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ABSTRACT: Viscoelastic properties in solid and in melt state of poly(e-caprolactone), PCL, nanocomposites with organomodified clays

(Cloisite30B and Cloisite15A) are thoroughly investigated. Although WAXD is insensitive to the difference in the nanocomposites

structure, the melt rheology reveals pronounced differences between the two series. Melt yield stress values, obtained from fittings by

the Carreau–Yasuda model, are used as a measure of partial exfoliation of the clay. Temperature dependence of the shift factors, used

for time–temperature superposition of the modulus curves, yields similar values of the flow activation energies for all the samples.

Temperature dependences of the dynamic modulus and loss factor of solid nanocomposites were correlated to the structural differen-

ces deduced from the melt rheology. The increase in the storage modulus is compared to the theoretical predictions from the Hal-

pin–Tsai model. The effective aspect ratio obtained from this comparison agrees reasonably with the value estimated from the melt

rheology. VC 2015 Wiley Periodicals, Inc. J. Appl. Polym. Sci. 2016, 133, 42896.
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INTRODUCTION

Poly(e-caprolactone), PCL, biodegradable and biocompatible

polyester has received a renewed attention as a potential bioma-

terial and alternative to conventional non-biodegradable plastic

materials.1 PCL is semicrystalline polyester with mechanical per-

formances comparable to low density polyethylene, good proc-

essability, and compatibility with many other polymers. Along

with the research on the potential applications of PCL, the very

intensive field of current research is the improvement of its

mechanical properties. The poor mechanical and barrier proper-

ties of this polyester were found to be the main drawbacks in

many applications related to the biomedical field and packaging.

These properties of PCL can be improved by the incorporation

of nanofillers, where special interest is in the natural layered sili-

cates, that is, clays.2–5 Nanocomposites of PCL with various

organomodified nanoclays have been obtained through solvent

casting method, melt processing and in situ intercalative poly-

merization.6–11 Various properties of PCL based nanocomposites

have been investigated, including mechanical, thermal, barrier

as well as biodegradability potential.7,12–15 There is also an

interest in studying the viscoelastic properties of the PCL based

nanocomposites, in both solid and melt state, with the attempt

to correlate them with the final dispersion state of the nanofiller

and its impact on overall performance of the nanocomposite.

The viscoelastic properties of the nanocomposites in solid and

melt state are related to the processing and application aspects.

Also, the melt rheology parameters can be used to get insight

into the structure of composites filled with different nanofillers,

such as silica nanoparticles, carbon nanotubes, or layered sili-

cates. Viscoelastic properties of the composites in the melt state

are sensitive to the particle size, shape, and its interaction with

polymer matrix, which can be dictated through the surface

chemistry of the filler.16,17 The higher melt viscosities, shear-

thinning, and non-terminal response in the low frequency

region are usually observed in the low amplitude shear measure-

ments. This transition from liquid to solid-like response of the

melt is usually ascribed to the formation of a filler network.

The rheological percolation threshold can be deduced from the

increase in the low-frequency modulus with increasing nanofil-

ler volume fraction.18–20 The melt rheology of the PCL nano-

composites has been investigated in a number of studies, where

these nanocomposite even served as a model system to investi-

gate the potential of rheological studies in the determination of

the nanocomposite microstructure.21 The melt rheology is a

powerful tool in the investigation of the dispersion level of the

clay as proven in a several studies.21–25 Using a PCL/Cloisite30B

as a model system Van Assche et al. have proposed a combina-

tion of the time–temperature superposition principle (TTS),

and zero-shear modulus corrected Carreau–Yasuda model to
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quantify the dispersion level of the clay in the matrix.26 Melt

rheology was used to detect rheological percolation of different

PCL based nanocomposites. Yi Li et al. determined a rheological

percolation threshold for the PCL/silica nanocomposites to be

between 7 and 9 wt % of silica nanoparticles, which is higher

compared to PCL/clay and PCL/carbon nanotube nanocompo-

sites—expected result taking into account the high aspect ratio

of the later fillers.18 Temperature effects induced in the nano-

composites’ melts were also studied by melt rheology. For nano-

composites of PCL with multi-walled carbon nanotubes Wu

et al. have observed a temperature dependence of the percola-

tion network by analyzing Han plots of G0 versus G00 obtained

at different temperatures, where TTS principle could not be

applied.27 Similarly, in the case of an intercalated system of

PCL/Cloisite30B nanocomposite, Kwak et al. observed a tem-

perature induced morphological changes which were not present

in the exfoliated system to which TTS was applicable.28

Ahmed et al. have shown a failure in the TTS principle for

PCL/Cloisite30B nanocomposites prepared by solution casting.29

The variations in the preparation method and chosen condi-

tions, as well as the structural diversity of the nanocomposites,

impose the necessity of studying the each system individually.

Dynamic–mechanical analysis in the solid state (DMA) can give

further insight into the structure of the nanocomposite.

