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Abstract: Two series of poly(&-caprolactone) poly(oxepan-2-one) nanocom-
posites with different organo-modified clays (1 to 8 wt. %) were prepared by
the solution casting method. Organoclays with polar (Cloisite® C30B) and
nonpolar (Cloisite® C15A) organic modifiers and with different miscibility
with the poly(&-caprolactone) matrix were chosen. Exfoliated and/or intercal-
ated structures of the nanocomposite were obtained using high dilution and
ultrasonic treatment for the preparation of the composite. The effects of the
surface modification and clay content on the morphology, and mechanical and
thermal properties of the nanocomposites were studied. Scanning electron
microscopy excluded the formation of microcomposites. The wide-angle X-ray
diffraction analysis revealed that the tendency toward exfoliated structures was
higher with Cloisite® C30B, which had better miscibility with poly(e-capro-
lactone) matrix, than with Cloisite® C15A. Differences in the sizes of the
spherulites and morphology between two series of the nanocomposites were
observed by optical microscopy performed on as-cast films. The enthalpies of
fusion and degrees of crystallinity were higher for the nanocomposites than for
the neat poly(e-caprolactone) and increased with clay loading in both series,
because of the nucleating effect of the clay. The decreased thermal stability of
the nanocomposites was ascribed to the thermal instability of the organic
modifiers of the clays. The Halpin-Tsai model was used to compare the theo-
retically predicted values of the Y oung’'s modulus with the ones experimentally
obtained in tensile tests.

Keywords. biodegradable; aliphatic polyester; layered silicate; solution casting.

INTRODUCTION

Polymer nanocomposites are already established as materials with remark-
ably enhanced and improved properties compared to the pure polymers and con-
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ventional microcomposites. If a very low amount of nanometer filler is success-
fully dispersed in a polymer matrix, the interface between the filler and the
matrix dramatically increases, alowing a full contribution of the filler to the
improvement of the properties. Among polymer/inorganic filler composites,
polymer/layered silicate nanocomposites have induced a great interest in indus-
try, as well as in academial4 Layered silicates found such a prominent place
among other nanofillers due to their natural abundance, high mechanical strength,
chemical resistance and well-investigated intercalation chemistry. Different poly-
mers, such as polyamides, polypropylene, polyurethane, aliphatic polyesters,
aimed at diverse applications, were investigated as matrices in polymer/layer
silicate nanocomposites. The resulting nanocomposites often exhibit higher stiff-
ness, lower permeability, reduced coefficient of thermal expansion and reduced
flammability than the corresponding neat polymer.4-7

A layered silicate with a layer thickens of 1 nm and high aspect ratio (10—
—1000) is organized in stacks with regular gaps between them, called interlayers
or galleries. The clay layers are negatively charged with this charge being
counterbalanced by alkali or alkaline earth cations that reside in the galleries. In a
preparation of polymer/layered silicate nanocomposite, the tendency is to obtain
afull, nanometer dispersion of clay layers, i.e. exfoliation, in order to achieve the
best performance. It was also shown that the intercalation of polymer chainsinto
the interlayer space, resulting in a well-ordered multilayer morphology with a
few clay layers in dispersed stacks, can also result in a substantial improvement
of material properties.89 The particular structure that is obtained is influenced by
the elaboration route and the favorable polymer—clay interactions. Clay is usualy
modified by exchanging the interlayer inorganic cations with organic ions, which
enables more favorable interactions with the desired, usualy hydrophobic, mat-
rix. At the same time, the tethering of long alkyl chains to the surface of the layer
increases the interlayer spacing, allowing an easier approach of a polymer chain.
A range of commercial organoclays is available, intercalated with different org-
anic cations, usually quaternary ammonium ions.

Poly(&-caprolactone), PCL (poly(oxepan-2-one)) belongs to an important
class of biodegradable polymers — aliphatic polyesters. It is a semi-crystaline
polymer with low melting and glass transition temperatures. PCL degrades by
hydrolytic cleavage of the ester bonds along the polymer chain, yet with a much
slower rate compared to those of other aliphatic polyesters, such as poly(L,D-
-lactic acid). Therefore, when medica applications are in question, this polyester
has been investigated for some long-term applications, such as in some prolonged
controlled release systems or for different scaffolds, where physical and mech-
anical properties should be maintained for at least 6 months.19 In the case of
scaffolds in bone tissue engineering, the mechanical properties of PCL might not
be adequate for such high-load-bearing applications and therefore need some
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improvements. PCL is also considered as a suitable, environmentally friendly
replacement for some non-biodegradable commodity polymers that are currently
in use, e.g., for packaging or in agriculture. It is, therefore, of considerable inter-
est to investigate and develop improvements of PCL-based materials in terms of
mechanical, barrier and thermal properties. Judging from the literature citations,
a nanocomposite approach has been especially investigated.11-1> Nanoclays
which provide a range of aforementioned improvements of materials seems to be
aparticularly promising filler for materials based on a PCL -matrix.16

