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Sodium montmorillonite was incorporated into a poly(e-caprolactone)–starch blend by means of a ball
mill. The structural organization and physical (mechanical, thermal and barrier) properties were analyzed
and correlated with the milling conditions. Scanning electron microscopy and X-ray characterization
show that the milling process can improve the compatibilization between the PCL and the starch phases,
while promotes the dispersion of clay minerals at nanometric level. The milling time strongly influences
the mechanical and barrier properties. In particular, the best results in terms of elastic modulus and per-
meability coefficient were achieved with a complete delamination of the pristine clay structure. In sum-
mary, the milling process not only has demonstrated to be a promising compatibilization method for
immiscible PCL–starch blends, but it can be also used to improve the dispersion of nanoparticles into
the polymer blends.

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

Demand for degradable and biocompatible polymers is rapidly
increasing, especially in the packaging sector where it is highly
encouraged by environmental management policies (Flemming,
1998; Orhan & Büyükgüngör, 2000). Poly(e-caprolactone) (PCL) is
synthetic, biodegradable polyester that is compatible with many
types of polymers and it is one of the most promising biodegrad-
able polymers currently available on the market (Hung & Edelman,
1995; Li & Vert, 1995). High cost and low melting temperature
(Tm � 60 �C) are, however, the main limitations preventing the
PCL widespread industrial use. To overcome these problems, PCL
is usually mixed with other low cost biodegradable polymers (De
Kesel, Vander Wauven, & David, 1997; Nakayama et al., 1997;
Oya, Kurokawa, & Yasuda, 2000).

Starch is a non-expensive, renewable polymer that is a potential
raw material for the manufacturing of plastic-like materials. How-
ever, starch based plastics have poor long-term stability caused by
water absorption, poor mechanical properties and difficult
processability.

It was demonstrated that the addition of small quantities of
inorganic material dispersed at nanometric level is one of the most
promising strategies to improve physical and mechanical proper-
ties of polymers and blends (Giannelis, 1996). The obtained
nano-hybrid composites possess unusual properties, very different
from their microscale counterparts. They often show improved
mechanical and oxidation stability, barrier properties, decreased
ll rights reserved.

: +39 089 96 4057.
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solvent uptake, self-extinguishing behavior and, eventually, tune-
able biodegradability (Alexandre & Dubois, 2000). The nanometric
dispersion, generally, is achieved following one of these two ap-
proaches: (1) dispersion of nanoparticles in suitable monomers
and subsequent polymerization or (2) direct incorporation of nano-
particles in the polymer chains from either solution or melt (Alex-
andre & Dubois, 2000; Giannelis, 1996). For most natural or
biodegradable polymers these approaches are not always allowed.
In fact, the melting temperature of these polymers is too close to
the temperature at which thermal degradation takes place,
whereas the use of solvents are strongly limited by the problems
correlated with the gelation process.

Several studies have demonstrated that solid-state milling of
polymeric materials represent a strategy for producing polymer
blends with acceptable mechanical properties. Mechanical mill-
ing applied to polyamide, polystyrene and polyethylene have
shown that this treatment resulted in considerable alteration of
both crystal structure and microstructure (Pan & Shaw, 1994).
When applied to polymeric mixtures it has proven to improve
the compatibilization between the different components and in-
crease the degree of dispersion and (Nesarikar, Khait, & Mirabel-
la, 1997; Smith et al., 2000). The combination of mechanical
effects, such as impact, compressive and shear forces, is expected
to induce radical chain scissions within polymer particles (Cav-
alieri, Padella, & Bourbonneux, 2002). Reaction of macromolecu-
lar free radicals, from different chain species of intrinsically
incompatible polymer could couple and produce a more stable
blend by grafting.

Very recently, it has been proved by the authors that High En-
ergy Ball Milling (HEBM) can help to obtain novel nano-composites
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with new characteristics, difficult to obtain by other conventional
techniques (Gorrasi et al., 2007; Mangiacapra, Gorrasi, Sorrentino,
& Vittoria, 2006; Sorrentino et al., 2005).

In this paper we propose the HEBM as an alternative prepara-
tion method for PCL–starch–clay composites. The clay dispersion
was promoted by the energy transfer between milling balls and
polymer/clay mixture, which in turn results grinded and intimately
mixed. The structural organization and physical (mechanical, ther-
mal and barrier) properties were studied and correlated with the
milling conditions.