Although, there are a lot of studies in which DMA is used to

characterize the mechanical performance of the PCL based

nanocomposite,6,30–32 there are a few studies which try to

directly link the parameters obtained in the investigations of the

viscoelastic behavior of the material in solid and in melt state.

In this study, nanocomposites of PCL with two types of organo-

modified clays were prepared and their melt rheological behav-

ior was studied. The state of dispersion of the organomodified

clay was estimated from the rheological measurements in con-

jecture to different composition of organomodified clays. In

addition the viscoelastic properties in the solid state were eval-

uated and the performance in terms of the mechanical proper-

ties of two different nanocomposites was compared. Finally,

structural characteristics of the nanocomposites deduced from

the dynamic measurements in melt state and in solid state are

compared.

EXPERIMENTAL

Materials

Poly(e-caprolactone) was synthesized by the ring-opening poly-

merization of e-caprolactone with tin-2-ethylhexanoate as the

catalyst. The polymerization was performed in a bulk for 3 h at

1808C under nitrogen. The polymer was dissolved in chloro-

form, precipitated into cold methanol, and dried under vacuum

at room temperature. The number average molecular weight

obtained from gel-permeation chromatography measurements

was 43,300 g/mol, with a polydispersity of 1.95. The orga-

nomodified clays were provided from Southern Clay (TX).

The organoclay Cloisite
VR

30B (C30B) possess methyl bis-2-

hydroxyethyl tallow quaternary ammonium cation and orga-

noclay Cloisite
VR

15A (C15A) possess dimethyl dehydrogenated

tallow quaternary ammonium cation as organic modifier. All

solvents used were purchased from Merck and Aldrich and were

used as received.

Nanocomposites Preparation

Nanocomposites were prepared by solution casting method

from chloroform, as explained in detail elsewhere.33 The starting

dispersion of the clay (1 wt %) was added to the chloroform

solution of PCL (6 wt %) in predetermined amount, so as to

get the nanocomposites with 1, 3, 5, and 8 wt % of the clay.

The prepared dispersions were poured into the Petri dishes. The

chloroform was allowed to evaporate under ambient conditions

resulting in uniform and compact films of the thickness

between 150 and 200 lm. The samples’ designation and compo-

sition are given in Table I.

Wide Angle X-ray Diffraction

The wide angle X-ray diffraction (WAXD) patterns were

obtained from Philips PW 1050 powder diffractometer with Ni

filtered CuKa radiation (k 5 1.5418 Å) and scintillation detector.

Table I. Composition, Degrees of Crystallinity, and Melting Temperatures of the Nanocomposites

Sample Type of clay Organoclay content (wt %)a / (vol %)b Xc(WAXD) (%)c Xc(DSC) (%)d Tm (8C)d

PCL / / / 66.0 60.2 74

PCL/C30B-1 CloisiteVR 30B 1.0 (0.7) 0.6 55.0 53.4 71

PCL/C30B-3 3.0 (2.2) 1.8 52.2 59.7 72

PCL/C30B-5 5.0 (3.6) 2.9 52.5 54.4 71

PCL/C30B-8 8.0 (5.8) 4.6 47.2 53.2 71

PCL/C15A-1 CloisiteVR 15A 1.0 (0.6) 0.7 51.4 56.3 72

PCL/C15A-3 3.0 (1.8) 2.1 56.6 54.0 71

PCL/C15A-5 5.0 (2.9) 3.5 46.9 57.6 72

PCL/C15A-8 8.0 (4.6) 5.5 43.0 53.3 70

a Values in the brackets refer to inorganic part.
b The volume fraction of the clay calculated using the following values of the densities of the composite constituents: qPCL 5 1.2 g/cm3,
qC30B 5 1.98 g/cm3, qC15A 5 1.66 g/cm3.
c Determined from WAXD measurements.
d Determined from DSC measurements.
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Diffraction data were collected within 2–358 2h range in steps

of 0.058, and scanning time of 10 s per step.

WAXD measurements were conducted on the compression

molded samples prepared for the dynamic mechanical analysis.

Prior to the measurements, the samples were stored at room

temperature in closed containers. The degree of crystallinity was

calculated from the areas of amorphous halo and the all crystal-

line peaks, which were determined by deconvoluting the pat-

terns to the sum of Voight functions by using the PeakFit
VR

program.

Differential Scanning Calorimetry

Differential scanning calorimetry (DSC) measurements were

performed on an SDT Q600 (TA Instruments) instrument. The

samples (around 7–8 mg) were scanned from 30 to 1208C at a

rate of 108C/min in a nitrogen atmosphere (flow rate: 100 cm3/

min). DSC measurements were conducted on the compression

molded samples prepared for the dynamic mechanical analysis.

From DSC traces the melting temperatures were determined as

a temperature of the peak maximum, while degrees of crystal-

linity were calculated from corresponding enthalpies of melting

normalized to the PCL content by comparing them to the theo-

retical (136.1 J/g)14 value of enthalpy of melting for 100% crys-

talline PCL.

