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Abstract

Isothermal and non-isothermal crystallization kinetics of polypropylene (PP)/surface-treaieBa@@omposites were extensively studied.
Analysis of the isothermal crystallization showed that the phenomenon is characterized by faster rates as the amount of silica is increased. In
the case of non-isothermal crystallization, it was found that the Ozawa analysis was rather inapplicable for the nanocomposites. In contrast,
the modified Avrami method, as well as the method proposed by Mo was applied giving satisfactory results. The effective energy barrier
for non-isothermal crystallization was estimated as a function of the relative degree of crystallinity using the isoconversional analysis of
calorimetric data. This was found to vary with the degree of conversion, as well as with the presence of filler. Finally, the nucleation activity of
the silica nanoparticles on the polymer matrix was explored and it was proved that when the content of filler exceeds 7.5 wt.% the nucleation
is not drastically improved.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction production grew up very fast during the last years and there
is a tendency to replace some of the traditional polymers in
The synthesis of new polymeric materials involves high many of their applications. Thermal and mechanical prop-
cost therefore research is directed towards modifying cur- erties of this polymer can be significantly improved using
rent polymers to achieve inexpensive materials with tailored fillers that will act as artificial nucleating agefis§. Nanopar-
structures and suitable for targeted applications. The use ofticles are new classes of fillers, which due to their higher
additives in polymer matrices is a common practice. It usu- surface area may enhance further the crystallization rate of
ally aims at material reinforcement, enhanced crystallization semicrystalline polymers. Sghanoparticles are used for ef-
rates and plasticizing for easier processing. Recently, therefective reinforcement of synthetic rubbé4$ as wellastoen-
has been much research on creating organic/inorganic com-hance notch toughness and tensile performance improvement
posites by adding nanoparticles to the polymer mdttix of polypropylend5-7]. However, different and some times
resulting thus in materials having greatly improved mechan- contradictory results have been mentioned about the effect of
ical and rheological propertig2]. SiO; nanoparticles on crystallization rate of semicrystalline
Isotactic polypropylene (i-PP) has become the most inter- polymers. Rong et al6] reported that Si@exhibits some nu-
esting commodity thermoplastic, due to its higherisotacticity, cleation effect on the crystallization rate of PP matrix though
enhanced mechanical properties, narrow molecular weightthe addition of the nanoparticles does not greatly influence
distribution and increased clarity. Therefore, its worldwide the whole crystalline features of PP. In polyamide 6, unmodi-
fied silica nanoparticles increase the crystallization rate of the
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the non-isothermal crystallization rates of nylof®6 In case lane, and had a specific surface area 1%@nand average
of larger SiQ particle size (5-2pm) than the nanoscale, it primary particle size 12 nm.

was found that crystallization of polytetrafluoroethylene de-

creases slightly with the addition of different Si©ontent 2.2. Nanocomposites preparation

[10].

Furthermore, the final polymeric material properties are Nanocomposites containing 1, 2.5, 5, 7.5 and 10wt.%
dependent on the morphology generated during their pro- SiO, nanoparticles were prepared by melt mixing on a
cessing. In this stage, the filler in polymeric-based composite Brabender (model DS@25/32D) twin screw corotating ex-
materials may act as a nucleating agent and affect thus thetruder with L/D 32 (D25 mm). Along the screw there were
crystallization behavior. So, the knowledge of the parameters different screw elements in order to induce polymer melting
affecting crystallization is crucial for the optimization of the and nanoparticle fine dispersion in the polymer melt. Prior to
processing conditions and the properties of the end product.the melt processing, silica nanoparticles were dried for 24 h
Research on the polymer crystallization process can be car-at 105°C. After compounding the material was extruded to
ried out under isothermal or non-isothermal conditifiri. produce cylindrical extrudates. These were immersed imme-
Analysis of the overall crystallization rate under isothermal diately in a cold-water bath (2@C) and pelletized with an
conditions is generally accomplished with the use of the so- adjustable rotating knife, located after water bath, into 5 mm
called Avrami equatiofil2—17], which is valid at least forthe  |ength.
early stages of the process. However, non-isothermal crystal-
lization of polymers is quite difficult to be modelled. Some 2 3. Differential scanning calorimetry measurements
authors tried to model the non-isothermal process, assuming
it can be approximated by a sequence of infinitesimally small  Crystallizations of the PP nanocomposites were per-
isothermal stages, so that it can be described by models basetbrmed in a Perkin-Elmer Pyris 1 differential scanning
on modifications of the Avrami equatigfhi8—26]. Recently, calorimeter (DSC). Samples of450.01mg were used.
the non-isothermal crystallization kinetics of several polymer |sothermal crystallization tests were performed at 125, 127.5,
nanocomposites have been studi2d-33]. In this context, 130, and 132.5C. The samples were initially melted at
although the crystallization kinetics of plain PP have been 200°C for 5 minin order to erase all previous thermal history.
extensively examinefl 1], few works dealing with the crys- ~ The temperature selected to begin the thermal treatment was
tallization kinetics of its nanocomposite have been published quite higher than the measured melting point of all compos-
[27,33-35]. ites (around 162C), although not very high in order to avoid

