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Abstract

The non-isothermal crystallization (NIC) of isotactic polypropylene (iPP) and its composites with submicronic talc par-
ticles (u-talc) was investigated by differential scanning calorimetry. The modeling of the NIC kinetics of the iPP matrix
was performed using Jeziorny-modified Avrami’s model, Ozawa’s and Mo’s theoretical approaches. The Jeziorny’s and
Ozawa’s theories allowed us to confirm that the p-talc filler particles significantly promote the NIC kinetics of the iPP
matrix which noticeably manifests itself via a change in the nucleation mechanism. However, Mo’s model proved to be the
more relevant model to account for the NIC of the present materials. In parallel, the activation energy and nucleation
activity of NIC were calculated by Kissinger’s and Dobreva’s methods, respectively. Both approaches reveal that a
maximum nucleation activity of p-talc takes place for 20% filler content. This finding is discussed in relation to the p-talc
content thresholds of mechanical percolation and crystallinity saturation that were reported in previous studies for these
composites, about 10 and 30% -talc, respectively. An endeavor of physical explanation for these phenomena is put
forward.
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Introduction

Polypropylene (PP) is one of the most common semicrys-
talline thermoplastics to be used in the industry owing to its
good mechanical properties [1], the possible treatment,
good impact resistance, high stiffness and a low thermal
expansion coefficient. Minerals fillers and synthetic as well
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mechanical performances of composites based on various
polymer matrices, and particularly PP [2]. Mineral fillers
are also known to often improve the crystallization of
semicrystalline polymers, particularly PP. These filler-in-
duced properties are, however, strongly dependent on the
degree of dispersion on the filler in the polymer matrix.
Among mineral fillers available for the mechanical
reinforcement of PP-based composites, calcium carbonate
and short glass fibers have been the subject of much
research [8—15]. In recent years, talc has proven to have a
high potential of development for the reinforcement of PP-
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based composites [11-25], essentially for manufacturing
parts in the automotive industry, leisure furniture, home
appliances, etc. It soon became obvious that talc exhibits a
strong nucleation effect in the PP matrix due to specific
physicochemical interactions between the filler and the
polymer matrix that promote crystallization.

In the last three decades, considerable interest has been
addressed to polymer-based nanocomposites with clay-like
fillers [26, 27], including PP-based nanocomposites
[28-30], owing to the spectacular mechanical effect of clay
particles having nanometric size and high form factor. This
finding incited mineral filler manufacturers to develop
nanofillers from conventional ones such as calcium car-
bonate or talc in view of improving the mechanical per-
formances of filler-reinforced polymers [31-38].

Branciforti et al. [24] investigated the effect of different
concentrations of fine talc powder on the molecular ori-
entation and crystallinity of the PP matrix of injection-
molded PP-talc composites. It was found that the presence
of talc particles in the composites involves a strong influ-
ence on the crystallinity of the PP matrix that levels-off
beyond 20 mass% of talc content. This effect was mark-
edly greater than that observed for other mineral fillers
such as calcium carbonate or kaolin, which resulted in a
better improvement of the mechanical properties [13].
Moreover, the specific physicochemical interactions
between talc particles and the iPP matrix make talc to be
easily incorporated in PP without the use of a surface
treatment [39], though the use of such treatment has been
reported to be an efficient means for talc particle dispersion
in polymer matrix. Another significant advantage of talc
over calcium carbonate or kaolin from a practical point of
view is that it is much less abrasive for the extruder during
mixing and injection molding [13, 15].

In a parallel study of the mechanical properties of iPP
composites with submicronic talc, namely p-talc,
Frihi et al. [40] revealed the occurrence of a mechanical
percolation network between the iPP crystalline lamellae
and the p-talc platelets at low filler loading. The saturation
threshold of this phenomenon occurred at p-talc content
about 10% by mass. It was also shown that p-talc provides
significantly higher stiffness and yield stress as well to the
iPP composites than conventional talc at equivalent filler
loading.

More recently, Makhlouf et al. [41] investigated the
same iPP composites from the standpoint of crystallization
potentiality, i.e., the effects of p-talc content and cooling
rate. It was found that p-talc strongly promotes the crys-
tallinity of the iPP matrix as judged by its significant
increase with increasing p-talc content. In agreement with
Branciforti et al. [24], Makhlouf et al. also observed a
tendency to saturation of the iPP crystallinity for p-talc
content beyond 20%. Makhlouf et al. argued that this
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phenomenon arose from the crowding of the p-talc plate-
lets with increasing FR which disrupt the growth of iPP
crystalline lamellae. This interpretation borrows from
Fornes and Paul [42] and Lincoln et al. [43] who observed
similar phenomena for nylon6—clay nanocomposites.

