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Viscoelastic behavior of polycaprolactone/
clay nanocomposites

L. Ludueda', A. Vazquez? and V. Alvarez'

Abstract

The creep behavior of polycaprolactone and polycaprolactone/clay nanocomposites prepared by melt intercalation was
studied. Sodium montmorillonite and organo-modified montmorillonite were used as reinforcement in order to analyze
the effect of clay dispersion degree. Both a viscoelastic creep model named Burgers (four parameters) and an empirical
method called Findley power law were applied to fit the experimental data (elastic, primary creep stage, and secondary
creep stages). An additional effort was conducted to relate the parameter analysis of the Burgers model with the
experimental behavior at each creep stage. The variation of the theoretical parameters illustrated the influence of the
nanofillers on the experimental creep performance of the bulk matrix. Time—temperature superposition principle was
used to predict the long-term behavior based on the short-term experimental data. The Findley power law model was
also employed to reproduce the master curves. Both experimental curves and models demonstrated that the incorpo-
ration of the clay produces a significant improvement on the creep resistance at short times. This effect was higher for
the best-dispersed nanocomposite. The latter result was strictly related to the great enhancement of the elastic behavior

since in that case the time-dependent deformations were higher than those of the neat matrix.
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Introduction

Due to waste accumulation of traditional polymeric
products at the end of the life cycle, the development
of environmental friendly and biodegradable, poly-
meric materials have attracted extensive interest.'
Polycaprolactone (PCL) is a chemically synthesized
polymer based on caprolactone units, which does not
occur in nature but it is fully biodegradable.’

In order to obtain a competitive product, the PCL
performance can be greatly enhanced with the addition
of nanometer-size inorganic fillers to produce nano-
composites that have the interesting characteristics
such as mechanical properties;® barrier properties;*
thermal properties,” and some others such as the flam-
mability,® water adsorption,” and creep resistance,®
which can be greatly enhanced with the addition of a
small amount of filler (usually less than 10 wt%)."®

One kind of nanometer-size reinforcement is mont-
morillonite, which is a layered silicate whose interlayer
ions can be exchanged by organo-ions in order to pro-
duce an increment in the interlayer spacing (d, ¢ 1) and
to improve the polymer/clay compatibility. These

improvements are important in order to increase the
dispersion degree of clay platelets in the polymeric
matrix.”

The characterization of the clay morphology inside
the nanocomposite is crucial to understand this kind of
materials. Exfoliated structures, where the individual
clay platelets are randomly and uniformly dispersed
into the polymer matrix, and intercalated structures,
where the polymer chains are intercalated between the
silicate layers, are the morphologies of this class of
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nanocomposites. Generally, both clay structures are
present when the morphology of a polymer/clay nano-
composite sample is microscopically analyzed.'®
Several characterization techniques can be used to ana-
lyze the dispersion degree of the clay inside a polymer
matrix:'" X-ray diffractometry (XRD) is one of these
methods, which is useful to measure how the interlayer
distance of the clay becomes higher as the polymer
chains intercalate inside the clay galleries. When the
interlayer distance becomes higher, or the intercalation
of the polymer is more effective, the diffraction peak
corresponding to the clay alone shifts toward lower
angles up to the clay diffraction peak is not visible
any more. Intercalated structures may have interlayer
distances higher than 4 nm but the typical instruments
have resolutions lower than 4 nm (corresponding to the
complete disappearance of the clay diffraction peak), so
this technique is deficient to characterize fully exfoli-
ated nanocomposites.'' Transmission electron micros-
copy (TEM) is another technique used to observe the
morphology of clay platelets in a polymeric matrix.
However, the extremely high resolution of this
method allows evaluating only very small regions
(~8 um?) of the material which may not be representa-
tive of the total nanocomposite. On the other hand, the
preparation of the samples is difficult, the technique
is costly to be used as routine test, and several
specimens must be evaluated to have a complete
characterization."!