In this work, the crystallization kinetics of new i-PP  any possible thermal degradation of the polymer chains. Sub-
nanocomposites containing fumed silica at various amounts,sequently, the specimens were cooled at a rate of @0in
from 1 to 10wt.%, was studied under both isothermal and to a temperature 2@C above the crystallization temperature
non-isothermal conditions. For this purpose various PR/SiO (T;) and finally at a rate of 40C/min to T, so that equilib-
nanocomposites samples were prepared and the effect ofium of the instrument was achieved. The samples were held
SiO, content on the crystallization rate of PP was exam- at T, until no change in the heat flow was recorded in the
ined. The spherulitic growth rate was used to obtain data heat flow versus time plot. From the enthalpy evolved during
on the specific surface free energies for the plain PP andcrystallization the kinetics of crystallization was evaluated.
all nanocomposites. Moreover, the kinetic parameters of the  For non-isothermal crystallizations, samples were cooled
Avrami and Ozawa equations were obtained, along with the at various cooling rates. Crystallizations were performed at
combined Avrami—Ozawa method. The nucleation activity cooling rates 2.5, 5, 10, and 2G/min. The crystallinity of
of the nanoparticles on the polymer matrix was explored. the samples was determined from the heat of crystallization.
Finally, the effective energy barrier of non-isothermal crys- Fast cooling lead to slightly lower crystallinity.
tallization was calculated as a function of the relative degree
of crystallinity using an isoconversional approach. 2.4. Morphological examination

Scanning electron microscopy (SEM) was carried out us-

2. Experimental ing a JEOL JMS-840A scanning microscope equipped with
an energy-dispersive X-ray (EDX) Oxford I1SIS 300 micro-
2.1. Materials analytical system. For this purpose fractured surfaces as well

as thin films were used. From these films the Si elemental
Isotactic polypropylene was supplied from BASELL poly- composition of each nanocomposite sample was determined.
olefines with a melt flow index (MFI) 12 g/10 min at 190. The operating conditions were: accelerating voltage 20KkV,
The hydrophobic fumed silica (Sip nanoparticles used probe current 45nA and counting time 60 s, with ZAF cor-
were supplied from Degussa AG (Hanau, Germany) under therection being provided on-line. All the studied surfaces were
trade name AEROS®.R974. Itwas produced by treatinghy-  coated with carbon black to avoid charging under the electron
drophilic fumed silica nanoparticles with dimethyldichlorosi- beam.



G.Z. Papageorgiou et al. / Thermochimica Acta 427 (2005) 117-128 119

Transmission electron microscopy (TEM) examination
was performed in ultra thin sections of nanocomposites by
using a JEOL 100 SX microscope.

SEl & , 255 SiKa, 3 &

3. Results and discussion

3.1. Microscopical analysis

In Fig. 1, the silicon elemental analysis at the surface of
the nanocomposites films is presented. The density of the
white spots is indicative of the amount of the silica par-
ticles in the surface of the specimens. In these SEM mi-
crophotographs it is obvious that the silica fed in the extruder
during compounding, was incorporated into the polymer ma-
trix. However, the SEM cannot provide more information re-
garding to the microstructure and the dissemination of these
particles inside the PP matrix. For this reason the nanocom-
posites were examined with TEM (Fig. 2). From the TEM
microphotographs it was realized that a large amount of sil-
ica nanoparticles formed aggregates. Of course the size of |SEl &, 255
these aggregates depends on the silica content and increasesf s
as the content of silica increases. In nanocomposites con- [
taining 10 wt.% of SiQ the aggregates size is up to 500 nm
(Fig. 2). This behavior is characteristic of fumed silica and
it is attributed to the powerful interaction of the surface hy-
droxyl groupd3]. For this reason, fumed silica can be found
only in aggregates, which form clusters and seems that it is
very difficult to break down during melt mixing even when
high shear rates are employed as in the extruders.

3.2. Isothermal crystallization kinetics

Crystallization of polymer melts is usually accompanied
by significant heat release, which can be measured by differ-
ential scanning calorimetry (DSC). Based on the assumption
that the evolution of crystallinity is linearly proportional to 3 ! o B
the evolution of heat released during the crystallization, the (d)

relative degree of crystallinity{(t), can be obtained accord- ;
ing to the following equation: SEl &, 255 __ Sika,4________®
t F s
(dH;/dr)dt
x(o) = Lot/ (1)
Jo (dHc/dr)dr

where dH denotes the measured enthalpy of crystallization
during an infinitesimal time interval dt. The limitsand co

are used to denote the elapsed time during the course of crys- [FEEEsEEs |
tallization and at the end of the crystallization process, re- " o)

spectively.

Isothermal crystallization of PP and the PP/S8&mples Fig. 1. SEM-EDX microanalysis of silica in PP/surface-treated »SiO
was performed at various temperatures from 125to 132.5  nanocomposites (a) 1.0wt.%, (b) 2.5wt.%, (c) 5.0wt.%, (d) 7.5wt.% and
Fig. 3shows the DSC traces for isothermal crystallization of (€) 10Wt.%.
the PP/7.5wt.% Si@nanocomposite. As the supercooling,

i.e. the difference between the melting and crystallization
temperature, decreases, the crystallization rate gets slower
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Fig. 2. TEM microphotograph of PP/surface-treated Si€ntaining
10 wt.% silica nanoparticles.
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Fig. 4. Avrami plots of log[—In(%- X(t))] vs. log[t] for isothermal crystal-
lization of the PP/10 wt.% Si©nanocomposite.

model. To continue the analysis one assumes that complete

and the exothermal peak becomes broader. Thus, the time tQrystallization is reached. The valuesrgfk andK, can be

reach the peak increases.

