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In this work, the effects of amorphous poly(styrene-co-acrylonitrile) (SAN) chains and hydrophilic and hydro
phobic nanosilica at different loadings on the non-isothermal crystallization kinetics of PCL phase have been
evaluated using different theoretical models including Avrami, modified Avrami, Ozawa and Mo equations.
Using microscopic observations, the interrelations among the changes in the kinetics parameters and the
morphology and phase behavior of PCL/SAN and PCL/SAN/nanosilica mixtures have been thoroughly investi
gated. Microscopic observations on the nanocomposites showed differences in the nanofiller dispersion and
distribution state as well as preferential migration and localization state. These differences lead to contradictory
trends in the effects of hydrophilic and hydrophobic nanosilica on the crystallization kinetics of pure PCL and
PCL/SAN blends. The nanoparticle migration during non-isothermal DSC tests in PCL/SAN blends, the formation
of nanoparticle agglomerates at higher loadings, the restrictions imposed on the molecular movements in the
crystallization growth stage and slower phase separation and dissolution of PCL/SAN/silica mixtures result in the
cooling rate dependence of the kinetics parameters.

1. Introduction
The semi-crystalline/amorphous blends of poly(ε-caprolactone)
(PCL) and poly(styrene-co-acrylonitrile) (SAN) containing 8 to 28 wt%
of acrylonitrile (AN) comonomer show a lower critical solution tem
perature (LCST) phase behavior. The components of these blends are
miscible at low temperatures. While the AN amount is less than 6 wt% or
more than 30 wt%, the mixture becomes immiscible [1]. In addition to
the PCL/SAN phase behavior, the PCL crystallization kinetics and the
biphasic morphology of PCL/SAN blends have been the main topics of
many studies [2–4], because the crystallization kinetics of PCL-rich
phase is completely affected by the solubility and miscibility of the
other polymeric component in these mixtures.
Besides the LCST phase diagram, the PCL/SAN mixtures also undergo

a phase separation process in the crystalline regions at low temperatures
near the PCL crystallization temperature. In other words, the phase
behavior of these blends consists of a LCST-type phase diagram over a
virtual upper critical solution temperature (UCST)-type one [1–3].
Reportedly, the crystallization of PCL chains in the well-mixed PCL/SAN
blends results in the formation of ring-banded spherulitic structures,
while in the phase-separated PCL/SAN mixtures only the typical
spherulitic structures of PCL are observed [5]. Several factors such as the
PCL/SAN miscibility state, molecular dynamics, nucleation free energy
and competition between the growth of advancing PCL spherulitic front
surface and the diffusion of amorphous SAN chains into interlamellar
amorphous regions can be attributed to the growth kinetics of PCL
crystallization process [5]. The isothermal crystallization of PCL/SAN
(80/20) blends with 27.5 wt% of AN comonomer in the vicinity of the
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LCST-type phase diagram was investigated by Madbouly et al. [3]. Their
finding shows that the addition of the amorphous component fraction in
the blends leads to an increment in the Tg of the mixture as well as the
PCL crystallization half-time (t0.5), resulting in less tendency of PCL
macromolecules to crystallize.
The phase separation of PCL/SAN blends through the spinodal
decomposition (SD) mechanism and phase dissolution phenomenon in a
near-critical blend (PCL/SAN 80/20) were studied by Svoboda et al. [1,
2]. Using transmission electron microscopy (TEM) images, they found
that at the temperatures close to the melting point (Tm) of PCL (51 � C in
this work), the phase-separated structures caused by SD mechanism
gradually disappeared, and then, the crystallization process in a
single-phase mixture began. In contrast, at lower crystallization tem
peratures (e.g. 40 � C), the crystallization in PCL/SAN blends occurred
more quickly and the phase-separated structures obtained via SD
mechanism were kept. At medium crystallization temperatures (e.g. 45
�
C), the phase dissolution competed with the crystallization process,
resulting in a bi-continuous morphology with a longer periodic distance
structures and a broad boundary having a gradient in the amorphous
composition of PCL [1,2].
In polymer blends that undergo phase separation like PCL/SAN
mixtures, adding a compatibilizer as a third component is an economical
way to improve the miscibility of them and extends the area of misci
bility window. It has been shown that the incorporation of nanofillers
into polymer mixtures changes the phase stability and phase separation
kinetics [5,6]. It has been reported that the LCST-type phase separation
boundary is shifted to higher temperatures by adding nanoparticles [7,
8]. As one of the nanofillers, the presence of hydrophilic and hydro
phobic nanosilica in immiscible PCL/SAN mixtures (80/20) having 30
wt% of AN comonomer has been demonstrated to provoke the formation
of ring-banded spherulites [5]. In this study, it has been shown that the
incorporation of the hydrophilic nanosilica into PCL/SAN blends re
duces the dependence of the periodic distance of ring-banded spheru
lites on the crystallization temperature. This impact is found to be more
profound for the hydrophilic nanosilica than for the hydrophobic type.
In contrast to hydrophobic nanosilica, the hydrophilic nanosilica parti
cles at loadings more than 1 wt% effectively provide the heterogeneous
nucleation sites for the PCL chains. In addition to the nanosilica effects
on the PCL crystallization process, the influences of this nanoparticle on
the phase behavior of PCL-based mixtures have been also investigated.
The effects of silica nanoparticles on the diagram of poly(methyl
methacrylate) (PMMA)/SAN were evaluated by Huang et al. [7]. Adding
a small amount of silica nanoparticles in the PMMA/SAN blends
significantly changes the phase boundary, which is related to the se
lective localization of silica in the PMMA-rich domains. Nanoparticles
confined in the minor phase, i.e. SAN, can provide the nucleation sites
for the phase separation process.
Although the phase behavior and crystallization of PCL/SAN blends
have been studied, the effects of nanoparticle presence, type and loading
on the non-isothermal crystallization kinetics of the semi-crystalline/
amorphous PCL/SAN blends have not been considered yet to the best
of author’s knowledge. The non-isothermal crystallization of PCL/SAN/
silica systems was chosen to be studied here owing to the PCL/SAN
phase transitions, the nanoparticle effects on the phase behavior of PCL/
SAN mixture and the probable migration of nanoparticles to one of the
polymeric phases during the cooling process. PCL/SAN mixtures un
dergo once phase dissolution and once phase separation during a cooling
process from melt and the nanofiller dispersion and localization states
affect all of these phenomena. Due to that and the probable migration of
nanoparticles to one of the polymeric phases, the study of the PCL nonisothermal crystallization in PCL/SAN/nanosilica mixtures involves
many complexities. In order to overcome the complexities, the correla
tions between the crystallization kinetics parameters obtained from the
theoretical models and PCL/SAN/nanosilica phase miscibility and
morphology have been thoroughly investigated by applying different
microscopic methods such as AFM, optical microscopy, SEM and TEM as

