
A

a
t
w
F
m
m
a
e
©

K

1

F
t
i
r
a
a
s
a
b
a
b
b
T
p
p
m
e

0
d

Materials Science and Engineering A  460–461 (2007) 121–129

Processing and microstructure of PCL/clay nanocomposites
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bstract

The morphology and mechanical properties of polycaprolactone/clay nanocomposite films prepared by two techniques (casting: exfoliation-
dsorption; intensive mixing: melt-intercalation) were studied. Casting, which is a laboratory scale technique, was selected because it was supposed
hat the exfoliation of the layered silicate into single layers would be easier since the solvent acts as an exfoliation agent. The other selected technique
as chosen because it can be used in the industry. X-ray diffractograms revealed an intercalated–exfoliated mixed structure for both techniques.
or casting, the morphology and mechanical properties are influenced by the used solvent and the preparation conditions being the first one the
ost critical parameter. Otherwise, in the case of intensive mixing, a higher clay dispersion degree was produced by shear forces and the resultant

echanical properties were superior to those obtained by casting. In both cases, the highest modulus was achieved for 5 wt.% of C30B. Finally,

n effective filler-parameters model was used to compare the relative dispersion of clay within the nanocomposites for both processes from the
xperimental modulus values.
 2007 Elsevier B.V. All rights reserved.
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. Introduction

Packaging is the biggest industry of polymer processing.
ood industry is its principal customer. Despite environmen-

al problems, polymer packaging European market is increasing
n about millions of tons per year. Foreseeing future laws about
educing the weight and volume of packaging products, cheap
nd biodegradable polymeric products are receiving growing
ttention [1]. Polycaprolactone (PCL) belongs to this class of
ynthetic biodegradable polymers. PCL is a linear, hydrophobic
nd partially crystalline polyester that can be slowly consumed
y micro-organisms [2]. Its physical properties and commercial
vailability makes it a good substitute for conventional non-
iodegradable polymers used not only for common applications
ut also for specific areas such as medicine and agriculture [3].
he performance of PCL can be greatly enhanced by the dis-
ersion of nanometer-size particles [4]. The aim of reinforcing

olymer materials has been to increase properties such as heat,
echanical and impact strength or to diminish some else such as

lectric conductivity and gases permeability. These reinforced

∗ Corresponding author. Tel.: +54 223 481 6600; fax: +54 223 481 0046.
E-mail address: anvazque@fi.mdp.edu.ar (A. Vazquez).
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aterials mostly lack from an intense interaction at the interface
f both components. In general, macroscopic reinforcing ele-
ents contain defects, which are less important as the element

ize becomes smaller. Nanocomposites are particle-filled poly-
ers for which at least one dimension of the dispersed particles

s in the nanometer range. The layered silicates commonly used
n nanocomposites consist of two-dimensional layers, which are
nm thick and several microns long depending on the particu-

ar silicate. Three main types of composite may be obtained
rom the interaction between layered silicates and polymer
hains: intercalated nanocomposites, exfoliated nanocompos-
tes, microcomposites. Intercalated structures show regularly
lternating layered silicates and polymer chains in contrast to
xfoliated structures in which the individual clay layers are
elaminated and dispersed in the polymer matrix. These two
ituations can however, coexist in the same material. When the
olymer is unable to intercalate between the silicate sheets a
raditional microcomposite is obtained [5].

Nanocomposites are almost obtained by the intercalation of
he polymer (or a monomer subsequently polymerized) inside

he galleries of layered crystals. Layered silicate nanocompos-
tes have been more widely investigated probably because the
tarting clay materials are easily available and because their
ntercalation chemistry has been studied for a long time. Owing

mailto:anvazque@fi.mdp.edu.ar
dx.doi.org/10.1016/j.msea.2007.01.104
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o the nanometer-size particles obtained by dispersion, this
anocomposites exhibit markedly improved mechanical, ther-
al and vapor barrier properties [5]. The exfoliation of layered
inerals and hence the preparation of a homogeneous nanocom-

osite material is seriously rendered by the fact that sheet-like
aterials display a strong tendency to agglomerate as a con-

equence of their big contact surfaces and, so that, instead of
otally exfoliated structures, intercalated nanocomposites (when
he silicate layers are intercalated between polymer chains) are
enerally achieved [6].

