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Abstract Kaolin-filled polypropylene (PP) composites
with various kaolin content, processing temperature and
shear histories were compounded using a heated two roll-
mill. Prior to thermal analysis, the samples were subjected to
extrusion process via capillary rheometer. The influences of
kaolin content, processing temperature and shear stress on
crystallization of all samples, including isothermal and
nonisothermal crystallization behaviour were investigated
by differential scanning calorimetry (DSC). The results
showed that the increasing kaolin content, processing tem-
perature and shear stress have shifted the crystallization
exothermic peak to higher temperature and reduced the
overall crystallization time.
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Introduction

Polypropylene (PP) is one of the most widely used ther-
moplastic in many demanding applications. It has many
advantages as a base matrix for thermoplastics composites
owing to its relatively low cost and high chemical resistance
coupled with ease of fabrication. Fabrication and design of
variety new products with improved mechanical properties
need detailed understanding of the crystallization behaviour
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of those polymeric products. Extensive researches [1-3]
have been published on the isothermal and nonisothermal
crystallization kinetics of PP and its composites with dif-
ferent fillers. For example, Luyt et al. [4] observed a
decrease in the crystallization temperature after the intro-
duction of wollastonite filler. The crystallization in the
present system is diminished as a result of lower chain
mobility. The storage moduli and tensile measurement
showed that the composites have higher stiffness than pure
PP over the whole range of test temperature. It has been
mentioned in many studies [5, 6] that the reason for this
behaviour is the strong influence of fillers on the polymer
chain dynamics. Jain et al. [ 7] successfully using a combined
Avrami—Ozawa approach to describe the non-isothermal
crystallization kinetics of PP/silica nanocomposites. They
discovered that silica acted as heterogeneous nucleating
agent. The silica fillers accelerate the nucleation activity,
resulting in more perfect crystals and increase the crystal-
linity of the system. The increase in crystallinity results in
higher yield stress and the decrease in entanglement even-
tually results in lower strain modulus. In the study of crys-
tallization behaviour of PP/maleic anhydride-grafted
polypropylene (PP-g-MAH)/organic-montmorillonite (Org-
MMT) nanocomposite, Xu et al. [8] has employed the Av-
rami analysis modified by Jeziorny, Ozawa method and a
method developed by Liu to describe the nonisothermal
crystallization process of the samples. The values of half-
time, Z., kinetic parameter, F(T) and function of cooling
rate, K(T) showed that the crystallization rate of composites
was faster than that of PP at a given cooling rate. Whereas
nonisothermal kinetic crystallization corresponded to tridi-
mensional growth with heterogeneous nucleation. This
clearly indicated that Org-MMT and PP-g-MAH have het-
erogeneous nucleation effect on pure PP, which results in a
decrease of crystallite size. George et al. [9] proved that
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isothermal crystallization rates and the nucleation activity of
PP-fumed silica nanocomposites increased with increasing
filler content up to 7.5 wt%.

Other researchers have investigated how the addition of
various clay fillers would affect the crystallization behav-
iour, including the crystal forms variation and heteroge-
neous nucleation ability of fillers in most polymeric
material [10, 11]. For a filled polymer material, monitoring
the change of its crystallization rate brought about by filler
such as kaolin is particularly important. The addition of
filler which is expected to act as nucleation agent in the
filled PP would increase the crystallization rate. The sci-
entific and technological interest for tailoring and modify-
ing the PP properties has been driving a very vivid research
on the base matrix and plate-like kaolin fillers. This scenario
significantly altering the properties of PP using only small
incorporation levels of filler. The melting and crystalliza-
tion behavior of the system are greatly influenced by the
relative amount and the dispersion level of fillers [12, 13].
Although the crystallization behaviour of PP/kaolin com-
posites has been widely reported, nonetheless, there were
infrequently explorations on the crystallization from melt
under the influence of processing temperature and shear
stress in PP/kaolin composite [14]. Normally, ample pro-
cessing temperature and shear stress are needed in pro-
cessing polymeric material due to the two main effects.
First, it could contribute to the realignment of the polymer
network anisotropically trailing the flow direction on the
respective molten matrix and fillers. The second effect was
to orientate the fillers parallel to the flow path [14]. In this
study, the vital effects of processing parameter such as
processing temperature and shear stress on the crystalliza-
tion kinetics of PP/kaolin composites were investigated. In
addition, the crystallization and melting temperatures,
enthalpies of crystallization and fusion and degree of
crystallization of the system were also evaluated in the
presence and absence of filler incorporation.

