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Exfoliated nanocomposites were prepared by dispersion of poly(e-caprolactone) (PCL)
grafted montmorillonite nanohybrids used as masterbatches in chlorinated polyethylene
(CPE). The PCL-grafted clay nanohybrids with high inorganic content were synthesized
by in situ intercalative polymerization of e-caprolactone between silicate layers organo-
modified by alkylammonium cations bearing two hydroxyl functions. The polymerization
was initiated by tin alcoholate species derived from the exchange reaction of tin(II) bis(2-
ethylhexanoate) with the hydroxyl groups borne by the ammonium cations that organo-
modified the clay. These highly filled PCL nanocomposites (25 wt% in inorganics) were dis-
persed as masterbatches in commercial chlorinated polyethylene by melt blending. CPE-
based nanocomposites containing 3–5 wt% of inorganics have been prepared. The forma-
tion of exfoliated nanocomposites was assessed both by wide-angle X-ray diffraction and
transmission electron microscopy. The thermal and thermo-mechanical properties were
studied as a function of the filler content, by differential scanning calorimetry and dynamic
mechanical analysis, respectively. The mechanical properties were also assessed by tensile
tests. The Young’s modulus of CPE is increased by a decade when a PCL-grafted clay mas-
terbatch is exfoliated to reach 5 wt% of clay in the resulting nanocomposite. The influence
of PCL-grafting on the properties of these nanocomposites was investigated by comparison
with materials obtained with ungrafted-PCL.

� 2008 Elsevier Ltd. All rights reserved.
1. Introduction

Polymer nanocomposites constitute a class of polymers
reinforced with a small amount (typically less than 10% in
weight) of particles with nanometric size. Over the past
. All rights reserved.
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years [1–4], the scientific community has largely focused
on the polymer-clay nanocomposites owing to the im-
proved properties that can be obtained with such nano-
dimensional materials. Among other improvements, ten-
sile, thermal and flame retardancy properties are increased
[1–5] while gas transport properties can be significantly
decreased [6,7]. For this purpose, layered silicate minerals,
such as sodium montmorillonite (MMT) organo-modified
by adequately chosen alkylammonium cations, are exten-
sively used. Indeed, this crystalline 2:1 layered clay
mineral is environmentally friendly, readily available in
large quantities and its intercalation chemistry has been
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well studied [8]. The reinforcing action of these organo-
modified clays has been investigated in a large variety of
polymer matrices including polyolefins [9–12], polyesters
[13–16], etc.

Depending on the nano-scale dispersion of the layered
silicate, the whole spectrum of structure ranging from
intercalated to exfoliated nanocomposites can be observed
[1,17]. However, only delaminated structures lead to the
complete and uniform dispersion of the individual silicate
layers in a continuous polymer matrix and optimization of
the mechanical and barrier properties.

Chlorinated polyethylene (CPE), obtained by free-radi-
cal substitution of hydrogen atoms of polyethylene by
chlorine [18], is a polymer mainly used in thermoplastic
processes, to modify the impact properties of rigid poly(vi-
nyl chloride) (PVC) for applications such as vinyl siding and
window profiles, but also in film and automotive applica-
tions, cable jackets and industrial sheets, because of its
excellent resistance to ozone, UV radiation and oil [19].
However, the loss of hydrochloric acid, at temperatures
higher than 150 �C, represents a major drawback [20]
which limits the use of CPE. The most common way to
overcome such drawback is to add stabilizers (hindered
phenols, magnesium oxide, epoxidized soybean oil etc.).
Furthermore, talc is commonly used as an anti-agglomera-
tion additive in the case of suspension chlorination of PE
[21].

The preparation of CPE/clay nanocomposites offers a
novel approach to obtain new materials with improved
mechanical and fire resistance properties, but only a few
studies have been reported so far. Kim and White [22] pre-
pared CPE/layered silicate nanocomposites with natural
and organo-treated MMT by melt blending and discussed
the mechanical properties enhancement with organo-
clays. These authors suggest that the CPE polymer chains
largely intercalate the clay layers of their organoclay (Cloi-
site�30B). However, a close examination of the WAXD pat-
tern points out a diffraction peak at 2h � 6�, characteristic
for the degradation of the intercalated ammoniums, as de-
scribed later on in other publications [23,24].

In order to improve the nanocomposite structure (exfo-
liation) and its related performances, it has been suggested
to use masterbatches where a high clay content is pre-
mixed/dispersed in a polymer known to behave as a com-
patibilizer for the selected matrix [25,26]. Owing to its
known miscibility with CPE [27], poly(e-caprolactone)
(PCL) can be considered as a good compatibilizing agent.

Highly destructurated and even exfoliated nanocom-
posites based on PCL can be prepared by in situ polymeri-
zation of e-caprolactone (CL) in the presence of
montmorillonite modified by alkylammonium cations con-
taining a carboxylic acid [28] or hydroxyl end-group(s)
[29,30]. Therefore, largely exfoliated CPE/clay nanocom-
posites might be prepared by combining the in situ interca-
lative polymerization of CL within the organoclay to
prepare highly destructurated masterbatches, followed by
melt processing of this masterbatch with the CPE matrix.