The application of different macrokinetic models to the
isothermal crystallization kinetics of various polymers has
been recently investigated by Supaphol ef28,37]. For the

analysis of the isothermal crystallization, the most common

approach is the so-called Avrami methd@—-17]. Accord-
ingly, the relative degree of crystallinitf(t), is related to the
crystallization timet, according to:

X)) =1—exp(—kf") or X(@)=1-exp[-(K)"] (2)

where n is the Avrami exponent which is a function of
the nucleation process akds the growth function, which

calculated from fitting to experimental data using the double

logarithmic form of Eq(2):

log{—In[1 — X()]} = logk + n logt 3)

Eqg. (3) is thus used to fit the experimental data and
compare crystallization behaviors of pure PP and the
nanocomposites. Plots of log{ —In[1—X(t\Mérsus lod were
constructed and for the isothermal crystallization of the
PP/10wt.% SiQ nanocomposite are shownhg. 4.

In these plots an initial linear part is observed, which

was used for the estimation of the parameteendk. The

deviation, which is observed after this first linear part in the

is dependent on nucleation and crystal growth. Since the ayrami plots, is often attributed to secondary crystallization.

units ofk are a function oh, Eg.(2) can be written in the
composite—Avrami form usin instead ok (wherek=K")
[36,37]. Avrami equation in the simple form represents unim-
peded spherical crystal growfthi2—14]. However, the sample

From the slope and the intersection of the Avrami plots,
values ofn and k, respectively, were calculated and the
results are summarized ifable 1. In the same table, the

values ofK calculated from the respective valuesrénd

does not reach complete crystallization as required for the are included. It is known that the value ofstrongly
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Fig. 3. DSC thermograms of isothermal crystallization for the PP/7.5 wt.%
SiO; nanocomposite at various temperatures.

depends on both the mechanism of nucleation and the
morphology of crystal growth, and that idealty would
be an integef12-17]. Then values found in the case of
PP nanocomposites were in the vicinity of 2.7, for the
crystallization temperatures from 125 to 132%and they
should possibly be related with three-dimensional growth.
Using then andk values thus obtained, the crystallization
half time,t1/2, can be calculated from E{ft) and their values
are presented ifiable 1:

In2\ /"
t1yo=|—
> (k)

For a given specimen, the crystallization half tinhgy,
increases following the increase in the crystallization temper-
ature, while the inverse effect was observed for the growth
function,k. Furthermore, for a given crystallization tempera-
ture as the amount of Sghanoparticles increasdsy, is re-
duced whilek andK were increased for contents greater than

(4)
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Table 1

Results of the Avrami analysis for isothermal crystallization of PP and PRfgi@composites

Samples Tc (°C) n k (min—") K (min—1) t1/2 (Min)

PP 125.0 2.6 0.064 0.342 2.53
127.5 25 0.020 0.204 4.21
130.0 25 0.003 0.099 8.74
132.5 2.6 0.001 0.053 16.5

PP/nano-Si@ (1% by weight) 125.0 2.7 0.060 0.355 2.46
127.5 2.7 0.015 0.212 4.11
130.0 2.7 0.003 0.119 8.16
1325 2.7 0.001 0.059 155

PP/nano-Si@(2.5% by weight) 125.0 2.7 0.061 0.360 243
1275 2.7 0.015 0.216 4.04
130.0 2.7 0.003 0.117 7.42
1325 2.7 0.001 0.063 14.1

PP/nano-SiQ (5% by weight) 125.0 2.6 0.102 0.419 2.07
127.5 2.7 0.022 0.244 3.58
130.0 2.7 0.006 0.145 6.01
132.5 2.7 0.001 0.074 115

PP/nano-SiQ (7.5% by weight) 125.0 2.7 0.105 0.429 2.03
1275 2.7 0.027 0.265 3.29
130.0 2.8 0.008 0.171 5.10
132.5 2.7 0.001 0.088 9.99

PP/nano-Si@(10% by weight) 125.0 2.8 0.154 0.512 171
127.5 3.0 0.025 0.286 3.09
130.0 2.7 0.010 0.181 4.84
132.5 2.8 0.001 0.096 9.01

5wt.% This verifies that the crystallization rates increase as cleation,Kq can be calculated from:
the nanoparticle content is increased.
_ 40(7.3boTr?1

= 6
97 Ahtpcks ©)