An interesting alternative to analyze effects of com-
patibilizer on the interfacial interactions and clay dis-
persion in the molten polymer phase is the melt
rheology. Several authors have found that the melt rhe-
ology is strongly influenced by nanoparticles.'* !>
Exfoliated or well-dispersed nanocomposites often
show a pseudo-solid-like rheologic behavior at low
shear rates with a pronounced shear thinning behavior
of the bulk polymer.'” The reasons for these results are
not completely understood.'* While Zhao et al.'” pro-
posed that the solid-like behavior observed for highly
dispersed nanocomposites is a consequence of the incre-
ment of the rate of change of clay orientation under
flow, Sung et al.'® explained that it is produced by the
incapacity of the clay platelets to freely rotate under
flow (the opposite explanation), and Wagener et al.'’
attributed this phenomenon by the fact that when the
clay is well-dispersed the probability to occur edge to
face and edge to edge interactions is increased, which
may build and mechanically stabilize mesoscale rigid
structures known as card-house inhibiting the polymer
chain movement under shear flow. Even so, all
authors'> ' concluded that the pronounced shear thin-
ning behavior at low shear rates is an indication of
better clay dispersion degree inside the matrix. This
method has the advantages that the information

obtained is representative of the whole sample instead
of small zones of it and samples do not need to be
specially conditioned.

Plastic products support constant stresses for long
periods of time mostly during its storage, so that the
study of the deformation processes along time under a
constant stress becomes relevant. Polymers are visco-
elastic in nature; thus, the deformation behavior is not
only temperature-dependent but also time-dependent.
The time-dependent deformation of materials subjected
to a constant stress is called creep.'® Several authors
have studied and modeled'® ?* the creep behavior of
polymer/clay nanocomposites showing that nanoparti-
cles can improve the creep resistance of different matri-
ces as far as total dispersion of the clay platelets
(exfoliation) is achieved.'® 2! Chiou et al.*® have evalu-
ated the creep behavior of starch—clay nanocomposites
with several clays; they have confirmed that the
decrease on the creep compliance was related to the
polymer—clay interaction; which was higher in the
case of higher compatibility. This is an evidence of
the more effective reinforcement effect as far as total
dispersion of the clay platelets (exfoliation) is achieved.

Yang et al.'® have modeled the creep behavior of
polyamide 66 nanocomposites whose experimental
results were obtained in a previous work.® They have
demonstrated that both the constitutive Burgers model
and the empirical Findley power law could satisfacto-
rily describe the creep strain and creep rate showing
that the Findley power law was good for predicting
over large time scale. The master curves constructed
using the time—temperature superposition principle
(TTSP) greatly extended the creep behavior over 11
decades of time. In addition, the Findley power law
parameters also showed that the creep resistance of
the nanocomposites was clearly improved compared
to that of neat matrix. Pérez et al.* have studied the
creep behavior of PCL/starch blends and its nanocom-
posites with organo-modified layered silicate. They
have demonstrated that the creep compliance decreased
by the incorporation of clay relating this effect to the
enhancement of the modulus. In addition, it was shown
that the parameters of Burgers model confirmed this
trend: the instantaneous and retardant modulus
increased and the permanent viscosity and relaxation
time decreased as a function of clay content, and the
efficiency of nanofillers to achieve better creep perfor-
mance of neat matrix was confirmed by the parameters
of the Findley power law model which properly repre-
sented the real strain—time curves of matrix and nano-
composites in the selected range of temperatures. The
master curves displayed a tolerable superposition and
the activation energy for the shift factor was also an
evidence for the creep resistance development.
Nevertheless, in that case, only one organo-modified
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clay was employed, so that it was not possible to make
comparisons regarding the dispersion degree.

The aim of this study was to establish the effect of
clay dispersion on the viscoelastic behavior of PCL/clay
nanocomposites. For this purpose, different clays were
used and the effect of the clay/polymer compatibility on
the creep behavior was experimentally analyzed and
mathematically modeled. The morphology of the clay
inside the nanocomposites was characterized by differ-
ent techniques in order to establish a correlation
between the creep behavior and the clay dispersion
degree. It must be noted the importance of this study
since the matrix is a biodegradable polymer that can
be processed with traditional industrial machines® and
the clay is a cheap and easily available filler that can
produce great improvements on a wide range of
properties.

Theoretical background
Rheological characterization

The melt rheology curves were fitted to the power law
expression:

= Ay 7 (M

where the subscript Rh represents a rheology parame-
ter, n the dynamic viscosity; Agry a preexponential
factor; ¥ the shear rate and ngy, the shear thinning expo-
nent. In the double logarithmic plot, a linear zone
at low shear rates can be seen (solid lines shown in
Figure 1). The ngr, parameter was calculated from
slope of this region.'” Regarding polymer/clay nano-
composites, several authors'>'7**%> have found that

100000 ~
E 5.0C30B
Yo
Ty
an ey
5.0MMT v,
i v
L . v
10000 | 4 A,
E PoL A v
v
o o o 82 o 4 A
@ ¢ e, aw
3 .
g A
= e oy
.
1000 =
E e 7
2
100 PPN | P | PP PR
0.0 0.1 1 10 100
Shear rate (s”)

Figure 1. Dynamic viscosity, 1, as a function of shear rate for
PCL and nanocomposites.