2. Experimental

2.1. Materials

- Commercial grade poly(e-caprolactone) (CAPA� 6501) was sup-
plied by Solvay in form of powder (particle size less than
100 lm). The number average molar mass was 49,000 with a
polydispersity of 1.4, as determined by size exclusion chroma-
tography (Lepoittevin et al., 2002).

- High amylase maize starch (AmyloGel� 03003) was kindly sup-
plied by Cargill, Italy. The amylose content was ranging
between 60 and 80%, whereas the protein content was less than
0.7%.

- The clay mineral (Na+-Montmorillonite) was supplied by ‘‘Sud-
Chemie AG”, Moosburg, Germany.

2.2. Samples preparation

2.2.1. Incorporation of Clay into PCL–starch: HEBM procedure
Samples in powders form were milled at ambient temperature

in a Retsch Centrifugal Ball Mill (model S 100). The steel milling
jar of 50 cm3 was loaded with 4 g of polymer and 10 g of steel balls
(5 balls of 10 mm of diameter). Milling was conducted for three dif-
ferent times (4, 7, 10 h) at the rotation speed of 580 rpm. As re-
ported in Table 1, various blends formulations with different
PCL–starch–clay ratios were obtained and analyzed.

2.3. Films preparation

The samples obtained by milling process were moulded in a
Carver laboratory press, at the temperature of 120 �C, followed
by air cooling. Films 100–110 lm thick were produced and stored
in a closed chamber over hygroscopic salts for 1 week, before each
characterization test.

2.4. Characterization methods

The thermal stability of the neat PCL, the Starch and the differ-
ent blends was determined on powder samples. The thermo-gravi-
metric analysis (TGA) was carried out with a Mettler Toledo (TC-10)
thermo-balance, under air flow. The mass of each sample was 7–
9 mg. The thermo-gravimetric curves were recorded in the course
of heating from 25 �C to 800 �C at a rate of 10 �C/min.
Table 1
Samples codification

Sample Composition Time of milling

PCL100ST0C0T4 PCL(100%wt.) 4 h
PCL60ST40C0T4 PCL(60%wt.) + Starch(40%wt.) 4 h
PCL60ST40C3T4 PCL(60%wt.) + Starch(37%wt.) + Clay(3%wt.) 4 h
PCL60ST40C3T7 PCL(60%wt.) + Starch(37%wt.) + Clay(3%wt.) 7 h
PCL60ST40C3T10 PCL(60%wt.) + Starch(37%wt.) + Clay(3%wt.) 10 h
Differential scanning calorimetry (DSC) analysis was carried out
on powders samples with a mass ranging between 5 and 7 mg. The
tests were carried out by means of a DTA Mettler Toledo (DSC 30)
under nitrogen atmosphere. The samples were heated from 25 �C
to 100 �C at 10 �C/min and kept at 100 �C for 5 min to eliminate
the previous thermal history. After that, the samples were quickly
cooled to the selected crystallization temperature (Tc = 37, 40, 43
and 45 �C) and hold at this temperature for a time long enough
to allow complete crystallization.

In order to prevent a thickening effect of lamellae on the melt-
ing temperature determination, a second thermal cycle was per-
formed. The second isothermal test at each crystallization
temperature was stopped at a time such to reach about 5% of the
enthalpic peak of the previous run.

The temperature was then raised up to complete fusion at
10 �C/min and the peak temperature of the melting endotherm
was taken as the melting point.

X-ray diffraction (XRD) measurements were performed on the
sample films by means of a Bruker (D8 Advance) X-ray diffractom-
eter with Ni-filtered CuKa radiation (a = 1.5405 Å).

Scanning electron microscopy (SEM) was conducted using a
JEOL (model JSM-5900LV) scanning electron microscope. The sam-
ples films were fractured after freezing in liquid nitrogen and ob-
served on the fractured surfaces.

Tensile tests were performed on the sample films using a dyna-
mometric apparatus INSTRON (model 4301). The measurements
were carried out at room temperature at a deformation rate of
2 mm/min, whereas the initial length of the samples was 10 mm.
The elastic moduli were derived from the initial part of the
stress–strain curves, giving to samples a deformation of 0.1%.

