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Abstract

The crystallization behavior of PP/silica nanocomposites prepared in-situ via solid-state modification and sol-gel reaction is investigated.
The crystallization behavior studied with DSC shows that in situ formed silica nano-particles act as nucleating agents. The non-isothermal
crystallization kinetics of PP/silica nanocomposites is studied using a combined Avrami—Ozawa approach and shows a two-stage
crystallization process: the primary stage is characterized by nucleation and spherulitic growth and the secondary stage is characteristic of the
perfectioning of crystals. Silica speeds up the primary stage, resulting in a more narrow lamellar thickness distribution. The crystallization
activation energy decreases with increasing silica content in the PP/silica nanocomposites. The nucleating efficiency of the in-situ prepared
silica particles based on the scale as proposed by Lotz and co-workers is found to be 20% in the low concentration range and is higher
compared to silica nano-particles as well as other nano-fillers studied. The melting behavior indicates the formation of more perfect crystals
with a narrow lamellar thickness distribution and the WAXD patterns show that silica nano-particles induce the formation of crystals with the
B-modification in PP at high silica content (ca. 5 wt%). DMTA analysis shows a marginal lowering of the 7, and an increased mobility of the

amorphous phase.
© 2005 Elsevier Ltd. All rights reserved.
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1. Introduction

Inorganic particle-filled nanocomposites of semi-crystal-
line polymers have been explored extensively in recent
years, especially to improve the mechanical properties,
notably modulus and tensile strength [1-4]. The preparation
of nylon-clay nanocomposites by Toyota researchers [5]
sparked an enormous interest amongst researchers to make
high-performance nanocomposites with low-cost inorganic
fillers.

The intrinsic properties of semi-crystalline polymers
strongly depend on their crystalline morphology. The
difficulty in understanding the deformation behavior of
semi-crystalline polymers arises from their two-phase
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structure, i.e. crystalline and amorphous phase; the latter
can be subdivided into a mobile and a rigid amorphous
phase. In this respect, the effect on the yield stress and strain
hardening has been a subject of extensive discussion. Strobl
et al. [6] and Schrauwen et al. [7] reported that the yield
stress is dominated by crystallinity and the lamellar
thickness, while the strain hardening modulus depends
mainly on the crystallization conditions and the resultant
entanglement density of the amorphous phase. The state of
the entangled amorphous phase originates from the crystal-
lization process, since it allows the rearrangement of chains
during folding and perfection. This ‘reeling in’ of polymer
chains during crystallization leads to disentanglement of the
chains in the melt or amorphous phase [8,9]. The effect is
more pronounced for lower cooling rates, resulting in a
lower entanglement density and, consequently, a lower
strain hardening modulus. Schrauwen et al. [7] showed that
the yield stress at which slip of the lamellae is reached
depends on both the crystallinity and lamellar thickness.
The influence of the crystallization kinetics on the tensile
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modulus and yield stress of PP was also studied by Dasari et
al. [10]. However, at higher strains the entangled amorphous
phase dominates the deformation process. A higher
entanglement density implies that a higher stress is
generated when the material is stretched. These findings
can even have a more pronounced effect in case of polymers
with nucleating additives [11].

In this context, it is important to note that the
crystallization kinetics and crystalline morphology of
semi-crystalline polymer and their nanocomposites strongly
depend on the processing conditions [12-14]. Filler
particles can influence the flow and hence the crystallization
behavior and final morphology during processing. Industrial
polymer processes, such as extrusion, injection molding,
and film blowing, are operated under dynamic, non-
isothermal conditions. To study effect of the complex
thermal conditions during processing, it is important to
investigate the behavior of PP-nanocomposites during non-
isothermal crystallization [15]. Although numerous inves-
tigations were carried out on isothermal crystallization of PP
with nucleating agents and of PP-nanocomposites [16—19],
very few studies have been published related to non-
isothermal crystallization of PP-nanocomposites [20-22].

Isothermal crystallization is an idealized crystallization
process for which the Avrami theory has been well
established to describe the crystallization kinetics [23,24].
Effects of cooling rate and thermal gradients within the
sample are avoided in the isothermal crystallization process,
whereas conditions are continuously changing in non-
isothermal crystallization. The Avrami equation was thus
modified to accommodate the changing temperature
(environment) [25,26]. Ozawa [27] extended this modified
equation by incorporating the effect of the cooling rate,
assuming that the crystallization proceeds at a constant
cooling rate. Despite these corrections, these methods can
still not fully explain the non-isothermal crystallization
kinetics of polymers. Liu et al. [28] developed a new
approach by combining the Avrami and Ozawa theories and
described successfully the non-isothermal crystallization of
poly(ether ether ketone) (PEEK).

Table 1 summarizes the findings of some studies on PP-
nanocomposites and PP with nucleating agents. Commer-
cial nucleating agents are mostly used in a concentration
range below 1 wt%, above which their efficiency reaches a
plateau level. This is one of the reasons for concentrating at
low filler levels (only up to 1 wt%) in this study. However,
the mechanism of nucleation and the concomitant mor-
phology during crystallization are different.