Such a masterbatch strategy has been used with PVC
nanocomposites by Lepoittevin et al. [17] with interesting
results. Grafted-PCL masterbatches with high clay content
(32 wt%) were obtained by in situ intercalative polymeriza-
tion of CL in the presence of Bu2Sn(MeO)2 catalyst, then
dispersed in a commercial PVC matrix to prepare largely
exfoliated PVC/clay nanocomposites with improved
mechanical properties. The conditions necessary to control
all the molecular parameters of the grafted polyester
chains, i.e., control over the grafting efficiency, grafting
density, length of the grafted polyester chains, have been
extensively studied by Lepoittevin et al. [14,15].

Based on those studies, we propose a two-step prepara-
tion of CPE-based nanocomposites. In a first step, the
organomodified silicate layers are delaminated by the cata-
lyzed polymerization of CL directly initiated from hydroxyl
groups borne by the exchanged ammonium cations, in order
to prepare masterbatches with a filler content of about
25 wt%. Then, the resulting polyester-grafted organoclay
masterbatches are dispersed in a commercial CPE matrix
by melt blending for reaching 3 and 5 wt% of clay (and thus
8.4 and 13.7 wt% of PCL, respectively). The morphological,
thermal and mechanical properties of the resulting materi-
als have been investigated. To assess the role of PCL-grafting
and of the different components of the nanocomposites
(CPE, clay, and PCL) on the materials properties, composites
of lower complexity were also prepared and analyzed: CPE/
PCL blends, CPE/clay blends, and CPE nanocomposites ob-
tained from a non-grafted-PCL/clay masterbatch.
2. Experimental part

2.1. Materials

e-Caprolactone (CL, Fluka) was dried over CaH2 and dis-
tilled under reduced pressure prior to use. Tin (II) bis(2-
ethylhexanoate), also known as tin(octoate) (Sn(Oct)2),
was purchased from Fluka, diluted with dried toluene
and stored under nitrogen atmosphere.

Commercial CPE, Tyrin�3611P (36 wt% chlorine), ob-
tained from a chlorination process of linear high-density
polyethylene, was supplied by Dupont-Dow Elastomers.
The supplier notes the presence of talc in the CPE matrix
(<7 wt%). CAPA�2402, a PCL oligomer (Mn = 4000 g mol�1)
was obtained from Solvay Interox. Cloisite�30B (CL30B), a
montmorillonite organomodified by 23.4 wt% of methyl
bis(2-hydroxyethyl)tallowalkyl ammonium cations was
supplied by Southern Clay Products.

2.2. Preparation of poly(e-caprolactone)/clay masterbatches

Poly(e-caprolactone) (PCL) has been grafted on the
organoclay surface by ring-opening polymerization of e-
caprolactone (CL) in the presence of Sn(Oct)2 according to
a ‘coordination-insertion’ mechanism in appropriate con-
ditions [14].

Before polymerization, the organo-modified montmo-
rillonite (CL30B) (5.25 g) was dried under vacuum
(10�2 mm Hg) at 70 �C overnight in a glass reactor
equipped with a magnetic stirrer. A toluene solution of
Sn(Oct)2 (7 mL, 3.5 10�4 mol) was then added to the clay
under nitrogen flow. A given amount of e-caprolactone
(11 mL, 0.09 mol) was finally added such that the [mono-
mer]0/[Sn]0 molar ratio was 283 and the polymerization



Table 1
Description of the studied materials

(Nano)composites Compatibiliser Organoclays

Pristine Tyrin�3611P
CPE(0;0) – –

3 wt% of inorganics and/or 8.4 wt% of PCL
CPE/CL30B(3;0) – CL30B
CPE/CAPA�2402(0;8.4) CAPA�2402 –
CPE/CL30B/CAPA�2402(3;8.4) CAPA�2402 CL30B
CPE/CL30B-PCL(3;8.4) Grafted-PCL CL30B

5 wt% of inorganics and/or 13.7 wt% of PCL
CPE/CL30B(5;0) – CL30B
CPE/CAPA�2402(0;13.7) CAPA�2402 –
CPE/CL30B/CAPA�2402(5;13.7) CAPA�2402 CL30B
CPE/CL30B-PCL(5;13.7) Grafted-PCL CL30B
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was carried out at 100 �C for 7 days and stopped by tem-
perature quenching. A monomer conversion of 92 wt%
was determined, yielding grafted-PCL chains with a Mn

estimated at ca. 1600 g mol�1 based on previously re-
ported data [14,15].

The clay content in the so-produced PCL-grafted CL30B
nanohybrid was checked by TGA (Q 50 from TA Instru-
ment, 20 �C/min under helium) giving an inorganic content
of 24.7 wt%.