Thermo-mechanical properties of the different blends were
determined with a dynamic thermo-mechanical analyzer TA instru-
ment (DMA 2980). Film samples with dimensions 4 � 15 mm were
tested by applying a variable tensile deformation. The displace-
ment amplitude was set to 0.1%, whereas the measurements were
performed at the frequency of 1 Hz. The range of temperature was
from �80 �C to 40 �C at the scanning rate of 3 �C/min.

Transport properties experiments were performed using a con-
ventional McBain spring balance system, which consists of a glass
water-jacketed chamber serviced by a high vacuum line for sample
degassing and penetrant removal (Felder & Huvard, 1980). Inside
the chamber samples were suspended from a helical quartz spring
supplied by Ruska Industries, Inc. (Houston, TX) and had a spring
constant of 1.892 cm/mg. The temperature was controlled to
30 ± 0.1 �C by a constant temperature water bath. Before beginning
the sorption experiments, the sample was exposed to vacuum for
at least 24 h in order to remove previously sorbed air gases and
water vapour from the polymer. Liquid penetrant was subjected
to several freeze–thaw cycles to remove dissolved gases. Then
the sample was exposed to the penetrant at fixed pressures, and
the spring position was recorded as a function of time using a cath-
etometer. The spring position data were converted to mass uptake
data using the spring constant. Diffusion coefficients were ex-
tracted from these kinetic sorption data. The data presented are
averaged on three samples.

3. Results and discussion

3.1. X-Ray diffractograms

Fig. 1 shows the X-ray diffraction spectra of several film sam-
ples as well as the clay powders. The diffractogram of the sample
of PCL milled 4 h shows the characteristic pattern of PCL in its crys-
talline structure with the well developed peaks at 2h = 21.3� and
23.7� and a shoulder peak at about 22.0� (Fig. 1b). Also the spectra
of the composites, even after 10 h of milling, show that the crystal-
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Fig. 1. X-ray powder spectra of (a) nanofil 757; (b) PCL100ST0C0T4; (c)
PCL60ST40C0T4; (d) PCL60ST37C3T4; (e) PCL60ST37C3T7; (f) PCL60ST37C3T10.
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line phase of PCL is well developed. It can be concluded that the
chosen milling conditions are not able to affect the PCL crystalline
morphology, neither when it is pure nor in blends with starch and
clay.

The clay shows the main diffraction peak at 2h = 6.80�, corre-
sponding to a basal spacing of the platelets equal to 11.0 Å. From
Fig. 1, it is also evident as in the composite blends this peak appears
reduced in intensity going from 4 h to 7 h of milling. It completely
disappears in the spectra of the composite milled for 10 h. An evi-
dent and gradual change of the clay structure occurred in the sam-
ples during the milling process, leading to a loss of the basal order
(Sondi, Stubicar, & Pravdic, 1997). Probably, during milling the clay
particles divide preferentially along the basal plane (i.e. in individual
sheets) even if a partial rupture of the clay sheets normal to the basal
plane cannot be excluded. In any case, for milling times higher than
7 h, a nanometric dispersion into the PCL–starch blends seems to oc-
cur. Even if an irrefutable proof for the effective dispersion of the clay
can be obtained only with a direct inspection (TEM analysis), it
should be considered that the same samples (namely the same vol-
ume) were subsequently examined by TGA (see below), thus con-
firming the presence of clay and its concentration.

3.2. Scanning electron microscopy

Fig. 2 shows the SEM micrographs of the pristine starch (a), the
blend PCL–starch (b) and the blend with 3% clay milled for 4 (c)
and 10 h (d), respectively.

In sample milled for 4 h (Fig. 2b) the starch granules maintain a
spherical shape with the largest particle diameter being about
5 lm. In this case, two distinct phases are clearly observed, even
if a good distribution of starch in the PCL matrix is obtained. The
smooth edges of the starch particles, however, make clear the poor
interaction between these particles and the PCL matrix.

Also PCL–starch–clay blend milled for 4 h (Fig. 2c) presents a
fracture surface similar to that shown in Fig. 2b, indicating that
clay do not produce a significant change in morphology for this
milling time.