As mentioned earlier, the amorphous phase of PP in these
nanocomposites is also affected during processing [29]. It
was observed in PP/talc (micro-fillers) systems that the
nucleating effect of the filler lowers the glass transition
temperature (7,) resulting in an amorphous phase with a
higher mobility [30]. This stresses the importance to study
the effect of filler particles on the entanglement density and
mobility of the amorphous phase, since it strongly

influences the strain hardening behavior [31,32]. The
presence of an interfacial layer between the bulk polymer
and the filler surface has been well established by various
techniques. Therefore, it can be expected that nano-particles
with their surface-to-volume ratio may influence the bulk
properties [33].

In this paper, we investigate the effect of in-situ formed
silica nano-particles on the non-isothermal crystallization
kinetics of PP/silica nanocomposites. We use the combined
Avrami—Ozawa approach as developed by Liu et al. [28].
The crystallization activation energy was evaluated using
Kissinger’s method [34]. The nucleation efficiency based on
the efficiency scale as proposed by Lotz and co-workers [35]
is also calculated to investigate the effectiveness of the silica
nano-particles as nucleating agents. The melting behavior of
PP/silica nanocomposites is studied by DSC to probe the
recrystallization and phase transformation/modifications in
these PP-nanocomposites. X-ray diffraction studies were
carried out to examine the presence of various crystal forms
to explain the DSC melting curves. Further, the effect of
silica nano-particles on the 7, and the amorphous phase is
investigated by DMTA.

2. Experimental section
2.1. Materials

Porous isotactic polypropylene (PP) having a porosity of
SeeT(KH=0.0678 m?/g was supplied in powder form by
Euro-Sabic, The Netherlands. The weight-average molecu-
lar weight of PP was 400 kg/mol. The powder was free of
antioxidants and stabilizers and stored at —10 °C in the
dark. Tetraethoxy orthosilicate (TEOS) was obtained from
Aldrich Chemicals. Ammonium hydroxide (NH,OH) [28%
NHj; in water] obtained from Aldrich Chemicals was used as
catalyst for the sol-gel reactions.

2.2. Synthesis of nanocomposites

PP/silica nanocomposites were prepared by the sol-gel
method according to the procedure described in our
previous work [36]. TEOS was added to the PP powder in
the reactor and stirred for about 30 min at 60 °C. After
dispersion of TEOS, a mixture of water and ammonium
hydroxide was added slowly at a controlled rate to the
reactor with continuous stirring under a nitrogen atmos-
phere. The molar ratio of TEOS/H,O was 1:5 and a
concentration of NH,OH was 1 wt% on TEOS. The sol—gel
reaction was carried out in the reactor at 60 °C for 3 h with
continuous stirring. The thus formed sol in PP is then gelled
at 80 °C for 5 h under a nitrogen atmosphere, dried under
vacuum at 100 °C for 24 h, and subsequently stored at
—4 °C in the dark. The samples were physically mixed with
antioxidants (concentration of 0.5 wt%) using a powder
blender before any further treatment and dried under
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Table 1
Crystallization and nucleation data for PP-fillers and nucleating agents from literature
Researchers Filler (wt%) T. (°C) NE* (%)
Quian et al. 2004 [21] PP/nano SiO, (typical size ~ 16 nm) 0 117 0
1 117.1 0.5
3 118.8 8.5
5 121.2 20
Lin et al. 2004 [22] PP/nano-CaCO; (typical size ~40-60 nm) 0 117.5 0
2 116.1 0
5 116.8 0
10 120.8 16
Kristiansen et al. 2003 [11] PP/DMDBS [bis(3,4-dimethyl benylidene sorbitol)® 0 113 0
0.2 113.5 2
04 120 28
0.6 127 56
Gui et al. 2003 [18] PP/NA-40 (12H-dibenzo[d,g][1-3] dioxaphosphocin, 2,4,8,10-tetrakis 0 117 0
(1,1-dimethylethyl)-6-hydroxy-6-oxide, sodium salt)® 0.2 127 47
04 128 52
0.6 128 52
Xu et al. 2002 [20] PP/montmorillonite 0 110 0
3 115 17.8
Pozsgay et al. 2002 [17] PP/montmorillonite (vol%) 0 112 0
2 117 19
5 119 27
10 121 34.6
Lotz et al. 1994 [32]
PP 114.2 0
DBS (dibenzylidene sorbitol)® 0.4 123.2 41
Talc 1 121.4 32
9-fluorene carboxylic acid® 1 119.4 18
2,4 (bis butylamine) 6-hydroxy 1, 3, 5 triazine® 1 115.5 5

# Calculated based on the scale defined in this study (with lower limit for pure PP and upper limit as 138 °C, approximately observed for different grades of

PP).
® Commercial nucleating agents.

vacuum at 100 °C before chemical and structural
characterization.

2.3. Differential scanning calorimetry (DSC)

The crystallization and melting characteristics and the
nucleation efficiency were investigated with a TA Instru-
ments Q1000 differential scanning calorimeter, calibrated
with Indium for temperature and heat of fusion. Sample
weights between 3 and 4 mg were used in standard
aluminum pans. The analysis was conducted under standard
heating and cooling rates of 10 °C/min unless otherwise
indicated.