Experimental
Materials

The thermoplastic used in this study was PP copolymer
resin grade Pro-Fax SM-240 supplied by Titan PP Poly-
mers (M) Sdn. Bhd. The SM-240 was received in pellet
form with a density of 0.894 g cm™> and melt flow index
(MFI) of 25 g 10 min~! was obtained when measured
according to ASTM D1238, at 230 °C and with 2.16 kg
load [15]. The kaolin used is refined kaolin supplied by
CIBA company. The additives added were antioxidant
(Irganox 1010) and ultra-violet stabilizer (Tinuvin 770 DF),
both were from CIBA company.
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Sample preparation

A heated two roll-mill was used in compounding the
samples. All composites were prepared by melt com-
pounding; this procedure involved melting of pure PP
matrix on the heated rolls. The temperature of the rolls was
set at 185 °C with total compounding time of 25 min.
These conditions have been selected in order to homoge-
nize fillers in the PP matrix. The total mixtures of sample
which is 200 grammes were loaded on the heated two roll-
mill. First, the pure PP matrix was filled onto the rolls. At
fifth minute, the fillers were carefully added onto the
melted PP. Each compound was milled at constant rota-
tional speed. After 25 min, the rolls were stopped and the
compound was quickly removed from the heated rolls.
Finally, the molten compound was sheeted through a lab-
oratory scale two-roll mill at 2.0 mm nip setting and then
cut into small particles for extrusion process.

Testing

The composites were extruded using Shimadzu capillary
rheometer model CRT-500 (at three different shear stresses
of 9.8, 19.6 and 34.3 kPa and at temperatures of 180, 200
and 220 °C). This work involved a fixed flat-entry capillary
die with diameter = 1 mm and L D' (length over diam-
eter) ratio of 10.

Nonisothermal crystallization behaviors of kaolin-filled
PP composites were studied using Perkin—Elmer DSC-7 and
the mass of all samples were approximately 2 mg. The DSC
was calibrated with 10 mg of indium (7, = 156.4 °C,
AH; = 28.5 T g~ ') prior to performing the experiment. The
samples were heated from 20 to 220 °C at a heating rate of
4, 6, 8, 10 and 20 °C min~' under a nitrogen atmosphere,
and held for 5 min to remove previous thermal history.
Nonisothermal crystallization kinetics were investigated by
cooling these samples from 220-20 °C at constant cooling
rates of 4, 6, 8, 10 and 20 °C min~".

Results and discussion
Influence of filler content

DSC analysis provides quantitative evaluation of the
crystallization behaviour of unfilled PP and its composites.
The crystallization behaviour of all samples was studied at
cooling rates between 4 and 20 °C min~'. The noniso-
thermal crystallization curves of unfilled PP and kaolin-
filled PP are shown in Fig. 1.