Melt Rheology

Rheological measurements in the melt were conducted on a

Discovery Hybrid Rheometer HR2, TA Instruments. Dynamic

oscillatory shear measurements were performed between parallel

plates with a diameter of 25 mm, while the thickness of the

samples was around 1 mm. Frequency sweep tests were per-

formed in the temperature range from 80 to 1208C. The angular

frequency was varied from 0.1 to 100 rad/s with five points per

decade on the logarithmic scale. The strain amplitude was kept

constant at 1%, which was checked to be in the linear visco-

elastic range. The samples for rheological investigation were pre-

pared by compression molding at 758C using a hydraulic press

to obtain discs with a diameter of 25 mm.

Dynamic Mechanical Analysis in Solid State

Dynamic mechanical properties in solid state were also investi-

gated on the Discovery Hybrid Rheometer HR2, TA Instru-

ments, in the torsion mode with a static pre-tension of 1 N.

The temperature sweeps at a fixed frequency of 6.28 rad/s were

performed in the temperature range from 2100 to 608C. The

strain amplitude was 0.1% and the temperature step was 2.58C.

The size of the test samples was 40 3 12 3 1 mm3.

RESULTS AND DISSCUSION

WAXD Characterization

In Figure 1, WAXD patterns of PCL nanocomposites of the two

series and the corresponding clays are presented, in the 2h range

where the appearance of the reflection of the characteristic

(0 0 1) plane of the clays is expected. Characteristic d-spacing

calculated from the position of the observed peaks is also indi-

cated in Figure 1. In the pattern of the C30B clay two diff-

raction peaks are observed at 2h 5 4.98 (d001 5 1.81 nm) and

2h 5 9.68 (d002 5 0.92 nm). For the nanocomposite with the

lowest content of the clay in the first series (PCL/C30B) a slight

shift of the (0 0 1) reflection to the lower 2h (higher d-spacing)

is observed. The change is very small and cannot be taken as an

indication of the intercalation, as the minimum expected expan-

sion of the d-spacing would be at least 0.4 nm, in the case of a

planar monolayer of the PCL macromolecules.34 For the higher

clay loadings the gradual shift of the peak maximum toward

higher 2h is observed, with characteristic d-spacing changing

from 1.81 to 1.75 nm. This might be an indication of the partial

collapse of the clay structure or rearrangement of the surfactant

molecules. At the same time, the broadness of the peaks is a

hint that a distribution of clay interlayer distances exists in the

nanocomposites. Overall the subtle changes in the (0 0 1) reflec-

tion position suggest that there is no appreciable change in the

Figure 1. WAXD patterns of organomodified clays and nanocomposites up to 2h 5 108 (A) C30B series and (B) C15A series.
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clay structure, that is, the clay tactoids present in the nanocom-

posite mostly have an unaltered basal spacing.

In the second series [Figure 1(B)] the peak corresponding to

the reflection from (0 0 1) plane of the organomodified C15A

clay is positioned at 2h 5 3.048 giving an interlayer distance of

d001 5 2.90 nm in the pure clay. The (0 0 2) reflection at

2h 5 7.118 (d002 5 1.24 nm) is also visible in this pattern. The

peak appearing at 2h 5 4.468, which does not change its posi-

tion within the nanocomposite series is an indication of the

structural inhomogeneity of the C15A clay. Judging from

the shape of the peak corresponding to the reflection from the

(0 0 1) plane of the clay present in the nanocomposites the

existence of an interlayer spacing distribution is more obvious

in this series. In the patterns of the nanocomposites with C15A

clay, besides the peak at around 2h 5 38 (around 3 nm), a

shoulder peak at lower 2h of 2.568 (3.45 nm) appears, gradually

increasing in intensity with the increase in the clay loading.

WAXD patterns of nanocomposites in the both series could not

give proof of the presence of a single type of the microstructure:

intercalated or exfoliated, although there is an indication of a

slightly favorable intercalation in the second series. As presented

in a number of studies, WAXD alone cannot be used for the

definite conclusion on the structure of nanocomposites, which

may consist of original clay particles (tactoids), single dispersed

layers, and intercalated clay tactoids with a distribution of inter-

layer distances, existing together in the nanocomposite.21,22,35 In

the both presented series it can be assumed that the nanocom-

posite structure consists of single clay layers (which are XRD

silent) and layer stucks (tactoids) with interlayer distances as in

the pure clay, the size of which may vary. A portion of the PCL

intercalated clay in the second series may also be assumed.

What will determine the properties of the nanocomposite is the

effective aspect ratio of the nanofiller and possible percolation

of the filler particles which cannot be probed by the WAXD.