well as different sample preparation conditions.
2. Experimental part
2.1. Materials and sample preparation
PCL used in this work was purchased from Sigma-Aldrich Co (Mis
souri, USA) (grade: 704105 ALDRICH, melt flow index (MFI): 1.8 g/10
min at 80 � C and 44 psi, melting point: 56–64 � C, Mw: 48000–90000 g/
mol and Mn: 40000–50000 g/mol). The SAN copolymer containing 25
wt% of AN comonomer was supplied by Sigma-Aldrich Co (Missouri,
USA) (grade: 182850 ALDRICH and Mw: 165000 g/mol). Hydrophilic
fumed silica (grade: Aerosil® 200 and specific surface area of 200 m2/g)
and hydrophobic fumed silica (grade: Aerosil® R104 and specific sur
face area of 150 m2/g) having similar primary particle size of 12 nm are
provided from Evonik Co. (Essen, Germany).
All PCL/SAN binary blends and PCL/SAN/silica nanocomposites
with different SAN content (0, 10, 20, 50 and 100 wt%) were prepared
by an internal mixer (DACA Instruments, Santa Barbara, USA) at a rotor
speed of 65 rpm and temperature of 160 � C for 10 min. The loadings of
hydrophilic and hydrophobic nanosilica (Si and SiR) were 1, 3 and 5 phr
in the obtained PCL/SAN/silica nanocomposites. All prepared blends
and nanocomposites were compression-molded by a Davenport 25 ton
laboratory hot press at 150 � C to prepare sheets with a thickness of 1
mm. In the rest parts, the samples will be coded as PCLxSANySiz or
PCLxSANySiRz, in which x, y and z stands for the PCL (wt%), SAN (wt%)
and silica content (phr) in the compound, respectively. For the samples
that do not contain one of these constituents, the related abbreviation is
omitted from the code.
2.2. Characterization methods
The effects of silica nanoparticles on the crystallization behavior of
PCL/SAN blends were evaluated using DSC. Non-isothermal DSC ex
periments were performed by heating the samples from 100 to 130 � C
at a heating rate of 10 � C/min under highly pure nitrogen atmosphere
with a flux of 50 ml min 1 using DSC TA Instrument Q1000 (New Castle,
Delaware, USA). After erasing the thermal history, the non-isothermal
crystallization of samples was investigated by cooling the samples at
different cooling rates of 2, 5, 10, and 20 � C/min. The transmission
electron microscopy (TEM) micrographs were prepared using Philips
CM-30 TEM (Amsterdam, Netherlands) operating at accelerating
voltage of 200 kV to study the dispersion and localization state of the
hydrophilic and hydrophobic nanosilica particles. Sample preparation
for TEM observations was done in several steps: first, the samples were
annealed for 30 min in phase-separated region at temperatures in 150 � C
and then, quickly quenched using liquid nitrogen. Second, the ultrathin
sections of specimens were prepared by cryomicrotomy and before
electron exposure, the phase contrast of the PCL/SAN phase was
enhanced by subjecting the ultrathin sections to OsO4 vapor for 1 h. For
some samples, the ultrathin sections were directly cut from the meltcompounded samples without annealing.
The bulk of some samples was investigated by scanning electron
microscopy (SEM) as well. To obtain the SEM images, the samples were
cut at 180 � C with an ultramicrotome and sputter coated with plat
inum at a rough thickness of 3 nm and analyzed with an Ultra Plus FieldEmission Scanning Electron Microscope (FESEM) from Carl Zeiss Group
(Jena, Germany) For figure out the hydrophilic and hydrophobic
nanosilica dispersion state, the height and phase mode images of sam
ples were obtained by tapping mode atomic force microscopy (AFM)
using a Dualscope, DME Atomic Force Microscope (Copenhagen,
Denmark) equipped with a DS 95-50-E Scanner and an alternatingcurrent probe. The crystalline morphology of the samples was studied
using polarized optical microscopy (Jenapol LM102, Carlzeiss, Jena,
Germany). The samples were first heated to 160 � C at a constant heating
rate of 10 K/min and held for 5 min. The samples were then cooled from
2
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160 � C to ambient temperature with a constant cooling rate of 10 K/min
to observe the crystal growth.

where ϕ is the cooling rate. As can be seen in the right side graphs of
Fig. 2, all XðTÞ versus time curves have “s” shape. The values of XðTÞ for
a certain sample at the same crystallization time are comparatively
lower at slower cooling rates due to the shorter crystallization period at
faster cooling rates. The kinetics of non-isothermal crystallization can be
expressed on the basis of different models including Avrami, Ozawa,
Jeziorny and Mo theories [12–15]. These models have been frequently
applied by different researchers for the non-isothermal crystallization
kinetics of PCL-based mixtures [16–18].

3. Results and discussion
3.1. Results
In this work, the non-isothermal DSC experiments at four different
cooling rates of 2, 5, 10, 20 � C/min were performed on different samples
including virgin PCL, PCL/SAN mixtures and PCL/SAN/silica nano
composites. Some of the thermograms are shown in Fig. 1. It can be seen
that by increasing the cooling rate, the exothermal crystallization peak
becomes wider and stronger and shifts to lower temperatures for all
samples. In addition, by adding nanosilica to virgin PCL and PCL/SAN
blends, the intensity of the crystallization peak decreases at a constant
cooling rate and it is broadened. The similar results for PCL matrix phase
were also observed by other groups in the presence other nanoparticles
[9–11].
The non-isothermal crystallization kinetics at different cooling rates
can be evaluated by defining the relative degree of crystallinity, XðTÞ,
which is a function of temperature, as follows:
�
�
R Tc
dHc=
dT
T0
dT
�
�
XðTÞ ¼
(1)
R T∞
dHc=dT dT
T0

3.1.1. Modified Avrami model
According to the Avrami model, the following equations can be used
to fit the experimental data:
XðTÞ ¼ 1
log½

(3)

expð Zt tn Þ

lnð1

(4)

XðTÞÞ� ¼ logZt þ nlogt
1

(5)

τ12 ¼ ½ln2=Zt � =n
=

where n is the Avrami exponent which is related to the nucleation
mechanism and crystal growth dimensions. The other variables in
Equations (3)–(5), Zt and τ12 are respectively the crystallization rate
constant and crystallization half time [19]. The values of n and
=