Fig. 2d illustrates the PCL–starch–clay blend milled for 10 h. In
this case, it is distinctly observed that the starch granule is well
embedded into the PCL matrix: the starch particles are smaller,
irregular and the interface seems unclear, confirming a better
interconnection between the two phases. Similar results were ob-
tained by use of compatibilizers (Avella et al., 2000; Koenig &
Huang, 1995).
3.3. Thermo-gravimetric analysis (TGA)

All samples were analyzed by thermo-gravimetric analysis, in
order to determine the effective content of inorganic phase and
the degradation behavior (Fig. 3).

The degradation curve of the starting starch sample present a
first loss in weight at around 100 �C, due to the water loss. The first
loss in weight is followed by a second main degradation step cen-
tred at about 310 �C (Fig. 3).

In contrast, the thermo-gravimetric curve of the PCL milled for
4 h shows a just one main step centred at about 430 �C. The as re-
ceived PCL powders show a single degradation curve (not show in
Fig. 3) identical to that of PCL milled for 4 h. It confirms that 4 h of
the chosen milling conditions do not produce evident degradation
in the PCL structure.

The various milled blends show an intermediate behavior,
whereas the addition of 3% of clay seems to influence only the step
associated with the PCL degradation. This step is, in fact, delayed of
about 10 �C in all cases where the clay was present.

3.4. Thermal analysis (DSC)

The crystallization behavior of a blend, represented by its half
time crystallization values, crystallinity degree and melting tem-
perature is a very helpful tool in the miscibility investigation,
change in molecular weight and nucleation effect.

The crystallinity degree (Xc) of the PCL component in the com-
posites was determined by the melting peak area as follows (Eq.
(1)):

Xc ¼
DHm

DH0
mf

ð1Þ

where DH0
m is the enthalpy of fusion of the sample, DHfm is the heat

of fusion for 100% crystalline PCL (taken to be 139.5 J/g (Crescenzi,
Manzini, Calzolari, & Borri, 1972) and f is the weight fraction of PCL.

Table 2 shows, for each sample isothermally crystallized at
37 �C, the melting temperature calculated by the maxima of the
melting peaks, the heat of fusion and the crystallinity.

Sample containing 40% of starch and milled for 4 h shows the
higher value of PCL crystallinity, which suggested that starch and
short milling time act as nucleating agent for PCL, whereas the clay
addition as well as the increase in milling time do not change sig-
nificantly the final crystallinity degree of PCL. The slight decrease
in the crystallinity observed in the presence of clay was probably
attributable to the increased compatibility of the two polymeric
systems (Koenig & Huang, 1995). Thus, these results suggested that
the polymers are immiscible and that a severe milling action can
help the compatibility between the two systems, whereas the
nucleation effect of the starch is significantly greater than that of
the clay.

From Table 2 it is also evident that there is no significant differ-
ence in the melting temperature of PCL when it was milled alone or
with starch. A similar behavior was found by the equilibrium melt-
ing temperature (T0

m), determined in according with the linear
Hoffman–Weeks extrapolation.

The evolution of heat released during the course of crystalliza-
tion can be used to characterize the overall kinetics of crystalliza-
tion by means of the Avrami model (Eq. (2)):

1 � XcðtÞ ¼ expð�ktnÞ ð2Þ

where, Xc(t) is the relative crystallinity as a function of time (t), k is
the overall crystallization rate constant, n is the Avrami exponent
that depends both on the nature of the nucleation and on the
growth geometry. The Eq. (2) can be linearized as follow (Eq. (3)):

lnð�ln½1 � XcðtÞ�Þ ¼ lnðkÞ þ n ln ðtÞ ð3Þ



Fig. 2. SEM micrograph of selected samples.
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Fig. 3. Thermo-gravimetric curves of (a) PCL100ST0C0T4; (b) Starch; (c) PCL60ST40C0T4; (d) PCL60ST37C3T4; (e) PCL60ST37C3T7; (f) PCL60ST37C3T10.
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From Table 3, it can be seen that for PCL and its blends, the
higher the crystallization temperature, the shorter is the crystal-
lization rate. At each crystallization temperature, the crystallisa-
tion rate of blends is much faster than that of pure PCL. This
suggests again that starch in blends acts as nucleating agent,
which could enhance the crystallisation rate of PCL. The milling
time as well as the clay addition has similar effects on the crys-
tallization behavior, even if they are much less effective in com-
parison to the starch.

