C/min from —10 to 100 °C.

JOURNAL OF POLYMER SCIENCE, PART B: POLYMER PHYSICS 2017, 55, 1310-1325

Isothermal Crystallization Experiments
The isothermal crystallization experiments were performed
following the procedure given by Lorenzo et al.*®

The minimum crystallization temperature was determined as
follows:

a. The sample was heated to 100 °C and hold for 3 min to
erase the thermal history.

b. Cooling at 60 °C/min down to a crystallization tempera-
ture, T..

c. Heating to 100 °C to check for the appearance of any melt-
ing signal.

d. Repeat steps (a) to (c) increasing the T until no signal in
step (c) was observed.

The lowest temperature, at which no melting signal was
detected, and this temperature were selected as the mini-
mum crystallization temperature. After applying the above
protocol, the neat PCL sample was isothermally crystallized
in a temperature range from 35 to 43 °C. In the case of the
nanocomposites, the T, range was from 48 to 53 °C. The iso-
thermal experimental crystallization time was about three
times Tsq9, (i.e., the half-crystallization time).

Rheological Measurements

Sheet samples of neat materials and nanocomposites with
1 mm thickness were compression-molded with a ScHWABEN-
tHAN Porystar 200T hot press at a temperature of 100 °C and
a pressure of 25-50 bars for 5 min and then cooled to room
temperature. Melt rheological measurements were carried
out using a stress-controlled BoHun CVO RHEOMETER from
Malvern Instruments in both dynamic and static modes,

Wiley Online Library
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(d) PCLo7NH;

FIGURE 1 TEM Micrographs of (a,c) PCL,M, and (b,d) PCL,NH, with MWCNT Contents of 1 and 3% wt.

using parallel plates and cone-plate geometries. Dynamic
oscillatory shear measurements were performed in the tem-
perature range of 70-110 °C. The applied shear stress ampli-
tudes correspond to shear strains of 0.05 or lower, which
was proven to be in the linear viscoelastic regime for both
the neat materials and the nanocomposites. The properties
measured were the storage and the loss moduli, ¢’ and G’,
as well as the magnitude of the complex viscosity, |7*. Long
creep experiments were also performed at a temperature of
70 °C. It was proven that the range of shear stress was
within the linear regime (located below 15 =100 Pa in the
materials studied). The time-dependent creep compliance, J,
was also measured. Since these experiments take a long
time, the thermal stability of the systems must be guaran-
teed. By comparing creep compliances and dynamic moduli
that were measured in subsequent experiments and those
that were determined directly after having installed the sam-
ple, the thermal stability of all the samples was demon-
strated to be excellent at T=70 °C, over periods of time of
more than 24 h (100,000 s).

RESULTS AND DISCUSSION

Morphological Study

The samples were analyzed employing transmission electron
microscopy (TEM). The dispersion of the nanotubes into the poly-
meric matrix is shown in Figure 1 for the samples indicated.

TEM observations were performed in nanocomposites con-
taining 1 to 3 wt % CNTs. Also, two different types of blends
were employed, those with the functionalized surface and

M&k&‘%"‘s WWW.MATERIALSVIEWS.COM
\

other without functionalization, named PCLxNHy (nanohy-
brids) and PCLxMy (nanocomposites), respectively.

Figure 1 shows that the dispersion of MWCNT is similar for
both PCL M, [Fig. 1(a,c)] and PCL,NH, [Fig. 1(b,d)]. However,
in the PCLyM, blend with 3 wt % of MWCNT, some agglom-
erates larger than in other compositions and also larger in
comparison with PCL,NH,, are found. The attachment of PCL
chains on the MWCNTs avoids the agglomeration of MWCNTSs
resulting in an improvement of the dispersion.

Thermal Properties

Standard DSC Experiments

In Figure 2, the clear exothermic peaks during cooling are due
to the crystallization of the PCL [Fig. 2(a)]. During subsequent
heating scans, the sharp endothermic peaks represent the melt-
ing of the crystals formed during the previous step [Fig. 2(b)].

The crystallization temperature (7.) is shifted to higher val-
ues as the number of carbon nanotubes increase, for both
systems. This behavior has been already reported by several
authors in the past, and it is associated with the nucleating
ability of CNTs.*’”*° MWCNTs possess a large surface/
volume ratio that provides an ideal substrate for the nucle-
ation of polymer chains,”?0-224445.50-61

Figure 3(a) shows the variation of the T. with MWCNT con-
tent. The dramatic increase in T, (16.2 °C) with only 1 wt %
of MWCNT is an example of the nucleating capacity of the
unmodified MWCNT. Similarly, the modified MWCNTs are
able to increase T, (15.1 °C) (see PCLggNH,).

JOURNAL OF POLYMER SCIENCE, PART B: POLYMER PHYSICS 2017, 55, 1310-1325
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FIGURE 2 DSC cooling and heating scans at 20 °C/min for the indicated nanocomposites and nanohybrids. [Color figure can be

viewed at wileyonlinelibrary.com]

In Figure 3(a), it is also observed that T is shifted to higher
values as the unmodified MWCNT content is increased in the
nanocomposites. The increase between 0.25 and 1 wt % of
MWCNTs is higher than the one presented in a range of 1 to
3 wt %. This behavior is indicative of a saturation of the
nucleating effect after 1 wt % loading with plain MWCNTs.

