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A comprehensive overview of available methods for assessing nanofiller dispersion is pre-
sented for a wide range of layered silicate-based poly(e-caprolactone) (PCL) nanocompos-
ites. Focusing on their respective strengths and weaknesses, rheological, mechanical and
thermal characterization approaches are evaluated in direct relation to morphological infor-
mation. Pronounced changes in the rheological and mechanical properties of the materials
are only observed for nanocomposites displaying the highest nanofiller dispersion levels,
as confirmed by an innovative and highly reliable thermal analysis approach based on
quasi-isothermal crystallization. As such, the data obtained from the different methods also
allow a detailed investigation of the crucial factors affecting nanofiller dispersion, evidenc-
ing the importance of specific matrix/filler interactions and the need for proper melt pro-
cessing conditions when targeting significant property enhancements. Finally, the wide
potential of the developed methodologies for the characterization of polymeric nanocom-
posites in general is illustrated by an extension to carbon nanotube-based PCL composites,
unambiguously demonstrating their complementarity and broad applicability.

© 2010 Elsevier Ltd. All rights reserved.
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1. Introduction forming an interphase with strongly altered properties. A

prerequisite for the latter, however, is the achievement of

It is well-established that the considerable property
improvements achieved upon incorporation of nano-sized
fillers into a polymeric matrix can be attributed to the ex-
tremely small size and high aspect ratio of the reinforce-
ment, generating a tremendous amount of matrix/filler
interface available for interfacial interaction. As a result,
virtually the entire matrix polymer in a nanocomposite is
located in close vicinity of the filler particles, effectively
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high levels of nanofiller dispersion in order to benefit from
the high specific surface area provided by the reinforcing
particles. Proper stress transfer and the targeted establish-
ment of superior mechanical properties — amongst others —
are therefore intimately related to the critical issues
governing the achievable nanofiller dispersion state, i.e., a
sufficient affinity between polymer and filler through the
occurrence of specific interactions, along with well-
adjusted melt processing conditions.

It is to be noted that the term “nanofiller dispersion” -
in the context of the present paper - refers to the extent of
nanofiller individualization throughout the polymeric
matrix. Polymer nanocomposites usually form complex
structures, often consisting of a mixture of different
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morphologies, the relative amount of which determines
the final material properties. In layered silicate nanocom-
posites, original particles (micron-size aggregates) are gen-
erally broken up into tactoids (stacks of several silicate
layers) and preferably further disintegrated into individual
silicate layers, which depending on loading level and plate-
let orientation tend to form a network of silicate platelets
throughout the polymeric matrix. In carbon nanotube
composites, a morphology is generally aimed for in which
bundles of entangled nanoparticles are disaggregated into
individual carbon nanotubes, spatially distributed to gen-
erate a network of interconnected tubes throughout the
material. When discussing nanocomposites in terms of dis-
persion quality, it is therefore a generally accepted view
that “achieving a high degree of nanofiller dispersion” re-
fers to achieving a high degree of platelet exfoliation in
the context of layered silicate nanocomposites, while it
indicates the extent to which tubes occur individually,
hence disaggregated and unbundled, in the context of car-
bon nanotube composites.

There have been numerous attempts to estimate the ex-
tent of nanofiller dispersion by qualitative or semi-quanti-
tative approaches, e.g., through the use of the shear
thinning exponent from steady-shear rheometry [1],
through the detailed examination of silicate network for-
mation in dynamic rheometry experiments [2], or through
the extraction of an average particle aspect ratio from
either gas permeation data using numerical predictions
[3] or from mechanical properties by applying the classical
composite theories of Mori-Tanaka and Halpin-Tsai [4], to
mention just a few. Notwithstanding the merits of these
approaches, they do not allow to address the morphologi-
cal hierarchy of nanocomposites at different length scales
[5]. For polymer nanocomposite material design to be truly
successful, the continued development of reliable methods
for characterizing the nanofiller dispersion therefore ap-
pears as a crucial need.

It is the aim of the present paper to discuss the benefits
and limitations of several methods available for evaluating
nanofiller dispersion, as applied to poly(e-caprolactone)
nanocomposites containing layered silicates. Poly(e-capro-
lactone) (PCL) is a semi-crystalline biodegradable aliphatic
polyester that, owing to its fair mechanical performance,
good processability, and high degree of biocompatibility
[6], finds potential application in environmentally benign
packaging materials, and has found widespread use in a
number of biomedical applications, both in vivo (tissue
engineering, controlled drug release) [7] as well as for
external use (e.g., various medical devices) [8].

So far, however, the large-scale introduction of PCL as a
‘green’ alternative to various widely used polymers was
hampered by some of its intrinsic weaknesses, especially
in those application fields imposing rather demanding
requirements to the material in terms of stiffness. Prepara-
tion of PCL nanocomposites by incorporation of low
amounts of nano-sized filler particles may provide an
effective way to meet those high standards [9-13]. The
presence of 3-5 wt.% of layered silicates was reported to
significantly increase the modulus of the PCL matrix mate-
rial, while retaining its good processability and recyclabil-
ity [14-16]. Moreover, incorporation of layered clay

minerals strongly reduces the permeation of solvents and
gases with respect to unfilled PCL [14]. Small amounts of
carbon nanotubes are known to provide mechanical rein-
forcement as well as to generate both thermal and electri-
cal conductivity [17-20]. In addition, a strong nucleating
effect on the crystallization of PCL has been reported
[17,18], imparting enhanced dimensional stability and
allowing a significant reduction of processing cycle times.