For the sake of comparison, a non-grafted-PCL/CL30B
nanocomposite (highly filled, i.e., containing 24.8 wt% inor-
ganics) was also prepared by melt mixing CL30B with
CAPA�2402 in a Brabender internal mixer at 175 �C for
10 min. Both highly filled nanohybrid and nanocomposite
were considered as masterbatches to be dispersed in CPE.
The investigated masterbatches are coded as: CL30B-PCL
for the grafted-PCL masterbatch while CL30B/CAPA�2402
for the non-grafted-PCL masterbatch. Each code is further
completed by two data in parentheses, the first one indi-
cating the amount of clay (expressed as wt% in inorganics)
in the related sample and the second data giving the rela-
tive amount of PCL. For example, CPE/CL30B/CAPA�2402
(3;8.4) corresponds to the blend of CPE with the non-
grafted-PCL oligomer/montmorillonite masterbatch (phys-
ical nanocomposite) that contains 3 wt% of clay (inorgan-
ics) and 8.4 wt% of PCL (Mn = 4000 g mol�1).

2.3. Preparation of (nano)composites

CPE/layered silicate composites were prepared by melt
blending CPE and the PCL-based masterbatches using a
Brabender internal mixer operating at 175 �C for 10 min
with a rotation speed of 75 rpm. The collected samples
were compression-molded into 3 mm-thick plates for
150 s at 175 �C under a pressure of 150 MPa and then rap-
idly cooled to room temperature.

The dispersions of the PCL-based masterbatches were
carried out to produce nanocomposites containing either
3 wt% or 5 wt% of inorganics and therefore 8.4 and
13.7 wt% of PCL, respectively.

Direct clay dispersion (CPE/CL30B), binary blends (CPE/
CAPA�2402) and nanocomposites using masterbatches
prepared from non-grafted-PCL oligomers (CPE/CL30B/
CAPA�2402) have also been studied for the sake of
comparison.

Table 1 shows the various (nano)composites prepared
during this study.

2.4. Characterization

The morphology of the (nano)composites has been ana-
lyzed by Wide-Angle X-Ray Diffraction (WAXD) and Trans-
mission Electron Microscopy (TEM). WAXD patterns were
recorded between 1.65� and 30� (by steps of 0.04�) with
a Siemens D5000 diffractometer operating with Cu Ka radi-
ation (k = 1.5406 Å). TEM micrographs were obtained with
a Philips CM100 apparatus using an acceleration voltage of
100 kV. Ultrathin sections (ca. 80 nm thick) were cut at
�100 �C from 3 mm thick hot-pressed plates by using a
Reichert-Jung Ultracut FC4E microtome equipped with a
diamond knife. Because of the large difference in electron
density between silicate and polymer matrix, no selective
staining was required. TEM analysis has been limited to
low magnification (*4500) since sample damage was ob-
served when increasing magnification.

DSC Q100 from TA Instrument was used for Differential
Scanning Calorimetry (DSC) analysis. (Nano)composites
samples (weighing �12 mg) were sealed in aluminum
DSC pans and placed in the DSC cell. The DSC was cali-
brated with indium. Samples were heated from �80 �C to
180 �C with a heating rate of 10 �C/min. DSC analyses were
performed with ‘fresh’ samples, i.e. 48 h after preparation.

Dynamic mechanical thermal analyses (DMTA) were
performed with a DMA2980 from TA Instrument from
�70 �C to 100 �C on compression molded (0.5-mm thick
and 5-mm wide) sheets of either unfilled CPE or CPE/lay-
ered silicates nanocomposites. Measurements were carried
out in tensile mode at 1 Hz with a deformation amplitude
of 20 lm. The heating rate was 3 �C/min.

Tensile tests were performed with a Lloyd LR 10 K ten-
sile testing apparatus. Tensile properties were measured at
20 �C with a constant deformation rate of 50 mm min�1 on
dumbbell-shaped specimens prepared from compression
molded samples according to the 638 type V ASTM norm.
Tensile data were evaluated on the average of five inde-
pendent measurements.

3. Results and discussion

3.1. Materials morphology

3.1.1. Pristine CPE
Tyrin�3611 P, the CPE matrix used in this study, is a

commercial formulation including solid additives (such
as talc <7 wt%) that may interfere with the characterization
of the prepared nanocomposites. Therefore, a morphologi-
cal study of as-received CPE has been carried out. The
WAXD pattern of CPE is presented in Fig. 1. The broad peak
at 2h = 21.2� corresponds to the (110) reflection of polyeth-
ylene-type crystalline domains formed by the non-chlori-
nated fragments of CPE [31]. The diffraction peaks at
2h = 9.4�, 18.9�, 28.5� correspond to the (001), (002), and
(003) reflections of talc [32]. The TEM micrographs
(Fig. 2) show the presence of talc particles, which appear
as dark objects indicated by white arrows. Due to the



Fig. 1. WAXD pattern for Tyrin� 3611P: CPE and talc characteristic peaks.
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strong morphological similarities between clay and talc
[33], it will be necessary to take into account the presence
of the talc stabilizer for when interpreting the TEM images
of the nanocomposites.