Considering that the physical and mechanical properties
of semicrystalline polymers are governed by the mor-
phology of the material is essential to investigate the
crystallization behavior. Crystallization is particularly non-
isothermal during the processing of the material into useful
parts. Therefore, the study of non-isothermal crystallization
(NIC) kinetics is a major issue for understanding and
optimizing the useful properties of the polymer and its
composites as well. In the last two decades, various theo-
retical approaches borrowed from Avrami [44-46],
Jeziorny [47], Ozawa [48] and Mo [49-51] have been used
to account for the NIC kinetics of polypropylene filled with
conventional talc powders. The present paper reports on the
use of the above-mentioned approaches for studying the
NIC kinetics of the iPP/p-talc composites in order to get a
better insight on the nucleation efficiency of pi-talc on the
iPP matrix.

This study is complementary to the previous one [41]
dealing with the optimization of the crystallinity ratio
under NIC conditions. For this objective, experiments were
conducted by differential scanning calorimetry on a series
iPP/p-talc composites containing various concentrations of
p-talc up to 30% by mass. The present work focuses on the
crystallization kinetics and nucleation activity of p-talc
particles in these composites. The novelty lies in the evi-
dence of a saturation effect of p-talc on its nucleation
activity at a lower concentration than the saturation
thresholds of the crystallinity ratio and the mechanical
percolation as well, as previously reported.

Experimental methods
Materials and processing

The isotactic polypropylene (iPP) with an isotacticity index
of 96% was supplied by Solvay (Brussels, Belgium). Its
mass-average molar mass was M,, ~ 380 kg mol~' and
its polydispersity index IP =~ 12. The study was carried
out on iPP composites reinforced with a submicronic size
talc powder under trade name HAR®Talc (High Form
factor Talc) from Imerys Talc Luzenac (France) without
surface treatment, hereafter designated as p-talc. The
specific surface area of the present p-talc powder was
17 m* g~" as determined by the Brunauer—Emmett—Teller
method, according to the manufacturer. The average
thickness of the p-talc platelets was 0.39 um with a
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standard deviation of 0.13 pm and their average form
factor was 5.5 as measured by scanning electron micro-
scopy [40].

All the composites containing 5%, 10%, 20% and 30%
by mass of p-talc, denoted filler content FR, were com-
pounded by Multibase/Dow Corning (Saint-Laurent-du-
Pont, France) without any compatibilizing agent, using a
Clextral BC21 twin screw extruder of length 1200 mm and
diameter 25 mm, with a regulation temperature range
180-210 °C between the feeder and the die. The compos-
ites were finally injection-molded into 2 mm thick sheets.
Neat iPP was also processed following the same procedure.
More details on the processing conditions are provided
elsewhere [41].

Characterization methods

Differential scanning calorimetry (DSC) was used to study
the NIC of neat iPP and its p-talc composites. The appa-
ratus was a DSC7 from Perkin Elmer using samples of
about 10 mg and various cooling rates, CR, namely 35, 10,
15 and 20 °C min~ ", in the temperature range 20025 °C.
The ovens were purged with dried nitrogen at a flux rate of
about 20 mL min~'. The temperature scale was calibrated
upon heating at every rate using high purity indium. The
relative crystallinity as a function of temperature during
crystallization, X(7), was computed from the following
relation for all composites and neat iPP

f (dHc /dT)dT
X(T) = 7o (1)

[ (dHc/dT)dT

where T, and T hold for the temperature onset and final
temperature of the crystallization exotherm, respectively,
and dH/dT is the incremental heat flux of crystallization as
measured from the DSC recordings at every cooling rate.
Also were recorded the experimental data of crystallization
temperature at the peak of the crystallization exotherm, T,
and crystallization half time, t;,,, for neat iPP and com-
posites. It is worth noticing that the absolute values of the
crystallinity of the various materials have been reported in
a previous paper [41].

For the sake of identifying the crystalline form of the
iPP matrix, the melting behavior of neat iPP and all iPP/p-
talc composites was recorded from the DSC heating scans
at a heating rate of 10 °C min™"'.

Wide-angle X-ray scattering (WAXS) experiments were
carried out at room temperature in transmission mode on a
laboratory bench using a rotating Cu-anode from Rigaku
(Tokyo, Japan) operated at 100 kV and 40 mA. The X-ray
beam was collimated with Gobel mirrors from Xenocs

(Grenoble, France) providing a monochromatic Cu-Ka
radiation of wavelength 0.154 nm together with parallel
point focusing thanks to 2 pairs of anti-scattering slits. The
2D-WAXS patterns were recorded on a SCX2D-CCD
camera from Princeton Instruments (Trenton NJ, USA).
More details on the experimental procedure are given
elsewhere [41].