Various techniques for characterizing the dispersion of
a number of layered silicates in PCL will be discussed in
this paper, paying attention to their sensitivity to the dif-
ferent length scales and physico-chemical aspects of the
nanocomposite morphology. Morphological characteriza-
tion by means of atomic force microscopy, transmission
electron microscopy, and wide-angle X-ray scattering is
first conducted to establish a qualitative reference frame
for the dispersion states achieved. Subsequently, indirect
evaluation methods based on thermal analysis are applied
and the results - after benchmarking against the morpho-
logical data - are directly related to a macroscopic material
property, i.e., the bending stiffness of the nanocomposite.
In terms of indirect methods employed, it will on the one
hand be evaluated to which extent the flow behavior of
the material, as assessed by dynamic rheometry, is affected
by subtle changes in nanofiller dispersion. On the other
hand, a recently developed thermal analysis methodology
[21-25] based on modulated temperature differential
scanning calorimetry (MTDSC) will be applied. The thermal
characteristics of PCL nanocomposites during quasi-iso-
thermal crystallization experiments are related to the pres-
ence of an interphase region, the nature and extent of
which depends on the nanofiller type used and on its dis-
persion state within the PCL matrix [24,25]. The practical
applicability of this method will be further demonstrated
in a section of the present study dedicated to evidencing
the importance of melt processing conditions, showing
that the presented methodology allows differentiating be-
tween systems exhibiting subtle differences in nanofiller
dispersion state.

The final part of this paper aims at demonstrating the
general applicability of the developed quantification meth-
ods to other types of nanoparticle-filled polymer compos-
ites, by extending the approach developed in the
framework of silicate nanocomposites to PCL filled with
multi-walled carbon nanotubes (MWNTs).

2. Experimental
2.1. Materials

Poly(e-caprolactone) was obtained from Solvay Capro-
lactones (presently Perstorp Caprolactones, UK) and is
commercialized under the trade name CAPA®6500
(M, =47.500 and M,, =84.500 g/mol according to the
manufacturer).

Bentone®108 (further denoted B108) is a natural hector-
ite exchanged with dimethyl bis(hydrogenated tallowalkyl)
ammonium (Elementis Specialties, USA). Nanofil®15
(abbreviated N15) is a natural montmorillonite exchanged
with dimethyl dioctadecyl ammonium (Siid-Chemie A.G.,
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Germany); Nanofil®SE3010 (further denoted N3010) is
based on a similar compound, but its exact composition re-
mains proprietary information of Stid-Chemie. Cloisite®10A
(in short C10A) and Cloisite®30B (in short C30B) are both
based on natural montmorillonite, exchanged with benzyl
dimethyl tallowalkyl ammonium and methyl bis(2-
hydroxyethyl) tallowalkyl ammonium, respectively (South-
ern Clay Products, USA). Note that the layered silicates from
both the Cloisite and the Nanofil series are presently com-
mercialized by Rockwood Specialties, Inc. (USA).

Multi-walled carbon nanotubes (MWNTSs) produced by
catalytic carbon vapor deposition and commercialized un-
der the trade name Nanocyl 7000 (in short N7000) were
supplied by Nanocyl S.A. (Belgium) and were used without
further purification.

2.2. Nanocomposite preparation

The nanocomposites of this work, with filler contents
up to 10 wt.%, were prepared by melt mixing at 130 °C
using a batch-operated lab-scale twin-screw DSM Xplore
Micro-Compounder (15 cc, N, purge, screw rotation speed
of 170 rpm). Unless otherwise specified, the residence time
within the extruder was 30 min. All compositions are ex-
pressed in terms of the inorganic filler content, as deter-
mined from thermogravimetric analysis under nitrogen
(TA Instruments Q5000 TGA, 25 ml/min Ny).

Subsequent to melt mixing, all nanocomposites were
compression-molded at 140 °C under 100 bar pressure
using an Agila PE 30 hydraulic press.

2.3. Characterization techniques

Morphological information was obtained at room
temperature from atomic force microscopy (AFM) on cryo-
microtomed samples (Leica Ultracut cryo-microtome
equipped with a diamond knife and maintained at
—105 °C). Images were recorded in tapping-mode using
an Asylum Research MFP-3D atomic force microscope
equipped withan Olympus AC 240TM cantilever (res-
onance frequency 70 kHz, spring constant 2 N/m). Trans-
mission electron microscopy (TEM) was conducted on
cryo-microtomed slices using a Philips CM200 (120 kV
acquisition voltage).

Wide-angle X-ray scattering (WAXS) was performed
using a Siemens D5000 diffractometer with Cu Ko-radia-
tion, operating at 40 kV and 40 mA.

Small angle oscillatory shear rheometry (‘dynamic rhe-
ometry’) experiments were performed on a TA Instruments
AR-G2 rheometer fitted with a 25 mm stainless steel cone-
and-plate geometry (cone angle 4°). Frequency sweep
experiments were conducted at 100°C using a strain
amplitude of 0.25%, i.e., within the linear visco-elastic re-
gion as determined from strain sweep experiments at a fre-
quency of 1 Hz.

Thermal characterization using Modulated Temperature
Differential Scanning Calorimetry (MTDSC) was performed
using a nitrogen-purged (25 ml/min) TA Instruments
Q2000 DSC equipped with a Refrigerated Cooling System
(RCS). Temperature and enthalpy calibration were per-
formed using an indium standard; heat capacity calibration

was performed using sapphire disks. The selected tempera-
ture modulation conditions during quasi-isothermal exper-
iments were an amplitude of +0.5 °C and a period of 60 s.
Prior to measurement, all nanocomposites were dried over-
night at 65 °C under vacuum. Experiments were initiated by
a stay in the melt (1 h at 130 °C) in order to fully erase the
thermal history of the samples.