Figure 2 presents WAXD patterns of PCL and its nanocompo-

sites for 2h above 108, where crystalline reflections from the

PCL crystalline phase are expected. As can be seen there is no

change in the position of the reflections arising from the PCL

crystalline phase, which in all nanocomposites appear at the

expected position for the neat PCL matrix. The PCL crystallized

in the a-form with characteristic reflections from (1 1 0),

(1 1 1), and (2 0 0) appearing at 218, 228, and 248, respec-

tively.36 The degrees of crystallinity obtained from these patterns

are given in Table I. The degree of crystallinity of neat PCL is

66%. A decrease in the crystallinity is observed for the nano-

composites with the addition of the clay. From DSC measure-

ments it was confirmed that the nanocomposites have lower

degrees of crystallinity although with smaller difference com-

pared to the homopolymer, and in less regular fashion with

change in the clay content. At the same time DSC revealed a

small decrease in melting temperatures of the nanocomposites

(Table I). The incorporation of the nanofiller into the polymer

matrix can enhance, retard, or even has no influence on the

amount crystalline PCL fraction in the nanocomposites. The

actual degree of crystallinity depends on the particular compos-

ite system and preparation procedure.7,14,29,30,37,38 Lower degrees

of crystallinity for prepared nanocomposites, as a consequence

of the presence of the clay, will affect their solid state properties,

such as barrier and mechanical properties.

Melt Rheology

The rheology of the PCL and nanocomposites’ melt was investi-

gated in low oscillatory shear experiments by performing fre-

quency sweeps at different temperatures. The storage modulus

and the complex viscosity dependences on angular frequency at

808C for the two series are presented in Figure 3.

PCL melt exhibits a typical liquid-like behavior with pro-

nounced Newtonian plateau and a slight shear-thinning at

higher frequencies. With the addition of the clay the viscosity of

the melt increases in the whole frequency region (with the

exception of the PCL/C15A-8 sample with pronounced shear-

thinning behavior at low frequencies). With the increase in the

clay content, the Newtonian behavior is gradually converted to

Figure 2. WAXD patterns of PCL and its nanocomposites in the 2h range from 10 to 358 (A) C30B series and (B) C15A series.
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the shear-thinning response at low frequencies. In the G0(x)

dependence deviation from the liquid-like behavior is obvious,

where a gradual approach to the solid-like response of the melt

can be observed. In the terminal zone, the power law dependen-

ces of G 0�x2 and G 00�x1, expected for the pure homopolymer

are not observed for nanocomposites. In Table II, the scaling

exponents are summarized for all nanocomposites. For the PCL

melt the deviation from the scaling exponent of 2 partially orig-

inates from the polydispersity of the polymer as well as from

the transducer error as G 0 goes too low. For the nanocompo-

sites, the scaling exponent steadily decreases with the increase in

the clay loading in both series. A similar behavior is observed in

the G00 frequency dependence (not presented) where the devia-

tion from the scaling exponent of 1 is gradually increased. The

deviation from the theoretical exponent in the power law

dependences of G0(x) and G00(x) is more pronounced in the

case of nanocomposites with C15A clay. This may lead to

the conclusion that either a stronger network is formed or that

the interaction between the clay particles and the matrix is

stronger in this series.

The appearance of solid-like behavior is attributed to the for-

mation of the percolating network of the clay particles (stuck of

layers in the present nanocomposite system), which retard

molecular relaxation of the polymer chain and possible interac-

tion between the clay and the polymer matrix. The volume frac-

tion of the clay at which the percolation appears was estimated

Figure 3. Storage modulus (G0) and complex dynamic viscosity (g*) frequency dependences at 808C for PCL and its nanocomposites. The solid lines at

g*(x) dependences present Carreau–Yasuda model fittings to the data.

Table II. Low Frequency Scaling Exponents of G0(x) and G00(x) Measured

at 808C for PCL and Its Nanocomposites and Activation Energies Calcu-

lated from the Shift Factors

Scaling exponent

Sample G0 G00 Ea (kJ/mol)

PCL 1.12 1.00 33.4

PCL/C30B-1 0.92 0.99 34.9

PCL/C30B-3 1.05 0.98 34.3

PCL/C30B-5 0.88 0.95 33.2

PCL/C30B-8 0.67 0.85 30.1

PCL/C15A-1 1.01 0.95 37.1

PCL/C15A-3 0.54 0.80 34.9

PCL/C15A-5 0.42 0.69 29.0

PCL/C15A-8 0.21 0.48
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from the plot of storage modulus at the lowest probed fre-

quency as a function of the clay volume fraction (presented in

Figure 4). The volume fraction of the clay at which abrupt

change in the G0(/) appears is around 0.02 for the both series

and this can be taken as a percolation threshold of the clay par-

ticles. Above this critical value, G0 increase exhibits a power low

dependence on volume fraction of the clay with G0 � /3.8 for

the C30B series and G0 � /3.0 for the C15A series. The obtained

power law indices are around the values usually determined for

the nanoclay composites.23

According to Ren et al. for the randomly oriented system the

aspect ratio of the disc-shaped filler can be calculated from the

determined percolation threshold volume fraction as:39

Af 5
3 /s

4 /p

; (1)

where Af 5 l/t is the aspect ratio of the clay stuck (with the

thickness t and the length l), /s 5 0.3 is the percolation thresh-

old volume fraction for the randomly packed spheres and /p is

the percolation threshold volume fraction of the clay particles.