Experimental results

The edge-view WAXS intensity profiles of Fig. 1 reveal
the presence only of the crystalline a-phase of iPP in both
the neat iPP sample and the iPP/10% p-talc/composite. All
composites not shown here also exhibit the a-phase crys-
talline phase only. This structural feature is quite useful for
the present study in the aim of a global approach of the
crystallization kinetics of this system since the occurrence
of two crystalline phases would have involved a complex
analysis. This structural habit of the present iPP/p-talc
composites is corroborated by the DSC melting curves of
Fig. 2 that clearly disclose a single melting endotherm
relevant to the a-crystal form only for all the composites
and neat iPP as well. Useful comparison can be made with
iPP-based materials displaying both the o and the B crys-
talline forms [52, 53].

It is also worth noticing from Fig. 1 that, though both
neat iPP and iPP/10% p-talc composite display the same
characteristic reflections of the iPP a-crystal form, the
composite does not exhibit the predicted intensity of these
characteristic reflections, i.e., the (040) reflection is sur-
prisingly prominent. As already pointed out in the previous
study [41], this is relevant to a processing-induced textur-
ing effect that entails a preferred orientation of the chains
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Fig. 1 Edge-view WAXS intensity profiles of neat iPP and iPP/
10%p-talc composite
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Fig. 2 Melting curves of neat iPP and iPP/p-talc composites

in the main plane of the injection-molded sheet involving a
stronger intensity of the (040) reflection compared to other
ones. In parallel, the presence of the (002) characteristic
reflection of talc is also relevant to the preferred orientation
of the talc platelets within the sample plane as previously
observed via transmission electron microscopy [40]. All
the other composites display similar texture characteristics.
This structural feature will be later reminded in “Con-
cluding discussion” section regarding the nucleation
activity of p-talc.

The curves of NIC recorded for the four cooling rates
are reported in Fig. 3 for neat iPP and all composites. As
usually observed, the crystallization exotherm globally
shifts to lower temperature with increasing cooling rate for
all materials. The data of peak crystallization temperature,
T., reported in Table 1 confirm this observation that is
relevant to the kinetic character of the process. However,
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Fig. 3 Non-isothermal crystallization exotherms of neat iPP and iPP/u-talc composites
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Table 1 Crystallization temperature, T, and crystallization half time,
t12, data for NIC of neat iPP and iPP/p-talc composites at various
cooling rates, CR

Sample CR/°C min~! T./°C t1,2/min
neat iPP 5 121.6 1.14
10 117.6 0.67
15 114.5 0.44
20 110.6 0.36
iPP/5% p-talc 5 130.5 0.85
10 126.5 0.62
15 123.5 0.41
20 120.6 0.37
iPP/10% p-talc 5 131.2 0.88
10 127.0 0.57
15 124.0 0.38
20 121.3 0.34
iPP/20% p-talc 5 132.8 0.75
10 129.1 0.45
15 126.1 0.31
20 123.3 0.27
iPP/30% pi-talc 5 133.8 0.73
10 130.5 0.49
15 127.5 0.34
20 124.3 0.32

T. is systematically higher for the composites at any
cooling rate, and the higher is the p-talc content the higher
is T,.

This result indicates that p-talc promotes the crystal-
lization of the iPP matrix via a nucleation effect onto the
surface of the p-talc platelets. This nucleation effect is
responsible for the macroscopic crystalline texturing of the
iPP matrix in the injection-molded sheets of the composites
owing to the shear-induced orientation of the p-talc plate-
lets, as already pointed out in the previous study regarding
the same composites [41].

The variation during cooling of the melt-to-crystal
transformation ratio, namely the relative crystallinity, is
reported in Fig. 4 as a function of temperature for all the
materials. Every curve displays the common sigmoidal
shape relevant to three regimes of the crystallization pro-
cess. The low slope of the curve at the beginning of the
transformation arises from the necessary time for generat-
ing a sufficient number of nuclei before crystal growth
could start, i.e., the nucleation-dominated regime. The
intermediate stationary stage with a nearly constant and
high slope corresponds to the actual growth of the crystals,
i.e., the crystal growth-dominated regime. At the final stage

of the transformation, the amount of untransformed mate-
rial turns lower and lower so that the production of new
nuclei as well as the growth crystallites drop and finally
stop, i.e., the crystallization completion.