The mechanical properties of the various materials
were assessed by determining their secant modulus (3-
point bending mode, 90 mm span, 4 mm deflection) at
21 °C using a Lloyd Instruments LRX Plus apparatus. An
average of three measurements was taken for each sample;
measurements were performed 7 days after compression
molding (storage temperature 21 °C, sample dimensions
130 x 30 x 1.6 mm).

To assess the electrical conductivity of carbon nano-
tube-based composites, 4-point conductivity measure-
ments were directly performed on the surface of the
nanocomposite films using a Keithley 6512 Programmable
Electrometer (current range 1.1 x 1075-1.1 x 102 A; volt-
age range 1074-10° V). A colloidal graphite paste provided
by Electron Microscopy Science was employed to ensure
proper contact between the sample and the measuring
electrodes.

3. Results and discussion

A wide range of PCL/layered silicate nanocomposites
was prepared by melt mixing. Care was taken to use opti-
mized and reproducible processing conditions in order to
enable the comparison of systems based on different
organically modified silicates. Prior to thermal and
mechanical characterization, all samples were analyzed
with regard to the nanofiller dispersion state by morpho-
logical analysis to establish a reference frame for subse-
quent benchmarking.

3.1. Nanocomposite morphology

3.1.1. Microscopic techniques

AFM and TEM imaging allow a direct visual observation
of the silicate dispersion within a polymeric matrix; how-
ever, for a reliable qualitative evaluation of the nanofiller
dispersion state (exfoliated/intercalated/microcomposite),
care should be taken to image truly representative areas
of the sample, preferably at different magnifications.

Fig. 1a shows a tapping-mode AFM image of PCL con-
taining 3 wt.% of C30B filler. Individual (flat-on) silicate
platelets can be clearly observed throughout the entire ma-
trix, attesting for a largely exfoliated nanocomposite mor-
phology. TEM imaging confirms the occurrence of finely
dispersed silicate platelets throughout the entire matrix
(Fig. 1d). AFM and TEM images of a similar PCL sample
filled with 3 wt.% of B108 are shown in Fig. 1b and e,
respectively. Both individual silicate platelets as well as
larger aggregates can be observed by both methods, attest-
ing for the occurrence of partially disrupted stacks of sili-
cate platelets after processing, hence for an intercalated/
exfoliated morphology. Fig. 1c and f, finally, show AFM,
respectively, TEM images of a PCL sample filled with
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Fig. 1. Tapping-mode AFM phase images (a-c) and corresponding TEM micrographs (d-f) showing the degree of silicate dispersion in PCL nanocomposites
containing 3 wt.% of Cloisite 30B (a and d), 3 wt.% of Bentone 108 (b and e), and 3 wt.% of Nanofil SE3010 (c and f); the scale bars measure 500 nm.

3 wt.% of N3010 clay. In this case, large silicate aggregates
of almost micrometer size are observed throughout the
sample, which is indicative for a poor dispersion state
and a morphology which is at best intercalated with large
aggregates of stacked silicate layers.

3.1.2. Wide-angle X-ray scattering
As an alternative to direct visual observation, WAXS is
generally employed to assess the degree of nanofiller dis-

persion in silicate-based nanocomposites [26]. An interca-
lated morphology is characterized by the occurrence of
specific more or less intense scattering peaks, the position
of which corresponds to the intergallery spacing within the
periodically stacked silicate tactoids. Exfoliated or more
disordered intercalated morphologies, on the other hand,
are characterized by the complete absence of any scatter-
ing peaks in the range 2-8° 20. Representative examples
of the information typically obtained from WAXS analysis
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are shown in Fig. 2. Fig. 2a shows the WAXS profiles for a
series of PCL nanocomposites as a function of C30B silicate
loading. The absence of characteristic scattering peaks at
low loading reflects an exfoliated (or disordered interca-
lated) morphology; upon increasing the silicate loading, a
weakly intense scattering peak appears, corresponding to
an intercalated morphology with an intergallery spacing
of 33-34 A. In contrast, a comparable series of PCL nano-
composites containing N15 silicate exhibits fairly intense
scattering peaks over the entire loading range (Fig. 2b),
attesting for an intercalated morphology with an intergal-
lery spacing of 32-33 A. These results already indicate the
lower extent of silicate exfoliation in nanocomposites con-
taining non-polar silicate modifier (N15), whereas high dis-
persion degrees can be achieved with more polar modified
silicates (C30B) [15,27]. Similar observations are obtained
from WAXS data on the samples shown in Fig. 1 (not
shown here), confirming the conclusions drawn above
from AFM and TEM imaging. It should be stressed, how-
ever, that since WAXS provides a fingerprint of the gallery
structure of the silicate, it is only able to provide a qualita-
tive estimation of the occurrence of exfoliation. A lack of
silicate reflection does not necessarily mean complete
exfoliation, and disordered tactoids or agglomerates may
exist even in composites having WAXS patterns without
silicate reflection.

1-2-3-5-10wt.% C30B

1-5-10wt.% N15

Intensity (arbitrary units)

2 3 4 5 6 7 8
Scattering angle 20(°)
Fig. 2. Representative WAXS profiles for PCL nanocomposites containing

Cloisite 30B (a) or Nanofil 15 (b) at indicated loadings (increasing in the
sense of the arrows).