Montmorillonite, hectorite and saponite are the most com-
only used layered silicates due to their small particle size

nd their intercalation properties. Moreover economic and
nvironmental factors, their natural abundance and their high
echanical and chemical strength make these layered silicates

seful as reinforcing particles of polymer materials.
Although several strategies have been considered to prepare

olymer/layered silicate nanocomposites, there are two main
sed techniques in the literature: casting and intensive mixing.

Casting produces exfoliation of the layered silicate into sin-
le layers by using a solvent in which the polymer is soluble.
ayered silicates can be easily dispersed by the presence of the
olvent, owing the weak forces that stack the layers together.
he polymer then adsorbs onto the delaminated sheets and
hen the solvent is evaporated, the sheets reassemble, sand-
iching the polymer to form an ordered multilayer structure.
his technique has been widely used with water-soluble poly-
ers to produce intercalated nanocomposites [7]. PEO has

een successfully intercalated in sodium montmorillonite and
odium hectorite by dispersion in acetonitrile [8], allowing
ncorporating one or two polymer chains in between the silicate
ayers and increasing the interlayer spacing of the clays used.
imenez et al. [9] have applied the casting method for the pro-
uction of poly(�-caprolactone) biodegradable nanocomposite
sing montmorillonite modified with distearyldimethylammo-
ium cations. The composites were prepared by dissolving
oly(�-caprolactone) in hot chloroform in presence of a given
mount of the modified clay, then vaporizing the solvent to
btain homogeneous films. However, under those conditions,
t was found that no intercalation takes place in the presence of
he polyester.

Intensive mixing is based on mixing the layered silicate with
he polymer matrix in the molten state. Under these conditions
nd, if the layer surfaces have enough compatibility with the
hosen polymer, the polymer can crawl into the interlayer spac-
ng and form either an intercalated or exfoliated nanocomposite.
apor barrier properties of poly(�-caprolactone)/clay nanocom-
osites prepared by intensive mixing, have been improved
n comparison to the neat polymer due to an exfoliated
lay structure [10]. Lepoittevin et al. [1] obtained poly(�-
aprolactone)/clay nanocomposites by intensive mixing using
rgano-modified montmorillonite and sodium montmorillonite.
n this case, only the organo-modified clay was able to produce

n intercalated/exfoliated structure, while the natural sodium
lay formed a conventional composite with micron-sized parti-
les dispersed in the neat polymer. Homminga et al. [11] have
tudied the role of shear forces on the transformation of the

a
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riginal large clay agglomerates into polycaprolactone and other
olymers. They found that shear forces in the melt-preparation
f polymer layered mineral nanocomposites facilitate the break-
p of large-sized agglomerates, but further exfoliation of the
ineral layers is determined by the compatibility between the

olymer matrix and the mineral layers rather than by shear
orces.

The aim of this work was to study the relationship between
orphology and mechanical properties of biodegradable poly-
er/clay nanocomposites prepared by two common used

echniques: Casting (laboratory scale) and intensive mixing (for
ndustrial applications). There are no works in the literature that
ompares similar materials obtained by different techniques and
e consider that this study is really important due to the dissim-

lar morphologies developed in each case that also derived in
aterials with unlike properties, and, so that, appropriate or not

or several applications.

. Experimental

.1. Materials

Polycaprolactone (PCL) Mn = 80,000, supplied by Aldrich,
as used as a matrix. A commercial modified montmorillonite

Cloisite 30B” (C30B), supplied by Southern Clay Products
nc., was used as nanofiller. It is a natural montmorillonite
odified with a methyl, tallow, bis-2-hydroxyethyl, quaternary

mmonium. The modifier concentration was 90 mequiv./100 g
lay. Clay moisture content was <2 wt.% and its specific gravity
as 1.98 g/cm3. Interlayer spacing d0 0 1 was 1.85 nm.

.2. Sample preparation

Fig. 1 shows the schemes of procedures used to obtain
anocomposite films by each method.