The curves of Fig. 4 are just another view of the DSC
plots of Fig. 3 thanks to their normalized integration. At
constant cooling rate, the gradual shift to higher tempera-
ture of the curves with the increase in p-talc content con-
firms the nucleation effect of the p-talc particles on the
global crystallization the iPP matrix.

Transformation of the X, data from temperature to time
dependence is carried out thanks to the next relation

t= (T, —T) /CR )

where ¢ is the crystallization time, T, is the crystallization
temperature onset and CR is the cooling rate. Plots of the
relative crystallinity variations with time, X.(¢), are shown
in Fig. 5 for neat iPP and composites for the various
cooling rates. All the curves exhibit a similar sigmoidal
shape. As cooling rate increases, the curves are shifted to
shorter times. At constant cooling rate, the curves shift to
shorter time with increasing i-talc content.

The half-time crystallization, ¢, 5, obtained for X.(f) = 50%
from Fig. 5, are reported in Table 1. For any constant cooling
rate, the 7, values are lower for all composites compared to
neat iPP, i.e., pi-talc particles definitely act as nucleating and
accelerating agents on the overall crystallization process of
the iPP matrix. However, for every composite, the
X() curves at cooling rate CR = 30 °C min~" are very close
to the ones at CR= 20 °C min~' which suggests that the
potential nucleation activity of p-talc is reduced at high
cooling rates. Moreover, at any cooling rate, t;,, gradually
drops with increasing i-talc content up to FR = 20% then
slightly increases for FR= 30%. On the one hand, this finding
corroborates the p-talc nucleation activity previously
observed from the T, evolution as a function of p-talc con-
tent, but on the other hand, it clearly suggests that too much
p-talc particles are likely to hinder the growth of the iPP
crystallites lamellae.

Analysis of non-isothermal crystallization
kinetics

There are a number of kinetic models such as Avrami’s,
Ozawa’s and Mo’s approaches that can be applied for
describing the NIC behavior of polymers. In the next sec-
tion, all these approaches are tested in order to determine
the most appropriate one to account for the crystallization
of iPP in the present iPP/p-talc composites.
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Fig. 4 Relative crystallinity as a function of temperature for neat iPP and iPP/p-talc composites at different cooling rates

Avrami’s theory modified by Jeziorny

Avrami’s approach [44, 45] is often used to analyze the
isothermal crystallizations behavior of polymer via the
following relationship

1 —X(1) = exp(—2t") (3)

that can be changed for a practical use into the next

equation

log[—In(1 — X(¢))] =logZ + nlogt 4)
A plot of log [— In(1 — X(#)] versus log ¢ is typically

linear in the range 0.2 < X(f) < 0.8 and yields the Avra-

mi’s parameters Z and n via the intercept and the slope of
the linear plot, respectively.

@ Springer

To account for NIC conditions, Jeziorny [46, 47] mod-
ified the Z parameter by introducing the cooling rate CR, as
log Z. = log Z/CR. Figure 6 shows the log [In (1 — X(#))]
evolution versus log ¢ for neat iPP and composites at dif-
ferent cooling rates.

Jeziorny’s parameters computed from the data of Fig. 6
are reported in Table 2. The geometric n parameter does
not display clear evolution trends with p-talc content and
cooling rate as well. In contrast, Z. increases with cooling
rate indicating that the transformation rate increases in
parallel. The most striking finding from the data of Table 2
is that, except for the lowest cooling rate (within the
experimental accuracy), Z. increases with p-talc content up
to FR = 20% before to display a slight decrease. This
finding is perfectly consistent with the previous observation
regarding the evolution of the 71, parameter with p-talc
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Fig. 5 Relative crystallinity as a function of time for neat iPP and iPP/p-talc composites at different cooling rates

content. Both findings suggest the occurrence of a satura-
tion effect in the nucleation activity of p-talc on the crys-
tallization of iPP. This point will be further argued in
“Concluding discussion” section.

0Ozawa’s model

The results obtained from the NIC of the materials under
investigation in the study were compared with the Ozawa’s
theory [48], which makes it possible to quantify by means
of Avrami’s coefficient m the type of nucleation, that may
be homogeneous or heterogeneous, and the growth geom-
etry. This theory is an extension of that of Avrami that
applies in the case of isothermal crystallization. The
characterization of the type of nucleation by Ozawa’s
method obeys the following Eq. (5)

log[—In(1 — X(T)] = log K(T) — mlog(CR) (5)

where X(T) is the relative crystallinity depending on tem-
perature 7 and cooling rate CR, and K(7) is the temperature
function and m is the Ozawa’s exponent.