3.1.3. Dynamic rheometry

Frequency sweep experiments were conducted for PCL/
layered silicate nanocomposites at various loadings. The
occurrence of a solid-like behavior in the low-frequency
region is well-established for nanocomposites containing
layered silicates [28,29]. It is attributed to a retarded
molecular relaxation due to the formation of a percolating
network structure of filler particles [30,31], also referred to
as a house of cards structure [32]. Fig. 3 shows the rheolog-
ical response during frequency sweep experiments for a
series of PCL nanocomposites at various C30B loadings. In
the storage shear modulus, a deviation from the liquid-like
terminal behavior (Fig. 3a) is clearly observed, to an extent
increasing with silicate loading, attesting for the formation
of a well-dispersed percolating network of filler particles. A
similar behavior can be observed in the loss shear modu-
lus, whereas the phase angle at low frequency evidences
elastic behavior. This is also clearly visualized in Fig. 3b,
where geometrical percolation is detected in the rheologi-
cal equivalent of a so-called Cole-Cole plot [33,34] by the
occurrence of a rigid tail, i.e., the deviation from an arc-
shaped pattern when plotting the imaginary against the
real part of the complex viscosity [17]. Note that geometri-
cal percolation is already noticed at a loading as low as
0.5 wt.% C30B, confirming the high level of nanofiller dis-
persion achieved under the selected melt processing
conditions.

Although the dynamic rheometry results indicate a per-
colating filler network at 0.5 wt.% loading, they do not ex-
clude the remaining presence of a significant fraction of
intercalated layered silicate. With increasing silicate load-
ing, the contribution of tactoids and even aggregates to
the filler network will increase. Nevertheless, the assess-
ment by dynamic rheometry of the extent of “solid-like”
behavior for the various PCL nanocomposites indirectly al-
lows a qualitative comparison between the exfoliation
states of the different organically modified layered sili-
cates, provided that the same polymer matrix is used in
all systems, that the silicate weight (or volume) fraction
is kept constant, that the various nanocomposites are pre-
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Fig. 3. Dynamic rheometry data from frequency sweep experiments on
PCL and its nanocomposites at various Cloisite 30B loadings: storage
shear modulus vs. frequency (a) and Cole-Cole representation (b).
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pared using the same processing conditions, and that the
measurements are performed under constant experimen-
tal conditions.

3.2. The effect of silicate modifier type

Earlier reports extensively emphasized on the fact that
numerous competitive interactions may develop in poly-
mer/layered silicate nanocomposites, i.e., among the vari-
ous functional groups of the organic modifier (ionic
groups, hydroxyl groups, aliphatic backbone), the silicate
(ionic sites, surface oxygen atoms) and the polymer
[35,36]. Such specific interactions, some of which may
even lead to the dissolution of the organic modifier in the
polymer matrix or to the occurrence of chemical reactions,
will always to a large extent govern the morphology and fi-
nal properties of the elaborated materials. To illustrate
this, a wide range of PCL nanocomposites containing vari-
ous organically modified layered silicates has been pre-
pared by melt extrusion in order to assess the
importance of the nanofiller surface characteristics and
specific matrix/filler interactions in relation to nanofiller
dispersion state. The mechanical properties of the various
nanocomposite materials were subsequently assessed
and directly related to the nanocomposite morphology.
For this purpose, the degree of nanofiller dispersion was
qualitatively evaluated by dynamic rheometry and the re-
sults supported by data obtained from a novel character-
ization methodology which is based on advanced thermal
analysis.

3.2.1. Mechanical and rheological properties

The mechanical properties of the various nanocompos-
ite systems as a function of filler loading were evaluated
in 3-point bending mode. Fig. 4 shows the secant modulus
of the various systems (Fig. 4a and c) in direct comparison
with the dynamic rheometry data for the corresponding
systems at a fixed loading of 3 wt.% (Fig. 4b and d). For
all samples, an almost linear increase in the secant mod-
ulus with increasing nanofiller loading is observed. With
regard to the achieved stiffness, however, it is also clear
that the choice of the organic modifier determines the
nanocomposite properties to a large extent: silicates bear-
ing more polar functional groups, e.g., C30B, undoubtedly
show a proportionally stronger increase in nanocomposite
stiffness than those bearing non-polar modifier chains.
Neglecting the (unlikely) effect of silicate orientation in
the present series of compression-molded nanocompos-
ites, this dependency on silicate modification is assumed
to be a direct consequence of changes in the degree of
nanofiller dispersion, as confirmed by the dynamic rhe-
ometry data in Fig. 4b and d. If the deviation from the
arc-shaped pattern in the Cole-Cole plots, i.e., the appear-
ance of a rigid tail, is taken as a measure for nanofiller dis-
persion, then it clearly appears that silicates bearing more
polar modifier chains (C30B) display a far better disper-
sion state in PCL than modified silicates showing less
affinity for the polar matrix (N3010). Under constant pro-
cessing conditions, the intrinsic occurrence of specific ma-
trix/filler interactions is thus the governing factor in
determining the achieved dispersion quality [25], hence