In the case of casting (Fig. 1a), films of 0.11 mm thick
ith a clay content of 5 wt.% were obtained by using two

olvents (dichloromethane and a 50% (v/v) dichloromethane–
imethylformamide mixture) and several ultrasonic bath times
5, 10, 15 and 20 min) in order to obtain the best mechanical
erformance.

Once obtained the best solvent and the optimal ultrasonic
ath time, films with 0, 3.75, 5.0, 7.5 and 10.0 wt.% of clay,
amed PCL, 3.75C30B, 5C30B, 7.5C30B and 10C30B, respec-
ively, were prepared at these conditions. The first numbers of
he abbreviations correspond to the weight percent of clay and
he last three characters correspond to the Cloisite name.

Nanocomposites with a clay content of 0, 2.5, 5.0 and
.5 wt.% (PCL, 2.5C30B, 5C30B, 7.5C30B) were prepared by
ntensive mixing, and films 0.4 mm thick were performed by
ompression molding (Fig. 1b).

.3. Free swelling
Two grams of C30B were slowly introduced into a gradu-
ted test tube containing 100 ml of organic solvent. Solvents
sed were dichloromethane, dimethylformamide and a 50%
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Fig. 1. Procedures to prepare nanocompo

v/v) solution of them. After 24 h, the volume of the suspension
ormed at room temperature, without any mixing, was measured.

.4. Mechanical properties

Tensile tests were performed in a universal testing machine
nstron 4467 at a constant crosshead speed of 50 mm/min. Sam-
les were prepared according to the ASTM D882-91 standard.
efore tests, all specimens were preconditioned at 65% RH

relative humidity). Tests were carried out at room temperature.

.5. Differential scanning calorimetry (DSC)

Tests were performed in a Shimadzu DSC-50 from 25 to
00 ◦C at a heating rate of 10 ◦C/min under nitrogen (ASTM
3417-83). The degree of crystallinity was calculated from the

ollowing equation [12]:

cr (%) = �Hf

wPCL�H100
× 100 (1)

here �Hf is the experimental heat of fusion, wPCL the PCL
eight fraction and �H100 is the heat of fusion of 100% crys-

alline PCL and its value is 136.1 J/g [12].

.6. Thermogravimetry analysis (TGA)

TGA measurements were carried out by using a Shimadzu
GA-50. The samples were heated from 25 to 1000 ◦C at a
eating rate of 10 ◦C/min under nitrogen. The clay content was
easured from the residual left at 410 ◦C.

.7. Microscopy
Scanning electron microscopy (SEM) observations were per-
ormed with a JEOL JSM-6460 LV. The samples were fractured
n liquid air, in order to avoid the surface deformation, and then
old-coated.

C
2
t
t

lms: (a) casting and (b) intensive mixing.

The surface of the films was observed by optical microscopy
ith an Olympus SZH 10.

.8. X-ray diffractometry

Clay dispersion was analyzed by X-ray diffractometry. X-
ay diffractograms were recorded by a PW1710 diffractometer
quipped with an X-ray generator (λ= 0.154060 nm). Samples
ere scanned in 2θ ranges from 2◦ to 60◦ by a step of 0.035◦.

. Results and discussion

.1. PCL/clay nanocomposite films obtained by casting

.1.1. PCL dissolution
Three different solvents were used to dissolve PCL: chloro-

orm, dichloromethane and dioxane. Solutions of each solvent
ith a PCL content of 0.3% (w/v) were put in ultrasonic bath

or 50 min at 40 ◦C. Only dichloromethane was able to totally
issolve the polymer in the proposed conditions. Once obtained
he best solvent, the minimal content for total dissolution was
earched, resulting in 4% (w/v) solutions.