Normally, molecular chains of PP can crystallize by
themselves (self-nucleation effect) or crystallize with the
presence of inorganic filler such as kaolin leading to
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Fig. 1 DSC crystallization curves of samples (a) unfilled PP and
(b) kaolin-filled PP 10 wt% during non-isothermal crystallization at
different cooling rates

heterogeneous nucleation effect in filled PP system. When
kaolin fillers are well dispersed in the PP matrix, the het-
erogeneous nucleation effect dominates the crystallization
process and one broad crystallization peak can be observed
resulting from the co-existence of self-nucleation and het-
erogeneous nucleation effects. The melting peak becomes
broad when PP is filled with 10 wt% of kaolin indicating
that, in comparison to PP, there were more crystallites with
lower perfection formed in PP/kaolin composites. It is
believed that this may result from some impediment in the
melting process of filled PP because of combination of
small particle size and uniform distribution of kaolin in PP
matrix. At this phase, the growth of crystallites was
delayed due to restricted alignment of PP molecules net-
work by kaolin fillers. It leads to low mobility of polymer
segments in the regions of lamellae surfaces during poly-
mer melting process. Consequently, these analyses showed
that the incorporation of kaolin fillers enhanced the PP
nucleation mechanism but also hindered the crystallite
growth which corresponds to the broader melting peak of
PP/kaolin composites in DSC curves.

It is shown that the crystallization peak temperature (7},)
of kaolin-filled PP is higher than those of unfilled PP. The
T, of both samples were shifted to lower temperatures with
increasing cooling rates. The faster the cooling rate, the
lower the temperature range at which the crystallization

occurs. At slower cooling rate, the sample passes through
the recrystallization process gradually. There is adequate
time for the melted sample to reorganize and generate
formation of nuclei leading to emergence of crystallization
at higher temperature [16]. Nevertheless, at higher cooling
rates, the sample passes through the recrystallization state
so swiftly that there is insufficient time for the polymer
network to reorganize thus leading to reduction in the
amount of perfect nuclei. The reorganization process is
largely inhibited and subsequently contributes to the
decrease in the peak temperature of exotherm. For exam-
ple, the crystallization temperature of PP increased
approximately 2 °C in the presence of 30 wt% of kaolin
particles (at cooling rate of 20 °C min~"') and the crystal-
lization temperature of all samples increasing when the
cooling rates were increased.

From these curves (Fig. 1), some useful parameters for
the nonisothermal crystallization analysis, such as the onset
temperature of crystallization (T, onset), the crystallization
temperatures, e.g. the exothermic peak maxima (7,) and
the end temperature of crystallization (7,) can be obtained.
The crystallization temperature (7;) and the degree of
crystallization (X.) for unfilled PP and 10 K are listed in
Tables 1 and 2 The enthalpy of crystallization (AH.) can
also be calculated from the enthalpy of crystallization
normalized to the PP content by assuming that the ther-
modynamic contributions of filler phase in this system is
negligible. The degree of crystallization of unfilled PP was

Table 1 Sample compositions according to weight percentage (wt%)
of PP composites at different kaolin loading

Sample PP/wt% Kaolin/wt%
Unfilled PP 100 -
5K 95 5
10K 90 10
20 K 80 20
30K 70 30

Table 2 DSC Data for PP and kaolin-filled PP composites at a
cooling rate of 20 °C min~' (processed at processing tempera-
ture = 200 °C and shear stress = 9.8 kPa)

Sample Ty, onse’C T/°C TJ°C  Tp/°C TJ/°C  AHJ X /%
J g_1

PP 152.2 162.0 119.7 1162 112.76 62.72 30.0

5K 153.1 162.8 1194 1163 112.47 63.14 31.8

10K 1529 162.7 120.5 116.3 113.57 60.57 322

20K 154 162 1209 117 1139 51.83 31.0

30K 1539 164  121.48 118.3 114.36 44.62 30.5

T,, the peak of melting temperature, 7T,, .5, the onset of melting
temperature
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calculated using Eq. 2a whereas Eq. 2b was applied to the
composite system. The degree of crystallization of all
samples are listed in Table 2.
AH,
X.=—>x100 2
AH; (2a)
AH,