3.1.2. (Nano)composites
The WAXD patterns of the CPE (nano)composites with 3

and 5 wt% of clay (the CPE/clay direct blends, and the
nanocomposites based on the non-grafted masterbatch
and the grafted masterbatch) are presented in Figs. 3 and
5. The diffraction peak of talc at 2h = 9.4� is clearly visible.
The patterns of the CPE/CL30B(3;0) and CPE/CL30B(5;0) di-
rect blends present a diffraction peak at 2h = 6.13� (inter-
layer distance d = 1.43 nm) characteristic of the CL30B
stacks after thermal degradation. Indeed, compared to
d001 of the starting CL30B detected at 1.84 nm, an inter-
layer collapse by ca. 0.4 nm is recorded, indicating that
melt processing CL30B with a polymer such as CPE at
175 �C for 10 min is mainly due to the double bonds oxida-
tion of tallow alkyl chain ammonium followed by a local
cross-linking between long alkyl chain ammoniums, as re-
ported elsewhere [23]. Such decrease of the interlayer
Fig. 2. TEM micrographs for Tyrin� 3611P at low magnification (a), and at high m
particles (talc) contained in the commercial matrix.
spacing also indicates that CPE does not penetrate the clay
galleries; the direct blends between CL30B and CPE are
microcomposites. In the CPE/CL30B/CAPA�2402(3;8.4)
and CPE/CL30B/CAPA�2402(5;13.7) nanocomposites based
on the non-grafted masterbatch, the interlayer distance of
the organo-clay, calculated from the observed diffraction
peaks using the Bragg’s equation, is d = 3.38 nm
(2h = 2.6�) and d = 4.06 nm (2h = 2.34�), respectively. The
increase of the interlayer distance from d = 1.84 nm (2h =
4.7�) in CL30B indicates that polymer intercalation has oc-
curred. It is worth noting that the pre-mixing of the
organomodified clay with PCL at 175 �C prior to its disper-
sion in CPE at 175 �C somehow hinders the degradation of
the organo-clay since no diffraction peak around 2h = 6� is
observed. With respect to the nanocomposites with 3 wt%
of clay, those with 5 wt% of clay have well-marked diffrac-
tion peaks of higher order, meaning that the aggregates
have maintained a relatively high level of order. In the
CPE/CL30B-PCL(3;8.4) and CPE/CL30B-PCL(5;13.7) nano-
composites based on PCL-grafted masterbatches, the signal
corresponding to the interlayer distance of CL30B has
broadened considerably, and its maximum is detected at
agnification (b). The dark objects on each micrograph represent inorganic



Fig. 3. WAXD patterns for CPE (nano)composites: CPE/CL30B(3;0), CPE/CL30B/CAPA�2402(3;8.4) and CPE/CL30B-PCL(3;8.4).

Fig. 4. TEM micrographs for CPE nanocomposites: CPE/CL30B(3;0) (a), CPE/CL30B/CAPA�2402(3;8.4) (b) and CPE/CL30B-PCL(3;8.4) (c).
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a higher distance (lower 2h angle) than in CL30B, i.e., at
d = 3.78 nm (2h = 2.3�) and d = 4.3 nm (2h = 2.05�), respec-
tively. Both the broadening of the signal and its shift to
lower 2h angle values are characteristics of more disor-
dered intercalation. The observation of such broad and
poorly defined diffraction peaks in the nanocomposites
based on grafted masterbatches might also indicate some
level of exfoliation, further confirmed by TEM.

Additional information about the morphology of these
(nano)composites has been obtained by TEM (see the rep-
resentative TEM micrographs at low magnification in Figs.
4a and 6). The images confirm a microcomposite structure
for the direct blends, without clay nanoplatelet delamina-
tion (Figs. 4a and 6a), and an intercalated structure when
using a non-grafted masterbatch (Figs. 4b and 6b). For both
composites, the talc and clay particles appear as large
aggregates of up to a few microns; talc and clay cannot
be distinguished at low magnification. The images of the
nanocomposites based on the grafted masterbatch (Figs.
4c and 6c) show a semi-intercalated, semi-exfoliated struc-
ture with a homogeneous dispersion of exfoliated platelets,
together with some small stacks remaining. The large par-
ticles that are still visible in the TEM images are talc. These
observations will be of key importance for understanding
the properties and the effect of clay exfoliation reported
hereafter.

3.2. Thermal characterization

3.2.1. (Nano)composites with 8.4 wt% of PCL
The thermal properties of the chlorinated polyethylene

composites were studied by DSC (Fig. 7). The thermograms



Fig. 5. WAXD patterns for CPE (nano)composites: CPE/CL30B(5;0), CPE/CL30B/CAPA�2402(5;13.7) and CPE/CL30B-PCL(5;13.7).