.1.2. Free swelling characterization
The aim of preparing nanocomposites by casting is that the

olvent used to dissolve the polymer, be also able to increase
he interlayer spacing for subsequent intercalation of the poly-

er. For this purpose, free swelling of C30B was studied in
ichloromethane, dimethylformamide and a 50% (v/v) solu-
ion of them. Dimethylformamide did not dissolve PCL in the
roposed conditions, but Burgentzlé et al. [13] founded that
t produces a great macroscopic and microscopic swelling of

30B, so it was used as a reference for the other solvents. After
4 h of free swelling, two phases can be observed in the test
ubes. The first phase consists on a clay–solvent suspension and
he other one is pure solvent. In order to compare the different
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Table 1
Free swelling factor, S, of C30B in different solvents

Solvent S

Dichloromethane 22
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Table 3
Average size and number of holes for matrix and 5C30B nanocomposites pre-
pared by casting with dichloromethane

Material Average size (mm) Number of holes (n/mm2)

P
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5
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imethylformamide 97
0% (v/v) solution of the two solvents 89

wollen volumes, Vs, defined as the volume of the slurry, it is
ecessary to take into account the volume of the dry powder,
c. The free swelling factor, S, can be defined by the following
quation [13]:

= Vs − Vc

Vc
(2)

ne can note that for S equal to 0, the nanoclays are not swollen
y the solvents whereas for S equal to 1, the volume is twice
he initial volume of the nanoclay powder. S values represent
welling at the macroscopic scale but an increasing interlayer
pacing is not always related to it. Nevertheless, one can expect
hat if the free swelling factor values are high, the clay/solvent
nteraction is good. Free swelling factors, S, for the three sol-
ents are shown in Table 1. The highest value of S was reported
or dimethylformamide as was expected from Burgentzlé et al.
esults [13]. Free swelling factor, S, for the 50% (v/v) solution
f dichloromethane and dimethylformamide was near to that
or dimethylformamide, so two results are expected using the
ixture of solvents: (1) easy dissolution of PCL and (2) good

lay/solvent interaction.

.1.3. Mechanical properties
Table 2 shows the mechanical properties for the matrix and

C30B nanocomposites prepared with dichloromethane and
he solution of two solvents at different ultrasonic bath times.
oung’s modulus was the only mechanical property improved
y clay incorporation in comparison to the matrix, so the optimal
ltrasonic bath time was chosen as the time for the highest mod-
lus for which the decrease in the other two properties (strength
nd elongation at break) was acceptable. Thus, the highest
oung’s modulus of 5C30B nanocomposites was obtained with

he mixture of solvents for 15 min of ultrasonic bath as reported
n Table 2.
Fig. 2 show the optical micrographies of the evaporation sur-
ace for the matrix (Fig. 2a) and for 5C30B nanocomposites
ith 10 min of ultrasonic bath (Fig. 2b), both prepared with
ichloromethane. These pictures reveal the tendency of the sol-

r

o
c

able 2
echanical properties for matrix and 5C30B nanocomposites prepared by casting wi

aterial tultrasonic bath (min) Young’s modulus (MPa) Strength (MPa)

SV1 SV3 SV1 S

CL 0 434 ± 28 405 ± 18 28.5 ± 7.5 4
C30B 5 364 ± 15 537 ± 51 12.0 ± 1.5 2
C30B 10 372 ± 60 520 ± 11 10.0 ± 0.5 2
C30B 15 407 ± 26 596 ± 47 18.0 ± 2.5 2
C30B 20 367 ± 44 563 ± 21 13.0 ± 2.0 2
CL 0.27 0.07
C30B 0.17 3.4

ent to leave holes into the matrix during its evaporation. Pictures
or 5C30B nanocomposites prepared with dichloromethane at
, 15 and 20 min of ultrasonic bath were similar than Fig. 2b.
able 3 shows the average number and size of holes from differ-
nt zones of four pictures of these nanocomposites. As all data
ied within the same range of values, the average of all ultra-
onic bath times was studied. The presence of clay increased
he number of holes, while its size remained unchanged. The
lay particles dispersed in the polymer solution could be acting
s nucleation points for bubbles producing an increment in the
umber of defects and hence, a lower Young’s modulus with
espect to the matrix. Neat PCL and 5C30B nanocomposites
repared with the solution of two solvents did not display these
oles as observed in optical microscopy pictures and confirmed
ith SEM micrographs (Fig. 3).
Differences in the surface morphology can be attributed

o the boiling temperature (Tb) of the solvents (40 ◦C for
ichloromethane and 153 ◦C for dimethylformamide). The
ower the Tb, the faster the evaporation rate. It was confirmed
ith the time required to extract the films from the Petri cap-