Xx=——"—-x1 2
AH(T — W) x 100 (2b)

where AH, is the heat of fusion, AH, is the heat of fusion
for 100% crystalline and W, is the mass fraction. The value
of AH; used for pure crystalline PP was assumed to be
209.0 J g~' [17]. As listed in Table 2, the degree of crys-
tallization (X.) of the composites was increased by the
kaolin content up to 10 wt%. Nonetheless, X. of the
composites tend to decrease when the kaolin loading
exceeds 10 wt%. At a given cooling rate, T}, of kaolin-filled
PP composites was higher than that of unfilled PP. This
clearly implies that the incorporation of kaolin results in
the heterogeneous nucleation to the PP matrix. At an early
stage of crystallization, the molecular chains of PP might
be in contact with the filler surface and limit the movement
of polymer chains. The movement of polymer chains which
is in a form of distorted network can be quickly relaxed and
reestablished. This scenario helped to increase the struc-
tural stability of polymer matrix [4] giving an increase in
the crystallization peak temperature.

As shown in Fig. 2, the overall crystallization time (z.)
reduces with increasing kaolin loading at low cooling rates
(<8 °C min "), but higher cooling rates showing overlap-
ping of ¢, values. This scenario signifies that the f. values
are becoming independent towards higher cooling rates
(>8 °C min~"). In nonisothermal crystallization, the tem-
perature can be related to overall crystallization time (z.)
scale by using the following equation

T, — T
t, = 7( il c) (1)
r
1.5
—e— Unfilled PP
—=—5K
20K
= 0.9 1 —*— 30K
£
~ 06|
0.3
0 . . . .
0 5 10 15 20 25

Cooling rate/°C min™'

Fig. 2 Overall crystallization time versus cooling rate at different
kaolin loading
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where r is the cooling rate, T is the initial crystallization
temperature and 7, is the final crystallization temperature.
The observed increase of 7}, and decrease of 7. with
increasing kaolin content are typical characteristics of
nucleation-controlled polymer crystallization [1]. The
results show that the higher the cooling rate, the shorter the
time needed for completing crystallization. A reduction in
crystallization time due to the incorporation of fillers is
widely reported by several researchers [7, 18].

Influence of processing temperature

Figure 3 shows the DSC crystallization curves of noniso-
thermal crystallization for 30 K at a cooling rate of 20 °C
min~". Prior to thermal analysis, the samples were extru-
ded at shear stress of 19.6 kPa and at various extrusion
temperatures. The T, Ty, onser» and other crystallization
parameters for the samples are listed in Table 3. The
observed onset temperature and crystallization peak tem-
perature decreases slightly with increasing processing
temperature with processing temperature of 220 °C illus-
trates the obvious difference. In addition, samples which
were processed at extrusion temperature of 220 °C dis-
played the highest X.. This earlier crystallization phe-
nomenon on the influence of processing temperature can be
interpreted as the result of an increase in nucleation
activities. Processing at high extrusion temperature induces
the molecular chains mobility of PP, and reduces the free
energy barrier for crystallites formation which is able to
accelerate the rate of crystallization.

To further confirm that faster crystallization was acceler-
ated by extrusion temperature, samples at three different
extrusion temperatures were comparatively investigated. The
crystallization time values for the same sample (30 K) dis-
cussed in the above paragraph can be obtained from Fig. 4.
There was visible different between the crystallization time

32
=
1S
~
=}
=1
o
2
(o) Temperature/°C
= 180
2 — — — 200
3 221 —--—22
T

20 i i i

100 110 120 130 140

Temperature/°C

Fig. 3 DSC curves of kaolin-filled PP (30 wt%) during non-
isothermal crystallization at different extrusion temperature
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Table 3 DSC Data for 30 K samples which were extruded at various processing temperature (at a cooling rate of 20 °C min™ ')