1

Zt τ12 ¼ ½ln2=Zt � =n were respectively determined from the slope and
=

1

intercept of log½ lnð1 XðTÞÞ� vs. logt τ12 ¼ ½ln2=Zt � =n curves (Fig. 3) at
the primary stage of crystallization and gathered in Table 1. The ob
tained theoretical values of the crystallization half time (Equation (5))
were all closely comparable to the corresponding experimental values
directly determined from the XðTÞ vs. time curves. Since the Avrami
equation is often used to explain the isothermal crystallization, Jeziorny
corrected the Zt parameter in the Avrami equation regarding to the
non-isothermal conditions [15], which is represented as follows:

where dHc is the crystallization enthalpy released at the infinitesimal
temperature range of dT. T0 , Tc and T∞ represent the initial crystalli
zation temperature, the crystallization temperature at time t, and the
final crystallization temperature, respectively. The denominator on the
right hand of Equation (1) is the overall enthalpy of crystallization for
heating/cooling conditions [9]. The relative degree of crystallinity at a
temperature of T, XðTÞ, is a function of temperature and time, which is
drawn for some samples in Fig. 2. It can be seen that all XðTÞ versus
temperature curves are inversely shaped as “s”. In non-isothermal
crystallization processes, there is a direction relationship between the
crystallization temperature, Tc , and the crystallization time, t, given by:
T0

Tc
ϕ

=

t¼

logZc ¼

logZt
ϕ

(6)

Zc values of the modified Avrami model are also included in Table 1 for
different samples.

(2)

Fig. Heat flow curves for the non-isothermal crystallization of: (a) virgin PCL, (b) PCL100Si3, (c) PCL80SAN20, (d) PCL80SAN20Si3 at different cooling rates.
3

Z. Mohtaramzadeh et al.

Polymer Testing 89 (2020) 106593

Fig. 2. Relative degree of crystallinity, X(T), versus temperature and time for the non-isothermal crystallization of: (a) virgin PCL, (b) PCL100Si3, (c) PCL80SAN20,
(d) PCL80SAN20Si3 at different cooling rates.

According to the data shown in Table 1, an increment in the cooling
rate leads to a rise in the values of n and a reduction in the values of Zt
and Zc . At the primary stage, the values of Avrami exponent, n, for all the
studied samples are in the range of 2.66–4.62 demonstrating that the
nucleation type is mostly heterogeneous and athermal and the crystallite
growth is mostly three-dimensional. From Table 1, it can be seen that the
n values decrease by adding the hydrophilic and hydrophobic nanosilica
into the pure PCL. Furthermore, by incorporating the Si nanoparticles
into PCL, Zt increases and τ12 decreases, respectively. The observed
changes result from the positive effects of nanofiller on the kinetics of
PCL crystallization. However, the presence of SiR in PCL, in comparison
with Si, influences the parameters of Zt and τ12 to a lower extent. The
addition of this nanoparticle just increases Zt and Zc at lower cooling
rates. By comparing the corresponding values of PCL100Si3 and

PCL100SiR3 samples, Zt of the PCL crystallization process is higher and
the resultant τ12 is smaller for PCL100Si3 nanocomposite.
Due to the dilution role of the amorphous SAN chains in the PCL
crystallization process, it is expected that Zt diminishes to lower values
by adding SAN to PCL. It can be found from Table 1 that an augmen
tation in the SAN content causes a slower crystallization for PCL chains,
i.e. it results in considerably lower Zt and larger τ12 . In PCL80SAN20
blend, the addition of Si nanoparticles at 1 wt% accelerates the PCL
crystallization just at lower cooling rates, namely, 2, 5, 10 K/min, while
the crystallization kinetics is retarded by the presence of 1 wt% of Si at
the highest cooling rate. The acceleration influence of the nanoparticles
becomes less pronounced at higher loadings of nanosilica, i.e. 3 and 5 wt
%.
A notable feature of Table 1 is the adverse changes in the PCL
=

=

=

=
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Fig. 3. Plots of Log [-ln(1 ‒ X(T))] versus Log (t) used in the Avrami method for: (a) virgin. PCL, (b) PCL100Si3, (c) PCL80SAN20, (d) PCL80SAN20Si3 at different
cooling rates.

crystallization kinetics for PCL80SAN20 blend by adding hydrophobic
and hydrophilic nanosilica. While the hydrophilic nanosilica in virgin
PCL affects Zt and τ12 more considerably in comparison with SiR
nanofiller, the presence of hydrophobic nanosilica has comparatively
more profound impact on the PCL80SAN20 crystallization kinetics. In
other words, a faster crystallization rate is attained in PCL80SAN20SiR3
than PCL80SAN20Si3 nanocomposite. This trend is contrary to the re
sults obtained in virgin PCL by adding two types of nanosilica, Si and
SiR. Similarly, the addition 3 wt% of Si to PCL90SAN10 blend brings
similar results to the PCL80SAN20 blend. For these blends, the stronger
assisted nucleation is observed at lower cooling rates.

(log½ lnð1 XðTÞÞ� vs. logϕ curves) were mostly in the range of 0.5–0.7.
Since the Ozawa model has not enough adequacy, the Ozawa parameters
including m and KðTÞ cannot be determined properly.

=

3.1.3. Mo model
A modified method proposed by Mo et al. is another theory that has
been applied to study the non-isothermal crystallization of polymers
[11,19,21]. This method is a different kinetic model based on the
combination of Avrami and Ozawa equations. The crystallinity degree in
this theory depends on the cooling rate (ϕ) and the crystallization time
(t) or temperature (Tc ) [14]. The relationship between ϕ and t at a
certain crystallinity degree is defined as:

3.1.2. Ozawa model
In general, the Ozawa model is used to describe the non-isothermal
crystallization kinetics of polymers and originated from the Avrami
theory. The main modification of Avrami model in Ozawa extension is
the replacement of time variable with the cooling rate, ϕ. Ozawa cor
rected the Avrami equation for non-isothermal behavior, assuming that
the molten polymer cooled at a constant rate [13]. According to the
Ozawa theory, the crystallinity degree, XðTÞ, at a constant temperature
of T is given by:
�
�
KðTÞ
1 XðTÞ ¼ exp
(7)
m
ϕ
log½