In contrast, for the modified MWCNTSs, that is, in the nanohy-
brids, the trend is more complex because of the presence of
PCL grafted chains onto the MWCNT surfaces. The grafted
MWCNTs have a pearl-necklace-like structure (Supporting
information Fig. S1) for some of the nanotubes with grafted
PCL chains forming agglomerates on them. However, all the
nanotubes are not covered by the grafted PCL chains. As a
consequence, the applied chemical modification disentangles
the CNTs, but grafted PCL chains do not cover all the surfa-
ces of the nanotubes, thus leaving available MWCNT surface
for PCL matrix nucleation. The drop in T, values after 0.25
wt % and their recovery at higher loadings are attributed to

JOURNAL OF POLYMER SCIENCE, PART B: POLYMER PHYSICS 2017, 55, 1310-1325

a competition between the nucleation effect of MWCNT and
the plasticization effect of both “free” PCL and PCL chains
attached to the MWCNTs, which have a lower M,, values (i.e.,
12,000 and 500-1000 g/mol, respectively) than the neat
PCL matrix (i.e, 50,000 g/mol). As the MWCNT content
increases in the hybrid materials, the number of low M,, PCL
chains also increases (see Table 1). The low molecular
weight PCL needs larger under-cooling than the high molecu-
lar weight to crystallize.’ As a consequence, the shorter
chains are molten during the crystallization process of the
matrix, exhibiting a plasticization effect, as a result the
undercooling needed by the PCL matrix should be larger as
the amount of free PCL increases.

Miiller et al. have studied supernucleation®*3*>61 effects

for PEO-g-CNT, PCL-g-CNT and PE/CNT in situ polymerized
nanocomposites. The term supernucleation refers to the
nucleation by heterogeneities with efficiencies higher than
the own polymer crystal fragments (see Self-nucleation and

Wiley Online Library
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FIGURE 3 Influence of MWCNT content on (a) crystallization
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nucleation efficiency section below). A characteristic of this
behavior is a large increase in T.. Table 2 summarizes the
results reported in the literature for PCL/CNT systems.

TABLE 2 Crystallization Temperature (T;) Shift (Difference
Between the T, Value of Neat PCL and the T Value of the PCL
with CNTs) for Different PCL/CNT Systems Reported in the
Literature

MW or SWCNT  Shift in T,
System (wt %) (°C) Ref.
PCL/CNT 0.5 14 11
PCL/MWNT 5 2 9
PCL/MWNT 10 9

5 10 20
PCL-g-SWNT 5 14 22
PCL-g-fMWNT 2 4.5 41
PCL/MWCNT 0.25 13.6 This paper

0.3 11.9

0.5 14.1

0.75 15.3

1 16.2

2 16.5

8 16.7
PCL/PCL-g-MWNT  0.25 16.6 This paper

0.5 13.5

0.75 15.3

1 15.1

2 15.6

3 15.7
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(b) peak melting temperatures. [Color figure can be viewed at

Not all reported works on PCL/CNT result in an increase in
T. In fact, in some cases, an antinucleation effect has been
reported. For instance, Jana et al.%% reported a small decrease
in T. values for PCL-g-CNT nanocomposites prepared by a
“grafting to” procedure. This contrasts with their report of a
decrease in spherulitic size. The efficiency of a nucleating
agent depends on, among other factors, the quality of the
dispersion and distribution of the particles. According to the
PLOM images showed by Jana et al., the quality of the distri-
bution and dispersion was poor (as many agglomerates were
visible), and it is possible that this originated the reduction
in crystallization temperature.

Figure 3(b) as well as Table 3 show that the melting temper-
ature (T,,) remains almost constant (i.e, it changes in
between 55 and 57 °C) with the increase of the MWCNT con-
tent, as it is expected when a nucleating agent is employed.
Although, it is worth mentioning that an increase of Ty, has
been reported in supernucleated PCL/CNT systems.'>*°

Table 3 shows the variations of the crystallization degree for
both systems. The calculations were performed employing
an equilibrium melting enthalpy for a 100% crystalline PCL
sample of 136 J/g°* % In both cases, an increase in the
degree of crystallinity is observed upon MWCNT addition. In
general, the increase in MWCNT content results in an
increase of X, although the trend is not monotonic. For
example, the samples PCLgg25Mg 75 and PCLgg 75Mg 25 exhibit
apparent reductions in X, but the differences are small, and
the error in enthalpy determination by DSC can be as large
as 10-15%.