Processing T onset!°C T/°C T/°C T,/°C T./°C AH_./J gfl X %
temperature/°C
180 154.1 162.1 122.4 118 114.83 43.6 29.8
200 153.9 162.4 122.38 118.3 114.36 44.62 30.5
220 153.4 163.4 121.6 118.6 114.15 47.99 32.8
1.5 1.4
Temperature/°C (a) oggfgled PP
1.2 ——180 12
—=-200 'c
c 09] 220 g 1
06 \,\ g 08
0.3 { 0 0.6
0 ‘ ‘ ‘ ‘ 0.4
0 5 10 15 20 25 0.95 1 1.0
Cooling rate/°C min™' A% 104 K2
Fig. 4 Overall crystallization time versus cooling rate at different
extrusion temperature 1.4
(b) .\ oggf}zled PP
of 10 K extruded at processing temperatures of 180, 200 and e '
220 °C. Even though only small differences could be seen, the 5 1
crystallization time is decreasing with increasing extrusion §,
temperature. At faster cooling rates, the process of recrystal- 2 08
lization is hindered, resulting in decreasing of f,. Whereas, at 0.6 y
slower cooling rates, it is suggested that PP crystals melt and
recrystallize into more perfect crystals. This effect is typically 0-40 o ] 105
associated with melting followed by recrystallization into ' 1 '
more stable crystals and recrystallized samples at higher 5110~ K2
temperature [19, 20] and therefore, increasing the 7. value at AT
slow cooling rate. It can be seen from Fig. 4 that 30 K com- 1.4
posite showed dependency of f. on extrusion temperature. (© ‘gglﬁ"ed PP
Apparently, at a given cooling rate, 30 K sample which is _ 12
extruded at highest temperature took shorter time to complete .'E 1
the crystallization. These results signify that increasing the X
processing temperature could initiate the self- (refer to Fig. 5) %, 0.8
and heterogeneous nucleation activities to facilitate the - 06
overall crystallization process. However, the crystallization ’
time shows similar results as obtained in the influence of filler 0.4
0.95 1 1.05

content that at cooling rate of 8 °C min™' and beyond dem-
onstrates that the 7. values are becoming self-governing from
cooling rates.

Influence of shear stress

In order to understand the initial melting behavior and
crystallization response of PP/kaolin composite samples at
various shear stresses, DSC analysis of extruded sample
(10 K) were conducted at a cooling rate of 20 °C min~!
and the relative first scans are shown in Fig. 6. The

1
AT? 1074K2

Fig. 5 Plots of log r versus k= for unfilled PP and 30 K at various
extrusion temperatures a 180 °C, b 200 °C, and ¢ 220 °C

increase in shear stresses has shifted steadily the exotherm
towards higher temperature region. Thus, increasing the
crystallization of PP macromolecule segments at higher
shear stress. According to the DSC curves shown in Fig. 6,
T,, AH. and X_ at a cooling rate of 20 °C min~' for 10 K
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Fig. 6 DSC curves of kaolin-filled PP (10 wt%) during non-
isothermal crystallization at different shear stresses

Table 4 DSC Data for 10 K samples which were extruded at various
shear stresses (at a cooling rate of 20 °C min~!)

Shear Tmonsed Tm/°C TJ°C T/°C T./°C AHJ X%
stress/kPa °C Jg!

9.8 152.5 162 120.6 116 113.57 56.99 30.3
19.6 152.9 162.7 120.5 1163 109.44 60.57 32.2
343 152.6 1632 121.7 117.8 114.56 66.96 35.6

composite can be obtained and these values are listed in
Table 4. AH, estimated by integration of the area under the
exothermic region of the DSC thermogram increases with
the increasing shear stresses (see Table 4), indicating an
increase in the degree of crystallinity of samples.

From Table 4, it can be seen that the X_ values of all
unfilled PP and PP/kaolin composites were increased with
increasing shear stress. This phenomenon could be
explained by the effective heterogeneous nucleation effect
of kaolin particles on PP macromolecule chains for sample
processed at highest shear stress. As shown by the result for
samples extruded at highest shear stress of 34.3 kPa giving
the highest X, value.