lnð1

XðTÞÞ� ¼ logKðTÞ

mlogϕ

αlogt

logϕ ¼ logFðTc Þ
�
where FðTc Þ ¼

KðTÞ
Zt

�m1

(9)
refers to the necessary cooling rate to reach a

certain crystallinity degree at a crystallization time of t. The smaller
values of FðTc Þ, the higher crystallization rate [11,19]. Moreover, the
parameter α is the ratio of Avrami exponent (nÞ to Ozawa parameter (m)
[19]. Based on Equation (9), the plot logϕ against logt is a straight line
with an intercept of logFðTc Þ and a slope of –α. The linear plots of logϕ
against logt for some samples are shown in Fig. 5. The values of FðTc Þ and
α for all samples are summarized in Table 2. As can be found in Fig. 5,
there is a good agreement between the Mo analysis and experimental
data. For all the prepared samples, the values of R-squared (R2) for
fitting the Mo model to the data have been larger than 0.97 at a certain
value of XðTÞ. Besides, the value of FðTc Þ regularly increases with an
augmentation in the relative crystallinity indicating the attainment of
higher crystallinity degree at larger ϕ at a constant time, t.
Mo et al. [14] assessed that the values of α remain almost constant
and are independent of XðTÞ. As can be seen in Table 2, the α value
shows small changes by increasing XðTÞ. It is expected that the FðTc Þ
values diminish when the crystallization process is accelerated [21]. As
can be found from Table 2, the addition of both types of nanosilica to
virgin PCL results in an increment in FðTc Þ. FðTc Þ values of PCL100SiR3
are smaller than the ones for PCL100Si3 sample in all measured XðTÞs
indicating the higher crystallization rate of PCL chains in the presence of
hydrophobic Si nanoparticles. The other notable point about the FðTc Þ

(8)

where m is the Ozawa exponent, which depends on the dimensions of
crystal growth, and KðTÞ is the cooling crystallization function related to
the overall crystallization rate. In other words, KðTÞ shows how fast the
crystallization is progressing [20]. By considering Equation (8), the ki
netic parameters, KðTÞ and m, are respectively determined from the
intercept and slope of log½ lnð1 XðTÞÞ� vs. logϕ curves. The curves of
log½ lnð1 XðTÞÞ� vs. logϕ for Ozawa approach are plotted at different
temperatures in the range of 12–30 ͦ C during the crystallization process
in Fig. 4. For most samples, the Ozawa plots show nonlinearity all over
the studied temperature range demonstrating the lack of model ade
quacy in describing the non-isothermal crystallization process of PCL.
The values of R-squared (R2) in linear regression of experimental data
5
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PCL80SAN20SiR3 nanocomposite comparing with the PCL80SAN20Si3
sample. In contrast to the virgin PCL, the hydrophobic nanofiller assists
the PCL crystallization process more effectively in PCL80SAN20 blend.

Table 1
Data obtained from the fitting of Avrami and Jeziorny models on the nonisothermal crystallization data for all the prepared samples.
Samples

ϕ (K/
min)

n

Zt

Zc

τ1 2

Virgin PCL

2
5
10
20

4.34
3.94
3.61
3.44

PCL100Si3

2
5
10
20

4.01
3.75
3.47
3.28

PCL100SiR3

2
5
10
20

3.93
3.69
3.46
3.21

PCL80SAN20

2
5
10
20

3.80
3.55
3.38
3.18

2
5
10
20

3.74
3.41
3.26
3.17

PCL80SAN20Si3

2
5
10
20

3.67
3.38
3.23
3.08

PCL80SAN20Si5

2
5
10
20

3.53
3.15
3.06
2.82

2
5
10
20

3.29
3.11
2.98
2.66

2
5
10
20

4.62
4.40
4.27
4.17

5.92 �
10 2
6.57 �
10 1
1.10
1.15
1.79 �
10 1
8.62 �
10 1
1.12
1.15
1.04 �
10 1
6.96 �
10 1
1.06
1.14
4.35 �
10 2
5.26 �
10 1
9.32 �
10 1
1.05
4.53 �
10 2
5.39 �
10 1
9.71 �
10 1
1.02
4.09 �
10 2
5.30 �
10 1
8.76 �
10 1
1.04
4.04 �
10 2
5.93 �
10 1
9.01 �
10 1
1.02
7.02 �
10 2
7.29 �
10 1
1.01
1.13
1.62 �
10 2
6.56 �
10 1
1.05
1.11
5.39 �
10 2
7.01 �
10 1
1.00
1.10

3.37
1.54
6.83 �
10 1
3.90 �
10 1
2.14
1.10
6.46 �
10 1
3.72 �
10 1
2.86
1.47
7.50 �
10 1
3.86 �
10 1
4.71
2.22
1.10
6.36 �
10 1

PCL80SAN20Si1

3.50 �
10 3
1.22 �
10 1
2.74
17.76
3.22 �
10 2
4.78 �
10 1
3.16
17.88
1.10 �
10 2
1.63 �
10 1
1.87
14.68
1.89 �
10 3
4.02 �
10 2
4.98 �
10 1
2.91
2.05 �
10 3
4.58 �
10 2
7.52 �
10 1
1.53
1.67 �
10 3
4.20 �
10 2
2.67 �
10 1
2.35
1.63 �
10 3
7.35 �
10 2
3.56 �
10 1
1.74
4.92 �
10 3
2.06 �
10 1
1.13
11.87
2.64 �
10 4
1.21 �
10 1
1.75
9.03
2.91 �
10 3
1.69 �
10 1
1.10
7.87

PCL90SAN10

PCL90SAN10Si3

2
5
10
20

4.51
4.33
4.22
4.11

=

PCL80SAN20SiR3

3.1.4. Activation energy of non-isothermal crystallization kinetics
3.1.4.1. Kissinger method. Based on the crystallization peak tempera
ture (Tp ) at a constant cooling rate of ϕ, the activation energy of crys
tallization (Ec ) is given by Equation (10) following the Kissinger method
[22]:
#!
"
.
d ln ϕ T 2
p
Ec
�
�
¼
(10)
R
�
d 1T
p

where R is the universal gas constant. Fig. 6 shows the Kissinger plots of
"
#
.
�
ln ϕ T 2 vs. 1 T for some of the samples. The Kissinger plots show a
p
p
"
#
.
�
good linear relationship between ln ϕ T2 and 1 T . The activation
p
p
energies (Ec ) of crystallization can be determined from the slopes of
Kissinger plots, which are gathered in Table 3. Ec is the activation energy
required to transfer the macromolecular segments to the growing sur
face of crystalline lamellae. The smaller the Ec , the easier the polymer
chains to be crystallized [16]. The amount of Ec is reduced by adding 3
wt% Si to pure PCL but no significant change is observed by the addition
of SiR to the semi-crystalline polymer. When the nanosilica type changes
from hydrophilic to hydrophobic one in virgin PCL, the energy of acti
vation becomes larger. The lower activation energy of PCL crystalliza
tion in PCL100Si3 sample indicates a positive effect of hydrophilic silica
on the PCL crystallization process. These data are in agreement with the
results of the Avrami and Jeziorny equations. Similarly, the reduction in
the activation energy of PCL/SAN blends by adding hydrophilic nano
silica is in accordance with the results of the model analysis.