The main elaboration routes to PCL/clay nanocomposites are in situ poly-
merization of the &caprolactone monomer intercalated in the clay galleries, melt
processing and casting from solution. By in situ intercalative polymerization,
well-defined exfoliated nanocomposites could be obtained, though high mole-
cular weights of the matrix are not easy to attain.1’-23 A process was also
developed in which an exfoliated master batch, prepared by in situ polymer-
ization, was dispersed in the desired matrix by melt processing.24 Melt process-
ing was not so efficient as in situ polymerization in achieving exfoliated state,
even though it is the simplest and industrially most acceptable route to nanocom-
posites.2>-30 An important point in melt processing when used for organically
modified clay is the thermal stability of the organic modifiers. A number of
papers dealing with commercia organoclays presented the influence of the ther-
mal instability of the organic modifier on the final performance of melt processed
nanocomposites.31.32 Early work on the preparation of PCL/clay nanocomposites
by solution casting resulted in only dightly intercalated nanocomposites.33
Unlike poly(lactic acid)/clay nanocomposites, for which solution casting was
proved to be a good method for obtaining exfoliated/intercalated and intercal ated
structures of nanocomposites,3435 in the preparation of PCL/clay nanocom-
posites, this route was not that successful. However, recent reports on PCL/clay
composites claimed that an intercalated/exfoliated structure could be achieved by
the proper choice of solvent in respect to the clay and PCL and a highly dilute
starting suspension.36 By applying the solution casting method, the danger of
thermal degradation of the organic modifier is eliminated. This allows the inves-
tigation and better understanding of the impact of interactions between an org-
anic modifier and the PCL matrix on clay dispersion and the final performance of
the nanocomposites.37

In this report, an attempt to obtain PCL/clay nanocomposites via the film
casting technique is described. The aim was to explore the influence of organic
modifiers on clay dispersion within a PCL matrix. Two organoclays (Cloisite®
30B and Cloisite® 15A), which differ in respect to their affinity toward the used
solvent and the PCL matrix, were investigated. The organo-modifier in the case
of Cloisité® 30B was the methyl bis-2-hydroxyethyl tallow quaternary ammo-
nium cation and in the case of Cloisite® 15A, the dimethyl dehydrogenated
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tallow quaternary ammonium cation (Fig. 1). In addition, the thermal and mech-
anical properties of the as-prepared samples were investigated and the results
interpreted in terms of the achieved clay dispersion and interactions between the
clay organic modifier and the matrix.

{J\/\/\/O\L
n
PCL
CH,CH,0H CHy Fig. 1. Chemical structur&s.of PCL and
organic modifier of the clays: for Cloisite®
HaC—NET HsC—NE—HT  30B methyl bis-2-hydroxyethyl tallow (T)
quaternary ammonium cation and for Cloi-
CHZCHZ0H HT ste® 15A dimethyl dehydrogenated tallow
(HT) quaternary ammonium cation (T is
Cloisite®C30B Cloisite®c15A  tallow (=65 % C18, ~30 % C16, ~5 % C14).

EXPERIMENTAL
Materials

Poly(e-caprolactone) was synthesized by ring-opening polymerization of e-caprolactone
in the presence of stannous octoate catalyst.8 The stannous octoate was purchased from
Aldrich and used as received. The number average molecular weight of the synthesized PCL
was 43300 g mol-1 with a polydispersity of 1.95, as obtained from size exclusion chroma-
tography measurements performed in chloroform (solution concentration 10 mg mL-1; mobile
phase flow rate 1 mL min1) with polystyrene calibration. The two organo-modified clays
were supplied by Southern Clay Products, Inc. (Texas, USA) under the trade name Cloisite®
30B and Cloisite® 15A (hereafter denoted as C30B and C15A, respectively). The cation
exchange capacity (CEC) was 90 mmol M* 100 g1 for C30B and 125 mmol M* 100 g* for
C15A. The organic content of the organo-modified clay was determined by thermogravimetric
analysis TGA, i.e.,, 30 wt. % for C30B and 43 wt% for C15A. All solvents were purchased
from Merck and used as received.

Preparation of PCL/organoclay nanocomposites

PCL/organoclay nanocomposites were prepared by a solvent casting method. The
compositions of the nanocomposites with used designation of the samples are presented in
Table|. Dispersion of clay and a solution of PCL in chloroform were prepared separately. For
the clay dispersion (10 mg mi-1), intensive mixing with a magnetic stirrer (1000 s1) and
ultrasonic treatment in two 10 min cycles were applied. A predetermined amount of clay
dispersion was added dropwise in the PCL solution and final dispersion was treated in an
ultrasonic bath for 15 min, followed by intensive mixing at 1000 s on a magnetic stirrer for
one hour. The resultant dispersion was poured into Petri dishes and chloroform was allowed to
evaporate under atmospheric conditions. The films of around 200 um thickness were peeled
from the dishes and subjected to further analysis.

X-Ray diffraction

Wide-angle X-ray diffraction (WAXD) patterns were recorded on an ItalStructure
APD2000 powder diffractometer in a Bragg—Brentano geometry using CuK,, radiation (4 =
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= 0.15418 nm) and step—scan mode (range: 3-10° 20, step-time: 4 s, step-width: 0.02°). The
organoclays were in the form of powder and the nanocomposites were analyzed as obtained in
aform of thin flat films. The interlayer mean d-spacing of the clays was calculated by means
of Bragg'slaw.

Optical microscopy

The surface of nanocomposite films was observed by an optical microscope Leica DM
ILM in reflected light. The spherulites’ diameters were measured from obtained microphoto-
graphs and given as a mean value calculated from 200 independent measurements.
Scanning electron microscopy

Scanning electron microscopy (SEM) measurements were carried out on a JEOL JSM-
-6610LV microscope operating at 30 kV acceleration voltage. The surfaces of the as-cast
films as well as fractured surfaces of the nanocomposite films were observed. The samples
were cryo-fractured in liquid nitrogen and coated with a thin layer of gold prior to the mea-
surements.