ules after casting (6 h at room temperature for dichloromethane,
4 h at 50 ◦C for the mixture of two solvents). When the
ixture of solvents was used, the first one to evaporate was

ichloromethane. Once all dichloromethane was evaporated,
imethylformamide, PCL and clay remained in the Petri cap-
ules. It was observed that in the presence of dimethylformamide
he polymer adopts a rubbery like state, without crystallizing.
hat state allows bubbles to achieve the surface and disappear
hile dimethylformamide is still evaporating. Dimethylfor-
amide does not produce holes after its evaporation since its

b is higher in comparison to dichloromethane. When only
ichloromethane was used, PCL crystallizes immediately after
ts evaporation and hence, holes do not have enough time to
chieve the surface and disappear due to the faster evaporation

ate, so they remain as defects in the surface.

With the optimal conditions (mixture of two solvents, 15 min
f ultrasonic bath), the influence of clay content on mechani-
al properties was evaluated. The highest Young’s modulus and

th dichloromethane (SV1) and 50% (v/v) solution of solvents (SV3)

Elongation at break (%) �Hf (J/g) Xcr (%)

V3 SV1 SV3 SV1 SV3 SV1 SV3

0.0 ± 8.0 540 ± 142 668 ± 90 89.6 81.9 63 58
2.0 ± 8.0 156 ± 140 440 ± 135 80.7 71.4 60 53
5.0 ± 1.0 72 ± 18 507 ± 48 75.7 79.5 56 59
4.0 ± 2.0 389 ± 51 445 ± 26 84.9 80.2 63 59
9.5 ± 6.5 234 ± 105 545 ± 105 74.6 83.2 55 62
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Fig. 2. Optical microcopy pictures showing the evaporation surface morphology of films prepared by casting with dichloromethane: (a) PCL and (b) 5C30B
nanocomposite at 10 min of ultrasonic bath.
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ig. 3. SEM micrographs showing the evaporation surface morphology of 5C3
v/v) solution of solvents, 10 min ultrasonic bath.

he lower diminution on tensile strength and elongation at break
ere achieved with 5C30B nanocomposites (Table 4). Optical
icroscopy pictures showed the absence of defects in the evapo-

ation surface for all weight percent of clay studied in the optimal
onditions by casting.

.1.4. Crystallinity
Crystallinity could be affecting mechanical properties since a
igher fraction of crystals produces an increment in the strength
nd modulus of the material [14].

Table 2 shows the degree of crystallinity for the matrix and
or the 5C30B nanocomposites prepared with dichloromethane

p
t
t

able 4
echanical properties and degree of crystallinity from DSC analysis for matrix and

v/v) solution of solvents; 15 min ultrasonic bath)

aterial Young’s modulus (MPa) Strength (MPa)

CL 405 ± 18 40 ± 8
.75C30B 390 ± 51 12 ± 1
C30B 596 ± 47 24 ± 2
.5C30B 484 ± 21 19 ± 2
0C30B 468 ± 56 12 ± 1
ms prepared by casting: (a) dichloromethane, 15 min ultrasonic bath; (b) 50%

nd the mixture of solvents at different ultrasonic bath times.
able 4 lists the same property for nanocomposites prepared in

he optimal conditions with different clay contents. It can be
een that the degree of crystallinity remained almost unchanged
n the presence of clay for all ultrasonic bath times and clay
ontents studied.

.1.5. Nanocomposites structure

The critical parameter to achieve the best performance of

olymer/clay composites, if clay does not produce defects, is
he clay dispersion. X-ray diffractometry was used in order
o identify intercalated structures. In such nanocomposites, the

their clay nanocomposites prepared by casting in the optimal conditions (50%

Elongation at break (%) �Hf (J/g) Xcr (%)