3.2.1. Spherulitic growth rate

It has been suggested that the kinetic data of isothermalWhere o, oe are the side surface (lateral) and fold sur-
polymer crystallization can be analyzed using the spherulitic face (end) free energies which measure the work re-
growth rate in the context of the Lauritzen—Hoffman quired to create a new surfacky is the single layer
secondary nucleation theorj38,39]. Accordingly, the thickness taken as 6.2610~°m assuming (110) growth
growth rate G is given as a function of the crystal- front [41], Ahtpe=AH;=1.93x 103 J/n? is the enthalpy

lization temperatureT; by the following bi-exponential ~ of melting [42,43] and kg is the Boltzmann constant
equation: (kg =1.38x 10723 J/K). The value of 4 was used since the

crystallization was assumed to take place in regime Il ac-

g 5 cording to Marand et a[41]. The nucleation parameté(y,
_m} exp[—m} ®) can be calculated from E¢G) using the double logarithmic
transformation:
where Gg is the pre-exponential factor, the first exponen- *
tial term contains the contribution of diffusion process to the In(G) + ———— =In(Go) — g @)
growth rate, while the second exponential term is the contri- R(Te — To) Te(AT)
bution of the nucleation process’ and T, are the Vogel- If the left-hand-side of Eq(7) is plotted against 1/CIAT)
Fulcher-Tamman-Hesse (VFTH) parameters describing thea straight line must be obtained having a slope equilto
transport of polymer segments across the liquid/crystal inter- For the growth rates, the approximationG ~ 1/t [44]
phase Ky is a nucleation constant an§iT denotes the un-  can be used. Ifrig. 5, these plots are shown for the plain
dercooling (AT= T,‘T’] — T¢). The universal values used for PP and all nanocomposites. As it can be seen all data for
the VFTH parameters até = 1500 cal/mol (6280 J/mol)and  every composite follow a straight line with a regression coef-
Too = (Tg —30) K [38,39]. In this study thdy value of PP ficient 0.999. The values of each slope with the correspond-
used was 270 K40] and the equilibrium melting tempera- ing 95% confidence interval are: 9.260.61, 9.7H-0.75,
ture, TO was set equal to 212°C. This value was found by ~ 9.25+ 0.37, 8.80+ 0.55, 8.34+ 1.14 and 8.16 0.75 for the
Marand and coworkerpll1] using the nonlinear Hoffman-  plain PP and the nanocomposites with 1.0, 2.5, 5.0, 7.5 and
Weeks extrapolation. For a secondary or heterogeneous nud10wt.% SiQ, respectively. Th&q values thus obtained are

*

G =Go exp[
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Fig. 5. Lauritzen—Hofmann type plots for isothermal crystallization of all Fig. 7. DSC thermograms of non-isothermal crystallization for the
the PP/Si@ nanocomposites. PP/7.5wt.% Si@ nanocomposite at various cooling rates.

plotted with respect to the silica contentfiig. 6. Thereisa  See inFig. 7for the crystallization on cooling of PP/7.5 wt.%
clear tendency foKg to decrease as the amount of the filleris - SiOz nanocomposite. The crystallization temperature range
increased. This decrease is almost linear till 7.5wt.%,SiO becomes broader and it shifts to lower temperatures with in-
while for larger amount of nanoparticles the rate of reduction creasing cooling rate.

becomes lower. As it is well known a foreign surface reduces ~ The relative degree of crystallinity as a function of tem-
frequently the nucleus size needed for crystal growth since peratureX(T), can be formulated as:

the creation of the interface between polymer crystal and Te (4 H/d TV
substrate may be less hindered than the creation of the corre — 1, (04 He/dT)dT
sponding free polymer crystal surfa@el]. A heterogeneous ];gc (dH/dT)dT
nucleation path makes use of a foreign pre-existing surface

to reduce the free energy opposing primary nucleation. It is whereTg denotes the initial crystallization temperature and
thus verified that the existence of the silica particles reduces Tc @ndToo the crystallization temperature at tirhand after

the work needed to create a new surface leading to fasterthe completion of the crystallization process, respectively.
crystallization rates. Again, the non-isothermal crystallization kinetics of vari-

ous polymers have been recently investigated by Supaphol et
al. [45,46]. The crystallization temperaturk,;, can be con-
verted to crystallization timd, using the well-known rela-
tionship for non-isothermal crystallization processes whichiis
strictly valid when the sample experiences the same thermal
history as designed by the DSC furng2é]:

_ TO_TC
- o

(8)

3.3. Non-isothermal crystallization kinetics

From dynamic crystallization experiments, data for the
crystallization exotherms as a function of temperature,
dH¢/dT can be obtained, for each cooling rate, as one can

t

(9)

wherea is the cooling rate. The transformation from tem-
perature to time is performed using a constant cooling rate

10,0 4 4

87 i [20].
R 1 T From the DSC thermograms at various cooling rates (2.5,
¥ 924 . 5, 10 and 20C/min), it was found that the crystallization
"jg peak temperaturdy, decreases with increasing cooling rate.
:c, 86 - 4 For example, the PP crystallization peak temperature for a

cooling rate 2.5C/min is about 122C, while for a cooling
rate 20°C/min it is almost 10C lower. A similar behaviour
was also observed for the nanocomposites. The respective
plots, which show the variation of the peak temperature with
R S T A cooling rate, for the PP/SiOnanocomposites are shown in
Si0, content (wi%) Fig. 8. In thgse plots'lt is alsq obvious tha}t the peak. temper—
ature at a given cooling rate increases with increasing silica
Fig. 6. Variation of the nucleation constagy with the silica content, for content, and this means that crystallization rates increase with
the PP/Si@ nanocomposites. silica content.

8,4

80
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Fig. 9. Ozawa plots of log[—In(% X(T))] vs. log(«) for non-isothermal

Fig. 8. Crystallization peak temperature against cooling rate for PR/SiO o . f
9 y P P 9 9 2 crystallization of the PP/5wt.% SiOhanocomposite.

nanocomposites.