The increase of the crystallization degree with the increase
in MWCNT content has also been reported by Trujillo et al.**
for the PCL/MWCNT system. In contrast, some studies

JOURNAL OF POLYMER SCIENCE, PART B: POLYMER PHYSICS 2017, 55, 1310-1325
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TABLE 3 Crystallization and Melting Temperatures, Normalized
Heat of Crystallization and Fusion, and Degree of Crystallinity
(X;) for the Nanocomposites

AH" T AHL"
Sample . (°C)  (J/g) (°C) (J/g) Xz (%)
PCL 23.7 51 55.0 54 40
PCLgg.75Mo.25 37.3 47 55.7 50 37
PCLgg 3Mo 3 35.6 56 56.1 58 42
PCLggsMo s 37.8 52 55.9 58 42
PCLgg.25Mo.75 39.0 47 5515 52 38
PCLgoM;4 39.9 50 55.6 54 40
PCLggM> 40.2 54 56.6 63 46
PCLg; M3 40.4 57 56.8 63 46
PCLgsM5 40.8 55 56.9 58 43
PCLgg.75NHo 25 40.3 65 55.5 69 51
PCLgg sNHo 5 37.2 57 56.5 63 46
PCLgg.25NHg 75 39.0 60 55.2 64 47
PCLggNH; 38.8 68 55.9 76 55
PCLggNH, 39.3 56 55.5 63 45
PCLg7NH3 39.4 64 56.2 71 51

reported a reduction in crystallinity for PCL/CNT and even
in functionalized systems.”*°"®7 The authors explain this
unusual behavior due to topological restrictions that con-
strain the chain diffusion during crystallization.® On several
reports for nanocomposites of different polymeric matrices,
the crystallinity can 52,55,60,68-71
unchanged with CNT addition.®® Once again, the interactions
between the CNT and the polymer chain will determine the
crystallization behavior of the system.

increase or remains

Self-Nucleation and Nucleation Efficiency

Self-nucleation experiments (SN) allow identifying the
dependence of the melting temperature or self-nucleation
(Ts) temperature on the subsequent crystallization process.
According to Fillon et al,***! it is possible to identify three
different domains. If Ty is high enough to melt all the crystals
and crystalline memory, this T; temperature belongs to
Domain 1. On the other hand lower T values will partially
melt the crystals or leave some residual crystalline memory
that can self-nucleate the material during cooling from T, in
that case, the Ts temperature belongs to Domain II. Finally,
even lower T temperatures can only partially melt the mate-
rial, 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 T. These Ty tempera-
tures belong to the Domain III.

The self-nucleation temperature that originates the largest
amount of self-nuclei will be the lowest temperature belonging
to Domain II. This temperature is called the ideal T (7, igeal)- It
is expected that T. values after SN at T jqea are the highest
temperature for the crystallization under non-isothermal con-
ditions for a polymer. In fact, Fillon et al.***! use such values
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as a reference to calculate the efficiency of a nucleating agent.
For more information, a detailed overview can be found in ref-
erence 42 and its application to the nanocomposites case can
be found in the following references 11,43-45,72, and 73.

An example of the experiment of self-seeding for the PCL
employed in this work is shown in Figure 4. Figure 4(a)
shows the cooling scans after SN at the indicated T, and Fig-
ure 4(b) shows the subsequent heating scans. After a careful
observation of Figure 4(a) (the dashed line indicates the PCL
crystallization temperature under standard conditions), it is
possible to determine the change in the crystallization tem-
perature without any change in the melting behavior. T val-
ues higher than 60 °C are high enough to produce a

L L AL L L L)
(a) [ Standard 7]

eat Flow, Endo up (mW)

10mW  H

0 10 20 30 40 50 60
Temperature (°C)

Heat Flow, Endo up (mW)

55°C, Dom Il
[ 54 °C, Dom I

0 15 30 45 60 75
Temperature (°C)

5 mW
-

FIGURE 4 Self-nucleation behavior of neat PCL for selected
self-nucleation temperatures (Ts). (a) DSC cooling scans from
Ts and (b) DSC subsequent heating scans (see text). [Color fig-
ure can be viewed at wileyonlinelibrary.com]
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FIGURE 5 MWCNTs efficiencies as nucleating agents for
PCLM, and PCLNH, nanocomposites. [Color figure can be
viewed at wileyonlinelibrary.com]

complete melting process and a homogeneous melt. Lower
or equal temperatures to 60 °C can produce self-nucleation
in the melt (Domain II or self-nucleation Domain), in which
T, will increase with the decrease in T, but without changes
in the melting scans (i.e, T, should be the same for all the
Domain II). Figure 4(b) shows a change in the melting pro-
cess at 54 °C. At this point the melting endotherm shows a
second peak at high temperatures indicating the presence of
annealed crystals, which means that Ts values lower than 55
°C belong to Domain III. Since 54 °C belongs to Domain III,
the ideal Ty should be 55 °C.

Employing the ideal Ty (55 °C), it is possible to find the max-
imum crystallization temperature (T.max) for the PCL
employed here, that is, 31.3 °C.

The nucleation efficiency (NE) was calculated by Equation 1,
developed by Fillon et al.*® as follows:

Tena—TepeL

NE= x100 (1)

Tc, max Ta PCL

where T, na is the peak crystallization temperature of the
polymer with the nucleating agent, T, pc, is the peak crystal-
lization temperature of neat PCL after its crystalline history
has been erased (23.7 °C) and T, max is the maximum crystal-
lization temperature after PCL has been self-nucleated at the
ideal self-nucleation temperature (31.3 °C).