This could be easily explained by focusing on the effect
of shear stress. If the applied shear stress is sufficiently
large, the crystallization rate of samples will be significantly
accelerated as proven in these experimental results, which is
of great importance to production. When the shear stress is
applied to the system, the entangled polymer chain network
and the filler network were both stretched and oriented
along the flow direction. The oriented and realigned PP
molecular chain networks and redispersed kaolin particles
which acted as heterogeneous nucleation agents induced the
formation of oriented crystals [11]. This scenario greatly
influenced the crystal morphology of PP and enhanced
number of crystals in the PP matrix. Consequently, the
evidence of shear stress on crystallization began to be
tangible.

@ Springer

The influence of shear stress on T, was also evaluated
and shown in Table 4. In brief, by controlling the pro-
cessing parameter, samples with different thermal behav-
iour could be obtained. It is clear that shear stress has
strong influences on thermal behaviour of PP/kaolin com-
posites. Different shear stress histories have changed and
moved T, to higher temperatures.

Figure 7 shows the crystallization time dependence of
the cooling rate for 10 K after the samples were extruded at
three different shear stresses. It can be seen that the ¢,
values of the sample extruded at highest shear stress (for
cooling rates <8 °C min~"') are lower than those extruded
at lower shear stresses. This suggests that high shear stress
does contribute to the raise in crystallization rate. From the
above description, it was clear that shear effect on crys-
tallization time of PP was also tangible in 10 K. During the
extrusion process, when the low shear stress (9.8 kPa) was
exerted, the crystallizable entity was increased with the
increase of kaolin content. As it is well known that there is
the effect of heterogeneous nucleation with the addition of
clay fillers in polymer composites [11, 21]. However, when
the shear stress was large enough to overcome the chaotic
situation of entanglement and realignment of PP molecules.
At this point of time, the sufficient shear stress also
destroyed some of the filler network and dispersed the
kaolin books (layer) into individual plate-like filler. In this
case, more surface area of kaolin fillers were exposed to PP
chains and available as heterogeneous nucleation sites for
polymers. Simultaneously, the high shear stress could also
enhance the nucleation of PP due to the shear-induced
chain alignment. Thus, the number of oriented crystals in
10 K was increased greatly, but the size of crystal was
decreased which leads to a decrease in the crystallization
time. As discussed earlier, the same scenario occurring in
the influence of shear stress illustrating that the 7. values for
cooling rates at 8 °C min~' and above are less dependent
from cooling rates.

15
Shear stress/kPa
——938
1.2 —=—19.6
34.3
0.9

t/min

N
\.

0.3

0

0 5 10 15 20 2t
. ~ Cooling rate/°C min™"' )
Fig. 7 Overall crystallization time versus cooling rate of 10 K at

different shear stresses
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Conclusions

All of the investigated samples were prepared at a wide
range of processing temperature and shear stress. The
crystallization peak of filled PP was shifted to higher
temperature if compared to that of unfilled PP, clearly
showing the nucleation efficiency of kaolin fillers. The
wider melting peak of the composite compared to that of
unfilled PP shows the effect of fillers. The incorporation of
kaolin particles leads to the formation of small crystallites
with lower perfection in PP matrix. In this study, depen-
dence of processing temperature and shear stress condition
on crystallization kinetics of all samples were also dem-
onstrated. The results showed that both processing tem-
perature and shear stress have influence on crystallization
behaviour. The overall crystallization time which indicates
the time for the sample to crystallize during non-isothermal
crystallization process was reduced by raising the pro-
cessing temperature and shear stress and addition of kaolin
content (for cooling rates <8 °C min~"). Nonetheless,
results attained in the influences of filler content, process-
ing temperature and shear stress showed that the 7. values
(at cooling rate of 8 °C min~' and beyond) are becoming
self-governing from cooling rates.

Acknowledgements This work is supported by a research grant
from the Ministry of Science, Technology and Environment, Malaysia
(IRPA Grant No. 305/PBAHAN/6012908).