Differential scanning calorimetry

Differential scanning calorimetry (DSC) tests were performed on an SDT Q600 (TA
instruments, USA) instrument. The samples (around 5 mg) were scanned from 30 to 200 °C at
arate of 10 °C min1in anitrogen atmosphere.

Thermogravimetric analysis

Thermogravimetric analysis (TGA) was carried out with an SDT Q600 (TA instruments,
USA) instrument by recording the weight loss during the heating of the samples of around
5 mg to 800 °C with a 10 °C min! heating rate under a nitrogen flow of 0.1 dm3 min1.
Tensile properties

The mechanical properties were studied using an AG-Xplus Testing machine (Shimadzu,
Japan) at a crosshead speed of 1 mm min-L. The tests were performed on as-obtained samples
after solution casting, which were shaped in rectangular form with the dimensions 40 mmx10
mm and thickness of around 200 um. An average of five measurements was taken for each
sample. The samples were conditioned prior to the measurements at 25 °C and 65 % relative
humidity for 24 h.

RESULTS AND DISCUSSION
Sructural and morphological characterization

The clay dispersion in the nanocomposites was analyzed by wide-angle
X-ray diffraction. The WAXD patterns for the pure clays and the corresponding
nanocomposites are presented in Fig. 2. The pattern of the PCL maitrix is also
presented as a baseline to compare the difference between the matrix and the
nanocomposites. The mean interlayer spacing in C30B clay, elucidated from
(001) plane diffraction at 26 4.7° was about 1.88 nm. The absence of a (001)
reflection in investigated 26 region in the diffractograms of the nanocomposites
with C30B (Fig. 2d) is astrong indication that the clay was dispersed at a level of
a single platelet, or that an intercalated structure with an interlayer spacing
greater than 2.94 nm was obtained (as indicated with the asterisk in Fig. 2a). If an
intercalated structure is assumed, the increase in the interlayer spacing obtained
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for the C30B clay was thus greater than 1.06 nm. The WAXD pattern for the
C15A clay, presented in the Fig. 2b exhibits reflections at around 26 3.0, 4.2 and
6.9°. As stated by the supplier, the interlayer spacing of the (001) plane (dggy) for
this type of organically modified clay is 3.15 nm; thus, the corresponding ref-
lection in the WAXD pattern should appear at 3.10° 26, just within the mea-
surable range of the instrument, as indicated with the arrow in Fig. 2b. Asin the
case of the nanocomposites with the C30B clay, the absence of reflections in the
WAXD patterns of the nanocomposites implies that the dispersion of the clay in
the nanocomposites was either intercalated, with a d-spacing greater than 3.15
nm, or exfoliated. Only in the case of nanocomposite PCL/C15A-8, could an
intercalated structure be confirmed from the observed shift in the diffraction peak
at 26 6.9° (1.28 nm) in pristine clay to 26 4.5° (1.96 nm) in the nanocomposite.
The well pronounced broad diffraction peak at 26 4.5° could imply that the clay
created a dispersion of stacks with very well defined interlayer distances.34

‘Bum =3.15nm b)
1.28 nm
' C15A

; PCL
rer b s . oAt
PCL/C15A-1
PCL/C15A-3
PCL/C15A-5

PCL/C15A-8

" i
d>294nm | poL

Intensity, a.u.

PCL/C30B-1

Intensity, a.u.

PCLIC30B-3 A

1

PCLIC30B:5
PCLIC30B8 1.6 nm |
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Fig. 2. WAXD patterns for pristine organoclays and the corresponding nanocomposites with
a) C30B and b) C15A organoclay.

The nanocomposites reported in the literature prepared by solution casting
usually possessed an intercalated structure. Using dichloromethane as a disper-
sion medium, Ahmed et al.39 obtained an intercalated structure of PCL/C30B
nanocomposites unaffected by the clay amount, with a reported interlayer dis-
tance increase of 1.14 nm compared to pristine C30B clay, even with the lowest
amount of clay (2.5 wt. %). The authors applied the same experimental procedure
using the C15A clay; however, no intercalation of PCL into the galleries of this
clay was obtained. Ludiiena with coworkers reported a mixed exfoliated/inter-
calated structure of PCL/C30B nanocomposites obtained from dichloromethane
and a mixture of dichloromethane/dimethylformamide, judging from the broad-
ening of the diffraction peak in comparison to the clay alone.#® Neppali reported
an intercalated structure for a PCL/C15A nanocomposite prepared from chloro-
form solution, with an achieved increase in interlayer distance of 0.8 nm.41 The
experimental protocol for the preparation of nanocomposites applied in the pre-
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sent study included high dilution of the clay dispersion prior to the addition of
this dispersion to the PCL solution. The applied ultrasonic treatment, although
not optimized in the term of duration, seems to be well chosen for promoting
PCL inclusion into the clay galleries. A similar experimental protocol in terms of
high dilution was recently successfully applied for the preparation of exfoliated
PCL/clay nanocomposites, even from unmodified clay.36

In the elaboration of a solvent casting route, the first thing that must be
considered for the achievement of good clay dispersion is the interaction of the
solvent with the clay and the polymer. In this study, chloroform was chosen as
the dispersion medium being a good solvent for PCL. Moreover, the interaction
of chloroform with the two types of clays and its ability to macroscopically swell
the clay as well as to increase the interlayer spacing of the clay platelets was
thoroughly investigated.#2 Both these parameters, the degree of swelling of the
clay in the chloroform (with free swelling factor of 0.5 for C15A and 0.25 for
C30B) and the increase in the interlayer spacing in the presence of the solvent,
are in favor of C15A, due to the better interactions of the dispersive type of
organic modifier of the C15A clay with chloroform. The polarity of the organic
modifier of C30B did not provide for good interaction with chloroform. At the
same time, the initial basal spacing of C15A (3.15 nm), caused by the tethering
of organic ammonium ions on the platelet surface, is higher compared to C30B
(1.88 nm). This fact also supports the expectation of better clay dispersion in the
polymer matrix in the former case.