The overall effect of the addition of an immiscible polymer
on crystallization rate of a crystallizable macromolecule de-
pends on the values of the energy barriers that need to be



Table 2
Thermal analysis of PCL and its blends isothermally crystallized at 37 �C

Samples Tm [�C] LHW T0
m DHm [J/g] Xc [%]

PCL 57.7 65.7 59.5 42.6
PCL100ST0C0T4 57.7 65.5 58.3 41.8
PCL60ST40C0T4 57.7 65.5 67.4 48.3
PCL60ST37C3T4 57.9 65.9 58.0 41.6
PCL60ST37C3T7 58.2 65.1 58.8 42.1
PCL60ST37C3T10 57.7 65.2 57.2 41.0
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overcome to reject, occlude and/or deform the dispersed non-
crystallizable domains. In some cases these values produce a
measurable contribution to k; for some other systems, instead,
the energy barriers introduced by the presence of dispersed do-
mains are much smaller than overall energy barrier, and the
overall effect of the filler on crystallization rate is negligible.

Eq. (2) is based on a two-phase model where the radial growth
rates of the crystals are assumed to be constant and the nucleation
mode unique. As the crystallization proceeds and neighbouring
crystallites begin to impinge, the crystallization will deviate from
the Avrami expression and show a slower growth rate.

As reported in Table 3, the analysis of the isothermal data gives
the Avrami exponent (n) ranging between 2.5 and 3. These results
indicate that all samples crystallize with a 3-dimensional morphol-
ogy, and that athermal nucleation dominates.

As shown in Fig. 4, at the crystallization temperature of 37 �C
the deviation from the Avrami equation takes place at different
crystallinity levels for the various blends. In immiscible polymer
blends, in fact, the non-crystallizable component is segregated as
a dispersed phase. This phase, during solidification, must be re-
jected and/or occluded by the growing spherulites, causing a sup-
plementary contribution to the energy needed for the crystal
growth.

It is quite evident from Fig. 5 that despite the crystallization
temperature, the starch addition strongly reduces the crystallinity
level at which the deviation happen, whereas the milling time in-
creases this level up to crystallinity of 55%.

3.5. Mechanical properties

The tensile properties of the milled PCL and their blends with
starch and clay are compared in Table 4. The effect of starch
addition on mechanical properties of PCL can be clearly seen.
PCL is a quite ductile polymer, able to undergo large deforma-
tions (Avella et al., 2000). In samples milled for 4 h, the addition
of 40% of starch increased the Young’s modulus by more than
10% in the blend, whereas the strength and elongation at break
was reduced of about 50 and 80%, respectively. Similar increase
in the modulus upon the addition of starch to PCL has been ob-
served in other studies (Avella et al., 2000; Mani & Bhattacharya,
2001).

The decrease in tensile strength and elongation at break is com-
parable to the values reported (60%) by Avella et al. (2000) and
Mani & Bhattacharya (2001). As pointed out also in these similar
Table 3
Avrami model parameters for all samples analyzed

PCL PCL100ST0C0T4 PCL60ST40C0T4

Tc [�C] n k [min�n] n k [min�n] n k [min�n

37 2.51 0.872 2.21 3.633 2.14 4.894
40 2.69 0.08 2.53 0.473 2.43 0.532
43 2.8 0.005 2.52 0.04 2.32 0.075
45 2.52 0.002 2.26 0.012 2.38 0.012
studies, the starch particles in the PCL matrix prevented the cold
drawing that result in orientation of PLC molecules.

The addition of 3%wt. of clay produces an additional increase
of the modulus. The trend is quite interesting: in fact, going from
the 4 h milled to the 7 h milled sample until to 10 h one the
modulus increases of about 50, 74 and 93%, respectively. Such
a result indicates that the complete delamination of the clay
structure is a crucial parameter for improving the mechanical
properties.