Note: Points represent experimental values and lines the power
law fitting.

the ngy, value is higher as the clay dispersion degree is
improved.

Experimental creep behavior

The creep behavior (expressed as deformation, €, along
time, ¢) of polymers consists in four stages, namely (1)
instantaneous deformation, &y, (2) primary creep,
€1 — &, (3) secondary creep, &, —e;, and (4) tertiary
creep, g3 —é&, (Figure 2 (a)). When external load is
applied, the material responds with an instantancous
strain gy (independent of time) due to the elastic or
plastic deformation of the polymer. Then, the creep
rate, de/dt, starts at a relatively high value, which
decreases rapidly with time and may result from the
slippage and orientation of polymer chains under per-
sistent stress (primary creep stage, [£0,0; €1,¢1]). After a
certain period of time, the creep rate reaches a steady-
state value in the secondary creep stage ([e;,¢1; €2,1>]), in
which the viscoelastic flow in the polymer occurs.
Finally, the material falls into the tertiary creep stage,
where the creep rate increases rapidly and final creep
rupture or advanced necking occurs ([e2,12; €3,13]).%°
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Figure 2. Scheme of: (a) the creep stages and (b) characteristic
strains of the Burgers model and their relation with the experi-
mental behavior.
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Creep models

Four-element model. The variation of the theoretical
parameters of the four-element or Burgers model,”’
helps to better understand the influence of the nanofil-
lers on each stage of the creep behavior. This model is a
series combination of the Maxwell and Kelvin—Voigt
models.?® The total strain eg(7) is given by the general
equation:

ep(t) = ems + €k + emp (2

where eyvs and eyp are the elastic and viscous strains
corresponding to the spring and dashpot of the
Maxwell model and &g the viscoelastic strain repre-
sented by the Kelvin—Voigt unit. The creep deformation
in the Burgers model can be finally written as:>

o o t-FE o
ep(t) =—=+—-|1 —ex (— >i|—|——-t 3
5(1) E,  E |: P 2 Ul 3

where E; and E, are the elastic moduli, 7, and n; the
viscosities, o the applied stress, and 7 the time while the
constant load is applied. This model has only one retar-
dation time, 7, =1,/E>. This time is defined as the time
needed to produce 63.2% (1 —e™") of the total defor-
mation in the Kelvin unit. Figure 2(b) shows a scheme
of the Burgers model and the relationship between the
deformations of each unit and the experimental creep
stages. When the constant load is applied, the initial
instantaneous elastic deformation, &y, takes place in
the spring. Later deformation, ¢g, is related to the pri-
mary creep stage and comes from the spring E, and
dashpot n,. It represents the delayed elastic deforma-
tion of the Kelvin unit. The deformation associated to
the secondary creep stage, evp, is a time-dependent
viscous flow and comes from the Maxwell dashpot
with the viscosity n;. When the load is removed, the
creep deformation is all recoverable except for the
flow that occurred in that dashpot (emp). The tertiary
creep stage will not be experimentally analyzed, because
it requires longer times, and it is not taken into account
in the Burgers model.

Four-element model can be used to satisfactorily
model the creep behavior of viscoelastic materials.
The effect of nanofillers can be determined from the
variation of the model parameters E;, E>, n;, and 1,
that can be obtained from experimental data.

Differentiating Equation (3), the creep rate of the
Burgers” model, €z, can be obtained:*?