The results are shown in Figure 5. In all the cases, the nucle-
ation efficiency is higher than 100%. This remarkable phenom-
enon is known as supernucleation since the crystallization
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temperature of the nanocomposites and nanohybrids are
always higher than the crystallization temperature of the ide-
ally self-nucleated polymer. The supernucleation has been
reported in other systems such as in situ polymerized polyeth-
ylene on different carbon nanotubes***> and PEO, and PCL
covalently grafted on the surface of CNTs.**** Trujillo et al.'*
reported for the first time the supernucleation in a simple melt
mixed nanocomposite (PCL/CNT). This result indicated that
the CNT supernucleation could be dominated by (a) the strong
interaction between the polymer and the MWCNT and (b) the
dispersion quality of the blend. In the present work, the super-
nucleation effect of the MWCNT is a result of an excellent dis-
persion of the MWCNT within the polymeric matrix, which can
be enhanced when modified MWCNTSs are employed. However,
the improvement of the dispersion with the modification of
MWCNT approach could lead to a decrease of its nucleation
capacity, as a result of the agents introduced.

Isothermal Crystallization Experiments

The inverse of the half crystallization time (I1/7s04,) is
related to the overall crystallization rate, which is plotted as
a function of the crystallization temperature (7.) in Figure 6.
From Figure 6, it is possible to observe that the T, range for
isothermal crystallization of the PCL is much lower than for
the nanocomposites. In the samples with MWCNTs, the
supercooling needed for the development of isothermal crys-
tallization is much lower than for neat PCL in view of the
supernucleation effect that they cause on the PCL matrix.

A careful comparison of PCLM, versus PCLNH, samples
reveals a complex behavior. At lower MWCNT content (0.25
wt %) the nanohybrids exhibit a higher crystallization rate
than PCLgg75Mg 25, but as the MWCNT content is increased
(ie, 0.25-1 wt %) the values of 1/t50¢, are closer, and
remains almost the same until the MWCNT content reaches
the value of 1 wt %, where the sample with pristine
MWCNTs (i.e., nanocomposites) has a slightly higher crystal-
lization rate than the nanohybrids.

This behavior in the MWCNT-g-PCL could be attributed to
two competitive factors: (a) the nucleation ability of the
MWCNT and (b) the diluent effect of the low molecular
weight PCL chains grafted to the MWCNT. These chains could
be acting as plasticizers reducing the crystallization kinetics.
At lower MWCNT content, it is possible to obtain a favorable
balance of these two factors, and the sample reaches the
highest crystallization rate. In contrast, increases of MWCNTs
content in the nanohybrids results in an increase in the
number of low molecular weight PCL chains, which, in turns,
increases the plasticizer effect.

A third factor may be possible, taking into account the works
of Winey and coworkers.”*”8 They proposed that it is possible
to modify the diffusion coefficient of a polymer chain when
nanoparticles (NP) are present, or even in blends where the
NP are grafted to polymer chains. They have reported that if
the NPs are grafted to the polymer, the diffusion coefficient
goes through a minimum as the NP concentration increases.
Away from this minimum, high diffusion values are expected.
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FIGURE 6 (a) Variation of 71/sgg, (inverse of half-crystallization time) values as a function of the crystallization temperature for
PCLM, and PCL,NHy samples. Solid lines indicate fittings to the Lauritzen and Hoffman theory. Selected pairs of samples (nano-
composites vs. nanohybrids) are compared for MWCNT contents of (b) 0.25, (c) 0.5 and (d) 3 wt %. [Color figure can be viewed at

wileyonlinelibrary.com]

It could be possible that in the nanohybrids, a concentration of
0.25% MWCNT is within a region where maximum diffusion of
polymer chains can occur next to the CNTs, and hence the over-
all crystallization can be accelerated.

The supercooling (AT = T2-T.) is proportional to the enthalpic
driving force that a polymer needs to start the crystallization
event, the reduction in AT is due to a reduction in the energy
barrier as a consequence of the nucleating ability of the
MWCNTs in both systems. Figure 7 shows the values of the
crystallization temperature for which the blends reach a con-
stant 1/Tsgo, of 0.2 min~ ! [Fig. 7(a)] and the 1 /1500, values at a
constant T, of 52 °C [Fig. 7(b)], as a function of the MWCNT
content. In Figure 7(a), it is possible to observe that T
increases as MWCNT content increases. In other words, that
AT is smaller when the amount of MWCNTSs increases in the
blend, suggesting that the presence of MWCNT (either in the
PCLM, or PCLNHy) makes the overall crystallization (includ-
ing both nucleation and growth) more favorable.