In order to quantitatively describe the evolution of crys- [11], for which a large part of crystallinity is attributed to
tallinity during non-isothermal crystallization a number of S€condary crystallizatiof?0]. Thus, in PP/Si@ nanocom-
models have been proposed in literat{it,45,46]. In this  POSites of the present work the Ozawa analysis was thought
investigation, the Ozawfd 8], the modified-Avram[21] and to be rather inapplicable, and it will be no more discussed.

the Mo and coworkerfl7] analyses were tested. ) _ ) o
3.3.2. Avrami analysis of non-isothermal crystallization

3.3.1. Ozawa analysis of non-isothermal crystallization According to this model, Eq2) can be modified using
According to Ozawa theorfiL8], the non-isothermal crys-  the transformatio9) in order to describe the crystallization
tallization process is the result of an infinite number of small kinetics under non-isothermal conditions:

isothermal crystallization steps and the degree of conversionX(t) — 1 exp(—2Z™) (12)
at temperaturd, X(T), can be calculated as:
K*(T) whereZ; andndenote the growth rate constant and the Avrami
In[1-X(T)]=-—— (10) exponent, respectively.
o

AgainZ; andn can be calculated by fitting the experimen-
wheremis the Ozawa exponent that depends on the dimen-ta| data to an equation similar to E). In Fig. 10plots of

sion of cry*stal growth an€ is the cooling crystallization  |og{—In(1— X)} versus log(t) are shown for the PP/1 wt.%
function.K" is related to the overall crystallization rate and sample. As it can be seen straight lines are obtained in each
indicates how fast crystallization occurs. Taking the double- cooling rate and from the slope and intercept of eachrine
logarithmic form of Eq(10), it follows:

log{—In[1 — X(7)]} = log K*(T) — m log « (11) 157

By plotting log{—In[1—X(T)}versus logy, a straight line 1.0
should be obtained and the kinetic parameterandK”, can ]
be achieved from the slope and the intercept, respectively. ]

Ozawa plots for dynamic crystallization of the PP/3iO 0.0

0.5

nanocomposite containing 5wt.% nanoparticles are shown = :

in Fig. 9. In the Ozawa plots of the nanocomposites, as well ; 0.5+

as in plots of PP, increased curvature was observed. In some & ]

cases of other polymers like PET, this may be reasonable, be- & 1'0__

cause the upper part is related with later stages during which 15 . QOZC/min
crystallization is retarded, since it takes place in a constrained ] . ® 10C/min
environment. Ozawa, in his approach, ignored secondary = -2.01 o A 5C/min
crystallization and the dependence of the fold length on I v 25C/min
temperatur¢25]. Lopez and Wilke$24] claimed that during '2'5_0_8 " 06 04 02 00 02 04 06 o8

cooling, secondary crystallization could not take place due to
the continuous decrease in temperature. However, the Ozawa
analysis is known that it cannot describe adequately crystal-ig. 10. Avrami plots of log[—In(1- X(t))] vs. log[t] for non-isothermal
lization kinetics of polymers such as PE, PEEK and Nylon-11 crystallization of the PP/1 wt.% Sihanocomposite.

log(t)
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and log(k) are calculated. Although physical meaning; of
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by Xu et al.[27]. Values for the exponent decrease as the

andn cannot be related to the non-isothermal case in a sim- cooling rate increases, or in other words as the supercooling
ple way, their use provides further insight into the kinetics of increases. The Avrami exponents for silica nanoparticle

non-isothermal crystallization.

filed PP were less than that for PP at the same cooling

Since the rate of non-isothermal crystallization depends onrate, indicating that the silica nanoparticles acted as het-

the cooling rate, the crystallization rate constaht,can be

erogeneous nuclei for the initial nucleation. Therefore the

properly corrected to obtain the corresponding rate constanttype of nucleation and the geometry of crystal growth of PP

at unit cooling rateZ; [21]:

logZ
log Ze = 9%

(13)

Thus, the crystallization half timéy,, can be calculated
from the corrected crystallization consta@tusing the equa-
tion

o In 2\ /"
2= |7

Table 2summarizes values of the Avrami parametei&.
and ofty/» calculated using Eq14) for all the PP nanocom-

(14)

posites at each cooling rate. It should be noted here that th

changed.

3.3.3. Mo’s analysis

Mo and coworker§47] proposed a different kinetic model
by combining the Ozawa and Avrami equations. As the de-
gree of crystallinity was related to the cooling ratand the
crystallization timet or temperaturd the relation between
« andt could be defined for a given degree of crystallinity.
Consequently, combining Eq&3) and (11) derived a new
kinetic model for non-isothermal crystallization:

eJnZt-l—nInt:InK*(T)—mlna (15)

t1/2 values thus calculated are different from the ones ob-

tained using the relative degree of crystalliniift) data. The

crystallization constang, increases with increasing cooling
rate, while the crystallization half timé,», decreases. This
is reasonable, since, both @r Z;) andt;/» are measures of

the crystallization rate, which gets faster with supercooling.