668 ± 90 81.85 58
230 ± 50 77.06 56
445 ± 26 84.86 63
441 ± 118 79.28 60
225 ± 12 79.67 62
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ig. 4. X-ray diffractograms for 5C30B nanocomposites prepared by casting at

epetitive multilayer structure is well preserved, allowing the
nterlayer spacing to be determined. The intercalation of the
olymer chains usually increases the interlayer spacing, lead-
ng to a shift in the diffraction peak towards lower angle values.
s far as dispersion of clay becomes higher, no more diffrac-

ion peaks are visible in the X-ray diffractograms either because
f a too much large spacing between the layers or because
anocomposites do not present ordering anymore. Besides these
wo well-defined structures, other intermediate organizations
an exist showing both intercalation and exfoliation. In this
ase, a broadening of the diffraction peak is often observed
5]. Fig. 4 shows that both clay structures, intercalated and
xfoliated, coexisted in 5C30B nanocomposites prepared with
ichloromethane (Fig. 4a) and the mixture (50% v/v) of the two
olvents (Fig. 4b) at all ultrasonic bath times, since a broaden-
ng on the diffraction peak in comparison with the clay alone
as observed. The same results were obtained for 3.75C30B,
.5C30B and 10C30B nanocomposites prepared by casting in
he optimal conditions (mixture of solvents, 15 min of ultrasonic
ath).
Fig. 5 shows SEM micrographs of the 5C30B nanocompos-
tes thickness prepared with dichloromethane (Fig. 5a) and the
ixture of solvents (Fig. 5b) with 15 min of ultrasonic bath.
EM micrographs for dichloromethane and the solution of sol-

w
b

i

Fig. 5. SEM micrographs of 5C30B nanocomposite films thickness at 15 m
rent ultrasonic bath times: (a) dichloromethane and (b) mixing of solvents.

ents at 5, 10 and 20 min of ultrasonic bath were similar than
ig. 5a and b, respectively. In the case of dichloromethane, clay
articles with a size range of 800–2100 nm were observed while
or the mixing of solvents; even though clay particles were also
bserved, its size was lower (90–529 nm). It is expected that
s far as particle size becomes lower, mechanical properties
re better, but it must be noted that SEM resolution does not
llow seeing intercalated or exfoliated clay layers. Analyzing
he different clay contents in the optimal conditions, signifi-
ant differences in SEM micrographs were not observed and the
ange of particles size was 90–390 nm.

.2. PCL/clay nanocomposite films obtained by intensive
ixing

.2.1. Mechanical properties
Table 5 shows mechanical properties for the matrix and

or the 2.5C30B, 5C30B and 7.5C30B nanocomposites pre-
ared by intensive mixing. The highest Young’s modulus was
chieved with 5C30B nanocomposites. It resulted 70% higher

ith respect to the matrix, although strength and elongation at
reak were 21% and 24% lower, respectively.

In contrast to casting results, all nanocomposites exhibited
mproved Young’s modulus in comparison to the matrix since

in ultrasonic bath: (a) dichloromethane and (b) mixing of solvents.
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Table 5
Mechanical properties and degree of crystallinity from DSC analysis for matrix and their clay nanocomposites prepared by intensive mixing

Material Young’s modulus (MPa) Strength (MPa) Elongation at break (%) �Hf (J/g) Xcr (%)

PCL 452 ± 66 53.5 ± 0.5 872 ± 144 81.11 57
2.5C30B 574 ± 5 37 ± 6.0
5C30B 767 ± 61 42 ± 9.0
7.5C30B 757 ± 56 39.3 ± 2.5
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ig. 6. X-ray diffractograms for nanocomposites prepared by intensive mixing.

o defects were observed in the evaporation surface either by
ptical or SEM microscopy.

.2.2. Crystallinity
Table 5 shows the degree of crystallinity for PCL and their

lay nanocomposites prepared by intensive mixing. The degree
f crystallinity remained almost unchanged in the presence of
lay.

.2.3. Nanocomposite structure
Fig. 6 shows X-ray diffractograms for the nanocomposites

repared by intensive mixing. A mixture of both clay structures,
ntercalated and exfoliated, was achieved with all clay contents
tudied. In this case, analyzing the films thickness by SEM,
efects and clay particles were not observed in the nanocom-
osites.