Figure 7(b) shows that the overall crystallization rate (1/7s5¢9,)
increases with MWCNT content. This change can be attributed
to the predominant increase in the nucleation rate. The overall
crystallization rate has two components, the nucleation rate
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and the growth rate. As a consequence of the supernucleation
found, a larger amount of nuclei are activated at higher tem-

perature for both systems.
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FIGURE 7 Influence of MWCNTSs on (a) the crystallization tem-
perature at 1/ts05,= 0.2 min~"' and on (b) the overall crystalliza-
tion rate at T, =52 °C for the indicated blends. Different symbols
are used for experimental (Exp.) and extrapolated (Ext.) data
points. [Color figure can be viewed at wileyonlinelibrary.com]
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FIGURE 8 Reduced shear storage (Gpr) modulus versus
reduced angular frequency (w,1) of the materials studied at
Tr=70 °C. (a) PCLM, and (b) PCLNH,. [Color figure can be
viewed at wileyonlinelibrary.com]

As a result, the rate of nucleation is increased, and the overall
crystallization is also faster. The difference between the
PCL M, and PCL\NHy blends is small, suggesting that the modi-
fied MWCNTs have a similar activity than neat MWCNTSs,
except for the lowest content explored (i.e., 0.25 wt %).

The data obtained during the isothermal crystallization
experiments were analyzed using the Avrami equation, which

can be expressed as follows:*®7°

1=V, (t—to)=exp (—K(t—to)") ()

where t is the experimental time, t, is the induction time, V
is the relative volumetric transformed fraction, n is the
Avrami index, and K is the overall crystallization rate con-
stant. The procedure employed to perform the fittings to the
Avrami equation was that given by Lorenzo et al.*®

For all the samples studied, the fit was very good, even adjust-
ing the data beyond the 50% of conversion. This behavior is
not common but has been reported previously in some poly-
esters.'*8° The Avrami indexes for PCL are between 2.7 and
3.2 (Supporting Information Table S1 and S2), these values are
very close to 3 and correspond to instantaneously nucleated
spherulites when they are observed by polarized light optical
microscopy (not shown here). On the other hand, the introduc-
tion of highly active MWCNTs greatly increases the number of
active nuclei, and, in consequence, a fully three-dimensional
superstructure cannot be obtained for all the nanocomposites
studied here, and small 2D lamellar aggregates are obtained
instead (not shown here). The Avrami index was between 2.6
and 1.7 (Supporting Information Tables S1 and S2); however,
the average was 2.3 and the most common value 2.1. These val-
ues correspond to a two-dimensional lamellar aggregates that
resemble bottle brush morphologies or hybrid shish kebab
structures observed in similar nanocomposites.'»*3*4+6° The K
values are shown in the supplementary information (Support-
ing Information Tables S1 and $2). The values of K" display a
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similar tendency than 1/zsgy, since K" is also related to the
overall crystallization kinetics.

Rheological Properties

The melt rheological data have been superposed using the
time-temperature superposition principle to obtain master
curves at a reference temperature, Tp2"®* Here we have
selected a Tr = 70 °C. We have applied the method of Mavri-
dis and Shroff,?? to determine horizontal, aj, and vertical, by,
factors. The ar and bt values were extracted from tand ver-
sus @ and tand versus|G*| data, respectively. Both the a and
by factors for the nanocomposites studied are similar to
those of the unfilled polymer and obey an Arrhenius-type
temperature dependence with horizontal activation energy
around 40 kJ/mol (reported in the range 35.0-40.0 KkJ/mol
for PCL)**®% and vertical activation energies lower than 3.9
k]/mol (< 1 kcal/mol).

The viscoelastic function storage moduli, ¢/, for the neat
polymer and the two families of nanocomposites are shown
in Figure 8. The neat PCL behaves as a Newtonian liquid at
low frequencies and shows the characteristic power law of
the storage modulus, G o ®?81 However, the terminal
behavior disappears with the addition of MWCNTs either in
PCLM, or PCLNH,. The low-frequency response for the
samples display an increase of the values of ¢’ and a
decrease in the frequency dependence of G’ (ie, G o o’
with f < 2) within this region. This means that the long-time
polymer dynamics in the terminal region is constrained by
the presence of the MWCNTSs.

As a result, the low-frequency complex viscosity, |1*, increases
significantly in the presence of MWCNTs especially at high
compositions, and the Newtonian plateau of the viscosity curve
for PCL progressively vanishes, as it can be readily observed in
Figure 9. This is associated with the formation of an MWCNT
network, which leads to the transformation of the liquid-like
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FIGURE 9 Reduced magnitude of the complex viscosity (|7*
by/at) versus reduced angular frequency of the materials stud-
ied at Tg= 70 °C. (a) PCL,M, and (b) PCL,NH,. [Color figure can
be viewed at wileyonlinelibrary.com]
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polymer to a solid-like material showing a remarkable yield,
even at very low MWCNT concentrations. The divergence of
|#* in the low-frequency zone (i.e., [7*| o ™% with 0 <o < 1)
is clearly observed. Changes and improvements in the physical
properties of polymers due to the addition of MWCNTSs have
been widely reported for polymeric nanocomposites with
SWCNTs and MWCNTs, and it has been shown to depend on
the MWCNT state of dispersion and aspect ratio, polymer-
MWCNT interactions, but also on the molecular architecture of
the polymeric matrix.®*%2

In Figure 10, the exponents f and o (obtained by fitting in
the lowest frequency decade experimentally available for ¢’
and |#*|), are plotted as a function of the MWCNT concentra-
tion. The value of § decreases monotonically from 2.0 to 0
with increasing MWCNT concentration and the values of «
increase monotonically from 0 to 1.0, as it has been
observed in well-dispersed PCL/SWCNT nanocomposites
obtained by solution mixing® which are included in Figure
10 for comparisons purposes. The behavior observed seems
to be independent of the type of the MWCNTs in our case
(i.e., PCLyM, and PCL.NH,).