4.74
2.21
9.75 �
10 1
7.79 �
10 1
5.15
2.28
1.34
6.72 �
10 1
5.52
2.03
1.24
7.2 � 10

3.1.4.2. Friedman method. A kind of non-isothermal analysis corre
sponded to the evaluation of the effective energy barrier of crystalliza
tion is the Friedman approach [23]. The differential isoconversional
Friedman method [23] is based on the following equation:
� �
dx
ΔEx
ln
¼ constant
(11)
dt x:i
RTx:i

1

4.49
1.47
8.48 �
10 1
3.44 �
10 1
5.49
1.48
8.04 �
10 1
5.40 �
10 1
3.36
1.38
8.95 �
10 1
5.54 �
10 1

where dx
dt is the instantaneous crystallization rate as a function of time at
a given conversion, x. Furthermore, ΔEx is the effective activation en
ergy and Tx:i is the crystallization temperature wherein a specific Xc ðTÞ is
obtained at a fixed cooling rate, ϕ. Therefore, by choosing the proper
crystallinity degree (for example from 5 to 95%), dx
dt values will be ob
� �
dx
tained at a predetermined Xc ðTÞ at Tx:i [19]. If ln dt
is plotted against
1
Tx ,

a linear line will be obtained with the slope of

x:i
ΔEx
R .

These lines are

shown in Fig. 7 for some prepared samples. The effective activation
energies of some samples are summarized in Table 4.
According to the results of Table 4 as well as the results of Kissinger
method, the activation energy of crystallization is reduced by adding
hydrophilic nanosilica to pure PCL, which is in agreement with the re
sults of Avrami, Jeziorny and Mo equations. The observed change
demonstrates that the presence of Si nanoparticles accelerates the
crystallization kinetics of PCL. For the PCL100SiR3 sample, the activa
tion energies at all crystallinity degrees are larger than the corre
sponding values of pure PCL. It seems that the beneficial role of
hydrophobic nanosilica on the PCL crystallization process can only show
their positive effects at higher crystallinity degrees.

data is the changes of FðTc Þ by incorporating the amorphous SAN mac
romolecules. FðTc Þ increases by adding SAN component. In accordance
with the data obtained from the Avrami analysis, i.e. Zt and τ12 , the
higher values of FðTc Þ verify the slower kinetics of the PCL
non-isothermal crystallization. In a similar trend to the derived param
eters from the Avrami equation, FðTc Þ is considerably lower for
=
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Fig. 4. Ozawa analysis of the non-isothermal crystallization data for: (a) virgin PCL, (b) PCL100Si3, (c) PCL80SAN20, (d) PCL80SAN20Si3).

Fig. 5. Plots of log(ϕ) versus log(t) for the non-isothermal crystallization of: (a) virgin PCL, (b) PCL100Si3, (c) PCL80SAN20, (d) PCL80SAN20Si3.

In a similar manner to the Kissinger method results, the nucleation
influence of hydrophilic silica nanoparticles leads to a decrease in the
crystallization activation energy of PCL80SAN20 and PCL90SAN10
blends. These changes are in accordance with the theoretical kinetics
models, though the other mixtures show opposite trends.

crystallization activation energy as well as larger Zt and Zc of PCL100Si3
nanocomposite in Tables 1, 3 and 4 demonstrate the accelerated crys
tallization of PCL chains to higher extents in the presence of Si nano
particles. According to the morphological observations, the hydrophilic
Si nanoparticles are dispersed more uniformly in the PCL matrix than
SiR nanofiller. The lower size of hydrophilic silica agglomerates are
clearly evident on the AFM images. The AFM height- and phase-mode
images of PCL100Si3 and PCL100SiR3 nanocomposites are shown in
Fig. 8. In the related phase-mode images, silica nanoparticles can be
perceived as light yellow and bright white features owing to the higher
hardness, modulus and electron density comparing with virgin PCL
matrix [24]. As can be discerned in Fig. 8, the Si nanoparticles have
better distribution and dispersion state in the matrix phase. The

3.2. Discussion
3.2.1. Effect of hydrophilic and hydrophobic nanosilica on the PCL
crystallization kinetics
At the same loading, spherical Si nanoparticles with the hydrophilic
surface enhance the quiescent crystallization kinetics of PCL chains
more than hydrophobic SiR nanoparticles. The lower τ12 and
=
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Table 2
Values of α and FðTc Þ parameters against the crystallinity degree based on Mo
modification for virgin PCL, PCL/SAN blends and PCL/SAN/silica
nanocomposites.

Table 3
The activation energy of PCL crystallization for virgin PCL,
PCL/nanosilica, PCL/SAN and PCL/SAN/nanosilica
mixtures.

Sample

XðTÞ

α

FðTc Þ

Samples

Virgin PCL

20
40
60
80
20
40
60
80
20
40
60
80
20
40
60
80
20
40
60
80
20
40
60
80
20
40
60
80
20
40
60
80
20
40
60
80
20
40
60
80

0.79
0.80
0.78
0.75
0.91
0.89
0.86
0.84
1.00
0.96
0.94
0.92
0.79
0.80
0.81
0.82
0.83
0.82
0.82
0.80
0.79
0.78
0.78
0.79
0.77
0.76
0.76
0.76
0.81
0.81
0.81
0.82
0.94
0.93
0.92
0.91
0.96
0.93
0.92
0.90

4.23
4.80
5.28
6.18
5.80
6.26
6.72
7.54
7.30
7.72
8.42
10.44
5.88
6.80
7.62
8.62
7.29
8.06
8.87
9.58
6.05
6.95
7.63
8.68
5.91
6.74
7.46
8.44
4.81
5.45
6.10
7.45
7.09
7.80
8.47
9.47
7.52
8.13
8.68
9.79

Virgin PCL
PCL100Si3
PCL100SiR3
PCL80SAN20
PCL80SAN20Si1
PCL80SAN20Si3
PCL80SAN20Si5
PCL80SAN20SiR3
PCL90SAN10
PCL90SAN10Si3