By taking the /p to be 0.02 the aspect ratio, Af, of around 11 is

obtained for the percolating clay particles. The obtained value is

an effective aspect ratio, as the nanocomposite comprises of clay

particles (tactoids) with different sizes and thicknesses, that is,

there exists a distribution of the clay aspect ratios.

In further attempts to quantify the difference in the melt rheo-

logical response of the nanocomposites with different organo-

modified clays, we focused on the difference in the low

frequency complex viscosity. First introduced by Lertwimolnun

for the clay-based nanocomposites,40,41 the Carreau–Yasuda

model, with a yield stress to account for the increase of the vis-

cosity in the low frequency region, was used in the number of

studies for the quantification of the dispersion quality of the

clay:42,43

g � xð Þ5 r0

x
1 g0 1 1 kxð Þa½ �ðm21Þ=a

; (2)

where r0 is the melt yield stress, g0 is the zero shear viscosity, k
is the characteristic time constant, a is the Yasuda parameter,

and m is the dimensionless power law index. The first term

contains yield stress and was shown to correlate with exfoliation

of the clay.

In the fitting procedure of this five-parameter model the viscos-

ity curve of the neat PCL is first fitted by taking the r0 to be 0.

For almost all nanocomposites, the behavior in the high fre-

quency region seems to follow the same power law dependence,

thus the power law exponent obtained for the PCL melt was

kept constant for all the samples as long as the fitting gave the

realistic results. The obtained fitting parameters are summarized

in Table III and the corresponding fittings are presented in

Figure 3, together with experimental data.

As can be seen in Figure 3 the obtained model curve captures

the viscosity dependence very satisfactory. To get good fitting

the power law index for the nanocomposite samples with higher

clay loadings had to be adjusted to lower values than for the

matrix. This can be an indication of the higher amount of the

chains with restricted motions either through more developed

clay network or by stronger interaction between the clay and

the matrix. The change of the characteristic relaxation time and

the Yasuda parameter is less regular. However, the constant

increase in the relaxation time in the second series can be

Figure 4. Dependence of the storage modulus measured at the lowest frequency at 808C on the clay volume fraction for (A) C30B series and (B) C15A

series.

Table III. Parameters of Carreau–Yasuda Model Used for Fitting the Com-

plex Viscosity Frequency Dependence

Sample r0 (Pa) g0 (Pa s) k (s) a m

PCL 0 459 0.0152 1.35 0.769

PCL/C30B-1 1.50 531 0.0149 1.20 0.769

PCL/C30B-3 3.15 748 0.0157 0.85 0.769

PCL/C30B-5 10.53 1122 0.0172 0.45 0.769

PCL/C30B-8 78.80 2500 0.0137 0.31 0.6110

PCL/C15A-1 4.63 673 0.00379 0.33 0.769

PCL/C15A-3 109.79 1600 0.4120 0.45 0.769

PCL/C15A-5 426.83 4883 1.0 0.31 0.648

PCL/C15A-8 1616.52 8000 1.5 0.42 0.4
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observed, with persistently higher values compared to the first

series and ascribed to the restricted movements due to the more

developed clay network in this case. The values of the zero shear

viscosity regularly increase with clay loading in the both series.

However, as previously suggested, it is rather difficult to inter-

pret these results when there is a disappearance of the Newto-

nian plateau.41,44 The most important parameter obtained from

this model, yield stress, continuously increases and takes values

from 1.5 to 78.8 Pa in the first and from 4.63 to 1617 Pa in the

second series. Interpreted as an indicator of achieved clay dis-

persion (ultimately exfoliation), obtained values lead to the con-

clusion that the level of exfoliation is higher with the increase

in the clay content for the both series. The more clay is present

the amount of the dispersed clay platelets is higher. Although

the increase is modest for the first series it is quite significant

for the second series. The dramatic increase of the yield stress

in the second series implies that there is a larger fraction of

exfoliated clay layers in nanocomposites with C15A clay. These

results, together with WAXD analysis which suggests the pres-

ence of clay particles with unaltered interlayer distance and sim-

ilar effective aspect ratio determined from the low frequency

storage modulus dependence on the volume fraction of the clay,

lead to conclusion that the structure of obtained nanocompo-

sites is highly complex. The higher amount of exfoliated clay

layers in the second series shows that C15A clay can be better

dispersed than C30B clay. The interaction between the polymer

matrix and the organic modifier is more favorable in the case of

the C30B clay, through possible interaction of the carbonyl

group of PCL and the hydroxyl group of organic modifier.

However, the dispersant used for the nanocomposite prepara-

tion has better swelling capability for the C15A clay and aids to

the amount of the fraction of the exfoliated clay in this case.