0= 4 % exp( - 2) @)
ni mn m

When long creep times are analyzed, the creep rate
reaches a constant value given by: £z(00) = nl]

Findley power law model

The viscoelastic behavior of thermoplastic composites
has been modeled using an empirical model based on a
power law equation known as Findley model;*° that
can be expressed as follows:

epL(t) =¢e9+ A - 1" (%)

where the subscript PL indicates that the parameter is
associated with the power law model, epy (), is the creep
strain at time, z, & is the initial instantaneous strain, 4
the amplitude of transient creep strain, and npy, the time
exponent. The instantaneous strain, the amplitude of
transient creep strain, and the time exponent are
known as creep parameters. The relative creep strain,
&, 1s defined as the ratio between the creep strain value
at each time, &(¢), and the instantaneous initial strain,
&. Rearranging the Equation (5), the relative creep
strain can be expressed as:

e =14+4" 1" (6)
where

A
A==
€0

Differentiating Equation (5), it is possible to obtain
the power law creep rate, i.e., épr, as follows:

an.A

PL T 1—npL

W)

It must be noted that when ¢t — oo, ¢p., _. 0. This
case is true only for polymers that do not exhibit a
pronounced secondary creep stage. This model allows
predicting with good accuracy the viscoelastic behavior
over a wide time scale.®

Master curves

Long-term creep predictions can be estimated from the
data acquired in short-time tests. For this purpose,
TTSP can be used. This method establishes that, in
the linear-viscoelastic regime, creep curves at two dif-
ferent temperatures can be superposed changing the
time scale by applying a shift factor, ar, at a reference
temperature 7. If 7. is far away from the glass transi-
tion temperature of the material, the dependence of the
shift factor with the temperature can be described by an
Arrhenius type equation:®!

0 1ol
1 - = (=__
OBIT= 5303 R (T Tr) @®
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where Q is the activation energy, R the universal gas
constant and 7 the temperature of the creep test.

Creep compliance, J(¢), is another important param-
eter that can be used to describe the creep behavior and
it is defined as follows:

o) ==> ©)

Findley power law can be also applied at this stage
to correlate the experimental creep compliance with
time at the reference temperature as shown in the fol-
lowing equation:

JpL(t) = JprLo + JpL1 - 1™ (10)
where the subscript MC indicates a parameter associ-
ated with the master curves, nyc is the time exponent,
Jp1o 1s the time-independent compliance and Jpy ; is the
time-dependent term.

Experimental
Materials

The matrix used in this study was a commercial PCL
(Mn 80000), supplied by Sigma—Aldrich. Two different
clays, commercially named Cloisite Na (MMT) and
Cloisite 30B (C30B), purchased from Southern Clay
Products Inc., were used as received as nanofillers.
The characteristics of the clays are given in Table 1.

Composite preparation

Nanocomposites with Swt% of each clay, called
5.0C30B and 5.0MMT, were prepared by melt-interca-
lation followed by compression-molding. In previous
works®?? the effect of C30B content on the clay mor-
phology; thermal and mechanical properties was

Table I. Characteristics of clays used as nanofillers

Modifier
Organic concentration
Material modifier (megq/100 g clay)
Cloisite Na (MMT) None -
CH,CH,0H
Cloisite 30B (C30B) H3C N+ T 90
CH,CH,0H

HT, hydrogenated tallow (~65% CI8; ~30% C16; ~5% Cl4).

studied concluding that Swt% of this clay lead to the
best performance. An intensive Brabender type mixer
with two counter-rotating roller rotors was used.
Mixing temperature was 100°C; speed of rotation was
150rpm and mixing time was 10min. Compression
molding was carried out in a hydraulic press for
10 min at 100°C. The thickness of the samples was in
the range of 0.3-0.5 mm.

Methods

e XRD patterns were recorded by a PW1710 diffrac-
tometer equipped with an X-ray generator
(A =0.154060 nm). Samples were scanned in 26
ranges from 3° to 60° by a step of 0.035°.

e TEM micrographs were taken with a JEOL JEN
1220 operated at 100kV in the bright field mode.
Ultrathin sections (~50nm) of the samples were
cut at —120°C using a Leica UCT ultramicrotome
equipped with a diamond knife.

e Rheology analysis was conducted in a Rheometric
Scientific Ares rheometer under nitrogen atmo-
sphere. Plate—plate geometry with a plate diameter
of 25mm was used. Samples were inserted and
heated to 80°C. Low shear amplitude (2%) was
used in order to avoid the destruction of any stabi-
lized clay structure and to work in the linear visco-
elastic regime. Data were taken for shear rates in the
range 0.1-100s™".

e Tensile tests were performed in a universal testing
machine Instron 4467 at a constant crosshead
speed of 50 mm/min. Before tests, all specimens
were preconditioned at 65% RH (relative humidity)
and room temperature.

e Flexural creep behavior was studied using a DMA
7-¢ Perkin Elmer under nitrogen atmosphere. Tests
were carried out at different temperatures from 16°C
to 28°C, all of them above the glass transition tem-
perature of the matrix (—60°C). The temperature
accuracy of the equipment was +1°C. Previously,
several stresses were tested in order to work in the
linear viscoelastic regime; selecting 8§ MPa to be
applied for 30 min and then it was removed.