However, besides these initial requirements of compatibility of the disper-
sion medium and blend components, a factor that also influences the fina clay
dispersion is a good enthalpic interaction between the matrix and the organic
modifiers of the clay. The interaction between the organic modifiers and the
polymer chain serves to promote the inclusion of the polymer chainsin between
the clay platelets and to promote exfoliation. As a rough estimation of the inter-
action of the chosen organic modifiers and PCL, the solubility parameters (9),
calculated by the Hoftyzer—Van Krevelen group contribution method, of the
organic modifiers and PCL were compared.3443 The ¢ values. 16.74 for the
organic modifier of C15A and 18.73 for organic modifier of C30B in comparison
to ¢ value of 19.44 calculated for the PCL show the better compatibility of PCL
and the organic modifier of C30B clay. Thus, from the presented results, it could
be concluded that good compatibility between the polymer matrix and the
organic modifier of the clay plays the main role in achieving a good clay
dispersion, although the process for clay dispersion in the polymer has to be
carefully designed.

The surface and cryo-fractured surface morphology of nanocomposite films
was observed via SEM analysis. Some representative micrographs are presented
in Fig. S-1 of the Supplementary material to this paper. The surface of the
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as-prepared films was smooth (the micrographs are not presented) without any
observable holes, which could be created through fast chloroform evaporation, as
previously reported for nanocomposites prepared from low-boiling solvents.40
However, in the cryo-fractured surfaces, some holes in the sample bulk were
registered, which could have an impact on the mechanical properties of the
nanocomposites as weak places in the structures. No observable aggregates of the
inorganic part of the nanocomposites could be detected by SEM, which is in
agreement with the exfoliated/intercalated structure claimed from the WAXD
anaysis. However, there was a difference in the cryo-fractured surface morpho-
logy, which followed the trend of the observed differences in the nanocomposite
morphology deduced from WAXD. The fractured surface of PCL was relatively
smooth with observable plastic deformations typical for a ductile polymer. With
the addition of C30B clay, no change in the cryo-fractured surface morphol ogy
was observed. In the case of nanocomposites with higher amount of the C15A
clay, large voids and cavities were observable in the cryo-fractured surface. This
was especially pronounced for the nanocomposite PCL/C15A-8 with the proven
presence of an intercalated morphology. Presumably, the clay stacks present in
the PCL/C15A-8 nanocomposite acted as microvoid nucleation sites in this case.
The microvoids further grow through debonding between clay and PCL matrix.
The smaller interaction between C15A and PCL could possibly favor this pro-
cess, leading to the formation of many voids. As aresult, the coalescence of mic-
rovoids leads to the formation of large voids and cavities protruding through the
matrix bulk. Fibrillation of the polymer observed for some samples is highly
atypical for cryo-fractured surfaces. Some earlier reports on hanocomposites with
organically modified clays found that the organic modifier could have a plasti-
cizing effect.2044 The possible plasticizing effect of the organic modifier present
in the highest amount in PCL/C15A-8 (Table I) could be a reason for the obs-
erved fibrillation of the polymer matrix.

TABLE |. Composition of PCL/clay nanocomposites

PCL content Organoclay content?® el
Sample Typeof clay wt. % wt. % vol %A)
PCL/C30B-1  Cloisite® 30B 99.0 1.0(0.7) 0.6
PCL/C30B-3 97.0 3.0(22) 18
PCL/C30B-5 95.0 5.0 (3.6) 29
PCL/C30B-8 92.0 8.0 (5.8) 4.6
PCL/C15A-1  Cloisite® 15A 99.0 1.0 (0.6) 0.7
PCL/C15A-3 97.0 3.0(1.8) 21
PCL/C15A-5 95.0 5.0 (2.9) 35
PCL/C15A-8 92.0 8.0 (4.6) 5.5

3/ alues in the brackets refer to inorganic part; Bthe volume fraction of the clay calculated using the following

values of the densities of the composite constituents: ppc = 1.2 9 cm3, pc3os = 1989 cm3, pcisa = 1669
-3

cm

Available on line at www.shd.org.rs/JSCS/

(CC) 2015 SCs. All rights reserved.



POLY (& CAPROLACTONE) NANOCOMPOSITES WITH ORGANOCLAYS 537

Thermal properties and crystallization

Melting temperatures and heats of fusion of PCL/clay nanocomposites were
probed by DSC analysis. The results of the analysis of the DSC thermograms are
summarized in Table 11, from which it could be seen that there were no differ-
ences (within experimental error) in melting temperatures of the nanocomposites
compared to that of the neat matrix. This means that the crystalline lamellae
structure was not affected by the presence of the clay. However, marked differ-
ences were observed for the heat of fusion of the nanocomposites compared to
that of neat PCL. The heats of fusion were determined by integration of the
endothermic peak on the DSC thermograms. The values of the enthalpies of
fusion of the nanocomposites exhibited differences that follow a similar, inc-
reasing trend with the increasing clay content in both series. The degree of crys-
tallinity of the PCL matrix (X¢) in the samples was obtained from the values of
enthalpies of fusion, by normalizing them to the PCL content and comparing to
the heat of fusion of 100 % crystaline PCL (136.1 J g1).19 Judging from
obtained values for the degree of crystallinity of the nanocomposites, the amount
of the crystalline PCL fraction was increased in the presence of the clay and this
enhancement was influenced by the clay content.