Fig. 6. TEM micrographs for CPE nanocomposites: CPE/CL30B(5;0) (a), CPE/CL30B/CAPA�2402(5;13.7) (b) and CPE/CL30B-PCL(5;13.7) (c).
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have been shifted vertically in order to facilitate the inter-
pretation. CPE is characterized by a very broad and com-
plex thermal behavior between �20 �C and 125 �C,
comprising both the glass transition and a very broad
melting endotherm. In CPE/PCL blends, which can be
either totally or partially miscible [25], both phases can
crystallize depending on the blend composition. With
8.4 wt% of PCL, no PCL melting peak could be observed nei-
ther in the binary blend (CPE/CAPA�2402(0;8.4)) nor in
the CPE/CL30B-PCL(3;8.4) nanocomposite. In the nano-
composite based on the non-grafted-PCL masterbatch
(CPE/CL30B/CAPA�2402(3;8.4)), an endothermic peak at
is however detected �50 �C and it’s probably corresponds
to the melting of some PCL crystalline phase. This might
indicate a possible nucleation effect of the organo-modi-
fied clay for PCL oligomers when they are not grafted onto
the clay surface.
3.2.2. (Nano)composites with 13.7 wt% of PCL
Fig. 8 shows the DSC curves of the CPE (nano)compos-

ites and blends containing 13.7 wt% PCL. The observation
of the PCL melting peak with a maximum at ca. 52 �C in
the first heating scan attests for the presence of some
crystalline PCL immiscible with the CPE. The presence
of a crystalline PCL phase strongly influences the
mechanical properties of the resulting materials, as de-
picted hereafter.

3.3. DMTA studies

Dynamic mechanical thermal analysis (DMTA) can pro-
vide reliable information on the storage modulus of poly-
mer-based materials. The temperature dependence of the
storage moduli is presented in Figs. 9–11 for the different
(nano)composites.



Fig. 8. DSC traces of CPE, CPE/CAPA�2402(0;13.7), CPE/CL30B/CAPA�2402(5;13.7) and CPE/CL30B-PCL(5;13.7) during a first scan at a heating rate of 10 �C/
min.

Fig. 7. DSC traces of CPE, CPE/CAPA�2402(0;8.4), CPE/CL30B/CAPA�2402(3;8.4) and CPE/CL30B-PCL(3;8.4) during a first scan at a heating rate of 10 �C/min.
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Fig. 9 shows the evolution of the storage modulus (E0)
with temperature for CPE and CPE/CL30B blends with
3 wt% and 5 wt% of inorganics. E’ decreases gradually upon
heating from �70 �C with a rapid decrease in the glass
transition region of CPE, starting around �10 �C. From
70 �C to 60 �C, E0 of the composites is comparable to that
of pristine CPE. These results indicate that CL30B has no
influence on the CPE mechanical properties in this temper-
ature range, as expected for microcomposites at such low
filler contents. However, it is worth pointing out that, at
temperatures higher than 60 �C, the presence of clay
(3 wt% or 5 wt%) leads to a significant loss in E0. This loss
of E’ might be associated with modification of the so called
a-relaxation process, i.e., the enhanced mobility of some
chain segments in CPE (mainly non-chlorinated methylene
groups) as a result of lower dipole–dipole interactions in
the presence of the clay.

Fig. 10 shows E0 for CPE and binary blends with 8.4 and
13.7 wt% of PCL. The storage modulus of the CPE/
CAPA�2402(0;8.4) blend observed from �70 �C to 100 �C
is lower than that of pristine CPE in the same temperature
range. This behavior reflects the plasticizing effect of the



Fig. 9. DMTA traces of CPE, CPE/CL30B(3;0) and CPE/CL30B(5;0).

Fig. 10. DMTA traces of CPE, CPE/CAPA�2402 (0;8.4) and CPE/CAPA�2402(0;13.7).
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PCL oligomers at this particular weight fraction. On the
contrary, the storage modulus of the CPE/
CAPA�2402(0;13.7) blend observed in the region from
�70 �C to 50 �C, is higher than the E’ value recorded for
pristine CPE and reflects the increase of the structure stiff-
ness due to the presence of PCL crystallites. At room tem-
perature, E’ of CPE/CAPA�2402 (0;13.7) blend shows an
increase by ca. 260% in comparison with pristine CPE. At
higher temperature, after melting of the PCL crystallites
(>50 �C), this blend shows a pronounced drop in storage
modulus which becomes lower than that of CPE. This phe-
nomenon can be explained by the plasticization effect of
the PCL oligomer or a specific perturbation of the a-relax-
ation process of CPE by molten PCL chains. The different
behavior for PCL-containing blends at temperature higher
than 50 �C, as a function of the PCL content, could be ex-
plained by a different localization of the PCL chains in
the heated blend. For the samples containing 8.4 wt%
PCL, this plasticizer is homogenously distributed within
the still semi-crystalline CPE, optimizing the plasticizing
effect. For the sample containing 13.7 wt% PCL, the melting
of the PCL crystalline domains within a still crystalline CPE
leads to local increases in the PCL concentration and there-
fore to a less effective plasticizing effect.

Fig. 11 shows E’ for CPE, CPE/CL30B-PCL(3;8.4) and CPE/
CL30B-PCL(5;13.7) samples. The storage moduli of both
CPE nanocomposites are higher than E’ recorded for the
pristine CPE matrix at least from the glassy to the rubbery
state. This improvement is directly linked to the fine nano-
clay dispersion. One can note the higher storage moduli



Fig. 11. DMTA traces of CPE, CPE/CL30B-PCL(3;8.4) and CPE/CL30B-PCL(5;13.7).