The results in Figures 8-10 are associated with the forma-
tion of an MWCNT network, which leads to the transforma-
tion of the liquid-like polymer to a solid-like material, even
at very low MWCNT concentrations. This behavior has been
typically observed in yield stress (viscoplastic) materials.
The yield stress is classically defined in the nonlinear visco-
elastic range as the minimum shear stress that must be
applied to a material (typically a multiphase system) to
induce flow. The most common method to obtain the yield
stress is to extrapolate the shear stress versus shear rate
curve to zero shear rate, but there are other methods as
stress relaxation, creep and recovery or shear stress ramp
measurements. Dynamic oscillatory measurement is an alter-
native method for the determination of yield stress. Visco-
plastic materials exhibit a low-frequency plateau in @,
together with a characteristic power-law increase of |i*|.
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FIGURE 10 Power-law exponents of G' and |* obtained by fit-
ting of the lowest frequencies. [Color figure can be viewed at
wileyonlinelibrary.com]

JOURNAL OF POLYMER SCIENCE, PART B: POLYMER PHYSICS 2017, 55, 1310-1325

WWW.POLYMERPHYSICS.ORG

sournaL oF _ Polymer
POLYMER sCiENCE Physics

7
() gy ey 0.6
(a) o PCL, M, (b)
. PCLWL‘NI:-}UZS
7 PCL, My,
10F ¥ PCL,NH 4
= 04f .
—_ i
bt} -
] 2
B A9 <
b 10k 9~
o 5
- S
¥ oy
o~ *
& e
10f 1=

T
' 100 100 100 10
|G*b, (Pa)

3 5

10 10

(G¥{b, (Pa)

10 10

FIGURE 11 (a) Magnitude of the complex viscosity versus
magnitude of the complex modulus of selected samples: (O)
PCLgg75Mo 25, (V) PClggsMos, (<) PCLogM,, (@) PClgg 75NHo 25,
(W) PCLggsNHo5 (#) PCLggNH4. Lines represent the converted
creep results to oscillatory data. (b) Extrapolation procedure
using the creep results applied to obtain |G*o when 1/|*—0.
[Color figure can be viewed at wileyonlinelibrary.com]

These trends have been suggested to be correlated to the yield
stress. There is a vast amount of experimental results about
multiphase systems that exhibit low-frequency plateaus in the
G’ and low-frequency power law in |5*|, and also develop yield
stress behavior in steady shear (see the recent monographic
review about this matter by Malkin et al., °®). There is a general
agreement in that these behaviors at low frequencies are char-
acteristic features of yielding fluids.

Obtaining the percolation threshold requires a full character-
ization of the yield behavior at low frequencies. It has been
reported the possibility of estimate the value of the charac-
teristic modulus of the network, |G*|o, from the |G*| versus
[7* plot3® In Figure 11, it is observed the typical plot of
|[#7*| versus |G*| used for the study of materials that show
yield behavior applied to our samples. In general, a well-
defined yield is obtained in all the cases except for the sam-
ples with the lowest content in MWCNTs. Some authors have
suggested a linear extrapolation of |G*| when |5*| tends to
infinite (or the reciprocal tends to zero) to extract the typical
modulus of the network.®® In our case, this procedure works
well for compositions higher than 0.25 wt %, as it can be
observed in Figure 11(b). However, for the PCLgg75Mg 25 and
PCLg975NHg 25 systems (those with the lowest MWCNT con-
tent), the application of this procedure would require very
long extrapolations.

To further probe the existence and nature of this ‘plateau’,
especially in these cases, we have performed long creep
measurements at T=70 °C. The shear compliance, ]
obtained from these measurements is shown in Figure 12
for selected samples. The results for J. are within the linear
viscoelastic region, as it is guaranteed by the identical trend
obtained for each material irrespective of the shear stress
applied in the range 7y = 6.25-100 Pa.
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FIGURE 12 (a) Shear creep compliance, J., as a function of creep
time for selected materials at T=70 °C. Applied shear stress, 1o:
(0) 6.25 Pa, () 12.5 Pa, and (A) 25 Pa for PCL and (H) 50 Pa, (@)
75 Pa, and (a) 100 Pa for PCLggM,. Dotted lines indicate the
extrapolated slope of the flow region for PCL. (b) Shear creep
compliance, J., as a function of creep time at T=70 °C for pure
PCL (dashed line); MWCNT samples: (0) PClgg7sMo.os, ()
PCLgg sMo 5, (<) PCLgogMy; and the NH samples (@) PCLgg 75NHo 25,
(¥) PCLggsNHo 5, (#) PCLogNH;. The curves of the samples with
0.5 and 1 wt % MWCNT content in (b) have been vertically shifted
for a better visualization, as indicated in the graph. [Color figure
can be viewed at wileyonlinelibrary.com]