In Eq. (5), the term log [— In(1 — X(7)] depends lin-
early on the entity log CR at a given crystallization tem-
perature. To obtain the traces from the Ozawa’s theory, a
range of temperature validity must be taken into account
for each peak of crystallization. The kinetic constants log
K(T) and m are estimated, respectively, from the intersec-
tion and the slope of the curve of log [In (1 — X(7))] versus
log CR are reported in Table 3 from the plots of Fig. 7.
Whether a clear evidence of an improved crystallization
kinetics of the composites appears with the increase in -
talc content, in contrast the evolution of the m parameter
does not display a clear tendency regarding the modifica-
tion of crystal growth morphology. Any attempt for a
morphological interpretation would be highly speculative.

@ Springer



1088 A. Layachi et al.
1.5 : 15
Neat iPP | iPP/10% p-talc
1.0 R =
LI L 10 - - =
. " ] L]
0.5 7 Al
’ 4 . / 05 £ 17
= 00 A = Y 7
< p = 00 w ¥
X 4 X f
Z 05 (4] L f I I ) -
=S // Va4 T -05 @
N T ] “
2 —1.0 e .-/
2 1 l:-‘i,'l .'. - l. 8 _1 .0 7 -Al
a a - = 5°C min~’ bl )
—1.54 - : - i - ' 10 °Cmrlr?in" 15 . --.- il - " 5 °(°: m|n.‘171
] * 15 °C min™" ol ' 10°Cmin
-2.0 * 20 °C min™ * 15°Cmin~!
: ] —2.0 —1 - - . 20 oC min—1
20 -16 -12 -08 -04 0.0 0.4 0.8 — ——
2.0 -1.6 -1.2 -0.8 -0.4 0.0 0.4 0.8
log t
log t
1.5 15
iPP/20% p-talc ] PP/30% -talc
1.0 e 1.0
- - - 1 -
05 L7 05 ——
] "
= 00 | =
S ‘dPrs = 00
X oy X
L -o0s5 L A r
E / 7 / /./ T 05
L 10 o e L 1
2 L 2 -1.0
-1.5 e * » 5°Cmin! [ 1 —
- . = 10 °C min™' 15 i » 5°Cmin" ||
= 15°C min”! ' = 10 °C min™'
-2.0 E : s (»" o min-1
= 20 °C min™! = 15°C min
-2.0 = 20°Cmin™" H
-2.5 T ‘1 T T T
20 -16 -12 -08 -04 0.0 0.4 0.8 20 -16 -12 08 -04 0.0 0.4 0.8
log t log t

Fig. 6 Plot of log [— In(1 — X(#))] as a function of log ¢ for neat iPP and iPP/p-talc composites at different cooling rates

Mo’s model

Mo and coll. [49-51] proposed a different kinetic model
based on combining Avrami’s and Ozawa’s relations into
the following forms

(6)
(7)

where F(T)= [K(T)/Z]” ™ and K(T) and Z are constants of
Ozawa’s model and Jeziorny-modified Avrami’s model,
respectively. Mo’s exponent is o = n/m where n and m are
the Avrami’s and Ozawa’s exponents, respectively.

The kinetic constants calculated by Mo’s method, log
F(T) and o are estimated, respectively, from the intercep-
tion and the slope of the curve of log CR as a function of
log ¢ plotted in Fig. 8 and are reported in Table 4.

At a given crystallinity ratio, the F(7) values of the
various composites decrease in the following order: neat
iPP > iPP/5% p-talc > iPP/10% p-talc > iPP/20% p-talc,
then increases for the iPP/30% -talc composite. This

logZ + nlogt = log K(T)—mlog CR
logCR = log F(T) — alogt

@ Springer

finding applies for any crystallinity ratio. This confirms that
the presence of p-talc improves the crystallization process
of the iPP matrix [41]. For all samples the value of R* is
very close to unity, i.e., a linear correlation between log CR
and log ¢ indicating that Mo’s theory fairly well accounts
for the NIC kinetics of neat iPP and its composites with pi-
talc as well. However, a saturation effect of the crystal-
lization activity can again be noticed from the decreasing
value of F(T) for p-talc content FR > 20%.