TABLE Il. Melting temperatures, heats of fusion, degree of crystallinity and spherulite dia-
meters measured for neat PCL and PCL/clay nanocomposites

Sample T2/ °C AH,/Jg? X! % dspherulite / LM
PCL 66 85.2 63 84+12
PCL/C30B-1 66 90.5 67 79+ 14
PCL/C30B-3 68 98.9 75 -
PCL/C30B-5 66 88.5 69 -
PCL/C30B-8 67 105.4 84 -
PCL/C15A-1 67 85.8 64 73+ 15
PCL/C15A-3 66 97.0 73 94 + 20
PCL/C15A-5 67 81.9 63 90+ 20
PCL/C15A-8 66 95.9 7 92+ 19

@Determined as the temperature of the maximum of the endothermic peak in DSC thermograms

The diameters of spherulites, observed by optical microscopy, are also given
in Table II. In the images obtained using optical microscopy (Fig. S-2 of the
Supplementary material), no holes or voids could be detected at the surface, as
also shown by SEM. In the images of the surface of the nanocomposites formed
in contact with a flat glass surface, a developed spherulite structure could be
nicely observed. The spherulites structure and their border in neat PCL could be
very well captured.

With the addition of the clay, the spherulite structure was severely destroyed
with their borders fusing together. The effect was more pronounced in the case of
the PCL/C30B nanocomposites, where the spherulite borders were observable
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only for the nanocomposite with the lowest amount of clay. The diameter of
spherulites decreased from around 84 um for neat PCL to 79 um for PCL/C30B-1
and 73 um for PCL/C15A-1. The decrease in the diameter of the spherulites with
increasing clay content, which is very often observed, is a conseguence of the
nucleating effect of the clay. As a result, the nanocomposites contained a higher
number of smaller spherulites with increasing clay content. This trend was
obviously continued in the case of the nanocomposites with C30B clay, for
which, with increasing clay content, no clear spherulite borders could be disting-
uished. The change in the morphology of the spherulites can be explained if it is
assumed that C30B clay, besides acting as a nucleating agent, disturbs the sphe-
rulite radial growth by a network of finely dispersed platelets/tactoids (clay
stacks). Simultaneously, samplesin PCL/C30B series had higher degrees of crys-
tallinity compared to neat PCL and the nanocomposites containing C15A clay.
An increased degree of crystallinity of nanocomposites compared to the matrix
polymer is rarely observed in the literature and is explained with the nucleating
effect of the clay.20

Interestingly, in the case of nanocomposites with C15A clay, an increase in
spherulite diameter compared to neat PCL, for clay loadings higher than 1 wt. %
was observed. The increase of spherulites in the presence of the clay was
reported for poly(L-lactic acid)/clay nanocomposites,3® albeit in nanocomposites
where exfoliation of the clay was achieved, which is quite contrary to the present
situation. The highest value of spherulite diameters for presented series of nano-
composites were observed in the case of an intercalated structure. The observed
higher diameters of spherulites in the as-cast films might be a consequence of
more effective heterogeneous nucleation in the PCL/C15A series, which accel-
erates the overall process of crystalization from the solution. Thus, the crys-
tallization process was not restricted by the evaporation of the solvent and was
accompanied with no disturbances by the silicate layer network. Since a larger
portion of the silicate layers is present as tactoids rather than as single platelets,
the possibility of network formation was lower or a less dense network was
formed. In the case of PCL/C30B nanocomposites, which have a better disper-
sion of the clay platelets silicates layer network, formed from the single clay
platelets, the radia growth of spherulites was disturbed, resulting in a quite dif-
ferent morphology of nanocomposites. In the PCL/C15A series, the degree of
crystallinity was higher for nanocomposites in comparison to that of neat PCL,
and followed a similar trend to that observed in the PCL/C30B series.

Thermal stability of nanocomposites

Thermal degradation of nanocomposites was investigated in non-isothermal
TG experiments under a nitrogen atmosphere at a heating rate of 10 °C min-1.
The TG thermograms of PCL and PCL/clay nanocomposites of different com-
positions are presented in Fig. 3aand b.
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Fig. 3. TG curves obtained in a nitrogen atmosphere at a heating rate of 10 °C min® for

nanocomposites with a) C30B clay and b) C15A clay.