3000
1800 { @ b o
¢ C30B <o 2500
1600 1 . o108 .
& a N3010
= 1400 = PCL o0 42000
S ° * w
= i o * 4
3 1200 o 0 sl 1500 &
E <><> .0" AA ;
el 5 <>°oo0"'w “ | 1000
Q
& 800 - / @Xipasnooscons
500
600 4
400 —— —8 1o
0 5 10 0 1000 2000 3000 4000
Silicate loading (wt.%) n' (Pa.s)
3000
1800 { € d .
© C30B < 2500
1600 1 ° B108 o
E A N15
S 1400 - 2 N3010 ¢t 2000
- = PCL S . _
3 <, L (")
S 1200 - © o, ©
3 ¢ o At 1500 o
] o o o A =4
£ < g0 Al :
= 1000 o© _amo® bl s
5 T g T
31 Ja &
@ 800 o
600 - 500
400 . . —8 1o
0 5 10 0 1000 2000 3000 4000

Silicate loading (wt.%) n' (Pa.s)

Fig. 4. Pairwise comparison of mechanical and rheological data for
unfilled PCL and its nanocomposites filled with various types of layered
silicates; mechanical data show the secant modulus as a function of
silicate loading (a and c), whereas rheological data show the correspond-
ing Cole-Cole plots at a fixed loading of 3 wt.% (b and d). Data for PCL
filled with Cloisite 30B and Nanofil SE3010 appear on all graphs as a
suitable base for comparison, i.e., best and worst dispersion quality,
respectively. The solid lines are guidelines to the eye.

also the resulting stiffness improvement of the material.
Determining the interaction strength between the poly-
mer and the organically modified silicate through the
reversible work of adhesion [37] or through molecular
dynamics computation of the interaction energies
[35,36] could support the relation between the presence
of polar moieties on the silicate modifier and the resulting
affinity for the PCL matrix; this is, however, judged be-
yond the scope of the present paper.

In the context of the above discussion it is to be men-
tioned that both geometrical percolation (in a rheometric
experiment) and stiffness increase (in a 3-point bending
test) also depend on the aspect ratio of the dispersed nano-
filler particles. However, in view of the very similar particle
dimensions of the various silicate fillers used, in addition
to the clear trends observed within a given family of
silicate fillers (e.g., compare the various Cloisite-based
nanocomposites in Fig. 4), it is assumed that the character-
istics of the modified filler surface do play the dominant
role in the present comparison [25].
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It is clear from the foregoing that dynamic rheometry is
a highly valuable technique for qualitatively comparing the
extent of silicate dispersion within a thermoplastic matrix.
As an illustration of the differences that may exist upon
using different organically modified silicates, Fig. 5 shows
dynamic rheometry data for various PCL/layered silicate
nanocomposites at 1 and 3 wt.% loading in a single Cole-
Cole plot, evidencing the occurrence of a rigid tail to
various extents. Additionally, marked differences can be
observed when looking at the evolution of the phase angle
& with frequency for the various nanocomposites at 3 wt.%
loading (Fig. 6a). For unfilled PCL, a low-frequency plateau
value of the phase angle close to 90° is characteristic for a
viscous flow behavior. For the nanocomposites, however,
the low-frequency phase angle & starts well-below 90°
and increases towards a maximum at higher frequencies;
the lower phase angle at low frequencies is again indica-
tive for a solid-like flow behavior as it reflects and increas-
ing elastic contribution to the visco-elastic response. When
comparing the various layered silicates at 3 wt.% loading, it
is observed that a decreasing phase angle § at low fre-
quency (Fig. 6) correlates well with an increasing rigid tail
in the Cole-Cole plots (Fig. 5) and an increasing secant
modulus (Fig. 4). In the established ranking, C30B clearly
shows the highest level of solid-like behavior, which im-
plies the highest level of filler dispersion assuming similar
aspect ratios, whereas N3010 is clearly the silicate showing
the worst dispersion. As such, the rheological data facili-
tate establishing some guidelines as to which, out of the
vast number of available organically modified silicates,
has the highest affinity for PCL and is, consequently, the
better suited for incorporation into a PCL matrix. C30B,
the most polar organically modified silicate in our series
as a result of the presence of hydroxyl moieties on the
modifier chains, clearly has the highest affinity for PCL
and leads to the highest dispersion level. B108, N15 and
C10A contain less polar alkylammonium substituents and
show an intermediate affinity for the PCL matrix. Finally,
N3010, which is recommended for non-polar matrices
[38] and is therefore thought to bear a modifier with
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Fig. 5. Dynamic rheometry overview graph showing Cole-Cole plots for
unfilled PCL and for all silicate-based nanocomposites at a loading of
1wt.% (a) and 3 wt.% (b).
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non-polar substituents, displays a lower affinity for PCL
and clearly results in a poorer dispersion. It can thus be
unambiguously concluded that the choice for an organi-
cally modified silicate containing more polar substituents
is highly beneficial with regard to the achievable disper-
sion state within a PCL matrix, hence to the level of
mechanical reinforcement that can be targeted.
Pertaining to the qualitatively established dispersion
ranking, it is finally also worth noting that, at a relatively
low loading of 1 wt.%, only the best dispersed layered sili-
cates generate the occurrence of a marked rigid tail in a
Cole-Cole plot (Fig. 5a) and a low-frequency phase angle
below 90° (Fig. 6b), whereas the more poorly dispersed
nanofillers show almost liquid-like behavior. At higher fil-
ler loading, i.e., beyond the threshold for geometrical per-
colation, all nanocomposite samples display more or less
important solid-like behavior (Figs. 5b and 6b).