PCL100SiR3

PCL80SAN20

PCL80SAN20Si1

PCL80SAN20Si3

PCL80SAN20Si5

PCL80SAN20SiR3

PCL90SAN10

PCL90SAN10Si3

1

Þ

259.4
164.3
258.7
106.9
100.1
95.4
92.6
165.5
159.2
151.7

3.2.2. Effect of SAN on the PCL crystallization kinetics
According to the phase diagram of PCL/SAN blends in our previous
works, during the crystallization of PCL phase in the non-isothermal
depend DSC tests, the PCL/SAN mixtures enter the well-mixed region
of the phase diagram from the phase-separated LCST region [25].
Although phase separation occurs again between the PCL and SAN
chains through the PCL crystallization process, the dissolved amorphous
SAN chains in the PCL-rich phase interfere with the PCL crystallization
phenomenon [4,25]. The poisoning and dilution effects of dissolved SAN
macromolecules retard the PCL crystallization process [3,4]. The
comparatively larger τ12 and FðTc Þ along with smaller Zt and Zc of
PCL80SAN20 and PCL90SAN10 blends, presented in Tables 1 and 2,
provide evidence on the PCL crystallization retardation in the presence
of amorphous SAN phase. Fig. 9 shows the POM images of virgin PCL
and PCL80SAN20 blend at certain temperatures of the non-isothermal
crystallization process. Although the resolution of the images is not
high, it seems that the size of crystals in PCL80SAN20 blend is smaller
than the one in virgin PCL at a constant temperature. Some of the
crystals are marked by black circles.
It is expected that the poisoning and dilution effect of SAN chains on
the PCL crystallization process becomes more profound at higher con
tents of SAN phase. It is clear from the data obtained by the kinetics
analysis in the “results” section that the near-critical PCL80SAN20 blend
has lower crystallization rate than the off-critical PCL90SAN10 blend at
most cooling rates (see Tables 1 and 2). Nonetheless, at the lowest
cooling rate (2 K/min), the off-critical PCL90SAN10 blend shows a
slower crystallization rate than PCL80SAN20 sample having larger level
of SAN phase. Owing to the area of metastable region in near- and offcritical compositions, the near-critical PCL80SAN20 blend exhibits
faster phase separation than the off-critical PCL90SAN10 mixture during
the non-isothermal DSC tests. The slower phase separation of off-critical
PCL90SAN10 blend originates from the smaller magnitude of concen
tration fluctuations in the metastable region and the stronger competi
tion between the phase dissolution and cooling rate [25]. The impacts of
slower phase separation phenomenon of PCL90SAN10 blend are more
profound at the lowest cooling rete (2 K/min). As a direct result of the
restricted phase separation and more dissolved SAN chains, the
off-critical PCL90SAN10 blend shows slower crystallization kinetics at
smaller cooling rates. However, at larger cooling rates, the phase sepa
ration phenomenon and its influences are not dominant comparing with
the larger content of SAN in the PCL80SAN20 blend.
=

PCL100Si3

Ec ðkJ ⋅mol

� . �
�
Fig. 6. Kissinger plots of ln ϕ 2 vs. 1
for virgin PCL, PCL/nanosilica, PCL/
Tp
Tp
SAN and PCL/SAN/nanosilica mixtures.

3.2.3. Effect of nanosilica loading on the PCL crystallization kinetics
The analysis of Avrami, Jeziorny, and Mo kinetics data on the PCL
non-isothermal crystallization reveals that the effects of presence and
loading of the hydrophilic nanosilica on the crystallization process of
PCL80SAN20 and PCL90SAN10 blends depend on the DSC cooling rate.
Overall, the presence and content of nanoparticles can affect the crys
tallization kinetics of PCL chains in the PCL/SAN mixtures through
several phenomena:

relatively smaller particle size of hydrophilic silica results in larger
filler-polymer interfacial area. By providing more accessible heteroge
neous nucleation sites, Si nanoparticles accelerate the crystallization
process of virgin PCL more than SiR nanofiller.
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� �
Fig. 7. Plots of ln dx
vs.
dt
x:i

1
Tx ,

in different crystallinity degrees for: (a) virgin PCL, (b) PCL100Si3, (c) PCL80SAN20 and (d) PCL80SAN20Si3.

� The first effect is the heterogeneous nucleation role of silica nano
particles on the PCL crystallization process. This effect is stronger at
larger filler/matrix interfacial area [6]. At higher loadings of nano
particles, the more heterogeneous nucleation sites can be provided
by silica nanofiller with an essential prerequisite, which is a good
dispersion and distribution state of nanoparticles [5]. The second
effect is the restricted molecular movements of PCL and SAN chains
that are absorbed on the solid surface of silica nanoparticles. The
restricted molecular motions of PCL chains affect the crystallization
growth stage. The effect slows down the reptation and diffusion of
PCL chains to reach the growing surface of lamellae [5,6]. The
adverse influences of slower molecular motions and delayed crys
tallization growth stage are more pronounced at faster cooling rates
of the DSC experiments. At higher cooling rates, the retardation ef
fects of nanoparticles cause a greater difference between the crys
tallization kinetics of pure blend and the corresponding
nanocomposite.
�The third effect is related to the inefficiency of a fixed shear flow
field to break up and disperse the nanoparticle aggregates and ag
glomerates at higher loadings [5,6]. As a result of the remained silica
agglomerates, the heterogeneous nucleation effect of nanoparticles
becomes less pronounced. Adversely, the role of nanoparticles in
impeding the molecular movements and slowing down the growth
stage of crystallization begins to be more considerable at higher silica
loadings. The SEM images of Fig. 10 show the dispersion state of Si
nanoparticles in PCL80SAN20 blend that is poor at larger silica
loading.
�The fourth phenomenon is the preferential migration of hydrophilic
silica nanoparticles into the regions of one of the polymeric phases.
In the following subsection, it will be demonstrated that the locali
zation state of Si nanoparticles in the prepared PCL/SAN/Si nano
composites is not thermodynamically stable and the preferential
localization state of Si nanoparticles is the SAN-rich domains. The Si
nanoparticle migration during the phase separation phenomenon at
higher temperatures, above the LCST phase boundary, is more pro
found at slower cooling rates of the DSC experiments.
�Considering the phase diagram of PCL/SAN mixtures, the fifth
phenomenon is the changes in the phase miscibility of PCL/SAN
blends by adding nanofiller [1,3,25]. By crossing over the LCST

Table 4
The values of effective activation energy at constant crystallinity degrees
determined by the Friedman equation.
Sample

XðTÞ ð%Þ

ΔEx ðkJ ⋅mol

Virgin PCL

20
40
60
80
20
40
60
80
20
40
60
80
20
40
60
80
20
40
60
80
20
40
60
80
20
40
60
80
20
40
60
80
20
40
60
80
20
40
60
80

217.91
164.35
132.41
122.46
142.21
108.58
104.04
98.910
222.84
178.50
154.26
170.40
97.45
72.89
85.63
80.71
76.63
70.86
68.01
59.63
77.03
74.71
70.30
71.92
69.48
60.36
64.51
73.33
122.28
124.38
123.61
150.24
140.60
133.67
121.06
117.56
116.94
110.01
109.71
121.69