Temperature Dependences

Structural differences between the nanocomposites with differ-

ent fillers are very often deduced using Han plots (modified

Cole–Cole plots) of storage versus loss modulus with a fre-

quency as a parameter. Figure 5 presents the G0 versus G00

dependence at different temperatures. The curves for the differ-

ent nanocomposites taken at the same temperature do not fall

on the same line, which indicate a structural difference among

the samples within the same series as well as between the two

series. A gradual increase in the slope of the curves for different

samples can be observed. G0 value for the given G00 is increasing,

being higher than G00 for the higher clay contents, above 5 wt

% in the first and 3 wt % in the second series. Besides the

observation of the microstructural changes at fixed temperature,

Han plots were also used to observe possible structural changes

with temperature. If the curves of G0 versus G00 coincide for dif-

ferent temperatures, it is assumed that the microstructure does

not change with temperature, as in the single-phase melt. It is

obvious that for the investigated nanocomposites in the temper-

ature range from 80 to 1208C microstructural changes do not

take place. The exception is the nanocomposite with the highest

content of the C15A clay where the change in the microstruc-

ture with temperature can be deduced from the upward shift of

the G0 versus G00 curves with change in the temperature. Similar

temperature induced changes in the nanocomposite structure

has been explained by the dynamic percolation structure or by

the enhanced dispersion of the clay induced by temperature

changes during the tests.28,45 For this sample, it can be assumed

that by changing the temperature, the characteristic relaxation

times are not only temperature dependant, but also become a

structure dependant and, as presented in other studies, such

nanocomposites do not obey a time–temperature superposition

principle.27,28,46 Therefore, this sample was excluded from sub-

sequent TTS analysis.

The measurements performed at temperatures from 80 to 1208C

were superimposed at reference temperature of 1008C by apply-

ing a time–temperature superposition and obtained master

curves for storage modulus frequency dependence are presented

in the Figure 6.

As predicted from the analysis of the Han plots, the nanocom-

posites obeyed the time–temperature superposition principle

showing thermorheological simplicity. The good superposition

was achieved by applying a horizontal shift (aT) of the G0

curves, without a need to apply a vertical shift of the modulus

Figure 5. Han plots of the G0 versus G00 at different temperatures for the PCL and its nanocomposites; (A) C30B series and (B) C15A series.
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curves. The temperature dependence of the shift factors for dif-

ferent nanocomposites is presented in Figure 7.

Applied frequency shift factors are relatively small and compara-

ble to reported values for pure PCL and its various nanocompo-

sites in the similar temperature window.17,29,47,48 The shift

factors used to obtain good superposition for the nanocompo-

sites seem to be independent of the clay loading. The independ-

ence of shift factors on the type and the amount of clay, as

previously observed, indicate that the relaxation processes taking

place in the nanocomposites originate from the unaltered poly-

mer matrix. As deduced from the WAXD a portion of the poly-

mer matrix might be involved in the formation of the

intercalated structure, for which different relaxation processes

can be presumed. From the composition independence of the

shift factors, it is expected that only a small portion of the poly-

mer matrix is involved in the formation of an intercalated

structure with altered relaxation properties. By applying an

Arrhenius fit to the values of aT at different temperatures, acti-

vation energies of flow were obtained (Table II). The value of

Ea for the pure PCL of 33.4 kJ/mol is in agreement with previ-

ously obtained values for PCL of different molecular

weight.47,49,50 The values for Ea obtained for nanocomposites

are scattered and do not show any trend with the change of the

clay content or the clay type, as sometimes observed for differ-

ent PCL nanocomposites.17,51 There are reports showing that

flow activation energies are higher for the nanocomposites with

proven intercalated structure, compared to the neat polymer. As

the presented results show an independence or even slight

decrease of flow activation energies for the nanocomposite, we

can indirectly conclude that the portion of the intercalated

structure is not significant.52,53

Dynamic Mechanical Analysis

Dynamic properties of the solid nanocomposites were studied

by dynamic mechanical analysis in isochronal experiments at

6.28 rad/s. A variation of the storage modulus (G0), loss modu-

lus (G00), and loss factor (tan d) with the temperature are pre-

sented in Figures 8 and 9.

Loss factor as a function of the temperature displays a broad a-

peak at around—508C associated with cooperative motion of

polyesters chain segments. At around 21008C, the appearance

of a peak in tan d curve is observed, which corresponds to b-

relaxation, attributed to the in-chain rotations of the polymer

constituent groups, taking place in the amorphous phase of

PCL. The peak is not captured as a whole; however, it seems

that the position and the height of this peak do not change

considerably within the series. Conversely, the position, the

height, and the width of the a-peak (values are summarized in

Table IV) are all influenced by the presence, the amount, and

the type of the organomodified clay. The glass transition tem-

peratures, Tg, are taken as the temperature of the a-peak maxi-

mum in tan d curves. Compared to the neat polymer, a slight

shift in Tg values toward lower temperatures is observed for all

nanocomposites, which can be explained with reduced crystal-

linity (as observed in the investigation of dynamic mechanical

properties of PCL with varying degree of crystallinity54) or by

the plasticizing effect of the organomodifier.55,56 The differences

in the area and the height of the a-peak between the two series

Figure 7. Temperature dependence of the shift factors for PCL and its var-

ious nanocomposites.