3.2.2. Thermal properties from MTDSC analysis

An advanced thermal analysis method based on modu-
lated temperature DSC was recently introduced as a novel
tool for monitoring the degree of nanofiller dispersion in a
semi-crystalline polymer matrix [21-25]. This characteriza-
tion method exploits the occurrence of an ‘excess’ heat
capacity, C;****, recorded during quasi-isothermal crystalli-
zation experiments and caused by reversible melting and
crystallization phenomena on the timescale of the imposed
temperature modulation. It was demonstrated that the
magnitude of this ‘excess’ heat capacity C;****, evaluated
at steady-state conditions, can be related to the nanofiller
dispersion state within a given family of nanocomposite
materials [25]. Fig. 7 shows an overview graph collecting
all C;**** data for the PCL nanocomposite series of this work
as a function of silicate loading. It is observed that all curves
level off at higher loading, despite a further increase in the
mechanical properties up to the highest loadings considered
in this study. This plateau reflects some extent of saturation
beyond ca. 5 wt.% silicate loading, i.e., a situation in which
the degree of nanofiller dispersion becomes limited due to
the physical impossibility to further delaminate individual
platelets in a highly loaded system. As a result, further
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Fig. 7. MTDSC excess heat capacity C;**** recorded during quasi-isother-
mal crystallization experiments on unfilled PCL and its nanocomposites
(50+0.5°C/605s), as a function of silicate content; the dashed lines are
guidelines to the eye.

increasing the silicate loading does not further affect the
thermal properties of the material, even though it is still
beneficial in terms of modulus increase (Fig. 4). When eval-
uated at the saturation value, the observed C;*** trends
from Fig. 7 confirm the conclusions drawn from AFM and
TEM observation, mechanical characterization and dynamic
rheometry, with a proportionally higher magnitude of C;*****
for the better dispersed silicates [39], i.e., those showing the
highest affinity for the PCL matrix.

3.3. The effect of nanocomposite processing conditions

With regard to the achievable dispersion quality, ma-
trix/filler affinity clearly is a key factor determining the
outcome for any polymer/filler combination. However,
proper nanocomposite melt processing can be equally
crucial as delamination and true nano-scale dispersion of
individual silicate platelets are only achieved under well-
conceived conditions of temperature, shear and residence
time [25,40-46].

In this study, PCL nanocomposites containing the organ-
ically modified layered silicate showing the highest affinity
of all investigated, i.e., C30B, were prepared by melt extru-
sion using a small-scale batch extruder, focusing on the
importance of residence time under maximum achievable
shear intensity (245 rpm screw rotation speed). The choice
for this silicate filler is dictated by the fact that it intrinsi-
cally allows the highest level of nanofiller dispersion to be
achieved, as demonstrated above. The various developed
methods for assessing the nanofiller dispersion state are
subsequently applied to evaluate the achieved nanocom-
posite morphology and final properties. Note that a de-
tailed study on the influence of additional processing
conditions, such as temperature, screw speed and through-
put, along with extrusion modeling results, is part of our
ongoing research activities.

Fig. 8a shows the secant modulus for unfilled PCL and
for samples containing 1 or 5 wt.% of C30B as a function

of extruder residence time. The stiffness of the nanocom-
posite samples increases with increasing residence time
up to a certain plateau level. Further increasing the resi-
dence time does not result in an additional increase in
the nanocomposite stiffness. Direct visual observation
from TEM imaging confirms the pronounced changes in
the achieved dispersion state: whereas a large number of
tactoids of stacked silicate platelets can still be clearly ob-
served in PCL filled with 5 wt.% C30B after 2 min processing
time, the same sample processed for 1 h unambiguously
shows individually dispersed (and randomly oriented) sil-
icate platelets throughout the entire matrix (Fig. 9). The
observed trends clearly reflect a changing degree of silicate
dispersion as a function of extruder residence time,
emphasizing the importance of well-adjusted processing
conditions.

CX*** measurements were conducted on the same ser-
ies of samples in order to assess the degree of silicate dis-
persion in the PCL matrix as a function of processing time.
In accordance with the mechanical data reported in Fig. 8a,
the thermal data in Fig. 8b clearly show that, whereas the
reference C;*** level for unfilled PCL remains unaffected
by an increasing residence time, the filled samples do dis-
play a pronounced evolution. The observed increase in
C,*** thus points at a nanofiller dispersion state steadily
improving with time in the high-shear environment of
the melt extruder, resulting in a continuously increasing
amount of polymer/filler interface and associated alter-
ation of the thermal properties of the PCL matrix [24,25].
Beyond a certain residence time the recorded C;**** level
remains constant, indicating that a steady-state situation
is attained under the selected temperature and shear flow
conditions, and that prolonged processing is no longer ben-
eficial. This steady-state level is attained earlier at low fil-
ler loading, reflecting that intercalation and subsequent
platelet delamination by a peeling-off mechanism [47]
are less straightforward in a highly loaded and geometri-
cally jammed system. Note also that GPC measurements
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Fig. 8. Secant modulus (a) and excess heat capacity C;**** (b) for unfilled
PCL and its nanocomposites containing 1 and 5wt.% of Cloisite 30B
plotted as a function of extruder residence time; the quasi-isothermal
crystallization experiments were conducted at 50 °C under a temperature
modulation of 0.5 °C/60 s.
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Fig. 9. TEM micrographs showing PCL nanocomposites containing 5 wt.% of Cloisite 30B and processed in a melt extruder for residence times of 2 min (a)

and 1 h (b); scale bar: 200 nm.

did not reveal any significant extent of PCL matrix degrada-
tion within the range of investigated residence times.