Furthermore, as the amount of the Sianoparticles is in-
creasedZ. increases also, for a fixed cooling rate, while

By rearrangement at a given crystallinity and solving for
the cooling rate, Eq15) becomes:
Na=In F(T)—bInt (16)

where F(T) = [K*(T)/Z,]*"™, refers to the value of cool-
ing rate chosen at unit crystallization time, when the sys-

decreases. This proves that the phenomenon has been accdfM has a certain degree of crystallinyis the ratio of the

erated because of the presence of the nanoparticles.
The Avrami parametera and Z. for PP were found to

Avrami exponent to Ozawa exponents, bes n/m. Accord-
ing to Eq.(16) at a given degree of crystallinity the plot of

have very similar values with the corresponding reported N @ against Int will give a straight line with an intercept

Table 2
Results of the Avrami analysis for non-isothermal crystallization of PR/SIO
nanocomposites

Samples Avrami Cooling rate (K/min)
parameters
25 5 10 20
PP n 42 41 42 42
K 0.15 0.66 1.02 1.15
ta2 1.44 101 091 0.89
PP/nano-Si@ (1% by weight) n 38 37 36 35
K 0.19 0.70 1.03 1.12
tij2 1.40 0.99 0.90 0.87
PP/nano-SiQ (2.5% by weight) n 43 40 41 39
K 0.16 0.72 1.10 1.16
tie 1.41 0.99 0.89 0.87
PP/nano-SiQ (5% by weight) n 42 37 36 4.0
K 0.18 0.79 1.11 1.15
ta2 1.38 0.97 0.88 0.87
PP/nano-SiQ (7.5% by weight) n 42 42 42 40
K 0.18 0.79 1.17 1.20
ti2 1.37 0.97 0.88 0.87
PP/nano-SiQ(10% by weight) n 41 37 41 42
K 0.20 0.84 1.10 1.30
tie 1.36 0.95 0.89 0.87

of In F(T) and a slope of-b. As it is shown in Fig. 11,
plotting Ina against Irt, at a given degree of crystallinity,

a linear relationship was observed (correlation coefficient
R>0.998). The values d¥(T) and the slop® are listed in
Table 3. The 95% confidence interval on the slope ranges
betweent0.03 andd-0.08. TheF(T) values increased with
the relative degree of crystallinity. However, at a certain con-
version they remained almost unaffected by the presence of
the filler, whileb ranged from 1.14 to 1.16 for PP and sil-
ica nanoparticle-filled PP composites, which means that the
Avrami exponenh is always slightly greater than the Ozawa
exponentm, as it has also been reported in literatfirg].

As the amount of the Si©nanoparticles is increased the
ratio b is increased, meaning that the presence of the nu-
cleating agent affects in a different waycompared tam.
These equations successfully described the non-isothermal
crystallization process of PEN and silica nanoparticle-filled
PEN[29], as also PP/montmorillonite hanocomposiizg|

and Nylon-11 nanocompositg#3]. Non-isothermal crystal-
lization is difficult to be described with a single equation
since there are a lot of parameters that have to be taken into
account simultaneously. The importance of this method is
that it correlates the cooling rate to temperature, time and
morphology.
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3.5 Table 3
. X()=20% Values ofb andF(T) versus degree of crystallinity based on Mo’s treatment
204 o X()=40% for PP and Si@ nanoparticle-filled PP composites
A X(1)=60% Samples X(%) b InF(T) E (kJ/molp
X(t)=80%
- v X(=80% PP 20 116 185 —257
40 1.15 2.05
60 1.15 2.20
Z 209 80 115 2.33
<
- PP/nano-SiQ (1% by weight) 20 125 1.89 -—-252
15 40 1.24 210
60 123 2.26
104 80 1.21 240
PP/nano-SiQ(2.5% by weight) 20 115 1.74 -254
05 40 1.14 1.95
B T T T T T T

12 08 04 0.0 0.4 0.8 1.2 60 116 210
80 117 223

PP/nano-SiQ (5% by weight) 20 1.13 165 —263
40 1.14 186
3.5 60 116 2.02

80 117 247
3.01 PP/nano-Si@(7.5% by weight) 20 1.37 1.67 -—258
40 131 1.93
054 60 131 210
' 80 131 2.27
= 204 PP/nano-SiQ(10% by weight) 20 126 174 -268
g, : 40 131 1.93
= 60 125 212
1.5 80 126 2.28
a Effective energy barrier calculated using Kissinger's equation.
1.0
0.5 — — — —————————— wherew is a geometric factog is a specific energym is the
-2 -08 -04 00 0.4 0.8 12 molar volume of the crystallizing substancds the Avrami
(b) In(t) exponentASy is the entropy of melting ang? the infinite

crystal melting temperature.
Fig. 11. In(a) vs. In(t) from the combined Avrami and Ozawa equation for FurthermoreB can be experimentally determined from
-i i 1 i 9 . .
non-isothermal crystallization of (a) plain PP and (b) PPSIG wt.%. the slope of Eq.(19) obtained by plottlng |n(oz) ver-

sus the inverse squared degree of supercooling ;E/AT

3.4. Nucleation activity (ATp=Tm — Tp) [49,50]:
Dobreva and Gutzoy49,50] suggested a simple method In « — Constant— B (19)
for calculating the nucleation activity of foreign substrates AT&

in polymer melt. This method has been also used for silica
nanoparticle-filled PEN29] and for surface modified talc
PP composite$33]. Nucleation activity (¢ is a factor by
which the work of three-dimensional nucleation decreases
with the addition of aforeign substrate. If the foreign substrate