In summary, the increase in the modulus can be attributed both
to better interfacial adhesion between the starch and PCL and the
reinforcement effect from the dispersion of the clay in the matrix.
Better interfacial adhesion can be associated with the formation of
a small amount of physical or chemical crosslinked species during
PCL60ST40C3T4 PCL60ST40C3T7 PCL60ST40C3T10

] n k [min�n] n k [min�n] n k [min�n]

2.27 4.744 2.46 4.887 2.37 4.669
2.81 0.467 2.85 0.465 2.86 0.388
2.91 0.026 2.55 0.045 2.8 0.031
3.11 0.003 3 0.002 2.46 0.007



Table 4
Mechanical properties of the analyzed samples

Sample PCL100ST0C0T4 PCL60ST40C0T4 PCL60ST40C3T4 PCL60ST40C3T7 PCL60ST40C3T10

Young’s modulus [MPa] 282.33 320.00 420.00 490.00 543.33
Strain at the yield [%] 0.17 0.04 0.04 0.01 0.01
Stress at the yield [MPa] 12.35 6.56 7.06 5.37 5.45
Resilience [10�3 J/mm�3] 1.68 0.16 0.16 0.05 0.04
Strain at the break [%] 6.66 1.35 1.36 0.81 0.73
Toughess [10�3 J/mm�3] 69.99 5.92 5.02 2.08 1.39
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the milling process. This could include starch–starch, PCL–PCL and
starch–PCL crosslinks.

3.6. Dynamic mechanical properties

Figs. 6 and 7 show the tensile storage (E’) and tensile loss mod-
ulus (E’’), resulting from the DMA characterization of the various
samples. Only the most characteristic and interesting curves are
presented.

Starch addition as well as the milling time increases the storage
modulus in the blends in the entire temperature region. The glass
transition temperature (identified as the temperature where the
loss modulus and the tan d present a peak) increases on increasing
the milling time.

However, the increase in the glass transition of the blends is dif-
ficult to explain. It probably corresponds to an overlapping of dif-
ferent effects related to the glass transition of PCL matrix,
secondary relaxation of starch, crosslinking between starch and
PCL molecules and polymer clay interactions. Moreover the in-
creased intercalation of PCL and starch into the clay sheets with
an increasing milling time could produce a decrease in the chains
mobility. The increase in the peak widths of the composites could
explain to some extent also the worse elongational properties.

3.7. Transport properties

The transport properties of a liquid or a vapor in a polymer are
defined as the sorption and the diffusion of a solvent molecule
across the amorphous phase. In filled polymers, described as
two-phase systems, the inorganic filler particles are considered
to be impermeable to the vapor molecules, which are thus com-
pelled to diffuse and absorb only in the polymer regions. Therefore
by increasing the crystallinity, there is a decrease in sorption due
to a reduced amorphous volume and a decrease in diffusion due
to a more tortuous path for the diffusing molecules that must by-
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Fig. 6. Storage Modulus as a function of temperature for the reported samples.
pass impermeable crystallites (Peterlin, 1975; Roger, 1985, chap.
2).

Morphology and microstructure of this multi-phase system are
expected to play a very important role in determining the transport
phenomena. For instance, the presence of the inorganic layers can
introduce specific sites in which permeant molecules can be en-
trapped. These sites increase to a large extent the sorption of the
system. Indeed for composites of polycaprolactone with inorgan-
ics, as well as in the case of many other polymers, it was always
found that the improvement of barrier properties was largely dom-
inated by a decrease of the diffusion parameter (Sorrentino, Torto-
ra, & Vittoria, 2006; Sorrentino, Gorrasi, Tortora, & Vittoria, 2006,
chap. 11).

In our case, the transport properties were measured with water
vapor in a range of activities from 0.2 to 0.6. Measuring the in-
crease of weight with time for the samples exposed to the vapor
at a given partial pressure, p, we obtain both the equilibrium value
of the sorbed vapor, Ceq and the diffusion coefficient D. In fact, plot-
ting Ct/Ceq as a function of square root of time and assuming Ficki-
an behavior, the mean diffusion coefficient is derived from the
linear part of the curve (Eq. (4)):

Ct

Ceq
¼ 4 � d � D � t

p

� �1
2

ð4Þ

where d (cm) is the thickness of the sample, Ct is the water concen-
tration at time t and Ceq is the water concentration at the equilib-
rium value.

In the case of Fickian behavior, the reduced sorption curve pre-
sents an initial linear behavior followed by a plateau indicating the
equilibrium sorption; from the first linear part the mean diffusion
coefficient, D (cm2/s), for each vapor activity, is obtained.