Activation energy

The activation energy of crystallization is a useful means to
quantify the efficacy of a filler in the crystallization process
of polymer-based composites [54]. Kissinger [55] proposed
an equation for calculating the activation energy for NIC as
follows

d[In(CR/T?)]

airy R

(8)



Non-isothermal crystallization kinetics and nucleation behavior of isotactic polypropylene... 1089

Table 2 Jeziorny’s parameters fitted for the NIC kinetics of neat iPP
and iPP/p-talc composites

Sample CR/°C min™" Zc n R?
Neat iPP 5 0.87 2.48 0.997
10 1.07 2.43 0.997
15 1.11 2.43 0.997
20 1.12 2.60 0.998
iPP/5% p-talc 5 0.99 2.47 0.997
10 1.09 2.48 0.997
15 1.14 2.49 0.997
20 1.11 243 0.997
iPP/10% p-talc 5 1.02 2.47 0.997
10 1.11 2.53 0.997
15 1.15 2.53 0.998
20 1.12 2.53 0.997
iPP/20% p-talc 5 1.08 2.51 0.997
10 1.18 2.49 0.997
15 1.19 2.46 0.997
20 1.15 2.43 0.996
iPP/30% p-talc 5 1.09 2.44 0.996
10 1.16 2.54 0.997
15 1.17 2.49 0.997
20 1.14 2.52 0.997

where AE is activation energy of crystallization,
R=2831TK 'mol™! is the gas constant and 7, is the
peak temperature of the crystallization exotherm.

The Kissinger’s relation can be transformed in the linear
form

In(CR/T¢) = (1/Tc)(~AE/R) ©)

The activation energy can be thus estimated from the slope
of the In (CR/T?) curve as a function of 1/7, according to
Fig. 9. The values of the activation energy of NIC of neat
iPP and the various composites are shown in Table 5. The
decreasing value of AE with increasing p-talc content
confirms the benefiting role of the p-talc particles on

crystallization rate of the iPP matrix. However, the lower
value of AE for the iPP/20% p-talc composite confirms that
the benefiting effect of p-talc saturates for FR > 20% as
observed from the above analyzes.

Nucleation activity

Dobreva and Gutzow [56, 57] proposed a simple determi-
nation method of the activity of substrates in the catalyzed
nucleation of glass-forming melts. This approach can be
applied to calculate the nucleation activity of a mineral
filler, ¢, on the crystallization process of a semicrystalline
polymer matrix as defined by the following equation

¢ = B*/B (10)

where B* and B are the heterogeneous and homogeneous
nucleation constants of the polymer matrix given by the
following Egs. (11) and (12), respectively,

Ing = c— B/AT? (11)
Ing =c— B*/AT? (12)

The B and B* constants are obtained from the slope of the
plot of In ¢ versus 1/AT2, for neat iPP and composites,
respectively, according to Fig. 10. Then ¢ is computed
from Eq. (10) where AT.= T,, — T, is the undercooling
with T;, the melting point. It is to be noticed that in this
approach the nucleation step of neat iPP crystallization is
assumed to be homogeneous so that Eq. (10) provides an
evaluation of the heterogeneous nucleation effect of the
filler in the composites compared to the own nucleation
capability of the neat iPP matrix. In fact, the nucleation of
neat semicrystalline polymers is generally heterogeneous
due to catalysis residues and processing-induced impuri-
ties. Considering these remarks, data of the so-called p-talc
nucleation activity on the iPP matrix are reported in
Table 6. Evidence is given that p-talc behaves as an active
nucleating agent. Moreover, it can be seen from Table 6
data that the iPP/20% [i-talc composite has a more effective
nucleation effect than any of the other composites. This

Table 3 Parameters of Ozawa’s method fitted for the NIC kinetics of neat iPP and iPP/p-talc composites

7/°C  Neat iPP iPP/5% p-talc

iPP/10% p-talc

iPP/20% p-talc iPP/30% p-talc

Log K(T) m R? Log K(T) m R?

Log K(T) m R?

Log K(T) m R? Log K(T) m R?

120 2.10 279 0977 2.05 1.65 0920 1.79
122 2.17 330 0970 223 198 0920 1.97
124 2.18 376 0998 240 235 0949 228
126 - - - 2.66 288 0982 248
128 - - - 2.71 331 0982 2.61
130 - - - 2.90 4.09 0931 2.64

1.31 0961 1.83 1.17 0955 - - -
1.64 0931 1.86 1.41 0978 - - -
2.16 0945 2.00 1.69 0939 2.00 230 0955
257 099 2.16 201 0934 216 244 0.987
3.05 0996 2.58 270 0943 258 259 0973
3.47 0987 2.80 326 0946 2.80 293 0974
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Fig. 7 Plot of log [— In(1 — X(#))] as a function of log CR for neat iPP

suggests that the reduced crystallization activity of p-talc
previously pointed out for FR > 20% actually has an origin
in the nucleation step of the crystallization process.