Figure 6. Master curves of the storage modulus frequency dependence at 1008C generated by using the time–temperature superposition for PCL and its

nanocomposites; (A) C30B series and (B) C15A series.
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are more pronounced. With the increase in the clay content the

height and the area of the a-peak decrease, especially in the

PCL/C15A series. The decrease in crystallinity, that is, the

increase in the amorphous phase content, as an origin of this

relaxation process, should produce quite opposite effect. Thus,

the lowering of this peak, observed for the nanocomposites, is a

consequence of the presence of the clay particles. The decrease

in the peak height and the area point to the smaller amount of

mobile matrix phase, as a consequence of an increase in the

amount of constrained chains which are close to the clay sur-

face.57 The more pronounced decrease observed for the series

with C15A is in a line with conclusion deduced from the viscos-

ity curves that in the nanocomposites with this clay, amount of

the exfoliated clay layers is higher.

In the loss modulus temperature dependence, between Tg and

Tm the presence of the clay increases the values of G00 and con-

sequently the damping effect is more pronounced. This effect is

often observed for nanocomposites with various matrices and

fillers as well.31,52,58,59 Besides the main peak associated with a-

transition, in G00 curves, the nanocomposites with C15A exhibit

an additional peak in the high temperature region (around

458C). Earlier investigations have ascribed the appearance of

such peak to the molecular relaxations inside PCL crystallites

formed under the influence of the clay.6 As this peak in G00

curves is well resolved only for the series with C15A clay, it can

be speculated that besides the difference in the clay state of dis-

persion between the two series of the nanocomposites, there is

also a different distribution of clay platelets/tactoids among

crystalline and amorphous phase.

The curves of the storage modulus temperature dependence for

the nanocomposites of the both series lie above the curve for

the matrix material in the whole investigated temperature

region. Exception is the sample PCL/C15A-3, which shows

modulus in the glassy state, even lower than neat PCL, without

any apparent reason. The values of the storage modulus at—90,

0, and 208C are listed in Table IV. The enhancement of the

modulus is more pronounced above Tg for the both series. The

relative increase in the modulus goes from 1.08 up to 1.24 for

Figure 8. Variation of the storage and loss modulus with the temperature at 6.28 rad/s for the PCL and its nanocomposites; (A) C30B series and (B)

C15A series.

Figure 9. Loss factor as a function of temperature at 6.28 rad/s for the PCL and its nanocomposites; (A) C30B series and (B) C15A series.
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the first series and from 1.06 to 1.22 for the second series in the

glassy state. In the rubbery zone, the reinforcement ratio goes

from 1.08 up to 1.39 for the first and from the 1.19 up to 1.69

for the second series. The similar trend is observed also at

higher temperature of 408C. This behavior is similar to the

number of polyester/nanoclay systems where similar increments

in G0 are observed below and above Tg.

Improvements in the storage modulus can be modeled with

Halpin–Tsai semi-empirical model widely used to predict the

mechanical properties of nanocomposites reinforced with differ-

ent fillers.52,60–63 The measured storage modulus at 08C is com-

pared to theoretically predicted values obtained from the

Halpin–Tsai model for platelet-like particles with two fitting

parameters: filler loading and its aspect ratio. Halpin–Tsai exp-

ression for platelet reinforcement used was:

G0nano

G0m
5

11Af g/

12g/
; (3)

where

g 5
ðG0clay=G0mÞ21

ðG0clay=G0mÞ1 Af

: (4)

In the preceding expressions, G0nano, G0m, and G0clay are the stor-

age modulus of the nanocomposite, PCL matrix, and clay,

respectively, / is the volume fraction of the clay (Table I), and

Af 5 l/t is the aspect ratio of the clay particles. By taking the

G0clay to be equal to 170 GPa,52 model curves of the relative

modulus as a function of the clay volume fraction for the differ-

ent aspect ratios were obtained.

In Figure 10, the experimental and theoretical values obtained

for the different aspect ratios are compared. For the highest clay

content the relative modulus in the both series decrease. This

may be an indication of the morphological irregularities

induced with higher clay content, such as the formation of

larger agglomerate or inhomogeneous dispersion of the clay

particles. Experimental values do not strictly follow any of the

theoretical curves. Apart from the values for the highest clay

content, for the series with C30B clay, the experimental values

are situated mostly around the curve obtained for the aspect

ratio of 10, while the experimental values for the C15A series

better follow the theoretical predictions obtained for the slightly

higher aspect ratio. The obtained aspect ratios of the clay tac-

toids agree well with the value calculated from the melt rheo-

logical data (Af 5 11). The observed increase in the melt

viscosity, giving rise to the solid-like behavior and high values

of the yield stress, is a consequence of the small amount of the

exfoliated clay in the C15A series. Although these exfoliated clay

platelets have pronounced effect on the melt viscosity, they do

not contribute significantly to the mechanical reinforcement. It

can be concluded that the mechanical properties are more sensi-

tive to the effective aspect ratio of the clay particles (tactoids)

and the modulus of the composite components.