The non-isothermal crystallization kinetics of these
samples were investigated by conducting cooling scans at
rates of 2.5, 5, 10, 15, 20 and 30 °C/min from 225 to 30 °C.
Prior to the heating or cooling scan, the samples were held at
225 °C for 5 min under a nitrogen atmosphere to erase the
thermal history and prevent self-seeding of PP.

The nucleating efficiency is based on the calorimetric
efficiency scale proposed by Lotz and co-workers [35] and is
calibrated according to their procedure based on the
‘ideally’ nucleated polymer attainable via self-nucleation.
Two limits need to be defined: the lower limit refers to the
virgin (non-nucleated) PP and the upper limit to an

optimally self-nucleated PP. The nucleation efficiency is a
percentage of the range defined by the two limits and is
expressed as:

T, —T,
¢ el %100 (1)

NE=—— -~
Tc2max - Tcl

where T and T.onax are the crystallization temperatures of
the virgin and best self-nucleated PP, respectively. 7. is the
crystallization temperature obtained in the presence of the
nucleating agent (in this case silica). NE is thus equal to 0
for a non-nucleating action and 100 for the optimum
efficiency.

Self-nucleation is carried out by heating PP to a selected
temperature (7). When T is located in the melting range,
the formation of stabilized polymer crystal fragments occur.
The self-nucleation procedure as applied in DSC runs is
shown in Fig. 1. The heating and cooling rates are 10 °C/
min. The procedure essentially involves four steps.

Step A. Complete melting of samples at 225 °C for
10 min to erase the previous thermal history. This step
eliminates most of the nuclei.

Step B. Creation of the standard state (7..;) by cooling
from (A) at the pre-determined cooling rate of 10 °C/min to
some low temperature 7 (~30°C). The crystallization
takes place at the lower limit of the crystallization range



8808 S. Jain et al. / Polymer 46 (2005) 8805-8818

melting

|

partial
melting

t

Fig. 1. Self-nucleation procedure as applied in DSC runs (Fillon et al. [35]),
(A) complete melting of sample to eliminate most nuclei, (B) creation of
standard state, (C) self-nucleation step, and (D) crystallization step.

(T.y). T., depends on the molecular characteristics of the
polymer and decides the lower limit of the nucleation
efficiency scale.

Step C. This self-nucleation step is carried out by heating
the sample to selected temperatures (7). When T is located
in the partial melting zone (hatched section in Fig. 1), the
formation of stabilized crystal fragments occurs. The
concentration of these crystal fragments increases with
decreasing T and reaches saturation at 7,="T,.

Step D. This second crystallization step is achieved by
subsequent cooling of the samples which give crystal-
lization peaks at temperature 7T, (T., > T.;). An increase in
T. indicates an increase in the concentration of nucleation
sites induced by the self-nucleation process.

The virgin sample crystallizes at T, whereas the best
nucleated sample crystallizes at the higher crystallization
temperature T.omax- These two extremes decide the limits of
the nucleation efficiency scale.

2.4. Dynamic mechanical thermal analysis (DMTA)

Glass transition temperatures and moduli of the samples
were measured using a TA Instruments Q800 dynamic
mechanical analyzer fitted with a single cantilever
geometry. Samples were extruded in a twin-screw mini-
extruder with a residence time of 5 min at 190 °C; the rotor
speed was set at 50 rpm. The extruded samples were
compression into sheets and bars of approx. 20X 15X
1 mm? size were cut from the sheets. For the measurements,
the samples were cooled to —80 °C and held for 5 min and
subsequently heated to 100 °C at 2 °C/min. A dynamic force
of 0.25 N oscillating at 1 Hz and amplitude of 0.2 um was
used.

Three parameters, i.e. loss tangent (tan 0), the intensity of
the transition (S) and full-width at half maximum (FwHM),
were used to evaluate the glass transition temperature and
the state of the amorphous phase in the samples. The
maximum of the transition in the loss tangent (tan ¢) curve

is taken as the T, [37]. The intensity of the transition (S) is
an important parameter reflecting the mobility and content
of the amorphous phase [30]. It is defined as:

E, - E}

S = ;
Ey

2
where E, and E}j denotes the storage modulus before and
after the transition, respectively. A higher S means a higher
mobility (less entanglement) or a higher content of
amorphous phase. The full-width at half maximum
(FwHM) refers to the homogeneity of the amorphous
phase. A higher value of FWHM compared to base materials
implies a higher inhomogeneity.

2.5. X-ray diffraction

Wide-angle X-ray diffraction (WAXD) experiments
were performed at the DUBBLE (Dutch—Belgium) beam-
line at the European Synchrotron Research Facility (ESRF),
Grenoble, France. An X-ray wavelength of 1.218 A was
used. The WAXD patterns were detected by a curved linear
microstrip-gas chamber detector. The diffraction angles at
the WAXD detector were calibrated with Si powder. The
nanocomposites films/powder were put in aluminum pans,
and placed in a THMS600 hot stage (Linkam Scientific Ltd)
for X-ray diffraction. Data were recorded while the sample
was heated and cooled at 10 °C/min. Diffraction patterns
were taken at every 6s, which corresponds to one
diffraction pattern for each degree Celsius in the tempera-
ture ramp.

2.6. Mechanical properties

Mechanical properties were measured on a Zwick Z010
series universal testing machine in tensile mode. The
samples were extruded and injection molded in dog-bone
shaped bars of 1.5X5X55 mm®. The measurements were
done at a cross-head speed of 10 mm/min at room
temperature.