For polymer-solvent systems, the diffusion parameter is usually
not constant, but depends on the vapor activity, according to the
empirical Eq. (5):
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Fig. 7. Loss Modulus as a function of temperature for the reported samples.
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D ¼ D0 � expðc � CeqÞ ð5Þ

where D0 (cm2/s) is the zero concentration diffusion coefficient (re-
lated to the fractional free volume and to the microstructure of the
polymer); c is a coefficient, which depends on the fractional free vol-
ume and on the effectiveness of the penetrant to plasticize the matrix.
Both these parameters are related to the fractional free volume and
hence to the mobility of the sorbing phase (Koenig & Huang, 1995),
therefore they are useful, as widely demonstrated (Peterlin, 1975; Ro-
ger, 1985, chap. 2), in providing information on the thermo-dynamic
state of permeable phase. As already observed (Gorrasi et al., 2003)
the exfoliation of the inorganic component in the continuous poly-
meric phase is a pre-requisite to improve the barrier properties of
the material to the water vapor. In the micro-composites or in the
intercalated samples the ordered structure of the inorganic compo-
nent does not constitute an efficient barrier to the diffusion of the
water molecules that can jump from one specific site to another. In
contrast, this diffusion mechanism is not possible when the structure
is exfoliated, since there is no continuity in the inorganic phase.

In this case, all the analyzed samples show a linear dependence of
diffusion on concentration, so it was possible to obtain the thermo-
dynamic diffusion coefficient, D0, by extrapolating to zero vapor con-
centration, in according with Eq. (5). The numerical values for all the
samples are reported in Fig. 8, where the log D0 as function of the
milling time is reported. In the same figure the log D0 of PCL and of
PCL–starch blend milled for 4 h are reported as horizontal straight
lines. The three composites show a thermo-dynamic diffusion coef-
ficient much lower than the pure PCL. Moreover the decreasing of
such parameter is correlated to the exfoliation of the clay: the more
extended is the clay delamination the lower is the diffusion value, as
observed in the case of the mechanical properties, too.

4. Conclusions

The influence of milling conditions on the structure and physi-
cal properties of PCL–starch–clay composites has been investigated
by different method, giving the following results:

� The chosen milling conditions does not influence the PCL crys-
talline structure, neither when it is pure nor in blends with
starch and clay.

� In the composite blends, the peak at 2h = 6.80�, relative to the
inorganic phase, appears reduced in intensity going from 4 h
to 7 h of milling, and disappears for the composite milled for
10 h. An evident and gradual change of the clay organization fol-
lowing the milling time is observed.
PCL60ST37C3T4 PCL60ST37C3T7 PCL60ST37C3T10
1E-9

1E-8

1E-7

PCL60ST40C0T4

D
0(c
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2 /s

)

PCL100ST0C0T4

Fig. 8. Thermo-dynamic diffusion coefficients of water vapour for the various
samples.
� Scanning electron microscopy shows that the milling process of
PCL–starch–clay mixture for 10 h improves the interconnection
between the PCL and the starch phases.

� The thermal degradation of PCL–starch blend is not influ-
enced by the milling process. The addition of 3% of clay
seems to influence only the step associated with the PCL
degradation.

� The addition of 3%wt. of clay produces an increase of the elastic
modulus of the PCL-starch blend. Moreover going from the
micro-composite to the partially exfoliated sample up to the
exfoliated one the modulus increases of about 50, 74 and 93%,
respectively. Such a result indicates that the complete delamina-
tion of the clay structure is a crucial parameter for improving the
mechanical properties.

� Dynamic mechanical tests show that the increased intercalation
of PCL and starch into the clay sheets produce a decrease in the
chains mobility.

� The thermo-dynamic diffusion coefficient for the water trans-
port in the composites is much lower than in the pure PCL. Also
the decrease of such parameter is correlated to the dispersion of
the clay: indeed the more extended is the delamination the
lower is the diffusion value.

In conclusion, the milling process is a promising compatibiliza-
tion method for PCL–starch systems and at the same time it is a
useful tool to improve the dispersion of nanoparticles into the
polymer blends. A better dispersion of the clay particles, as well
as a good compatibilization between PCL and starch can improve
both mechanical and barrier properties.
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