This reduced nucleation effect of p-talc for composites
with FR> 20% is somewhat puzzling. An explanation can
be put forward on the basis of the percolation process of
filler particles dispersed in a polymer matrix. The
mechanical aspect of this phenomenon for the present
composites has been already discussed in a previous paper
[40]. It is well known that percolation of nanometric par-
ticles of high form factor occurs at rather low filler content
[58], typically a few % in volume as evidenced for amor-
phous polymer nanocomposites reinforced with cellulose
whiskers of form factor close to 100. Indeed, as the
crowding effect of the filler particles increases with
increasing content in the composites, an impingement of
the particles into each other gradually occurs accompanied
with interparticle interactions resulting in a sudden increase
in stiffness of the composites [58, 59]. However, in spite of
the rather low form factor ~ 5.5 of the p-talc platelets in

@ Springer

and iPP/p-talc composites at different temperatures

the present composites, mechanical percolation was shown
to take place at a relatively low p-talc content, namely
FR ~ 10% by mass, i.e., about 3% by volume [40]. This is
due to the so-called mixed percolating network made of -
talc platelets interconnected via iPP crystalline lamellae
[40]. However, in the case of crystallization kinetics
studied in this work, the actual impingement of the p-talc
particles into each other with increasing FR starts to occur
beyond the threshold of mixed mechanical percolation
accompanied with a mutual covering of the particles. This
results in a gradual reduction of the surface of the p-talc
platelets actually available for nucleation of the iPP matrix.
Moreover, the particles inter-distance gradually decreases
with increasing FR which gradually disrupt the growth of
the iPP crystalline lamellae. Both phenomena tend to hin-
der the development of the crystalline phase in the iPP
matrix for FR > 20%. Notwithstanding the increase in p-
talc content beyond this later threshold enables the growth
of additional iPP crystalline lamellae so that iPP crys-
tallinity saturation only appears about FR ~ 30% [41]. For
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Fig. 8 Plot of log CR as a function of log ¢ for neat iPP and iPP/u-talc composites, for various % of transformation
Table 4 Parameters of Mo’s model for the NIC kinetics of neat iPP and iPP/p-talc composites
Xcl% Neat iPP iPP/5% p-talc iPP/10% p-talc iPP/20% p-talc iPP/30% p-talc
FT) « R? FT) « R? FT) « R? FT) « R? FT) « R?
20% 3.51 .19 0995 240 1.37  0.981 1.99 1.61 0.947 1.55 1.57 0984 1.96 1.30  0.965
40% 5.20 1.18  0.995 3.75 1.37 0980  3.36 1.6 0949  2.61 1.56  0.983 297 1.31 0.968
50% 5.95 1.18 0995  4.38 1.37 0980  4.03 1.59 0949 3.11 1.55  0.983 3.43 1.31 0.969
60% 6.71 1.18 0995 5.03 1.37 0980 4.74 1.59 0950  3.65 1.55 0983 3.92 132 0.970
80% 8.52 1.17 0995  6.65 1.38 0979 6.54 1.59 0951 5.00 1.55 0983 5.11 .32 0971
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Table 6 Nucleation activity, ¢,
—8.8
L for the NIC kinetics of neat iPP ~ DoTPie ®
-9.0 and iPP/p-talc composites Neat iPP 1
-9.2+ iPP/5% p-talc 0.45
—9.4. iPP/10% p-talc 0.42
Y o6l iPP/20% p-tale 0.35
T iPP/30% p-talc 0.40
O -9.8-
c
= -10.0 = Neat iPP
Z10.24 : :iﬁﬁ’g‘;/f:i'g,c injection-molded
/ v iPP/20% p-talc sheet p|ane V4
-1044 & © iPP/30% p-talc
-10.6 WL -talc platelets

T T T T T T T T T
2.44x107°  2.48x107° 252x10° 256x10° 2.60x107°
Tc /K

Fig. 9 Plot of In (CR/TZ) versus 1/T, for neat iPP and iPP/p-talc
composites

Table 5 Activation energy, AE, for the NIC kinetics of neat iPP and
iPP/p-talc composites

Sample — AE/KJ mol™!
neat iPP 165
iPP/5% p-talc 157
iPP/10% p-talc 155
iPP/20% p-talc 152
iPP/30% p-talc 175
3.2
Neat iPP

iPP/5% p-talc

iPP/10% p-talc
iPP/20% p-talc
iPP/30% p-talc

A4 p o

Ing

1.4 T T T T T T T

1/ATp2x10%/K=2

Fig. 10 Plot of In ¢ as a function of 1/AT? for neat iPP and iPP/p-talc
composites

the sake of information, the saturation value of absolute
crystallinity = proved to be  0.60 £ 0.01 at
CR =5 °C min~'. However, after the later study, crys-
tallinity saturation strongly depends on cooling rate.
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A

iPP
crystalline
lamellae

—_—
injection direction

Fig. 11 Sketch of structural texturing of the iPP/p-talc composites
due to the nucleation of iPP crystalline lamellae onto the p-talc
platelets (the two components are not shown at the right scale for
convenience; see text for details)

Concluding discussion

The NIC kinetics of iPP/p-talc composites was analyzed in
this study via Avrami’s, Ozawa’s and Mo’s models, toge-
ther with Kissinger’s and Dobreva’s approaches regarding
the activation energy of crystallization and the nucleation
activity, respectively.