3. Results and discussion

The silica nano-particles used in this study are in-situ
formed silica particles of 30-80 nm as observed by
transmission electron microscopy. The silica particles
have hydroxy-groups on its surface as found from MAS
29Si NMR [36]. PP/silica nanocomposites with silica
contents up to 5 wt% were used in this study, but we
concentrate on the concentration range up to 1 wt%.

3.1. Crystallization behavior

As an example, the crystallization curves of PP and
PP/silica nanocomposites at a cooling rate of 10 °C/min are
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Fig. 2. DSC cooling scans of PP/silica nanocomposites from melt at
10 °C/min as a function of silica content.

shown in Fig. 2. The increase of the crystallization peak
temperature (7.) upon increasing silica content shows the
nucleating effect of silica on PP crystallization up to 1 wt%
silica, at higher concentration it decreases slightly and
remained constant. Table 2 shows the crystallization data at
various cooling rates. As the cooling rate is increased, 7. is
shifted to lower temperatures for both PP and PP/silica
nanocomposites, which may be due to a larger supercooling
at higher cooling rates. However, these measurements were
performed on pressed films of 3-4 mg. Temperature
gradient in the samples are, therefore, not expected. At a
given cooling rate, T, of silica-filled PP is higher than that of
pure PP. The overall crystallization time (#.) was calculated
using the following equation:

— (Ts - Te)
Bo

where ( is the rate of cooling, T is the initial crystallization
temperature and T is the final crystallization temperature.

Fig. 3 shows that ¢, is reduced upon increasing the silica
content at different cooling rates. The increase in 7, and the
decrease in . are typical characteristics of nucleation-
controlled polymer crystallization [38]. Usually, homo-
geneous nucleation starts spontaneously below the melting
temperature [35] and proceeds rather slowly, whereas the
heterogeneous crystallization starts as soon as the crystal-
lization temperature is reached. The crystallization of silica
nano-particles filled PP proceeds mainly via heterogeneous
nucleation by the silica nano-particles. However, two
regions, i.e. below and above approximately 1 wt% of
silica, can be distinguished showing a different nucleating
effect. The DSC-experiments at different cooling rates
apparently show the same trend, except at the highest
cooling rate, i.e. 50 °C/min. Since, for each cooling rate a
different sample was used, the repeatability seems sufficient
to draw conclusions. The apparent decrease in nucleation

3)

tC

Table 2

Non-isothermal crystallization behavior of PP/sillica nanocomposites at different cooling rate
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Fig. 3. Overall crystallization time versus cooling rate of PP/silica
nanocomposites as a function of silica content.

may be related to a different nucleation mechanism and to
the volume fraction of silica particles. We have no
conclusive explanation for these observations and more
experiments with different characterization techniques are
needed to elucidate the behavior.

The degree of crystallinity at the peak melting
temperature is calculated from the melting heat
[AQ., (J/g)] obtained from the DSC measurements accord-
ing to the following equation (after normalization for the PP
concentration):

AQn,
AH,

X = “4)

where AH,=207.1J/g is the melting enthalpy of 100%
crystalline PP [31].

The degree of supercooling and the degree of crystal-
linity of PP/nanocomposites with varying silica levels at a
cooling rate of 10 °C/min are listed in Table 3. The degree of
supercooling is defined as the difference in the melting peak
temperature (7,,) and crystallization peak temperature (7,)
at a given cooling rate. The nucleating effect of silica results
in a shifting of 7, to higher temperatures, whereas T, is
hardly affected indicating that the supercooling (AT) is

reduced with increasing silica content followed by a slight
increase at higher concentration. When a polymer crystal-
lizes with less supercooling, it crystallizes more perfectly.

From the DSC curves, the values of the relative
crystallinity at various cooling rates can be calculated.
The relative crystallinity as a function of time can be defined
as:

_ o ()

Iy (@)ar

where (dQ/dr) represents the rate of heat flow, X; and X
represent the crystallinity at time ¢ and at the end of
crystallization process (f.), respectively.

For the non-isothermal crystallization process, the
crystallization time ¢ and temperature T are related as:

X, = ®)

§<\3<

_ |To — 71
Bo

where T is the temperature at time ¢ and T is the initial
temperature when crystallization starts. Thus, the relative
crystallinity as a function of temperature (7), X.(7), is
defined as:

T
Iz (d%i(rn)dT

The relative crystallinity as a function of time and
temperature for PP and PP/silica nanocomposites is shown
in Fig. 4. All curves have similar sigmoidal shapes. The
curvature of the upper parts (near complete crystallization)
in the plots is due to the spherulitic impingement in the later
(growth) stages of crystallization. From the curves in Fig. 4,
the half-life times to reach 50% crystallinity (¢;,,) of non-
isothermal crystallization are calculated and listed in
Table 3 for a cooling rate of 10 °C/min. It can be observed
that PP in the presence of silica is nucleated at higher
temperatures and crystallizes faster. The faster increase of
the initial stages of crystallization also signifies the
nucleating effect of silica nano-particles.