.3. Comparison between nanocomposites prepared by
asting and intensive mixing
Table 6 shows the mechanical properties in comparison to
he neat matrix for the best nanocomposites obtained by each
echnique. The improvement of these properties is related to
lay platelets dispersion in the polymer, which depends on both

t
r
n
c

able 6
omparison between best mechanical properties achieved by each technique of nano

echnique Young’s modulus,
[(E − Em)/Em] × 100 (%)

asting +47
ntensive mixing +70

is related to the matrix.
580 ± 81 89.20 64
657 ± 42 74.34 55
760 ± 70 71.59 55

omponents interaction and the processing technique [15]. It
as been stated that intensive mixing is an excellent technique
o obtain nanocomposites with high mechanical properties in
omparison to the neat polymer [16]. When clay is blended with
he polymer melt, the shear forces induced in the mixer produce
lay platelets separation, and a high degree of dispersion could
e achieved depending on the interactions between components
17].

It was shown that clay particles have a detrimental effect on
trength that can be attributed to a bad clay/polymer interac-
ion. If this is the case, a good dispersion of the particles may
e reached as a result of strong shear forces during mixing but
he system, however, remains unstable [6]. Table 6 reveals that
hear forces induced in the mixer in intensive mixing method, in
omparison to the ultrasonic bath and the solvent used in casting,
re more important for the mechanical properties improvements
f PCL/C30B nanocomposites. Therefore, it is evident that the
hear stress makes a positive contribution to the mechanical
roperties. It must be noted that if such an unstable mixture is
eated to temperatures above the polymer melting point, a (par-
ial) re-agglomeration of the particles can take place [6]. This
ould be the case of obtaining films by compression molding
fter mixing. By comparing both techniques in the nanocom-
osites mechanical properties improvements or detriments with
espect to the neat matrix (Table 6), it can be concluded that
he defects introduced during solvents evaporation in casting
roduce worse effects on mechanical properties than partial
e-agglomeration during compression molding.

Clay particles had a detrimental effect not only on strength
ut also on ductility as they may be immobilizing the polymer
hains decreasing the polymer ductility.

.4. Modelling mechanical properties

.4.1. Halpin–Tsai micromechanics-based model
Micromechanics-based composite models have been used
o examine how filler structural parameters (e.g. shape, aspect
atio and orientation) affect the mechanical properties of a
eat matrix [18,19]. Although these micro-mechanical models
annot be used to fully account for the exact mechanical behav-

composites preparation

Strength,
[(σ− σm)/σm] × 100 (%)

Elongation at break,
[(ε− εm)/εm] × 100 (%)

−40 −33
−21 −24
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Table 7
Constant parameters used in the effective filler-based micromechanical model

Technique Em (MPa) Ef (GPa) [22] tp (nm) [22] l (nm) [22] ρm (g/cm3) [22] ρf (g/cm3) [22]

C 110 1.2 1.98
I 110 1.2 1.98
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Table 8
Relative number of platelets per stacked clay (nr) from the effective filler-based
micromechanical model

Material nr

Casting Intensive mixing

2.5C30B – 1.3
5C30B 1.6 1.0
7
1

p
m
a
(
v
d
(

n

w
n
r

e
p
c

p
a
t
f
m
b
s
t

4

w
d

i
c

asting 405 180 1
ntensive mixing 452 180 1

or of polymer nanocomposites, it generally gives satisfactory
orrelations.

In conventional micromechanical models, filler volume frac-
ion (φf), aspect ratio (α), orientation (S), and modulus (Ef)
re important factors for describing the macroscopic compos-
te properties. Tucker and Liang [20] reviewed the application
f several models for fiber-reinforced composites. They reported
hat the Halpin–Tsai theory [21] offered reasonable predictions
or composite modulus. The longitudinal engineering modulus
E11) of the Halpin–Tsai model is expressed in the following
quation:

E11

Em
= 1 + 2(l/tp)ηφf

1 − ηφf
(3)

here l is the filler length, Em the Young’s modulus of the matrix
nd tp is the filler thickness and:

= (Ef/Em) − 1

(Ef/Em) + 2(l/tp)
(4)

.4.2. Effective filler-based micromechanical models
roposed by Weon and Sue [22]

The dispersion of clay in a matrix can be described as exfolia-
ion or intercalation. Conventional filler-based micromechanical

odels for predicting the modulus of nanocomposites do not
onsider the clay structural characteristics. Weon and Sue [22]
efined typical clay structural parameters by the number of
latelets per stacked clay (n) and the interlayer spacing (d0 0 1).
hese parameters can be used to predict the Young’s modulus
ither for exfoliated or intercalated systems. In this case, con-
entional parameters (α, φf and Ef) must be expressed in terms
f the effective structural parameters (n, d0 0 1).