The above equation holds for homogeneous nucleation
from a melt, near the melting temperature. By using a nu-
cleating agent, Eq(19) is transformed to the following for
heterogeneous nucleation:

is extremely activey approaches 0, while for inert particles, B*
¢ approaches 1. The nucleation activity is calculated from In @ = Constant- —= (20)
the ratio: P

B* Plots of Ina versus 1/A',E2 forthe plain PP and all PP/S{O
0= 5 a7 nanocomposites are shown Fig. 12. As it can be seen

straight lines are obtained in every sample (correlation coef-
whereB is a parameter that can be calculated from the fol- ficient R>0.998). From the slopes of these lines, the values

lowing equation: of B andB" for the plain PP and the nanocomposites can
30, be calculated, respectively. These values together with their
w0~V (18) corresponding 95% confidence interval are 0.248125,

B=——_M _
3nksTQ AS2, 0.93440.027, 0.917-0.069, 0.874-0.106, 0.808- 0.122
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35 3.5. Effective energy barrier of non-isothermal
: crystallization
3.0
) 5_‘ Apart from the aforementioned macroscopic kinetic mod-
] elsitisinteresting also to evaluate the effective energy barrier,
T 204 AE, for a non-isothermal crystallization process. Consider-
5 1 ing the variation of the peak temperature with the cooling
3, 59 2 PainPP rate,«, several mathematical procedures have been proposed
£, o- ® PP/n-SIi0,(1.0%) in literature for the calculation oAE [11]. Among them the
o] : E:g:g:gzg-g:ﬁ; Kissinger's method has been widely applied in evaluating the
054 o pp,n,3i02(7:5%‘j) overall effective energy barrier:
1 * PP/N-SiO,(10%)
0.0 T T T T T T T T T T T T T o AE
35 40 45 5.0 55 6.0 65 7.0 In == Constant- — (21)
T RT,

[1/ATp2] x 10* (K?)
Values of the effective energy barrier calculated using the
Fig. 12. PlotsofIn(a) vs. 1/ Affor PP and allthe PP/Sithanocomposites.  Kissinger’s method for all nanocomposites appedkible 3.
Recently[51], a major concern has been raised for the
use of these procedures in obtaininde, since they have
and 0.815+ 0.085 for the plain PP and the nanocomposites been formulated for heating experiments (i.e., positive values
with 1, 2.5, 5, 7.5 and 10wt.% silica, respectively. Then, of «). Vyazovkin[51] has demonstrated that dropping the
the nucleation activity is computed from E@.7). The ef- negative sign forr is a mathematically invalid procedure
fect of the amount of the nano-Si@n the activity is pre- that generally makes the Kissinger equation inapplicable to
sented inFig. 13. From these results, it can be seen that the the processes that occur on cooling. Moreover, the use of
nucleation effect increased with increasing Si@ntent, in- this invalid procedure may result in erroneous values of the
dicating that nano-Si®was acting effectively as a nucle- effective energy barrierAE. Furthermore, publicatiof52]
ation agent in the PP matrix. However, after a certain amount summarizing the results of the ICTAC Kinetic Project has
(i.e., 7.5wt.%) a plateau is observed meaning that after thisrecommended the use of multiple heating rate methods such
amount nucleation is not drastically affected. This might be as isoconversional methods. An isoconversional method can
associated with the increased tendency of the nanoparticledn principle be applied to nonisothermal crystallizations for
to form aggregates at high filler loads, as it was verified by evaluating the dependence of the effective activation energy
TEM microphotographs (Fig. 2). It should be noticed that onconversionand temperature. Such dependencies have been
a similar trend was observed for the effect of the amount quite helpful in detecting and elucidating complex kinetics in

of SiO, nanoparticles on the nucleation constagy,calcu- polymeric systems. The more popular representatives of these
lated using isothermal crystallization data and presented inmethods are the isoconversional methods of Flynn and Wall
Fig. 6. [53] and Ozawd54]. According to these methods different

effective energy barriers are calculated for every degree of
crystallinity, according to the following equation:

b In(e;) = Constant- AEx (22)
1.05 1 RTx
1_00_' where AEy is the effective energy barrier at a given degree
] of crystallinity X, Tx ; is the set of temperatures related to a
095+ givenX at different cooling rates;, and the subscriptrefers
% 0_90_' to every individual cooling rate used.
= ] According to this method, appropriate degrees of crys-
3 085+ . tallinity are selected and the temperature corresponding to
0.80 each degree for every cooling raf&, is recorded. Then by
] plotting the logarithmic values of the cooling rate as a func-
0.75 tion of 1/Tx a straight line must appear, with a slope equal
070 l to the effective energy barrier. However, according to Vya-
' o 2 4 & 8 10 zovkin and Shirrazzuoli55] these methods are likely to be
SI0, content (wt%) inapplicable to melt crystallization because they require cal-