(6)

X.(T) = (7)

3.2. Non-isothermal crystallization kinetics

The Avrami equation [23,24] was developed for
isothermal crystallization, although it has also been used
to study non-isothermal processes [39], and reads as:

Table 3

Crystallization and melting data for PP/silica nanocomposites at a scanning rate of 10 °C/min

Sample T, Ty, peak (°C) AT (°C) ti2 (8) X, (%) [
Peak (°C) AH. (J/g)

PP 111.4 99.7 158.7 474 64.5 48.1 1.00

PP/silica 0.2% 114.2 102.3 159.8 455 55 49.4 0.89

PP/silica 0.5% 117.6 106.5 160.3 42.7 51 515 0.78

PP/silica 1.0% 116.2 110.2 160.2 44.0 46 53.7 0.74

PP/silica 1.5% 114.6 100.7 160.0 454 32 494 0.71
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Fig. 4. Relative crystallinity versus time and temperature for non-isothermal crystallization (a) PP and (b) PP/silica (1 wt%) at different cooling rates indicated

by the legends.
X, = 1 —exp(—Z(D)") ®)

where n is the Avrami exponent, Z(7T) the Avrami rate
constant and X, the relative crystallinity at time .
Although the physical meaning of Z, and n cannot be
related to the non-isothermal case in a simple way, their use
provides further insight into the kinetics of non-isothermal
crystallization. For non-isothermal processes, the Avrami
crystallization rate Z(7) has been corrected [25,40], since
the temperature is constantly changing during the measure-
ments. Thus, the parameter characterizing the non-iso-
thermal crystallization kinetics has been defined as:

log 2, — &% ©)
Bo

where (3 is the cooling rate.

According to Eq. (8), log[—In(1—X(¢))] is plotted
against log ¢ in Fig. 5. The values of the Avrami exponent
n and the rate parameter Z. (i.e. corrected Z;) can be
determined from the slope and intercept of the curves,

respectively. It is interesting to note that the curves for PP
show only one region (secondary crystallization is less
significant) as also observed by He et al. [41] and Xu et al.
[20]. At high cooling rates, a prominent saturation at higher
relative crystallinity is observed. However, for the silica
nano-particle filled PP, each curve shows two regions: the
so-called primary stage followed by the secondary stage
(plateau region). This has not been reported in earlier studies
on PP-nanocomposites [20]. Such a behavior has been
reported for PEEK by Liu et al. [28] (non-isothermal
crystallization), Cebe et al. [39] and Lee et al. [42]
(isothermal crystallization). The change from primary to
secondary stage occurs near approximately 70% relative
crystallinity. Each regime gives different values for n (n,
and n,) and Z; (Z.; and Z,) as listed in Table 4. For PP, the
two stages are not distinct; however, for comparison with
the nanocomposites, the curves are split into two stages:
below and above 70% crystallinity. The average values of
the Avrami exponent for PP are n;=4.4 and n,=2.1,
although the value of exponent » is more scattered than for
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Fig. 5. Avrami plots of log[ —In(1 —X,(#))] versus log ¢ for non-isothermal
crystallization of (a) PP and (b) PP/silica (1 wt%).

isothermal crystallization. Here, n, =4 correspond to three-
dimensional spherical growth and homogeneous nucleation
in the primary crystallization stage as normally observed in
the case of an isothermal crystallization process; n, =2 can
be assigned to one-dimensional linear growth and a thermal
nucleation. For PP/silica nanocomposites, n;=7 corre-
sponds to solid-sheaf growth from the silica nano-particles
(as usually observed in cold-crystallization of polymers
[28]) and thermal nucleation during the primary stage. The
initial increase and then decrease of the Avrami exponent n
with the increasing cooling rate stresses the importance of
thermal nucleation in the non-isothermal crystallization
process, whereas n, =2 implies that during the secondary

stage, the crystallization proceeds similar to PP with one-
dimensional growth and a thermal nucleation.

Generally, the secondary stage is related to crystal
perfecting, which is triggered by the initially poorly
crystallized molecules or small, imperfect and metastable
crystals. However, selective adsorption of PP-chains at the
silica particle surface may also play a role. The decrease in
n, with increasing cooling rate corresponds to a faster or
more effective secondary stage, which is mainly caused by
the slower primary stage and more imperfect crystals.
PP/silica nanocomposites have lower n, values than PP at a
given cooling rate suggesting a faster secondary crystal-
lization for PP/silica nanocomposites. The primary stage in
PP/silica nanocomposites has already proceeded towards
higher crystallinity and more perfect crystals than in PP due
to the nucleating effect of silica nano-particles. This
perfectioning step results in lamellar thickening [7]. The
‘reeling in’ of polymer chains also occurs during the
secondary stage. Schrauwen et al. [7] reported that this
results in a more disentangled amorphous phase which
eventually affects the mechanical properties. The faster
cooling rates are especially important as they closely mimic
the most industrial molding processes. If the secondary
crystallization is not complete, the product will continu-
ously crystallize over time in turn changing the properties of
the product.