Results and discussion
Clay morphology

Figure 3 shows XRD patterns for clay and nanocom-
posites. The clay diffraction peak shifted toward lower
angles for 5.0MMT while it disappeared for 5.0C30B;

Downloaded from jcm.sagepub.com at University of Trondheim on August 5, 2011


http://jcm.sagepub.com/

Journal of Composite Materials 0(0)

d,=185A
I
-;i- e C30B Clay
B R
£ 5.0C30B
@ . :
£ d,~11.7A
(Smeens e MMT Clay
. d,=1448A =
5.0MMT
i 1 L 1 i 1 i 1 " 1 i 1 "
3 4 5 6 7 8 9 10
2.0

Figure 3. X-ray diffractograms for the clays used and PCL/clay
nanocomposites.
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zZones

Figure 4. TEM micrographs of: (a) MMT and (b) C30B
nanocomposites.

which indicates that the compatibilized montmorillon-
ite was intercalated at a higher degree.

TEM micrographs of nanocomposites are shown in
Figure 4(a) and (b). TEM images where converted into
black and white by printing them on a paper and trac-
ing over in a transparent film with a permanent marker.
The obtained pictures were then scanned in order to be
analyzed by adequate software (Image Pro Plus). TEM
pictures are obtained in a gray scale and low contrast;
therefore, it is possible to statistically measure the dif-
ferent clay arrangements (agglomerated, intercalated,
and delaminated zones) by this procedure. Figure 4(a)
is representative of MMT nanocomposite. The dark
zones are silicate platelets and so it is evident the pres-
ence of MMT agglomerates of around 600nm and
some other intercalated areas with separations between
the platelets of less than 2-3 nm and a number of plate-
lets per particle of 34 2. This result may be a conse-
quence of low compatibility between the clay and the
matrix, where tactoids or intercalants are obtained and
only a partial or no exfoliation can occur. In the case of
the nanocomposite with C30B (Figure 4(b)), a mixed
intercalated—exfoliated structure was observed. Areas
with delaminated particles and smaller aggregates of
around 200 nm were found. In this case, the average
number of platelets per particle was 2 £ 1. The chemical
modification of C30B improves the dispersion degree
since the clay surface becomes more hydrophobic and
hence more compatible with the matrix (because PCL is
strongly hydrophobic). This modification also produces
an increment in the interlayer spacing facilitating the
intercalation process.*® These results are in accordance
with those of XRD.

Figure 1 shows the apparent viscosity, 71, as a func-
tion of the shear rate, ¥, for the matrix and nanocom-
posites (PCL, 5.0MMT and 5.0C30B). PCL and
5.0MMT showed a Newtonian behavior at low shear
rate, with higher viscosity for S.0MMT as a result of the
impedance of the polymer chains to flow around the
rigid MMT particles, while the 5.0C30B nanocomposite
showed a pseudo-solid-like behavior with pronounced
shear thinning (higher ngry, Table 2). It is clear the ten-
dency of higher ngy, for the nanocomposite with the
best clay dispersion degree. The same trend was
found by other authors'>'7?*2° for similar thermoplas-
tic/clay systems.

Experimental creep behavior

Figure 5(a) shows the deformation along time for the
5.0C30B nanocomposite at different temperatures. The
shape of the curves did not change with the temperature
for all materials analyzed. The matrix becomes softer as
the temperature is raised; thus, regarding the same
stress level and creep time, the creep strain will be
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Figure 5. Creep strain as a function of time: (a) 5.0C30B at

different temperatures: points represents the experimental

values and lines the Burgers model fitting and (b) all systems at
one temperature.