CONCLUSION

In this study, the dynamic viscoelastic properties in the melt

and in the solid state, of nanocomposites with poly(e-caprolac-

tone) and organomodified clay, were investigated. The PCL

Table IV. Storage Modulus at Different Temperatures and 6.28 rad/s, Glass Transition Temperatures, Height, and Width of a-Peak in tan d Curves for

PCL and Various Nanocomposites

a-peak

Sample G0 (2908C) (GPa) G0 (08C) (GPa) G0 (408C) (GPa) Tg (8C) (tan d)height (tan d)area

PCL 1.53 0.36 0.26 248 0.084 33.7

PCL/C30B-1 1.66 0.39 0.28 250 0.084 33.5

PCL/C30B-3 1.70 0.42 0.30 252 0.082 33.8

PCL/C30B-5 1.90 0.50 0.34 252 0.078 30.3

PCL/C30B-8 1.87 0.49 0.34 250 0.076 29.5

PCL/C15A-1 1.62 0.43 0.32 252 0.073 31.5

PCL/C15A-3 1.46 0.40 0.25 244 0.069 27.1

PCL/C15A-5 1.87 0.61 0.43 252 0.060 23.4

PCL/C15A-8 1.78 0.61 0.40 250 0.055 21.1

Figure 10. Comparison of the theoretical relative modulus as a function

of the volume fraction obtained from the Halpin–Tsai model (solid lines)

with experimentally observed values for the different nanocomposites

(open and filled squares).
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nanocomposites with two different organomodified clays were

prepared by solution casting. With WAXD analysis, it was possi-

ble only to detect the presence of the clay with mostly unaltered

interlayer distance in the both series of nanocomposites. The

diffraction patterns indicated also a presence of a portion of

intercalated clay in the case of nanocomposites with Cloisi-

teC15A. The difference between the two series of the nanocom-

posites was significant in their melt rheological response. The

melt rheological measurements showed that with the addition

of the clay the complex viscosity progressively increases with

the appearance of the shear-thinning behavior in the low fre-

quency region. The melt yield stress values for the nanocompo-

sites were determined using the Carreau–Yasuda model. Two to

three orders of magnitude higher values for the yield stress

exhibited by the nanocomposites’ melt in the series with C15A

clay were ascribed to the presence of a certain amount of the

exfoliated clay. From the increase in the storage modulus of the

melt the effective aspect ratio of the clay particles was estimated

to be of the similar value for the both series of nanocomposites.

The nanocomposites showed thermorheological simplicity and

it was possible to apply the time-superposition principle. The

temperature dependence of the applied horizontal shift factors

for different nanocomposites, which was similar for all the sam-

ples, showed that relaxation processes in the molten nanocom-

posites are unaffected by the presence of the clay. Dynamic

mechanical analysis in the solid state revealed that the glass

transition temperature of the nanocomposites was not largely

affected by the clay presence. The difference in the loss factor

peak height and area between the two series of the nanocompo-

sites was noticed and was ascribed to the presence of the frac-

tion of exfoliated clay, deduced also from melt rheological data.

The nanocomposites showed improved storage modulus partic-

ularly above, but also below the glass transition temperature.

The improvement of mechanical properties—increase in the

storage modulus of the solid nanocomposites, was correlated to

the Halpin–Tsai semiempirical model predictions. Effective

aspect ratios of the clays deduced from these correlations are

comparable to the value obtained from melt rheological meas-

urements. These findings show that mechanical properties are

mainly influenced by the effective aspect ratio of the clay, which

can be obtained from the rheological measurements in the melt.

ACKNOWLEDGMENTS

This work was financially supported by the Ministry of Education,

Science and Technological Development of the Republic of Serbia

(Project No. 172062).

REFERENCES

1. Woodruff, M. A.; Hutmacher, D. W. Prog. Polym. Sci. 2010,

35, 1217.

2. Bordes, P.; Pollet, E.; Averous, L. Prog. Polym. Sci. 2009, 34,

125.

3. Paul, D. R.; Robeson, L. M. Polymer 2008, 49, 3187.

4. Pavlidou, S.; Papaspyrides, C. D. Prog. Polym. Sci. 2008, 33,

1119.

5. Alexandre, M.; Dubois, P. Mater. Sci. Eng. R 2000, 28, 1.

6. Jimenez, G.; Ogata, N.; Kawai, H.; Ogihara, T. J. Appl.

Polym. Sci. 1997, 64, 2211.

7. Lepoittevin, B.; Devalckenaere, M.; Pantoustier, N.;

Alexandre, M.; Kubies, D.; Calberg, C.; J�erôme, R.; Dubois,
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