culation of the logarithm of the heating rate, which is negative
Fig. 13. Variation of nucleation activity fgwith silica content, for the for a cooling process_and the use of the at_)solute_ va_lue may
PP/SiQ nanocomposites. invalidate the calculations. Therefore, the differential isocon-
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versional method of Friedmd56] and the advanced integral
isoconversional method of Vyazovkj&7] are the most ap- %1 Fa—Plainpp
; P o ; = 1 |-A—PP/M-SIO, (5%)
propriate. In this investigation the method of Friedman was 2 50] [PPSO (10%)
used. 5 ]
The Friedman equation is expressed as: 5 100
dax AE 5 |
In <—) = Constant- X (23) >, -150-
dr ) x; X,i s |
c
where dX/dtis the instantaneous crystallization rate as a 1.3 -200+
function of time at a given conversiof According to this 3 ) ]
method, theX(t) function obtained from the integration 5 507
of the experimentally measured crystallization rates is 300
initially differentiated with respect to time to obtain the 0.0 02 0.4 0.6 08 10
instantaneous crystallization rate, dX/dt. Furthermore, by Relative degree of crystallinity

selecting appropriate degrees of crystallinity (i.e. from 2 to
98%) the values of dX/dit a specific are correlated to the
corresponding crystallization temperature at tKjd.e. Tx.
Then by plotting the left hand side of E(3) with respect

Fig. 15. Dependence of the effective energy barrier on the extent of relative
crystallization (isoconversional analysis) for the plain PP and the PP/n-SiO
(5wt.%) and (10 wt.%) nanocomposites.

to 1/Tyx a straight line must be obtained with a slope equal to

AEx/R. Supaphol et aJ45,46]also used the isoconversional 01 W PlainPP

method of Friedman in obtaining results on the effective = | e ﬁg::g:gz Efo/))

energy barrier of poly(trimethylene terephthalate). }EJ 507 :
Plots of In(dX/dt)versus 1/% for the PP at different rel- =

ative crystallinities appear iRig. 14. As it can be seen, the £ '100—_

straight lines obtained are very good, permitting thus the cal- §_150 i

culation of the effective energy barrier at different degrees 2 |

of crystallinity. The correlation coefficients obtained were & |

always greater than 0.980. g ]
The dependence of the effective energy barrier on the & 50

extent of relative crystallization for the plain PP and the @ ]

PP/SiQ (5 wt.%) and (10 wt.%) nanocomposites is presented -300 —

—
in Fig. 15. Asitcan be seenEincreases with the increase in 12 114 118 118 120 122 124

the relative degree of crystallinity. For both nanocomposites Average temperature (°C)

presented the shape of the curve obtained is similar to that ob-

served for PET58]. However, for plain PP a slight decrease Fig. 16_. Deper_1dence of Fhe effective_ energy barrjer on average tempgra-
was observed at relative degrees of crystallinity greater thanE‘;'Vitlf;')”gntg'“zl'chh‘l’:’;")er:z':gfér?}”i'éf'essfor the plain PP and the PP{-SiO
95%. In all cases\E takes great negative values at low ex- 7 7 P '

tents of conversion that correspond to temperatures closer

857 to the melting point. For the two nanocomposites, the effec-
6.0+ tive energy barrier takes values close to zero only at very
55 high degrees of relative crystallinity (greater than 98%). Fur-
50 thermore, according to a recent publicatjbf] the effective

energy barrier can be plotted as a function of temperature
by taking an average temperature associated with a certain
value (Fig. 16). According to this figure at a given crystal-
lization temperature the effective activation energy increases

b
o
1

In [dX/dt (min™)
N
o
1

3'5—. following the order of plain PP, PP with 5wt.% nano-$jO
3.04 PP with 10 wt.% nano-Si® Plots like this can be used in
25 evaluating the Lauritzen—Hoffman paramet&a].
2.0 _ T T 4 T T T T T T T T T 4
2.50 2.52 2.54 2.56 2.58 2.60 2.62 2.64
[T ] % 10° (K7 4. Conclusions
Fig. 14. Friedman-plots of In(dX/dt) vs. 3{Tor the PP at different relative Isothermall CrySta”izaﬂon rates of i-PP-fumed silica

degrees of crystallinity. nanocomposites increased with increasing filler content up
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to 7.5wt.%. In the case of non-isothermal crystallization,

G.Z. Papageorgiou et al. / Thermochimica Acta 427 (2005) 117-128

[23] P. Cebe, S.D. Hong, Polymer 27 (1986) 1183.

it was found that the Ozawa analysis was rather inapplica- [24] L.C. Lopez, L.G. Wilkes, Polymer 30 (1989) 882.

ble for the nanocomposites. In contrast, the modified Avrami [25] , ;
h [26] R.M. Patel, J.H. Bheda, J. Spruiell, J. Appl. Polym. Sci. 42 (1991)

method was applied giving satisfactory results, together wit
the analysis of Mo and coworkej47]. The effective energy

barrier for non-isothermal crystallization was estimated us-

M.L. Addonizio, C. Martuscelli, Silvestre, Polymer 28 (1987) 183.

1671.
[27] W. Xu, M. Ge, P. He, J. Polym. Sci.: Polym. Phys. 40 (2002) 408.
[28] J. Qian, P. He, J. Mater. Sci. 38 (2003) 2299.

ing the isoconversional analysis of calorimetric data. It was [29] S.H. Kim, S.H. Ahn, T. Hirai, Polymer 44 (2003) 5625.

found to vary with the degree of conversion. The presence o

filler was found to alter the effective energy barrier. Finally,
the nucleation activity of the silica nanoparticles was found
to increase with the silica amount up to 7.5 wt.%.
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