In Figure 12(a), the results obtained for PCL and PCLggM;
are shown as examples. The creep mode allows one to work
in the terminal region providing application of low enough
values of shear stress for long creep times. Typically, in poly-
meric materials, it is possible to obtain the value of Newto-
nian viscosity, 1o, asny=limy,, t/J(t). This is the case of the
neat PCL sample, which shows the typical behavior of a
Newtonian polymer in the whole time window explored,
with J, o t'. Lower values of J. are observed as the MWCNT
content in the sample increases [Fig. 12(b)]. The terminal
behavior, however, is not reached in any of the nanocompo-
sites within the time window explored. The addition of the
MWCNTs becomes evident by a general decrease of J. over
the whole ranges of time for the samples, either in PCLM,
or PCLyNH, samples. The most interesting result is that in

TABLE 4 Solid-Like Yield Complex Modulus for the Materials
Under Study at T=70 °C

WWW.POLYMERPHYSICS.ORG

PCLM, |G*o (Pa) PCL,NH, |G*o (Pa)
PCLog.75Mo 25 0.63 PCLgg 7sNHo.25 1.0
PCLog.3Mo.3 15 - -
PCLgosMos 220 PCLgo sNHo s 340
PCLos.25Mo 75 1,640 PCLgo 25NHo.75 1,810
PCLosM; 2,710 PCLgoNH; 2,960
PCLggM, 18,000 PCLggNH., 20,000
PCLgyM3 52,500 PCLgyNH5 55,000
PCLgsMs 142,900 -
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FIGURE 13 Linearization of the compositional dependence of
the yield “plateau” modulus for the systems under study. The

line is the best fit to eq 3. [Color figure can be viewed at
wileyonlinelibrary.com]

all cases, including the samples with the lowest content in
MWCNT, a constant “plateau” in compliance is reached at
long times, indicating the expected solid-like behavior of per-
colated networks. The equilibrium values of J. at long times
are quite similar in both families at a given content of
MWCNTSs, as it is shown in Figure 12(b).

The values of J. in Figure 12 have been converted to |G*|
and |n*, following the procedures described elsewhere.”*?¢
These procedures have been reported to work very well in
polymeric nanocomposites, provided that the linear visco-
elastic region is guaranteed.’’ The results obtained from the
experiments can then be compared in a broad range of angu-
lar frequencies, as it is observed in Figure 11(b) for the |G*|
versus |n* plot. The strong effect of the MWCNTs can be
seen, even for the lowest MWCNT compositions. From this
plot, the characteristic values of |G*|y for the MWCNT net-
work have been obtained. The values are listed in Table 4.

The application of the percolation theory to the results
obtained for |G*|, from the combination of oscillatory and
creep experiments as a function of the MWCNT content is
shown in Figure 13. The determination of the critical con-
centration, ¢, is made by fitting the data to the following
scaling law:

16°1o()=16"1o(¢—9))" 3)

The critical concentration was found to be quite similar in
both families within the experimental uncertainty, 0.240%
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FIGURE 14 Reduced magnitude of the complex viscosity, obtained from oscillatory and transformed creep experiments, versus reduced
angular frequency of selected samples: () PCL, () PCLgg 75Mo 25, () PCLgg sMo 5, (<) PCLggM;, (<J) PCLg;Ms3, (solid line) PCLgg 75NHg 25,
(dashed line) PCLgg sNHq 5, (dotted line) PCLggNH;, (dash-dotted line) PCLgzNHs. [Color figure can be viewed at wileyonlinelibrary.com]

and 0.236 wt % for PCLyM, and PCLyNH, families, respec-
tively. The volume fraction, ¢, is around 1.5%1073, assum-
ing a density ppcrmeiy=1.06 g/cm3 at T= 70 °C%” and
pmwent=1.74 g/cm? 8 The critical exponent in Equation 3 is
t=2.00, which is agreement with the universal value
expected in the case of a 3D percolated network.”>*°® The
percolation threshold obtained is one order of magnitude
lower than those obtained in previous determinations on
PCL/CNT (2-3 wt %),%*®° and slightly lower than that
obtained recently by Chin et al. (0.3 wt %),3* in samples pre-
pared by melt mixing. These last results together with those
obtained in our systems are well within the range observed
in PCL/CNT prepared by solvent dispersion (0.07-0.7 wt
%),°>** suggesting a good dispersion of the MWCNTSs in the
polymer matrix for our samples. It should be noted that the
geometrical threshold is also dependent upon the dimen-
sions and effective anisotropy of the dispersed objects, and
so we have to take into account the differences when com-
parisons are made.