Table 2
Glass transition temperature of CPE-based materials recorded as the
maximum of tan d in DMTA analysis (20 lm deformation in tensile mode
at 1 Hz and 3 �C/min)

Material code Grafted-PCL Tg (�C)

CPE (0;0) – 10.2
CPE/CAPA�2402(0;8.4) No 0.0
CPE/CAPA�2402(0;13.7) No 6.5
CPE/CL30B/CAPA�2402(3;8.4) No �0.1
CPE/CL30B/CAPA�2402(5;13.7) No 5.5
CPE/CL30B-PCL(3;8.4) Yes 3.8
CPE/CL30B-PCL(5;13.7) Yes 6.1
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values for the nanocomposite filled with 5 wt% of inorgan-
ics and 13.7 wt% of grafted-PCL chains. Indeed, at 20 �C, a E0

value of 193.9 MPa is measured for CPE/CL30B-
PCL(5;13.7), which corresponds to an increase by more
than 1000%, whereas with 3 wt% of inorganics, the CPE/
CL30B-PCL(3;8.4) nanocomposite displays a E0 value of
42 MPa, i.e. an increase of 226% (at 20 �C).

The interpretation of these curves have to take into ac-
count the combination of several effects such as mechani-
cal reinforcement by exfoliated clay nanoplatelets, partial
plasticization by grafted-PCL chains and physical reinforce-
ment by PCL partial crystallization, especially with
13.7 wt% of PCL. In order to shed some light on the plasti-
cization effect of the grafted-PCL chains, values of glass
transition temperature (Tg) recorded as the maximum of
tan d for the various studied materials are compared in Ta-
ble 2. The addition of 8.4 wt% of CAPA�2402 (alone or com-
bined with CL30B, i.e., the physical masterbatch) to the CPE
matrix leads to some shift of the Tg value from 10.2 �C
down to 0 �C, indicating some miscibility between the
two polymers within the amorphous phase. In contrast,
the addition of 13.7 wt% of PCL leads to the formation of
PCL crystallites that reduce the relative amount of amor-
phous PCL (cf. Fig. 8). Since only one Tg (at 6.5 �C for the
binary blend and at 5.5 �C for the nanocomposite filled
with the non-grafted-PCL-based masterbatch) is still ob-
served, one can infer a good miscibility of the CPE and
PCL amorphous phases but expectedly the fraction of mis-
cible PCL is highly reduced.

For the sample based on 8.4 wt% of PCL-grafted at the
surface of the layered silicates (CPE/CL30B-PCL(3;8.4)), a
Tg of 3.8 �C is recorded, without any PCL melting peak (cf.
Fig. 7). This Tg higher than the value corresponding to the
related binary blend (0 �C) can be interpreted by a lower
of PCL weight fraction available for mixing within the
CPE amorphous phase, due to the PCL tethering onto the
organo-clay layers. A still higher Tg value (6.1 �C) is found
for samples based on 13.7 wt% of grafted-PCL (CPE/
CL30B-PCL(5;13.7)), which can be correlated to the pres-
ence of a melting endotherm in DSC for these materials
(see Fig. 8), indicating the formation of PCL crystallites
and thus a lower available amount of amorphous polyester
chains. To conclude, partial plasticization occurs in each
blend but is less pronounced when 1�) PCL is grafted onto
the clay and 2�) PCL partially crystallizes, i.e. in presence of
with 13.7 wt% PCL.

Therefore, Fig. 11 allows determining three regimes of
mechanical improvement, depending on both the temper-
ature and the presence of PCL crystalline domains:

� From �70 �C to �5 �C, the higher storage moduli for the
nanocomposites are essentially due to the large extent
of clay exfoliation. At this stage, the assessment of the
antagonist effects arising from PCL plasticization and
PCL crystallite reinforcement proved highly difficult.

� From �5 to 60 �C, a reinforcing effect arising from the
presence of PCL crystallites in the 5 wt%-nanofilled sam-
ples can clearly been observed, especially in the 10 to
40 �C range, where the E’ values of the nanocomposites
can reach more than 20 times the value recorded for
the pristine CPE. Moreover, even if such an enhancement
of the storage modulus is also observed for the binary
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CPE/PCL blends (Fig. 10), a fivefold increase in E0 is found
for the composition containing 13.7 wt% of PCL with
respect to pristine CPE. Such a behavior clearly indicates
a positive effect of the exfoliated nanoparticles on E’
within this temperature range.

� From 60 to 100 �C, PCL being in the molten state, the
mechanical reinforcement is essentially insured by the
presence of exfoliated clay layers. The large drop in E’
for the nanocomposite with 3 wt% of clay may be due
to a significant influence of the PCL-grafted nanoclay,
at low concentration, on the a-relaxation process of
CPE matrix [34] while a particularly strong reinforcing
effect is observed for the nanocomposite filled with
5 wt% of PCL-grafted clay.