The Avrami equation for the non-isothermal crystal-
lization is valid for the early stages of the crystallization
only and does not account for the secondary crystallization
of the polymers [28,38]. The observations from these
Avrami plots are indicative, but not conclusive. The Avrami
equation was extended by Ozawa [27] to develop a simple
method to study the non-isothermal crystallization kinetics,
assuming that the crystallization occurs at a constant rate.
According to Ozawa, the relative crystallinity at tempera-
ture 7, X7, can be calculated using following equation:

(10)

K(T
=0 =[]

where K(7T) is a function related to overall crystallization
rate and m is the Ozawa exponent that depends on the
dimensions of crystal growth. However, Ozawa’s theory
neglects the slow secondary crystallization and the
dependence of folded chain length (lamellar thickness) on
the temperature [43]. Cakmak and Lee [44] and Kim et al.
[15] showed that the Ozawa analysis cannot describe the
non-isothermal crystallization of polymers in general.

As the degree of crystallinity is related to the cooling rate
Bo and the crystallization time ¢ (or temperature T), the
relation between (3, and ¢ needs to be defined for a given
degree of crystallinity. Consequently, Liu et al. [28] derived
a new kinetic equation for non-isothermal crystallization by
combining Egs. (8) and (10) yielding:

log Z, +nlogt = log K(T) — m log B, (11a)
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Table 4

Values of n and Z_ and ¢/, for PP and PP/silica nanocomposites obtained from Avrami analysis for non-isothermal crystallization process

Sample cooling 0% 0.20%
rate (°C/min)

1%

Primary stage

Secondary stage

Primary stage

Secondary stage

Primary stage

Secondary stage

n ch np Zc2 n ch ny Zc2 n Zc 1 nyp ZcZ
2.5 3.7 0.13 1.8 0.52 4.7 0.08 2.1 0.41 4.6 0.13 4.0 0.41
5 34 0.64 4.9 0.55 52 0.64 42 1.37 7.3 0.37 54 0.62
10 2.9 0.95 35 1.00 7.8 1.05 2.8 1.05 6.3 1.03 32 1.07
15 7.0 1.17 2.6 1.08 8.4 1.18 2.3 1.06 113 1.13 2.9 1.06
20 4.7 1.17 22 1.09 10.7 1.14 2.6 1.05 6.4 1.02 2.0 1.25
30 4.6 1.07 24 1.06 6.0 1.21 1.8 1.07 6.2 1.26 1.8 1.42
50 4.7 1.12 2.0 1.05 5.7 1.17 1.7 1.05 6.3 1.20 1.5 1.42
loga =log F(T) —blogt (11b) in PP nanocomposites. The AE of the nanocomposites

where F(T)= [K(T)/Z,]”’” and b is the ratio of the Avrami
to Ozawa’s exponent, i.e. b=n/m. F(T) refers to the cooling
rate at unit crystallization time when the system has a
definite degree of crystallinity. This designates that F(T) has
a physical and practical meaning for non-isothermal
crystallization processes, as Z, has in the isothermal case.

Therefore, the Avrami-equation and Ozawa-equation are
combined as suggested by Liu et al. [28]. According to Eq.
(11a) and (11b), a plot of log B, against log ¢ at particular
degree of crystallinity gives a straight line with slope —b
and intercept F(T). Fig. 6 shows the plots of log 8y versus
log 1 at various degrees of crystallinity and values of » and
F(T) are calculated for each particular crystallinity and
listed in Table 5. At a certain degree of crystallinity, a high
value of F(T) indicates that a high cooling rate is needed to
reach this degree of crystallinity in a unit time, which is
related to the difficulty of the crystallization process for that
particular material. Table 5 shows that the value of F(7)
increases with increasing crystallinity. However, the F(T)
values of PP/silica nanocomposites at a particular degree of
crystallinity are lower and the increase in F(7) with the
degree of crystallinity is slower than for PP. This
demonstrates that the silica nano-particles facilitate the
crystallization process. The combined Avrami/Ozawa
equations are able to describe the non-isothermal crystal-
lization process for PP and PP/silica nanocomposites.

The cooling rate greatly influences the non-isothermal
crystallization process. Considering this, Kissinger [34]
proposed a method to determine the activation energy of
crystallization by calculating the variation of crystallization
temperature as a function of the cooling rate:

(8)] _ sz

O

TC

where ( is the cooling rate, R is the gas constant and T,
is the peak crystallization temperature. The crystalliza-
tion activation energies (AE) calculated from the slopes of

ln[;GO/TCZ] versus 1/T. (Fig. 7) are: 435, 322, 324, 311 and
358 kJ/mol for 0, 0.2, 0.5, 1 and 1.5 wt% silica, respectively,

reduced as the silica concentration is increased up to 1 wt%,
after which it displays a marginal increase, which implies
that the silica nano-particles influence the PP chains to
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Fig. 6. Log B, versus log ¢ from the combined Avrami—Ozawa equation as
proposed by Liu et al. for (a) PP and (b) PP/silica (1 wt%).
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Table 5

The values of b and F(T) at different degrees of crystallinity calculated from Fig. 7 for PP and PP/silica nanocomposites

X.(t) (%) 20 40 60 80

Pure PP b 1.24 1.22 1.19 1.18
E(T) 7.56 9.31 10.46 11.35

PP/silica 0.2% b 1.2 1.26 1.3 1.13
E(T) 7.41 8.96 9.66 11.3

PP/silica 1% b 1.09 1.16 1.14 1.21
F(T) 6.58 8.6 9.51 10.45

crystallize easier and accelerate the crystallization rates
during the non-isothermal crystallization process.