A closer inspection of the results obtained for |G*|, at given
compositions suggests a slightly better dispersion for the
PCLNH, family (see Table 4). This is also clear in the com-
plex viscosity plot shown in Figure 14. The figure includes a
combination of oscillatory and creep results for selected
samples at T= 70 °C. It is observed that both families reach
in the low-frequency region the expected yield behavior
(In*lx o). Additionally, PCL,NH,, samples reach higher val-
ues of |7*| than the analogous PCL,M,. These results suggest
that: (i) the MWCNT network dominates the dynamics of the
systems within low-frequency (long time) region in both
families, restricting polymer chains terminal relaxation and
(if) the MWCNT network in the PCLNH, family restricts
more efficiently this relaxation than in PCLM, samples, at
least up to MWCNT content of 1 wt %.
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More interesting differences between PCL M, and PCL.NH,
families can be observed for |4* in the high-frequency
region. An enlargement of this specific region is observed in
the right panel of Figure 14. It is remarkable that for those
samples with the lowest NH content, |#* diverges from that
obtained for the neat PCL and PCLM, family, decreasing in
magnitude up to a 50% (see the solid lines in Fig. 14). The
equivalent is observed for creep compliance in Figure 12(b)
at short times, with a clear increase in J. values with respect
to that observed in neat PCL.

The decreased viscosity and increased compliance is a result
of the low molecular weight free and grafted PCL chains in
PCL,NH,, samples, as a consequence of the process of func-
tionalization of the MWCNTs. At high frequencies, the
mechanical solicitation acts on a small size scale, being less
sensitive to the MWCNT network, as it is demonstrated by
the small changes observed for the PCLM, family with
respect to the neat PCL. For example, in this zone, the
PCLgg.75Mg 25 is virtually identical to neat PCL. However, this
is not the case for the PCLyNH,, for which the effect of the
low molecular weight species (either grafted or “free’) have
a measurable effect. The influence of these low molecular
weight species vanishes as the NH content increases. In fact,
the plasticization effect disappears for compositions higher
than 1 wt %, within the frequency range experimentally
available, as it is observed in Figure 14. This is most proba-
bly due to a shift of the plasticization effect at higher fre-
quencies as NH content increases. It should be noted that in
the rheological analysis two competing mechanisms push in
opposite directions as NH content increases: (i) an increase
in the amount of low-M,, PCL component (decrease the mag-
nitude of the rheological properties), and (ii) a decrease of
the mesh size of the MWCNT network (increase the magni-
tude of the rheological properties). For the highest NH
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content, the plasticization range may shift outside the experi-
mentally accessible area due to the extremely low mesh size
of the MWCNT network.

The results observed for the PCLNH, family may have
important implications in process operations, such as extru-
sion. It should be recalled here that PCL has been reported
to show significant and undesirable extrudate distortions
during this process.'®* The results shown here are promising,
as they anticipate a better performance and processability of
the PCLNH, samples in extrusion processes, preventing or
delaying extrudate distortions, and also conferring a better
dimensional stability, as it has been observed in polyolefins
such as polypropylene and polyethyene.'%1%3

CONCLUSIONS

The comparative study of the crystallization process of the
PCLM, and PCLNHy systems shows common behaviors
such as the supernucleating action of the carbon nanotubes
in the crystallization process and the increase in the rate of
crystallization with the content of nanotubes as compared to
PCL homopolymer. A novel aspect of this study is the signifi-
cant influence of the molecular weight of the PCL chains syn-
thesized during the functionalization of the nanotubes,
whether they are free or grafted, in the overall crystallization
kinetics and therefore in the solidification process of prod-
ucts. The nucleating action of the nanotubes and the plasti-
cizing effect of the low molecular weight PCL chains
synthesized during the functionalization have opposite
effects on the crystallization kinetics of the nanohybrids. The
prevalence of one effect with respect to the other exhibits an
interesting dependence on the composition. This competition
illustrates the greater complexity of nanohybrid systems
with respect to nanocomposites. Nanohybrids with 1 wt %
or less MWCNTs exhibit faster crystallization rates than
nanocomposites. In contrast, nanohybrid with more than 1
wt % MWCNT exhibit lower crystallization rates than nano-
composites, as a consequence of the plasticization action of
low molecular weight PCL chains. The control of the molecu-
lar weight of the grafted and “free” chains in nanohybrid sys-
tems offers a novel way to tailor the behavior of these
systems.

Rheological properties confirm solid-like behavior in the
melt for both PCLM, and PCLNH, samples from MWCNT
content as low as 0.25 wt %. The results indicate an effec-
tive dispersion of the MWCNT in both families, and a perco-
lation threshold of around 0.23-0.24 wt %, which is one
order of magnitude lower than that found in other melt-
mixed PCL nanocomposites. The application of the percola-
tion theory to the rheological data confirms a 3D percolated
network in the melt, with an exponent ¢ = 2.00. Additionally,
from this study, an improved performance and processability
of the PCLyNH,, samples can be foreseen, as decreased values
of viscosity (up to a 50%) have been determined in the com-
positional range 0.25-1 wt % of nanohybrids. This result is
likely due to the low molecular weight MWCNT-grafted and
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“free” PCL present in PCL,NH, samples, which compete with
the MWCNTs network for these compositions.
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