The characteristic temperatures for a mass loss of 3 wt. %, taken as an
indication of the beginning of the degradation, and for a mass loss of 50 wt. %
are summarized in Table I1l. The onset temperature of thermal degradation is
dightly higher for almost all nanocomposites in comparison to the neat PCL,
with the exceptions of the nanocomposites with the lowest amount of both types
of the clay. However, after this initial stage, a pronounced decomposition of the
nanocomposites occurred with all TG curves shifted to lower temperature values
relative to the curve for the matrix polymer. The temperatures of the maximum
rate of weight loss, obtained from the corresponding DTG curves (not presented)
were shifted to lower temperatures, in a trend that followed the increase in the
amount of clay in the nanocomposites. Thus, the nanocomposites were less
thermally stable, which was unexpected in comparison to some previous findings
where an improvement in thermal stability was observed with the inclusion of
clay in a polymer matrix.18:25:36 On the other hand, there are reports of worsened
thermal stability of nanocomposites containing clay.204547According to the
literature, the observed enhancement in thermal stability of polymer/clay nano-
composites is usually ascribed to the shielding effect of clay layers, which act as
a barrier to the gasses and volatile degradation products. Moreover, the clay
platelets are considered as heat barriers and obstacles for polymer chain motion,
leading to further stabilization.#8 However, the organically modified clays pos-
sess organic ions, in an amount of 30 to 40 wt. %, which are more prone to
thermal degradation compared to the matrix and could affect the overall degrad-
ation process. The thermal degradation of the organoclays occurred between 220
and 450 °C (TG curves not presented) under the applied experimental conditions
and was connected with the degradation of the organic modifiers. It could be
assumed that the degradation of the organic ions had an accelerating effect on the
degradation of the polymer. This was further supported by the trend of thermal
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stability decrease with increasing amount of organic modifier present in the
nanocomposite. Nanocomposites with the C30B clay had lower thermal stability
than the corresponding nanocomposites with the C15A clay, even though the
content of organic modifier was higher in the latter case. This could be connected
to the different thermal stabilities of the corresponding organic modifiers of
C30B and C15A31 and/or the state of the clay dispersion,® which could override
the influence of the amount of thermally labile organic ions. The results are con-
sistent with previously reported ones, i.e, that a lower therma stability was
noticed for PCL/C30B due to PCL hydrolysis caused by the presence of hydroxyl
groups in the modifier compared to nanocomposites with organoclays whose
modifier contained only nonpolar groups.23

TABLE Ill. Characteristic temperatures obtained from the TG and DTG curves of PCL and
the PCL/clay nanocomposites

PCL 319 405 410
PCL/C30B-1 303 401 410
PCL/C30B-3 329 395 403
PCL/C30B-5 320 394 401
PCL/C30B-8 322 376 385
PCL/C15A-1 310 402 407
PCL/C15A-3 330 385 383
PCL/C15A-5 326 377 378
PCL/C15A-8 319 371 374

Mechanical properties of the nanocomposites

The characteristic properties of the as-prepared nanocomposite films were
determined from tensile tests.

The results of these experiments, i.e., Young's modulus, stress at break and
strain at break are summarized in Table 1V.

TABLE IV. Tensile properties of PCL and its nanocomposites; E and E,, refer to Young's
modulus of the nanocomposite and matrix, respectively

Sample Young's Modus, MPa E/E2 Stress at break, MPa  Strain at break, %

PCL 327+21 1 150+1.1 9.8+0.9
PCL/C30B-1 313+26 0.96 14.4+0.7 9.0£1.0
PCL/C30B-3 339+23 1.04 14.1+0.5 9.3+0.9
PCL/C30B-5 289+ 11 0.89 11.7+x1.4 7.1+1.2
PCL/C30B-8 332+9 1.02 11.9+0.3 6.2+0.4
PCL/C15A-1 331+13 101 13.2+0.6 7.3+0.3
PCL/C15A-3 318+14 0.97 10.3+0.4 4.9+1.1
PCL/C15A-5 352+18 1.08 9.6+0.5 4.3+0.5
PCL/C15A-8 417+12 1.28 9.0+0.3 3.2+0.6
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PCL is ductile polymer with moderate values of eastic modulus and high
values of strain at break. The usually observed effect of the addition of afiller to
a polymer matrix is increased stiffness accompanied with embrittlement. The
embrittlement is usually ascribed to the formation of agglomerates, particularly at
higher clay loadings, which induce weak places in the nanocomposite structure.
A lowering of the strain at break from 700 to 7 % was reported for a PCL
nanocomposite with 10 wt. % of organo-modified clay, which was ascribed to
agglomerate formation.2> In the present case, the reason for the measured low
absolute values of the strain at break, even at very low clay contents and also for
the neat PCL, accompanied with the absence of yielding, probably lies in the
structure of the specimens. The specimens used in the tensile tests were as-
prepared solution cast films with holes and voids as weak places. However, the
addition of clay also contributes to the embrittlement of the material. A trend of
decreasing strain at break with increasing clay loading was observed, similar to
the usualy found embrittlement effect of clay. A distinction could be made
between the different clays used; at all compositions, the nanocomposite con-
taining C30B exhibited higher values of the strain at break in comparison to the
nanocomposite containing C15A, as a consegquence of better clay dispersion,
better interaction of organic modifier of C30B with PCL and, consequently, less
weak places for the initiation of the cracks.

The values of stress at break were typical for PCL and its nanocomposites
reported in the literature. The stress at break followed a similar trend to that of
the strain at break, with higher values for the nanocomposites with C30B clay.
Analogous argumentation proposed for the trends in the strain at break values
probably holds for the observed change in the stress at break values.