3.3. Nucleation efficiency

Fig. 8(a) shows the evolution of the crystallization
temperature for PP after self-nucleation carried out at
different temperatures and fixed cooling rate (10 °C/min).
From these curves, Toomax for the best self-nucleated PP is
chosen as the upper limit and T, of the virgin PP is taken as
the lower limit. The higher temperature Tcopmax is 138.6 °C,
whereas the lower temperature 7., is 110.6 °C, i.e. a
difference of 26.9 °C defines the efficiency scale.

The nucleating efficiency of silica nano-particles is
plotted in Fig. 8(b) as a function of silica concentration. It
shows a nucleating efficiency close to 20%, which is
comparable to most commercially available nucleating
agents, independent of the underlying mechanism of
nucleation. The in-situ prepared silica nano-particles, as
used in this paper, show a higher nucleation efficiency
compared to other PP-nanocomposites, including silica
(Table 1). The nucleating efficiency, however, saturates
above 0.5 up to 1 wt% followed by a slight decrease at
higher concentrations. As explained earlier, the reason for
the apparent decrease in nucleation efficiency is not clear at
this moment and needs to be resolved using different

8
8.5 -

-9
9.5

-10 7

In[Bo/Te’|

-10.5

-11 1

'1 15 T T T T
2.52 2.54 2.56 2.58 2.6 2.62
1/T.(10° K

Fig. 7. Kissinger plot for calculating the non-isothermal crystallization
activation energies for PP and PP/silica nanocomposites.

experimental techniques. The saturation at 0.5 wt% is
remarkably similar to the concentration threshold for
DMDRBS as observed by Kristiansen et al. [11].

3.4. Melting behavior of PP/silica nanocomposites

The melting behavior of the PP/silica nanocomposites
reflects the nucleating effect of silica. The narrow melting
peaks exhibited by the PP/silica nanocomposites during
heating (Fig. 9(a)) suggest that more perfect lamellae are
formed with a narrow size distribution. The melting
temperature (7,,) is constant but the width of melting
peaks, which reflects the lamellar thickness distribution,
reduces considerably compared to pure PP. The values of
T\, onset of Ty, and start (T,,,) and end (7,,,) of the melting
endotherms are listed in Table 6. All samples show a
melting temperature of 160 °C, which is the characteristic
melting point of the a-phase of PP [26]. A small melting
peak at approximately 145 °C is observed, although not
clear in Fig. 9(a) for low silica concentrations, but for
nanocomposites with high silica loadings it is more
prominent. This can be assigned to PP-crystals with the
B-modification, which is known to have a melting
temperature near 145 °C [45]. This is also confirmed by
the X-ray diffraction studies. The melting enthalpy is almost
constant for all the samples, which implies that the
crystallinity remains constant. However, from the crystal-
lization enthalpy, the PP/silica nanocomposites show a
slightly higher crystallinity than PP. The recrystallization
process may explain this discrepancy. The completion of
melting of the B-modification and the start of the
recrystallization in the o-modification (a’) occurs simul-
taneously; the peak due to recrystallization reaches a
maximum at 150 °C during the melting process. The area
of the peak from the B-modification in the silica-nucleated
PP is too small to deconvolute from the peak area due to the
recrystallization-melting process of a-form during heating
with a standard heating rate.

In case of PP/silica nanocomposites with higher silica
loadings in the range of 2-5 wt%, the amount of crystals
with the B-modification induced by the silica nano-particles
is higher (Fig. 9(b)). The peak at 145 °C corresponding to
the B-modification is persistent even after repeated melting
and crystallization. This signifies that it is not the effect of
thermal treatment or melt memory but a true effect of the
silica nano-particles on the PP crystal modification.
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Fig. 8. (a) Cooling curves of PP after melting and annealing for 5 min at
various T to determine the nucleation efficiency scale, (b) nucleating
efficiency as a function of silica content in PP/silica nanocomposites.

In situ X-ray diffraction confirms the presence of small
B-crystallites in the PP/silica nanocomposites. The WAXD
patterns recorded during cooling from the melt (225 °C) to
70 °C at 10 °C/min are shown in Fig. 10. The peak near 20 =
16° is the characteristic peak of the 300 plane of the B-unit
cell [46]. This peak is extremely small in the case of PP, but
significantly more intense for silica-nucleated PP. The peaks
in the WAXD pattern appear as soon as the material attains

Table 6
Melting data for PP/silica nanocomposites at a heating rate of 10 °C/min

Wig)
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Fig. 9. (a) Melting curves: PP/silica nanocomposites with 10 °C/min, (b)
melting curve of PP-nanocomposite with 5 wt% silica to demonstrate the
formation of the B-modification.

an appreciable degree of crystallinity. The appearance of
these peaks relates well to the crystallization temperature
calculated from DSC cooling curves. The crystallization
temperature for PP/silica (1 wt%) nanocomposites is
120 °C, whereas for PP it is 110 °C.