PCL100Si3

PCL100SiR3

PCL80SAN20

PCL80SAN20Si1

PCL80SAN20Si3

PCL80SAN20Si5

PCL80SAN20SiR3

PCL90SAN10

PCL90SAN10Si3

1

Þ

R2
0.978
0.930
0.984
0.958
0.989
0.914
0.988
0.986
0.983
0.986
0.983
0.930
0.994
0.989
0.976
0.975
0.995
0.995
0.990
0.966
0.990
0.991
0.983
0.977
0.987
0.847
0.991
0.911
0.679
0.971
0.970
0.978
0.937
0.992
0.990
0.990
0.991
0.985
0.779
0.964
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Fig. 8. AFM images of: (a) PCL100Si3 and (b) PCL100SiR3, the images on the left-hand side are the phase-mode micrographs and the ones on right side show the
related height-mode images.

kinetics of phase separation and dissolution [4,5,25]. Considering
the effects of nanoparticles on the partial phase miscibility of
PCL/SAN mixtures and the dilution effect of amorphous SAN chains
on the PCL crystallization process, it is clarified that why the nano
filler influence on the crystallization kinetics of PCL/SAN mixtures is
greatly dependent on the cooling rate.
Based on the simultaneous phenomena mentioned, one can fully
understand why the presence of 3 wt% of hydrophilic nanosilica in
PCL90SAN10 blend can accelerate the crystallization process of PCL
only at slower cooling rates or why the presence of Si nanoparticles can
positively assist the PCL crystallization process just at lower loadings
and slower cooling rates.
3.2.4. Effect of simultaneous presence of SAN and Si/SiR nanoparticles on
the PCL crystallization kinetics
According to the results of kinetics analysis, the hydrophobic SiR
nanoparticles significantly accelerate the crystallization process of PCL
in PCL80SAN20 blend, whereas the hydrophilic Si nanoparticles only
slightly assist the PCL crystallization process in PCL80SAN20 sample. As
mentioned earlier, the observed trends are totally different from the
corresponding effects of Si and SiR nanoparticles on the crystallization
process of virgin PCL. The most likely explanation of these phenomena is
the differences in the dispersion and preferential localization state as
well as filler-matrix interfacial adhesion of Si and SiR nanofillers in the
PCL/SAN mixture.
To theoretically determine the thermodynamically-stable localiza
tion state of silica nanoparticles in PCL/SAN blend, the wettability
parameter (ω12 ) of nanofiller particles in the polymeric mixture is
calculated as follows:

Fig. 9. POM micrographs of (a) virgin PCL and (b) PCL80SAN20 blend at the
crystallization temperatures of 32.8 and 31 � C.

phase diagram and holding the PCL/SAN mixtures at the heteroge
neous region of the phase diagram, the PCL/SAN phase separation
occurs in the molten state during the non-isothermal DSC test. Then,
by cooling the samples, passing over the binodal boundary and
entering the single-phase PCL/SAN region, the PCL/SAN phase
dissolution takes place. The presence of silica nanoparticles not only
alters the PCL/SAN miscibility window but also slows down the

ω12 ¼

10

γpolymer1 filler γpolymer2
γpolymer1 polymer2

filler

(12)
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Fig. 10. SEM images of the cryomicrotomed smooth surface of: (a) PCL80SAN20, (b) PCL80SAN20Si1 and (c) PCL80SAN20Si3.

where γ polymeri filler is the interfacial tension between the polymer i and
nanofiller and γpolymeri polymerj represents the interfacial tension of the
polymeric component i and j. If jω12 j < 1, then the nanoparticles will be
accumulated at the interface. On the other hand, when jω12 j > 1, the
solid particles will be selectively localized in one of the polymeric phases
[26]. The interfacial tension between the components can be theoreti
cally obtained by the Owens-Went method using the geometric mean
equation [27,28]. The geometric mean for calculating the interfacial
tension of two components is given by:
qffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2
γi j ¼ γi þ γj
γ di γ dj þ γ pi γpj
(13)

Table 6
Calculated interfacial tensions of different component pairs of
PCL/SAN/Si and PCL/SAN/SiR systems using geometric mean
along with the corresponding wettability parameters.
Component pair

γ12 (mN/m) and ω12

PCL/SAN
PCL/Si
SAN/Si
PCL/SiR
SAN/SiR
ω12 (PCL/SAN/Si)

57.75
92.66
83.29
50.61
41.97
0.16

ω12 (PCL/SAN/SiR)

0.14

where γ i and γ j are the total surface energies of the component i and j and

γ di and γdj are the dispersive surface energies of these components.
Similarly, γ pi and γpj are the polar surface energies of these components.

The surface tension values of the PCL/SAN/silica constituents used to
calculate the wettability parameter are gathered in Table 5. The calcu
lated interfacial tension of the components based on the geometric mean
(Equation (13)) and the wettability parameter of PCL/SAN/Si and PCL/
SAN/SiR systems are presented in Table 6. According to Table 6, the
wettability parameters of hydrophilic and hydrophobic nanosilica in
PCL/SAN mixture are 0.16 and 0.14, respectively. As a result, the theory
predicts the preferential partitioning of Si and SiR nanoparticles at the
interface of PCL and SAN rich domains. However, there is no hard evi
dence in the microscopic observations to support the result of theory, in
which the accumulation of nanosilica particles on the interface of PCLand SAN-rich phases is predicted.
The co-continuous biphasic morphology of PCL50SAN50 blend and
PCL50SAN50Si3 nanocomposite is evident on the SEM images shown in
Fig. 11(a) and (b). The non-selective localization of spherical nano
particles as well as some Si agglomerates on the cryomicrotomed surface
of PCL/SAN/Si nanocomposite are obvious. Some nanoparticles in the
smooth and rough areas of the system are marked by black arrows.
The TEM images in Fig. 11(c)–(f) are also shown the bulk
morphology of PCL/SAN/silica systems, i.e. PCL80SAN20Si3 and
PCL80SAN20SiR3 samples, which are obtained from the meltcompounding equipment without any subsequent annealing process.
Based on these microscopic observations, it can be assessed that there is
no selective partitioning state for Si and SiR nanoparticles in the meltcompounded specimens. Since PCL and SAN polymers have different
mechanical characteristics, the PCL- and SAN-rich domains of the

Fig. 11. SEM images of the cryomicrotomed smooth surface of: (a) PCL/SAN
blend and (b) PCL/SAN/Si nanocomposite with co-continuous biphasic
morphology; TEM images of samples after the melt-compounding process
without annealing for: (c), (d) PCL80SAN20Si3 and (e), (f) PCL80SAN20SiR3
nanocomposite. Light gray areas are PCL-rich phase regions and dark gray are
related to the SAN-rich phase regions. In the TEM images, the arrows mark the
silica nanoparticles confined in both SAN- and PCL-rich domains.