In view of its ability to evidence subtle differences in
the level of nanofiller dispersion, as reported above, dy-
namic rheometry was also employed to characterize the
present series of samples. As an alternative to the Cole-
Cole representation, Fig. 10 plots the inverse loss tangent
as a function of loss modulus for unfilled PCL and for the
different nanocomposite samples. This representation
was demonstrated to be particularly useful for the visuali-
zation of small changes in the rheological behavior of the
material inferred by the filler particles [48,49]. As antici-
pated, the unfilled PCL follows a nearly straight line inde-
pendently of the extruder residence time (corresponding
to an arc shape in a Cole-Cole plot). A clear deviation from
this behavior is noticed, however, upon incorporation of
layered silicates, attesting for the formation of a percolat-
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Fig. 10. Inverse loss tangent G'/G” as a function of loss shear modulus G”
during frequency sweep experiments on unfilled PCL and its nanocom-
posites containing 1 and 5 wt.% of Cloisite 30B; nanocomposite process-
ing using indicated extruder residence times (corresponding symbols are
used for all three data sets).

ing network structure (cf. the rigid tail in the Cole-Cole rep-
resentation). Moreover, a clear effect of extruder residence
time is noticed for the samples containing 1 wt.% of C30B,
with a proportionally stronger deviation from the straight
line with increasing residence time. This result once more
confirms that the achievement of a truly dispersed nano-
composite system requires a prolonged melt mixing time,
as already noticed above. Surprisingly, however, the dy-
namic rheometry data do not reveal a comparable trend
in the highly loaded PCL samples, despite clear indications
for an increasing degree of silicate dispersion as observed
from C;*** data (5 wt.% C30B, see Fig. 8b) and from direct
visual observation on TEM micrographs (Fig. 9). This find-
ing illustrates that, beyond a certain nanofiller loading, dy-
namic rheometry becomes insensitive even to fairly
pronounced differences in the dispersion state of the nano-
composite samples. At higher loadings, the elastic response
due to the solid-like house of cards structure of silicate
platelets dominates the flow behavior and, unlike for
C,**** measurements, dynamic rheometry no longer allows
to discriminate between varying degrees of nanofiller dis-
persion [50]. This observation therefore also illustrates the
need to use multiple characterization techniques in order
to truly assess the nanocomposite dispersion state, and
further demonstrates the added value of using C;“*** data
as a measure for nanofiller dispersion.

3.4. Extension to carbon nanotube-based systems

So far, the methods for assessing the nanofiller disper-
sion state have been discussed in the context of layered sil-
icate nanocomposites, showing the large potential of
MTDSC and dynamic rheometry experiments. These meth-
ods are, however, not at all restricted to platelet-shaped
nanoparticles. As an illustration, the developed methods
were also employed for comparing the nanofiller disper-
sion state in nanocomposites containing carbon nanotubes.

Morphological information on the PCL/carbon nanotube
composites was obtained from AFM imaging, as shown in
Fig. 11. On the scale shown, individual carbon nanotubes
can be clearly discerned, pointing at a high level of carbon
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Fig. 11. Tapping-mode AFM phase image showing the degree of carbon
nanotube dispersion in a PCL nanocomposite containing 3 wt.% of
Nanocyl 7000; depicted area: 2.8 x 2.8 pm?.

nanotube dispersion. As a result, significant improvement
in the bending stiffness of the nanocomposites might be
anticipated. However, as illustrated in Fig. 12a, the rein-
forcing effect is far more limited than with well-dispersed
C30B layered silicate at equal loading. Moreover, in case of
carbon nanotubes, the increase in secant modulus with
carbon nanotube loading shows a clear deviation from a
linear trend at as little as 0.5 wt.% loading, possibly attest-
ing for an incomplete carbon nanotube individualization.
Earlier results from scanning electron microscopy confirm
the fairly high level of carbon nanotube dispersion
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Fig. 12. Pairwise comparison of mechanical and rheological data for
unfilled PCL and its nanocomposites filled with carbon nanotubes
(Nanocyl 7000) as well as with layered silicates for comparison (Cloisite
30B); mechanical data show the secant modulus as a function of carbon
nanotube or silicate loading (a), whereas rheological data show the
corresponding Cole-Cole plots at various carbon nanotube loadings and
at 3 wt.% silicate loading for comparison (b).

evidenced by AFM, but observation on a larger scale also
reveals the presence of carbon nanotube aggregates that
limit the improvement in mechanical performance of the
samples [24]. This effect is especially pronounced at higher
loading, where carbon nanotube entanglements limit their
dispersion as individual high aspect ratio particles.

As in the case of layered silicate nanocomposites, dy-
namic rheometry is very sensitive to the presence of
well-dispersed carbon nanotubes [51,52] since network
formation is a common particularity of both classes of
materials. Fig. 12b shows Cole-Cole plots for unfilled
PCL and for nanocomposites containing various carbon
nanotube (N7000) loadings. A marked deviation from li-
quid-like behavior can be observed at filler loadings be-
yond 0.5 wt.%; a very slight effect can even already be
noticed at a loading as low as 0.1 wt.%, confirming the
high degree of MWNT dispersion achieved. Earlier reports
mentioned geometrical percolation in PCL nanocompos-
ites at a carbon nanotube loading of 0.35 wt.% [19], and
for melt-mixed samples even beyond 2-3 wt.% [17]. The
solid-like behavior becomes progressively more pro-
nounced at higher carbon nanotube loading, evidencing
an increasingly elastic flow response accompanying the
formation of a percolating network of carbon nanotubes
[51,53]. For comparison, Fig. 12b also includes a Cole-Cole
plot for PCL filled with 3 wt.% of C30B layered silicate (as
marked by the solid line). It appears that, at equal loading,
carbon nanotubes have a proportionally stronger effect on
the rheological behavior than layered silicates. Even
though a truly quantitative evaluation of the dispersion
state of both fillers cannot be conducted at present and
would probably evidence marked differences, the ob-
served discrepancy in the rheological behaviors most
probably originates from the significantly higher aspect
ratio of the carbon nanotubes, a factor which reportedly
determines geometrical (as well as electrical) percolation
[54,55]. Still, as shown in Fig. 12a, carbon nanotubes dis-
play a lower reinforcing effect than well-dispersed layered
silicates - despite the higher aspect ratio — as a result of
their strong entanglement and the associated difficulty
to achieve a proper dispersion state. Accordingly, the
mechanical properties of carbon nanotube composites
are frequently dominated by inter-tube slippage in nano-
tube bundles - especially at higher loadings - thus
remaining below expectations [56].