Silica (wt%) T (°C) Tin onset (°C) AH,, (J/g) Tsm Tem AT Xem
0.0 158.7 153.7 91.1 171.0 99.9 71.1 44.0
0.2 159.8 154.7 92.4 169.4 114.5 54.9 44.8
0.5 160.3 156.1 91.8 169.9 127.8 42.1 44.6
1.0 160.2 156.2 93.0 168.7 125.7 43.0 434
8.0 159.8 155.6 75.1 170.7 121.8 48.9 394
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3.5. Effect of silica on the glass transition temperature

As explained earlier, the peak in the tan ¢ curve is used to
determine the glass transition temperature and the intensity
of transition calculated from the change in the storage
modulus before and after glass transition is used to
determine the mobility of the amorphous phase. Fig. 11(a)
shows the evolution of the loss tangent (tan ¢), which is
always higher for the PP/silica nanocomposites than for PP
and Fig. 11(b) shows the storage modulus curves. The
storage modulus shows a sharp decrease for the PP/silica
nanocomposites at the glass transition temperature, but it is
still higher than for pure PP.

The T, for PP/silica nanocomposites is observed at
temperatures below that of PP (Table 7). This can be
explained with the help of the DSC results: The silica acts as
a nucleating agent leading to the formation of more perfect
crystals along with a faster crystallization of PP (Table 3).
Perfecting of crystals results in a more disentangled
amorphous phase which has a higher mobility in the PP/
silica nanocomposites, resulting in a slightly lower T, value.
The effect is more evident from the drop in elastic modulus
and is further explained by using the intensity of the
transition.

The intensity of the transition (S) is higher for the
PP/silica nanocomposites than for PP (Table 7). This
indicates that the nanocomposites have a less entangled
(more mobile) amorphous phase; however, DSC data shows
that the nanocomposites have a higher crystallinity than PP.
The higher intensity of the transition suggests that the drop
in elastic modulus above the glass transition is higher which
in turn indicates a more disentangled amorphous phase.
Diez-Gutiérrez et al. [30] observed that the T, as well as the
intensity of the transition decreased for PP/talc composites.
According to them, the addition of a rigid phase reduces the
mobility of polymer chains, which results in lower values of
the transition. The concentration of talc used in their work
was 40 wt%, whereas in the present work the silica
concentration is less than 1 wt% implying that the
concentration of the rigid amorphous phase is not high
enough to affect the mobility of the polymer chains.
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However, the kinetics of crystallization in the presence of
fillers does affect the amorphous phase.

The inhomogeneity of the amorphous phase and a high
mobility imparts the flexibility to the matrix, which results
in a decrease of storage modulus at higher temperatures
even with a higher crystallinity. An increase of the FwHM
values of T, was observed for PP/silica nanocomposites.
This was expected considering the nucleating effect of
silica, which results in faster crystallization and more
perfect crystals but in a more inhomogeneous amorphous
phase than for PP.

The decrease in the strain hardening modulus observed
for PP/silica nanocomposites during stretching at higher
strains (Fig. 11(c)) is the result of this less entangled, more
mobile amorphous phase. The slope of the curves at higher
strains can be considered as a measure for the strain
hardening modulus.

4. Conclusions

The crystallization behavior as studied with DSC shows
that in situ prepared silica nano-particles via the sol-gel
method in PP/silica nanocomposites act as nucleating
agents. The nucleating efficiency of the silica particles is
20% in the low concentration range and is comparable to the
most commercial nucleating agents, and higher compared to
silica nano-fillers as well as other nano-fillers studies by
other researchers.

The combined Avrami—Ozawa equation approach pro-
vides a convenient tool to study the non-isothermal
crystallization process for these systems. The non-iso-
thermal crystallization kinetics proceeds in two stages: the
primary stage is characterized by nucleation and spherulitic
growth and the secondary stage is characteristic of the
perfection of crystals. Silica, being a heterogeneous
nucleating agent, accelerates the primary stage, resulting
in more perfect crystals. This is also evident from the
melting behavior of the PP/silica nanocomposites. The
crystallization activation energy decreases with increasing
silica content in the PP/silica nanocomposites, accelerating
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Fig. 10. WAXD patterns of (a) PP and (b) PP/silica (1wt%) obtained during cooling from 225 to 70 °C at 10 °C/min.
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content: (a) tan 0 as a function of temperature, (b) storage modulus as a function
of temperature, (c) stress-strain curves measured at room temperature.

the crystallization. The melting curves indicate the
formation of more perfect crystals and a narrow distribution
of crystal size and lamellar thickness. The WAXD patterns
show that silica nano-particles induce the B-modification in

Table 7
Ty, intensity of transition and full width at half maximum (FwHM) of
PP/silica nanocomposites measured by DMTA

Silica (wt%) T, (°C) S (%) FwHM (°C)
0 11.2 1.25 38.1
0.2 9.7 1.71 40.7
0.5 8.7 1.82 39.8

PP. Though at low levels, the presence of some crystals with
the B-modification may help in improving the mechanical
properties, especially the impact toughness of the PP.
DMTA analysis shows a marginal lowering of 7, and an
increase in the mobility (less entangled) amorphous phase.
The increase in crystallinity results in higher yield stress and
the decrease in entanglement eventually results in lower
strain modulus. Faster crystallization, higher crystallinity
and less entangled amorphous phase as a result of the
presence of low concentration of silica nano-particles in PP
can form the basis of PP nanocomposites with superior
mechanical properties.
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