The value of the elastic modulus obtained for the PCL matrix was com-
parable to those hitherto reported for this polyester. Some of the nanocomposites,
especialy those containing the C30B clay, exhibited lower values of the modulus
compared to the PCL matrix. Such unexpected behavior is very rarely reported or
explained in the literature. Pentoustier et al. reported a decrease in the modulus
of a nanocomposite with unmodified clay prepared by in situ intercalative
polymerization.18 Ludiiena et al. observed a reduced modulus relative to the PCL
matrix for some nanocomposites prepared by solution casting from dichloro-
methane or dichloromethane/dimethylformamide.4? PCL nanocomposites with
C15A clay and varying molecular weights of the matrix, studied by Causin et al.,
showed a reduced modulus in comparison to the neat PCL, in the whole inves-
tigated range of clay loadings for nanocomposites prepared by solution casting
from tetrahydrofuran.41,50

It was interesting to compare the obtained experimental data with theoretical
predictions for elastic modulus of nanocomposites with plate-like fillers. The
most frequently used Halpin—Tsai Equation was applied to calculate the theo-
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retical values for eastic moduli.>0-52 The longitudinal, Ey, and transverse, E|,
modulus of Halpin—Tsai model can be expressed by the following equation:
_E _1+ndhine
Em  1-7Killer
where E and En, are the Young's modulus of the composite and matrix, res-
pectively, ijer IS the volume fraction of the filler in the nanocomposite and {'is
a shape parameter: ¢'= 2(1/t)sij1er for the longitudinal modulus (Ep and g=2for
perpendicular modulus (E ), where | and t are the length and thickness of the
dispersed phase, i.e., clay. The parameter 77 is defined as:
_ (Eviller / Em) -1
(Efiller / Em) + ¢
In the case of randomly oriented clay platelets, the equation for the calcul-
ation of the modulusis:

(D

)

E=049E+05LE, 3)

In the calculations of the eastic modulus, when good exfoliation could be
assumed, single platelets are treated as filler particles or, in the case of inter-
calated structure, afiller particle is a stack of clay platelets with gallery material.
In the case of composites with C30B clay, good exfoliation was assumed and the
parameters used for the calculation were Efjjjer = Eglay = 178 GPa0 and gijjer =
= @olay (Tablel). Em was assumed equal to the modulus of the PCL matrix, 327
MPa (Table IV). The calculations were performed for two different aspect ratios
of the clay platelets, I/t = 80 and 10, and compared to the experimentally obs-
erved modulus of the nanocomposite (Fig. 4a). It could be observed that the
values predicted by the Halpin-Tsai Model were higher than those experiment-
ally determined and that, even on decreasing the aspect ratio to 10, these cor-
responding modulus values could not fit to those experimentally determined. It
was previously observed that the model cannot accurately predict the E values for
particles less than 100 nm in size.>3 Namely, the Halpin-Tsai method does not
take into account interfacial molecular structure, which probably played the
dominant role for the nanocomposites with particle sizes less than 100 nm.

The second approach, i.e., the intercalated case, was applied for the calcul-
ation of the theoretical modulus for the series of nanocomposites with C15A
clay. The effective modulus of the filler (a stack of clay platelets in this case)
could be approximated by using the rule of mixtures:

Efiller = SplaeletEclay + PgaleryEgallery (4)
where gpjaelet aNd dgallery are the volume fractions of clay platelets and gallery

space in the stack, respectively, while E¢gy and Egglery ae the modulus of
silicate platelets and the intercalated material in the gallery, respectively. The
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volume fraction of clay platelets in the lamellar stacks, gpjaelet, Was calculated as
the ratio of the total thickness of the clay platelet (obtained by multiplying the
thickness of a single platelet, tpjaeiet, Dy the number of the platelets per stuck,
Nplaele) and the thickness of the entire lamellar stack (tsack) and could be
expressed as follows:
doialet = Nplatelet tplatelet _ tolatelet (5)
tstack doo1

Thus, the volume fraction of clay platelets can be calculated by using the
thickness of a single platelet (1 nm)S! and the number of platelets in the stack
(which is usualy determined from TEM measurements), or by using the d-spac-
ing of the nanocomposite determined by WAXD. Here, the literature value of
doo1=3.63 nm from a similar pattern asin the present case was used.3° The value
of 27.5 vol. % for the volume fraction of silicate platelets, gyjatelet, Was Obtained.
A vaue of 178 GPa was used for the modulus of the silicate platelets. The
modulus of the organic interlayer material (organic modifier of C15A and PCL
chains) was expected to be significantly smaller than the modulus of the clay
platelets. Thus, the contribution of Egglery to the Egjjler could be neglected.
Hence, the calculated modulus of the filler decreased form 178 GPa to 49 GPa,
because of the intercalation. In this way, the calculated modulus of the filler was
reduced by 72 %. However, there are some reports that the so-obtained modulus
isstill an overestimation of the real filler modulus.>4

The intercalation of the clay by PCL will increase the effective volume frac-
tion of the filler. Under the assumption that the effective volume is proportional
to the interlayer spacing,53 the increase in the volume fraction was taken to be
equal to the increase in the dgpi-spacing, which was 1.15 times. Although
intercalation was not proven for the nanocomposites with less than 8 wt. % of
C15A, all theoretical predictions were also performed for these nanocomposites
for the sake of comparison (Fig. 4b).

Based on a comparison of theoretica and experimental nanocomposite
modulus, it is clear that the theoretical Halpin—Tasai modulus could approach the
experimentally observed values if the aspect ratio of the filler was lowered, in the
case of nanocomposites with C15A clay even to a value of (I/t)sijje= 4. For the
nanocomposite PCL/C15A-8, with proven intercalated structure and with dggy =
= 3.63 nm, which was used for the calculations, the number of platelets per filler
stack is greater than 7, if the value of | is assumed to be 100 nm. However, as
shown in the case of nanocomposites of C30B clay, the value of | is possibly
lower than 100 nm, which would decrease the number of platelets in the clay
stack.

In summary, the Halpin-Tsai Model can better predict the modulus in the
case of intercalated nanocomposites obtained with the C15A clay, while for the
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exfoliated structure, this model overestimates the modulus as was shown
previously for PLA nanocomposites.®3
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Fig. 4. Comparison of the experimental relative modulus and predictions by the Halpin-Tsai
Model for the nanocomposites with @) C30B and b) C15A clay.