higher. Instantaneous deformation, primary, and sec-
ondary creep stages can be observed in the previous
figures; whereas, there is no evidence of tertiary creep;
since it would have required longer times. The compar-
ison of the creep curves at one temperature for the three
systems can be observed in Figure 5(b). It is clear from
this figure that the primary and secondary creep behav-
iors of the organo-clay nanocomposite are quite differ-
ent than those of the other systems. On the other hand,
it can be also observed that this nanocomposite dis-
played the most effective elastic enhancement.
Therefore, the behavior at each creep stage (including
the elastic component) will be further analyzed. Figure
6(a)—~(d) shows the instantaneous strain, &, (Figure 6
(a)), the time-dependent deformations, (&;— &)
(Figure 6(b)) and (e, — &) (Figure 6(c)), and the final
strain, (after 30 min of applied stress: e,=e¢, (Figure 6
(d))), for the neat PCL and nanocomposites as a func-
tion of temperature. The parameters obtained at room
temperature are also reported in Table 2. The 5.0C30B
nanocomposite showed the lowest g, value with a
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Figure 6. Experimental creep parameters as a function of the temperature for PCL and nanocomposites: (a) instantaneous strain, &,

(b) primary creep strain, (¢, — &o), (c) secondary creep strain, (g, —

reduction of 24% with respect to pure PCL. It is clear
the enhancement of the elastic part when clay was
incorporated to the neat matrix; in addition, this
improvement was more effective for well-dispersed
nanocomposites. This result is also reflected on the
experimental Young’s modulus values which showed
the same tendency. Clay dispersion plays a crucial
role on the improvement of the elastic behavior of the
polymeric matrix.*** 3¢ On the other hand, the viscous
or time-dependent deformations, (¢; — &) and (&, — &1),
followed the opposite behavior. The less dispersed
nanocomposite (5.0MMT) showed the lowest values
of viscous deformations and the largest instantaneous
deformation g, in comparison with 5.0C30B nanocom-
posite at all temperatures analyzed. When the ¢, value

&1), and (d) final creep strain, &

is high, higher amounts of polymer segments are ori-
ented along the stress direction almost instantaneously.
This phenomenon can generate orientational hardening
which has a crucial influence on the primary creep
strain since it could make much more difficult the reor-
ientation and rearrangement of the polymeric chains.®’
This phenomenon may also inhibit the deformation
mechanisms for the irrecoverable creep strain where
the damage of crystalline- and noncrystalline-oriented
regions and the irreversible deformation of amorphous
regions take place.’” This hypothesis could be also
applied to compare pure PCL and 5.0C30B nanocom-
posite. On the other hand, 5.0MMT nanocomposite
showed lower ¢y, (g1 —¢&p) and (e, —&;) values than
neat PCL. The elastic behavior was improved by
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MMT incorporation; thus, according to the previous
hypothesis, (e; —&g) and (e, —¢e;) might be higher
than the values for the neat matrix. In this case, two
mechanisms may be competing in primary and second-
ary creep stages:

1. Orientational hardening of neat PCL.
2. Inhibition of amorphous polymer chains movement
by MMT incorporation.

The second one may be the predominant mechanism
that explains the observed behavior (comparing
5.0MMT and PCL). When comparing 5.0C30B and
PCL, the difference on the elastic behavior was so
high that the first mechanism became the governing
one. In order to analyze this hypothesis, it is also
important to know the effect of clay on the crystallinity
degree of the matrix, but no important differences on
this parameter were found for the studied systems.*?
Glass transition temperature (7,) is another factor
that could drastically change the viscous deformation
behavior of the pure polymer, but this parameter was
not affected by used clays.

From the previous analysis, we can conclude that the
time-dependent deformation is strictly related to the
instantaneous elastic behavior, and consequently, to
the clay dispersion degree, and clay content inside the
matrix.

In the case of ¢/ the tendency was in accordance with
that of &y. This is evidence that the nanoparticles have
more influence on the elastic than on the time-depen-
dent behavior of PCL matrix.

All these parameters (&g, (g1 — &), (62 —¢1), and &)
seem to follow an exponential growth dependence with
the temperature. An exception was observed for
(62— &) of the S.0OMMT nanocomposite because this
material does not show secondary creep strain depen-
dence on temperature, which indicates that the move-
ment of amorphous polymer chains is being inhibited
by the presence of MMT clay as it was previously
stated.

Creep behavior modeling

Four-element model. Figure 5 also includes the fitting
curves (four-element model) for the 5.0C30B nanocom-
posite. In order to obtain accurate fitting parameters,
high-quality initial values are needed, which can be
obtained from the relationships between the experimen-
tal deformations and the parameters of each element of
the model established in Figure 2(b).