Fig. 12, which compares the temperature evolution of
the storage modulus for the various samples containing
13.7 wt% of PCL, i.e. the binary CPE/CAPA�2402(0;13.7)
blend, the nanocomposites based on non-grafted-PCL CPE/
CL30B/CAPA�2402(5;13.7) and grafted-PCL CPE/CL30B-
PCL(5;13.7), further confirms this synergistic effect be-
tween clay exfoliation and PCL partial crystallization. Below
CPE glass transition, the storage moduli of CPE/
CAPA�2402(0;13.7) and CPE non-grafted-PCL nanocompos-
ite are comparable whereas E0 of grafted-PCL nanocompos-
ites is slightly higher, due to clay exfoliation. Above CPE
glass transition, the storage modulus of non-grafted-PCL
nanocomposite appears higher than E’ of pristine CPE, how-
ever it remains lower than E’ of the grafted-PCL nanocom-
posite. Indeed, for example at 20 �C, the storage modulus
of CPE/CL30B/CAPA�2402(5;13.7) is measured at
83.1 MPa (a 447% increase with respect to pristine CPE)
whereas for CPE/CL30B-PCL(5;13.7), the storage modulus
increases by 1043%. In all cases, E0 tends to decrease drasti-
cally after the PCL melting (>50 �C) but exfoliated PCL-
grafted nanocomposites preserve a much higher storage
modulus compared to the other two materials, further con-
firming the large influence of clay nanoplatelets exfoliation.
Fig. 12. DMTA traces of CPE/CAPA�2402(0;13.7), CPE/CL3
To summarize, the dispersion in CPE of a nanohybrid
masterbatch prepared by controlled grafting polymeriza-
tion to reach 5 wt% of inorganics allows to improve drasti-
cally the stiffness of CPE nanocomposites, especially in the
10 �C to 40 �C range of temperature. This improvement is
due to a synergistic effect of nanoclay exfoliation and PCL
partial crystallization.

In order to shed some light on the possible mechanisms
responsible for such a large stiffness improvement in CPE/
CL30B-PCL(5;13.7), the relative storage moduli (ratio of the
CPE-based materials storage modulus to the CPE matrix
storage modulus) E0rel for binary, non-grafted and
grafted-PCL blends with 13.7 wt% of PCL have been calcu-
lated and are displayed vs. temperature in Fig. 13. Clearly,
E0rel values higher than 1 indicate stiffness reinforcement of
CPE while values below 1 typically indicate some plastici-
zation effect. Four different zones can be distinguished
depending on the temperature. Below the CPE glass transi-
tion (zone A), the relative storage modulus of CPE/CL30B-
PCL(5;13.7) is higher than both CPE/CAPA�2402(0;13.7)
and CPE/CL30B/ CAPA�2402(5;13.7) blends, reflecting the
effect on modulus of the fine clay nanoplatelets dispersion
(high degree of exfoliation). In zone A, all the samples dis-
play values higher than 1, indicating also some mechanical
reinforcement by the presence of PCL crystallites. Zone B
corresponds to the beginning of the glass transition of
the materials, i.e., activation of large molecular motions
in the amorphous part of the materials. In this temperature
zone, the CPE/Cl30B-PCL(5;13.7) nanocomposite distinctly
shows a higher relative storage modulus in comparison
with the other two materials. However, it is in the zone C
(from 10 �C to 60 �C) that the evolution of the relative stor-
age moduli with temperature shows tremendous differ-
ences between the three samples. In this temperature
range, the sample experiences various thermal transitions
associated with the two polymeric components of the
blend, i.e., the second half of the CPE glass transition, melt-
ing of PCL crystallites, the endothermic transition (relaxa-
0B/CAPA�2402(5;13.7) and CPE/CL30B-PCL(5;13.7).



Fig. 13. Temperature dependence of the relative storage modulus (with respect to the CPE matrix) for CPE/CAPA�2402(0;13.7), CPE/CL30B/CAP-
A�2402(5;13.7), and CPE/CL30B-PCL(5;13.7).
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tion or melting) of the CPE matrix (see Fig. 8). The CPE/
CAPA�2402(0;13.7) binary blend shows a moderate in-
crease of its relative storage modulus (up to 5.4 at 38 �C)
followed by a rapid decrease to E0rel lower than 1. This de-
crease is clearly related to the melting of the PCL crystal-
lites. To understand the reason for the former increase in
E0rel, it is necessary to observe how E’ of the binary blend
deviates from E0 of CPE (Fig. 10). Clearly, E0rel increases be-
cause the binary blend maintains some stiffness while CPE
experiences a fast decrease of E0. Since this increase disap-
pears with the melting of PCL crystallites, it is therefore
their presence that is responsible for the relative storage
modulus increase for the binary blend. In the binary blend,
PCL crystallites really act as reinforcing nano-objects dis-
persed in the CPE matrix. The same phenomenon (i.e., an
increase of E0rel) prevails for the largely exfoliated CPE/
CL30B-PCL(5;13.7) nanocomposite but the increase in E0rel

is much more important and reaches a value of 21.8 at
38 �C. Such a high increase cannot be explained only by
the presence of PCL crystallites and highly dispersed
nanoclays. For the mostly intercalated CPE/CL30B/
CAPA�2402(5;13.7) nanocomposite, an intermediate in-
crease of E0rel (with a maximum of 10.4 at 41 �C) is
measured.