In the particular case of carbon nanotube-based com-
posites, electrical conductivity measurements are fre-
quently employed to assess the filler dispersion state
through the determination of an electrical percolation
threshold, i.e., the nanotube loading at which filler connec-
tivity is achieved and a marked increase is observed in the
electrical conductivity [57]. The data in Fig. 13a indicate
that electrical percolation is reached at a MWNT loading
slightly above 0.5 wt.%. Note that Fig. 12b already indicated
geometrical percolation at 0.5 wt.% loading, in line with the
connection that has been advanced between electrical and
rheological percolation [53].

For comparison, and in order to validate the developed
modulated temperature DSC methodology in an extension
to carbon nanotube-based composites, quasi-isothermal
crystallization experiments were conducted for this
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Fig. 13. Electrical conductivity (a) and excess heat capacity C;**** (b) as a
function of carbon nanotube loading for PCL nanocomposites containing
Nanocyl 7000; the quasi-isothermal crystallization experiments were
conducted at 55.5 °C under a temperature modulation of +0.5 °C/60 s; the
dashed lines are guidelines to the eye.

particular series of MWNT-filled PCL nanocomposites. As
for the previously discussed layered silicate-based nano-
composites, Fig. 13b reveals a strong dependence of
C;*** on nanofiller loading, the increase in C;**** being
stronger in the presence of carbon nanotubes as compared
to layered silicates [24]. The observed tendency in C;***
largely parallels the trend revealed from electrical conduc-
tivity measurements (Fig. 13a), not only confirming the
wide application potential of the developed thermal analy-
sis methodology, but also illustrating that it provides a
valuable alternative to the methods commonly employed
for assessing nanofiller dispersion. Noteworthy, C;****
measurements even appear to be the method of choice at
low filler loadings, where both electrical conductivity and
dynamic rheometry show to be largely insensitive to
changes in the nanofiller dispersion state.

4. Conclusions

Aiming at critically reviewing some of the available
methods for assessing nanofiller dispersion within a poly-
meric matrix, the rheological, mechanical and thermal prop-
erties of melt-extruded PCL nanocomposites containing a
wide range of organically modified layered silicates have
been evaluated in direct relation to morphological informa-
tion obtained from atomic force microscopy, transmission
electron microscopy and wide-angle X-ray scattering.

It was recognized that none of the employed techniques
is able provide a direct and truly quantitative assessment
of the nanofiller dispersion state:

- Dynamic rheometry effectively indicates the formation of
a percolating silicate network, but although the extent
of network formation must depend on the degree of sil-
icate exfoliation, its occurrence can definitely not be
considered an unambiguous fingerprint of an exfoliated
state.

- The secant modulus is without a doubt fairly sensitive to
the extent of silicate dispersion, but as it depends on the

overall structure of the nanocomposite it may be influ-
enced by aspects such as an altered degree of crystallin-
ity, processing-induced filler orientation, etc.

- The C;*** approach provides accurate information on
the chain segment dynamics of the matrix polymer as
affected by the presence of nanofillers. It can, as such,
be considered a true nano-scale characterization
method. The interpretation of the obtained data may,
however, be rather complex as they may be influenced
by morphological changes to the crystal structure,
induced by the presence of dispersed nanofillers.

Nevertheless, all three can contribute to a qualitative
assessment of the filler dispersion and the main factors
affecting it: the intrinsic affinity between the matrix
polymer and the nano-sized filler particles, as well as
the choice of nanocomposite processing conditions. It
was demonstrated that PCL nanocomposites containing
layered silicates with a higher intrinsic affinity for the
matrix polymer show a more pronounced solid-like
behavior at low frequency in dynamic rheometry exper-
iments as well as a higher excess heat capacity during
quasi-isothermal crystallization of the polymer matrix.
Accordingly, those nanocomposites displaying the
highest dispersion levels were also found to exhibit
superior improvement in mechanical properties such as
stiffness.

From a direct comparison between the various meth-
ods, the innovative C;**** approach was evidenced to offer
a valuable alternative to the commonly employed charac-
terization tools, providing accurate data with regard to
nanofiller dispersion in addition to a more fundamental
insight into interphase formation and into the way the
matrix polymer is affected in the vicinity of dispersed
nanofiller particles. The approach was also shown to
retain good sensitivity at low nanofiller loadings, where
mechanical and rheological approaches were found
unsuitable to reliably discriminate between slight
changes in the silicate dispersion state. Finally, the wide
potential of all investigated methodologies - and espe-
cially of the recently developed C;**** approach - for the
characterization of polymeric nanocomposites in general
was illustrated by an extension to carbon nanotube-based
composites.
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