CONCLUSIONS

Two series of PCL nanocomposites with organoclays possessing different
organic modifiers were prepared from chloroform solution. The conditions of
experimental protocol for composite preparation were optimal from the aspect of
achieving the best clay dispersion. WAXD and SEM confirmed that exfoliated or
exfoliated/intercalated nanocomposite morphology was obtained. The favorable
interaction between organic modifier of the clay and PCL is the most important
factor that must be optimized in order to achieve the best clay dispersion. The
differences in nanocomposite morphology and degree of crystallinity are ascribed
to the differences in the dispersion of the clay. The nanocomposites are less ther-
mally stable than the neat PCL. The decreased thermal stability of the nanocom-
positesis the consequence of the presence of thermally less stable organic ammo-
nium ions, which accel erate the degradation of the matrix. In terms of mechanical
properties, despite the good clay dispersion, amost al nanocomposites have
reduced values of the characteristic parameters obtained in tensile tests per-
formed on as-prepared films. The strain at break is reduced with the increasing
clay loading. The highest modulus was obtained for the nanocomposite with the
intercalated structure. For the composites with exfoliated structure, the Halpin—
Tsai Model was found to be inappropriate, while for the intercalated composite,
the model was able to capture modulus increase with avery low value of the clay
“stuck” aspect ratio.
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SUPPLEMENTARY MATERIAL

SEM micrographs of the fractured surface of the nanocomposites and images of PCL and
PCL/clay nanocomposite films obtained by optical microscopy are available electronically
from http://www.shd.org.rs/JSCS/, or from the corresponding author on reguest.
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U3BOJ
YTHULAJ OPTAHCKOI MOOU®HUKATOPA IJIMHA HA MOP®OJIOTHUIY U
MEP®OPMAHCE PCL/TJTMHA HAHOKOMITIO3UTA

MAPHJA C. HUKOJIMR, HATAIIIA OPBEBHWH, JEJIEHA POT'AH u JACHA HOHJIATUR
Texnonowxo—memanrypwxu Gaxyniteid, Ynugepsuiueil y beoipagy, Kapneiujesa 4, 11000 Beoipag

[TpunpemibeHe Cy [Be Cepuje HAaHOKOMIIO3WUTa Ha 0a3u MNONU(&-KamposiakToHa) U IBe
BPCTE OPraHoMoIu(HUKOBaHUX ITIMHA, Pa3MUUUTHX cacTasa (1 no 8 mac. %), MeTogom U3 pac-
tBOpa. OnaSpane opranomomuduKoBaHe rIMHE Hocemyjy noxapu (Cloisite® C30B) u nemo-
napuu (Cloisite® C15A) oprancku MogudHKaTOp M Pa3lUKY]y Ce MO0 MEIBMBOCTH Ca IONH-
MEpHOM MaTpuLoM. Benuko pasdnaxeme U TpeTMaH yJITPa3ByKOM, KOpPUIThEHH Y IOCTYIIKY
npunpeme oMmoryhuiu cy nodvjare HAaHOKOMIIO3UTA ca eKChHOMUPaHOM U eKCHOTUpaHOM/HH-
TEpKaJapHOM CTPYKTypoM. MCIUTHBAH je yThlaj MoguduKaLWje U canpiKaja IIMHA Ha MOp-
(omoryjy, MexaHu4yKka ¥ TEpMHUYKa CBOjCTBA HaHOKOMNO3uTa. CkeHHpajyhoM eneKTpOHCKOM
MMKDPOCKOIHjOM je yTBpheHo ma HUCy NoOWjeHHM MHMKPOKOMITO3UTH. JudpaxkunjomM peHireH-
CKHX 3paKa Ha BeJIMKUM YITIOBHMa je yTBpheHo Ha ce Hosba HHUCIep3Hja MOCTHXKE KOI HAaHO-
KoMIo3uTa ca oHom rmuHom (Cloisite® C30B) umju opraHckd MomH(MUKATOPH MMajy GObY
HHTEpaKLHjy ca MOJIMMEPHOM MaTpulioM. ONTHYKOM MHUKPOCKOIIHjOM je YOU€eHO fia GUIMOBHU
IoDMjeHHX HaHOKOMIIO3UTa HMajy cQepynuTe paslIuuWTe BEIWYMHE U Mopdonoryje.
[TpomeHe eHTaIIHje TOIUbEha M CTEIEHH KPUCTATMHUYHOCTH Cy Behd KOJ HAHOKOMIIO3UTaA Y
OIHOCY Ha YHCTY MaTpHLY U UMajy pactyhu TpeHA ca nosehaweM yrena IvHe y ode cepyje,
IITO je THociegulla [AejcTBAa HAHOIIMHA KAao ILIeHTapa 3a HykiIeauwjy. Mama TepMmHuka
CTaDMIHOCT HAHOKOMIIO3UTAa y OJHOCY HAa YWCTy MaTpully je NpUIIHUCaHa TEPMHYKOj
HecTabM/IHOCTH CaMHMX OpraHCKMX Mopucdukaropa. BpemHocTM Mogysa e€l1acTHYHOCTH,
nodujeHe y TeCTOBUMa UCTe3amwa, Cy yrnopeheHe ca TeopHjcku npopauyHaTtum npema Halpin—
Tsai mopeny.

(ITpumsbeHo 24. centemdpa, pesugupato 19. HoBemdpa, npuxsaheHo 20. HoBembpa 2014)
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