Upon constant rate cooling, the peak crystallization
temperature of the iPP matrix for all samples shifts to
higher temperature with increasing content in p-talc par-
ticles whereas the crystallization half-time decreases in
parallel indicating a strong ability of p-talc for improving
the crystallization of the iPP matrix. All the theoretical
crystallization approaches tested in this study more or less
account for the crystallization kinetics of the iPP matrix
and corroborate the favorable role of p-talc on the crys-
tallization kinetics. However, Mo’s theory proved to be the
best one to account for the NIC of neat iPP and its p-
talc/composites irrespective of the p-talc content in the
composites. It is worth noticing that similar findings have
been already reported by several authors for various
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polymer-based composites [34, 49-51, 60—63]. This study
thus reinforces the relevance of Mo’s approach.

The F(T) function of Mo’s theory decreases with the
addition of p-talc which quantitatively confirms that this
kind of filler improves the crystallization of the iPP matrix
in the composites. This finding supports the conclusion of
previous studies suggesting a specific nucleation activity of
talc irrespective of its particle size and form factor (see
Introduction section). This nucleation effects are respon-
sible for the crystalline texturing of the iPP matrix as
evidenced from Fig. 1. Indeed, the nucleation role of the -
talc platelets involves a growth of iPP crystalline lamellae
roughly normal to the pi-talc platelets surface probably due
to a so-called epitaxial nucleation process [64, 65]. The
sketch of Fig. 11 shows iPP crystalline lamellae growing
down from the p-talc platelets above as well as iPP
lamellae growing up from the platelets below. The drawing
of pairs of iPP crystalline lamellae holds for the buildup of
lamella stackings instead of individual lamellae. Then
considering that the p-talc platelets exhibit a strong shear-
induced orientation parallel to the plane of the sheets
consecutive to the injection-molding process [40], Fig. 11
shows up that the iPP lamellae should display an orienta-
tion normal to the sheet plane, which is actually observed
in Fig. 1.

However, at a given crystallinity X., and whatever the
X. value, the F(T) function of the iPP matrix exhibits a
minimum value for the composite with p-talc content
FR =~ 20%. This indicates an optimum effect of p-talc on
the iPP crystallization for this composition. In addition to
this evolution of Mo’s function with p-talc content, both
the activation energy and the nucleation activity exhibit
minimum values for the iPP composite with p-talc content
FR = 20%. This similar evolution of the last two param-
eters gives evidence that the improvement of the iPP matrix
crystallization by p-talc actually relies on nucleation
grounds.

The reduced nucleation effect for composite with pi-talc
content FR> 20% has been given an explanation in rela-
tion to previous specific findings regarding the same
composites. Indeed, the observation from a former study of
a mechanical percolation that saturates at FR ~ 10% is
relevant to the buildup of a stiff structural continuity
between the p-talc platelets and the iPP crystalline lamel-
lae. The present observation of a nucleation optimum at
FR =~ 20% can be attributed to the increase in crowding
effect of the p-talc platelets that gradually impinge into
each other and mutually cover each other with increasing
content so that only a part of their surface remains fully
active for crystal nucleation. In parallel, the observation
from a recent structural study that the iPP matrix crys-
tallinity gradually saturates at a pi-talc content FRx~ 30% is
most probably due to the fact that the increasing number of

-talc particles is able to compensate—to some extent—the
reduced nucleation activity of the p-talc particles in the
range 20 < FR < 30%. Then, only when FR> 30% the
overall crystallinity of the iPP matrix is actually impacted
by the reduction of p-talc nucleation activity, in conjunc-
tion with the intrinsic crystallization capability of iPP upon
quiescent conditions.

To sum up, the structural and mechanical behavior of
iPP/p-talc composites obey the following features in rela-
tion to p-talc concentration: FR =~ 10% is the saturation
threshold of mixed mechanical percolation network of pi-
talc platelets and iPP crystalline lamellae; FR ~ 20%
generates the optimum nucleation effect of p-talc on the
crystallization of the iPP matrix; FR =~ 30% is the p-talc
limiting concentration for optimum crystallinity of the iPP
matrix.
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