The thickness of the effective filler (teff) can be expressed by
he following equation [19]:

eff = (n− 1)d001 + tp (5)

The effective filler aspect ratio (αeff), the volume fraction
φeff) and the modulus (Eeff) can be written as [18]:

eff = l

teff
= l

(n− 1)d0 0 1 + tp
(6)

eff = ψeff[(n− 1)d0 0 1 + tp]

ntp

ρm

ρf
(7)

eff
f = ntpEf

[(n− 1)d0 0 1 + tp]
(8)
here ψeff is the effective filler weight fraction and ρf, ρm are
ller and matrix densities, respectively.

In this work the effective filler-based micromechanical model
roposed by Weon et al. was used to predict the degree of dis-

m
d
t

.5C30B 10.0 1.7
0C30B 47.0 –

ersion of nanocomposites based on the experimental Young’s
odulus values. The platelets length (l) value reported by Weon

nd Sue [22] was used. The number of platelets per stacked clay
n) would not be exact using this approximation, so a relative n
alue was used in order to make a comparison of the dispersion
egree between the different nanocomposites. The relative value
nr) was determined by the following equation:

r = ni

nmin
(9)

here ni is the n value for different weight percents of clay and
min is the lowest n value. It must be noted that ni and nmin are
elated to the same preparation technique.

Before replacing teff, αeff, φeff and Eeff in Eqs. (3) and (4) and
xpressing E11/Em as a function of ψeff, the number of platelets
er stacked clay (n) becomes the only unknown parameter. The
onstant parameters used can be seen in Table 7.

Table 8 shows nr values, which resulted from mechanical
roperties modelling. In the case of casting method, particles
gglomeration begins at 7.5 wt.% of clay. It can be noted that
he dispersion degree for intensive mixing was higher than
or casting. Therefore, we conclude that intensive mixing is a
ore effective technique to prepare PCL/C30B nanocomposites

ecause it did not introduce defects in the surface and the disper-
ion degree resulted higher. These conclusions are both critical
o obtain good mechanical performance.

. Conclusions

Analyzing the nanocomposites prepared by both techniques
e can point out several remarkable ideas that are following
etailed.

A mixed clay structure, intercalated and exfoliated, coexisted
n nanocomposites prepared by techniques, intensive mixing and
asting.
The solvent choice and evaporation procedure for casting
ethod is of crucial importance since it could produce holes

uring its evaporation, which is the case of dichloromethane in
he present study. Other important factors are the ultrasonic bath
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ime and the clay content being 15 min and 5 wt.% the optimal
onditions for the PCL/C30B nanocomposites.

With the first used conditions (150 rpm, 10 min, 100 ◦C) in
ntensive mixing, the mechanical properties were superior to
hose of the films obtained by casting. This can be associated
o the shear forces developed in the intensive mixer. For this
echnique the highest modulus was obtained for 5 wt.% of C30B.

The relative dispersion degree estimated from the effective-
ller parameter model was higher for intensive mixing. This
esult together with the morphological study and the mechan-
cal properties seemed to show that the shear forces built up
uring processing are better than the solvent effect to obtain
ell-dispersed PCL/C30B nancomposites and to achieve, con-

equently, a good mechanical performance.
In addition, the absence of solvent, which can produce

nvironmental problems is another advantage for the intensive
ixing technique.
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13] D. Burgentzlé, J. Duchet, J.F. Gérard, A. Jupin, B. Fillon, J. Colloid Interf.

Sci. 278 (2004) 26–39.
14] A.G. Simanke, G.B. Galland, L. Freitas, J.A.H. da Jornada, R. Quijada,

R.S. Mauler, Polymer 40 (1999) 5489–5495.
15] E. Chabert, M. Bornert, E. Bourgeat-Lami, J.Y. Cavaillé, R. Dendievel,
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