Table 5
Surface tensions of PCL, SAN and hydrophilic and hydrophobic nanosilica
applied for calculating the PCL/SAN/silica wettability parameter.
Component

γ (mN/m)

γd (mN/m)

γp (mN/m)

Reference

PCL
SAN
Si
SiR

55.8
40.8
80
32

45.4
31.01
29.4
30

10.4
9.79
50.6
2

[29]
[30]
[31]
[31]

nanocomposites were cryomicrotomed at different thicknesses and
reveal at different gray colors on the TEM images. By taking a closer
look, it can be perceived that the Si and SiR nanoparticles are localized
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in both PCL-rich and SAN-rich regions as well as the PCL/SAN interface
in the melt-compounded specimens.
By annealing the PCL80SAN20Si3 nanocomposite at a temperature
well inside the phase-separated region of the LCST phase diagram, the
preferential migration of Si nanoparticles into the darker regions (SANrich phase) takes place. The TEM images of Fig. 12(a) and (b) demon
strate the Si nanoparticle migration. In the images, some PCL-rich do
mains (lighter areas) are marked by arrows. As can be found in Table 6,
the interfacial tension of SAN/Si pair is lower than the corresponding
data of PCL/Si pair. Since the interfacial tension of PCL/SAN pair is
lower than the interfacial tensions of PCL/Si and SAN/Si components, it
can be concluded that the preferential and thermodynamically-stable
localization state of Si nanofiller is the SAN-rich domains. Nonethe
less, the thermodynamically-stable localization state of SiR nano
particles in the PCL/SAN mixture does not seem to be preferential.
Because the interfacial tensions of PCL/SiR and SAN/SiR pairs are lower
than the interfacial tension of PCL/SAN components (Table 6), the se
lective partitioning of SiR nanoparticles is mostly the interface and both
polymeric phases tend to interact with SiR nanoparticle surfaces. The
non-selective localization state of SiR nanoparticles in the PCL/SAN
blend can be proved by the TEM images of Fig. 12(c) and (d), which
show the bulk morphology of annealed samples. Some SiR nanoparticles
in the PCL-rich domains are marked by black arrows in Fig. 12(c). As a
result, one of the reasons of more accelerated crystallization kinetics of
PCL80SAN20 sample in the presence of SiR nanoparticles is the prefer
ential localization state of the nanofiller. Owing to the migration of Si
particles into the amorphous SAN-rich component, the assisted nucle
ation effect of Si nanofiller on the PCL crystallization kinetics becomes
weaker and the overall crystallization rate of PCL chains in the PCL/
SAN/Si system is lower.
Another explanation of the larger crystallization rate of
PCL80SAN20SiR3 sample comparing with PCL80SAN20Si3 nano
composite is the better dispersion state of SiR nanoparticles. By taking a
look at the TEM images of Fig. 11(d) and (f) and Fig. 12(b) and (d), it is
crystal clear that SiR nanofiller is dispersed better and distributed more
uniformly in the PCL/SAN mixture. The better dispersion state of hy
drophobic nanosilica leads to larger accessible solid surface for the
heterogeneous nucleation of PCL crystallization phenomenon. More
over, the SiR nanoparticles retard the growth stage of PCL crystallization
process to a lower extent. The SEM images shown in Fig. 13 demonstrate
that the filler/matrix debonding at the interface occurs in the cry
omicrotomed surface of PCL80SAN20SiR3 sample. Black arrows are

used for further clarification. While this phenomena is hardly discern
able for PCL80SAN20Si1 nanocomposite indicating stronger interfacial
adhesion of hydrophilic nanosilica and PCL/SAN chains. Therefore, the
weaker interfacial adhesion of SiR nanoparticles/polymeric constituents
induces less restrictions on the molecular movements, resulting in
relatively larger growth rate of PCL crystallites in the presence of SiR
filler.
Another notable point about the crystallization of PCL80SAN20SiR3
sample is the three-dimensional spherulitic morphology of PCL crystals,
which is discernable in the TEM images of Fig. 14. Furthermore, no
lamella can be found in the areas related to the SAN-rich phase (Fig. 14
(a)). Among lamella, spherical silica nanoparticles are visible (Fig. 14
(b)), demonstrating the nucleation role of hydrophobic silica nano
particles for the PCL crystallization process.
4. Conclusions
In this study, the non-isothermal crystallization kinetics of PCL
chains in the presence of amorphous SAN component and different silica
nanoparticles was investigated. The crystallization behavior of virgin
PCL, PCL/silica nanocomposites, PCL/SAN blends, PCL/SAN/Si and
PCL/SAN/SiR systems was evaluated by using the non-isothermal DSC
tests at different cooling rates of 2, 5, 10 and 20 K/min. The nonisothermal crystallization kinetics of the samples was studied by
various kinetics theories such as Avrami, modified Avrami, Ozawa and
Mo equations.
At the same loading level, hydrophilic Si nanoparticles enhanced the
quiescent crystallization kinetics of PCL chains more than hydrophobic
SiR nanofiller. The AFM images showed that the hydrophilic nanosilica
in virgin PCL has a better dispersion and distribution state, resulting in
stronger nucleation effect. The effects of Si and SiR nanoparticles on the
crystallization process of PCL/SAN blend were totally different from the
trends observed in virgin PCL. According to the results of kinetics
analysis, the hydrophobic SiR nanoparticles significantly accelerated the
crystallization process of PCL in PCL80SAN20 blend, whereas the hy
drophilic Si nanoparticles only slightly assisted the PCL crystallization
process in PCL80SAN20 sample. The TEM images along with the theo
retical calculation of wetting parameter clarified the preferential
migration of Si nanoparticles into the SAN-rich domains in the PCL/SAN
mixture. Migration made silica hydrophilic nanoparticles less accessible
to PCL chains, thereby reducing the nucleation effect of Si nanoparticles.
The non-selective localization of SiR nanoparticles with better disper
sion state and weaker matrix-filler interfacial adhesion led to more
accelerated crystallization process of PCL/SAN/SiR nanocomposite
compared to PCL/SAN/Si system.
The nucleation influence of Si nanoparticles led to a decrease in the
crystallization activation energy of PCL80SAN20 and PCL90SAN10
blends. Moreover, the analysis of Avrami, Jeziorny, and Mo kinetics data
on the PCL crystallization revealed that the effects of presence and

Fig. 12. TEM images of samples after annealing at 150 � C for 30 min for: (a),
(b) PCL80SAN20Si3 and (c), (d) PCL80SAN20SiR3. The right-hand column
shows the higher magnification of the left-hand column images. The arrows
mark the PCL-rich domains.

Fig. 13. SEM images of the cryomicrotomed smooth surface of: (a)
PCL80SAN20Si1 and (b) PCL80SAN20SiR3, The arrows mark the debon
ded particles.
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Fig. 14. TEM images of PCL80SAN20SiR3 sample ((a) and (b)) after being
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