This large variation in storage modulus, clearly related
to the presence of PCL crystallites, could result from the
formation of some kind of supramolecular network within
the CPE matrix built from the interconnection of nanomet-
ric clay platelets and PCL crystallites. This network would
largely reinforce the CPE matrix until melting of the PCL
crystallites. The characterization of this supramolecular
organization is under current investigation by atomic force
microscopy techniques and will be presented in a forth-
coming paper.

Finally above the melting of PCL crystallites (zone D), CPE/
CAPA�2402(0;13.7) and CPE/CL30B/CAPA�2402(5;13.7) ex-
hibit E’rel values lower than 1, indicating plasticization of
CPE by the molten PCL in these materials. The intercalated
nanocomposite however displays E0rel values slightly supe-
rior to the binary blend, due to the presence of the interca-
lated and probably scarcely exfoliated clay. The exfoliated
CPE/CL30-PCL(5;13.7) nanocomposite is characterized by
E0rel values in the D zone higher than 1 due to the reinforcing
effect of the delaminated clay nanoplatelets.

3.4. Mechanical Properties of (nano)composites

In order to evaluate the macroscopic effect of CPE/lay-
ered silicate–PCL nanohybrid preparation, tensile tests
have also been performed. The results are reported in
Fig. 14. CPE is a ductile polymer able to sustain large defor-
mations (1130% for elongation at break) and characterized
by a relatively low Young’s modulus of 8.6 ± 0.4 MPa.
When dispersing CL30B directly in CPE, a Young’s modulus
of 6.7 ± 1.3 MPa is measured for the sample with 3 wt% of
inorganics while 11.3 ± 0.7 MPa is measured at 5 wt% of
inorganics. The ultimate properties remain comparable to
pristine CPE. So the direct addition of organo-modified clay
does not significantly improve the mechanical properties
of CPE. This can mainly be linked to the poor clay disper-
sion. The binary blend with 8.4 wt% of PCL is characterized
by a decrease of Young’s modulus down to 2.4 ± 0.7 MPa
and an increase of elongation at break up to 1343 ± 48%.
These results attest for the plasticization effect operated
by the introduction of the PCL. In contrast, the binary blend
with 13.7 wt% of PCL is characterized by a Young’s modu-
lus increased up to 22.9 ± 0.8 MPa and a significant de-
crease of elongation at break down to 769 ± 170% which
can be linked to the presence of PCL crystallites acting as
rigid fillers. The nanocomposite with non-grafted-PCL clay
masterbatch at 5 wt% of inorganics is characterized by a
higher modulus at 33.3 ± 1.7 MPa and an elongation at



Fig. 14. Young’s modulus (bar graphs) and elongation at break (black squares) for
PCL with 3 wt% of inorganics and/or 8.4 wt% of PCL and with 5 wt% of inorganic
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break comparable to pristine CPE (1179 ± 25%). This rein-
forcement is already remarkable and confirms the interest
of the use of clay at 5 wt% of inorganics and 13.7 wt% of
partially crystallized PCL.

The nanocomposites prepared from grafted-PCL-clay
masterbatches present a different behavior. At 3 wt% of
inorganics (8.4 wt% of grafted-PCL), the CPE/CL30B-
PCL(3;8.4) nanocomposite shows a Young’s modulus and
ultimate properties comparable to the direct blend in spite
of a good dispersion. This phenomenon can be explained
by the two antagonist effects of PCL plasticization and
the exfoliated clay reinforcement, as previously discussed.

The most interesting results are, however, obtained
with the nanocomposites containing 5 wt% of inorganics
and 13.7 wt% of grafted-PCL. Indeed, the Young’s modulus
is measured at 81.6 ± 6 MPa for CPE/CL30B-PCL(5;13.7), so
a 950% increase compared to pristine CPE, with still accept-
able ultimate properties for such a materials (796 ± 53% of
elongation at break).
4. Conclusions

Largely exfoliated CPE/layered silicate nanocomposites
have been prepared using PCL-grafted organo-clay nano-
hybrids as masterbatches to promote extensive clay
delamination. The highly filled nanohybrids are obtained
in a first step by controlled ring-opening intercalative poly-
merization of e-caprolactone from hydroxyl-bearing
ammonium cations organo-modifying the clay. Then, the
PCL-grafted organo-clay nanohybrids are added as master-
batches in CPE by melt blending. This two-step preparation
of nanocomposites leads to largely exfoliated morpholo-
gies with 3 wt% or 5 wt% of inorganics.

At room temperature, tensile properties of the resulting
nanocomposites are drastically enhanced when the two
following conditions are encountered:
– A good dispersion of the individual clay layers promoted
by grafted-PCL chains;
– A sufficiently high amount of grafted-PCL chains to pro-
mote partial PCL crystallization within the CPE matrix.

Clearly, a synergistic effect in mechanical reinforcement
of CPE has been evidenced through the partial crystalliza-
tion of grafted-PCL chains tethered to the surface of the
delaminated nanoplatelets, which might form a supramo-
lecular network of interconnected clay platelets and PCL
crystallites. Interestingly, this PCL-grafted masterbatch
strategy can be implemented in other polymer matrices
since PCL has shown to be miscible with a large variety
of polymer matrices.
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