Figure 7(a) shows E; values (Equation (3)) for the
matrix and nanocomposites as a function of the tem-
perature; a decreasing linear trend was observed in all
cases. The linear regression of the experimental values

is also included in the figure. The slopes are quite sim-
ilar for all materials probably because the clay mor-
phology is not changed in the temperature interval
analyzed. Otherwise, it is evident that nanocomposites
have higher E; values than those of the matrix (and
higher when the dispersion degree was improved), this
result is a direct indication of the improvement in the
elastic properties. The clay surface modification led to
the enhancement of the matrix/clay compatibility and
thus to the best elastic performance.?'*? Similar trends
about the elastic response of the different materials
were obtained either by creep tests as by static studies.
Pérez et al.?* have demonstrated for PCL/starch blends
and its nanocomposites with organo-modified layered
silicates that the creep compliance decreased by the
incorporation of clay relating this effect with the
enhancement of the elastic modulus, confirming this
trend by means of E; (Burgers model).

Figure 7(b) and (c) shows the dependence of E, and
7, with the temperature, respectively. E, follows a
decreasing trend with the temperature for all materials;
similar results were previously obtained for similar sys-
tems.”> The obtained behavior may arise from the fact
that the polymer chains can be easily moved as far as
the test temperature is further away from the glass tran-
sition temperature (7). The retardation time, 7,, for
PCL and 5.0C30B increased while for 5.0MMT seems
to decrease with temperature. Regarding £, and 7, for
PCL and 5.0C30B, it can be concluded that there was
no reinforcement effect in the Kelvin unit for the nano-
composite since both parameters were lower than that
of the neat matrix. These results are in accordance with
the experimental behavior; observed from (&, —e&g).
In the case of 5.0MMT, E, was higher than pure
PCL which goes with experimental analysis but t,
does not. In order to analyze the effect of the clay on
the secondary creep, both parameters have to be simul-
taneously analyzed. In this case, the increment on E>
may be the key parameter that conduct to a decrease on
the strain in the Kelvin unit when is compared with
PCL, which is in accordance with the experimental
results.

Instantaneous and recoverable time-dependent com-
ponents of the creep deformation have been discussed.
The other important parameter is n; (which is related to
irrecoverable creep strain, Figure 7(d)), which followed
the same trend as (e, — ¢;) for different materials. As it
was previously mentioned, the irrecoverable creep
strain is related with the damage of crystalline- and
noncrystalline-oriented regions; on the other hand,
the irreversible deformation of amorphous regions
and the orientational hardening may also inhibits
these deformation mechanisms.>’ Thus, the lowest 7,
value was found for well-dispersed nanocomposites
without showing any reinforcing effect on the
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Figure 7. Parameters of the Burgers model for matrix and nanocomposites as a function of temperature: (a) elastic moduli of the
Maxwell spring, E|, (b) elastic moduli of the Kelvin—Voight unit, E,, (c) retardation time in the Kelvin—Voight unit, 7,, and (d) viscosity of
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irrecoverable creep strain. From Figure 7(d), it can be
observed that 7; does not follow a clear tendency with

temperature. 3.0x10°

From Table 2, it can be observed that all elastic L
parameters (static, experimental, and modeled creep 25x10° | 5.0C30B =
ones) are in accordance with the clay dispersion - —
degree. Whereas better clay dispersion inside the nano- 2.0x10° -
composites improved the elastic behavior of PCL, it _
led to higher viscous deformations. Finally, the ;3 15107 - -
enhancement of the elastic part was so high in the < pCL . L
case of well-dispersed nanocomposites that the overall 100102 - s T %
creep behavior was improved. [ o

50x10° = ~—
Findley power law model s - T
T(°C)

Findley power law is an easily applicable model that

has. been widely usg(()i to predict long-t.erm Creep prop-  Figure 8. Effect of temperature and clay type on the amplitude
erties of polymers.”™ A good correlation between the  of transient creep strain (A’) obtained by the Findley power law
fitting curves (model) and the experimental points was  model; np. =0.69.
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Figure 9. Master curves and Findley power law fitting for PCL
and nanocomposites; T.=25°C & [°C and npc.

obtained. In a first approach 4" and np; parameters
from Equation (5) were modeled; it was found that
npr, did not change either with temperature or by clay
incorporation, so that a fixed npy value (np. =0.69) was
used for fitting. This assumption allowed us to obtain
better understanding on the A’ behavior. Figure 8
shows the dependence of A" with the temperature for
PCL and nanocomposites (Table 2 also includes 4’ at
25°C). A significant dependence of A’ with the temper-
ature was not observed. It could be related to the fact
that A’ includes the instantaneous creep strain by
A’ = A/sg so that, even when A increased with temper-
ature, &g also does it leading to almost constant values.
A’ (related with the experimental viscous behavior)
showed the same trend for different materials than the
time-dependent experimental behavior (measured by
(61 —€&p) and (&> —&1)) and the viscous Burgers param-
eters (E», 1, and 1), except to 7, value for 5.0MMT.
Regarding the viscous deformation, once again, it is
demonstrated that the well-dispersed nanocomposites
do not act as reinforcement showing the opposite
behavior of elastic parameters.

Creep rates

As it was previously demonstrated, the power law
(Findley) and also the four-element model (Burger)
were suitable to reproduce the strain as a function of
time data. Besides the parameters of each model,
another characteristic and interesting factor is the
creep rate, which also determines the dimensional sta-
bility of materials. Table 2 shows a comparison
between the experimental (calculated from the slope
of the linear strain—time region in the secondary creep
stage) and model-derived creep rates at 25°C for the
different materials analyzed in this study. All parame-
ters showed the same tendency. Only the 5S.0MMT
nanocomposite displayed lower creep rate than that
of the neat matrix; opposite, the creep rate of

5.0C30B nanocomposite was higher than that of neat
PCL. These results are in accordance with the experi-
mental viscous behavior and the time-dependent
parameters (from both models) that have been previ-
ously analyzed; it was expected since creep rate is
directly related to the viscous behavior (Equations (4)
and (7)). It is important to note that four-element
model is especially useful since not only the tendency
was the same as the experimental one, but also the
values were very similar.

Master curves

Figure 9 shows the master curves (7, =25°C) for matrix
and nanocomposites. Table 2 includes the parameters
of Equation (10) (7, =25°C, nyc=0.1). The shape of
the curves was quite similar for all materials. The creep
resistance was higher (lower J) for the nanocomposites
than for neat matrix (for the analyzed time scale) and
the improvement was more efficient in the case of well-
dispersed nanocomposites.

Regarding the Findley power law model parameters
for master curves (Table 2), it can be observed that Jpy o
(related to the elastic behavior) was lower for well-dis-
persed nanocomposites, while Jpp; (time-dependent
term) followed the opposite behavior. Once again, it
is evident that good dispersion of the clay platelets
leads to a great enhancement of the elastic behavior
but does not improve the time-dependent performance.
Whereas initially the creep resistance is higher for the
nanocomposite that shows the best clay dispersion
degree (related with the elastic part which predominates
at short times); this tendency can be reverted at longer
times as a consequence of the higher time-dependent
deformations. Therefore, for applications where creep
must be considered, good clay dispersion may not
always enhance the creep resistance of the matrix. In
future works, creep tests at longer times and a wider
temperature interval will be carried out in order to val-
idate these conclusions.

Pérez et al.*> have shown for starch/PCL-organo-
modified clay nanocomposites that the master curves
displayed a tolerable superposition and the activation
energy for the shift factor was also an evidence for the
creep resistance development.

Conclusions

PCL/clay nanocomposites were prepared by melt pro-
cessing using two different types of clays. The results of
traditional techniques, such as XRD and TEM,
together with the mechanical properties and melt rhe-
ology confirmed the increase on the clay dispersion
degree when montmorillonite was organo-modified
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due to the enhancement of the
compatibility.

Regarding creep behavior, it was found that original
and modified clays acted as reinforcement enhancing
the creep resistance of the neat matrix, but the creep
resistance was better when clay dispersion degree was
improved. What is remarkable is that this improvement
was strictly related to the enhancement of the elastic
behavior since the time-dependent analysis revealed
the opposite tendency.

Four-parameter and power law models correctly
correlated the experimental deformation data of all
materials. The variation of the parameters obtained
illustrated the effect of nanoclays on the creep perfor-
mance. The quality of the master curve was acceptable
and could be modeled by the Finley power law.

All results give the idea that to design a material for
a given application in which a load is applied continu-
ously over a period of time, the time-dependent defor-
mation  becomes relevant for  well-dispersed
nanocomposites and the enhancement of the creep
resistance found at short times could be reverted
when long-term analysis is performed.

polymer/clay
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