References

1. Razavi-Nouri M, Ghorbanzadeh-Ahangari M, Fereidoon A,
Jahanshahi M. Effect of carbon nanotubes content on crystalliza-
tion kinetics and morphology of polypropylene. Polym Test. 2009;
28:46-52.

2. Hou Z, Wang K, Zhao P, Zhang Q, Yang C, Chen D, Du R, Fu Q.
Structural orientation and tensile behavior in the extrusion-stret-
ched sheets of polypropylene/multi-walled carbon nanotubes’
composite. Polymer. 2008;49:3582-9.

3. Tang J, Wang Y, Liu H, Belfiore LA. Effects of organic nucle-
ating agents and zinc oxide nanoparticles on isotactic polypro-
pylene crystallization. Polymer. 2004;45:2081-91.

4. Luyt AS, Dramiéanin MD, Anti¢ Z, Djokovié¢ V. Morphology,
mechanical and thermal properties of composites of polypropylene
and nanostructured wollastonite filler. Polymer. 2009;28:348-56.

5. Esteves ACC, Barros-Timmons AM, Martins JA, Zhang W,
Cruz-Pinto J, Trindade T. Crystallization behaviour of new
poly(tetramethyleneterephthalamide) nanocomposites containing

10.

11.

12.

14.

16.

17.

18.

19.

20.

21.

SiO;, fillers with distinct morphologies. Compos B Eng. 2005;36:
51-9.

. Lazzeri A, Zebarjad SM, Pracella M, Cavalier K, Rosa R. Filler

toughening of plastics. Part 1—the effect of surface interactions
on physico-mechanical properties and rheological behaviour
of ultrafine CaCO;/HDPE nanocomposites. Polymer. 2005;46:
827-44.

. Jain S, Goossens H, Duin MV, Lemstra P. Effect of in situ pre-

pared silica nano-particles on non-isothermal crystallization of
polypropylene. Polym. 2005;46:8805-18.

. Xu W, Liang G, Zhai H, Tang S, Hang G, Pan WP. Preparation

and crystallization behaviour of PP/PP-g-MAH/Org-MMT
nanocomposite. Eur Polym J. 2003;39:1467-74.

. George ZP, Achilias DS, Bikiaris DN, Karayannidis GP. Crys-

tallization kinetics and nucleation activity of filler in poly-
propylene/surface-treated SiO, nanocomposites. Thermochim
Acta. 2005;427:117-28.

Zhou Q, Xanthos M. Nanosize and microsize clay effects on the
kinetics of the thermal degradation of polylactides. Polym Degrad
Stab. 2009;94:327-38.

Li J, Zhou C, Gang W. Study on nonisothermal crystallization of
maleic anhydride grafted polypropylene/montmorillonite nano-
composite. Polym Test. 2003;22:217-23.

Sharma SK, Nayak SK. Surface modified clay/polypropylene
(PP) nanocomposites: Effect on physico-mechanical, thermal and
morphological properties. Polym Degrad Stab. 2009;94:132-8.

. Huang Y, Chen G, Yao Z, Li H, Wu Y. Non-isothermal crys-

tallization behavior of polypropylene with nucleating agents and
nano-calcium carbonate. Eur Polym J. 2005;41:2753-60.

Sun T, Chen F, Dong X, Zhou Y, Wang D, Han CC. Shear-
induced orientation in the crystallization of an isotactic poly-
propylene nanocomposite. Polymer. 2009;50:2465-71.

. Titan Petchem (M) SDN BHD. Product data: TitanPro SM240 for

injection moulding. http://www.titangroup.com/Products/PDS/
TitanPro/English/SM240.pdf (2009). Accessed 20 Feb 2010.
Gradys A, Sajkiewicz P, Minakov AA, Adamovsky S, Schick C,
Hashimoto T, Saijo K. Crystallization of polypropylene at various
cooling rates. Mater Sci Eng A. 2005;413-414:442-6.

Song S, Wu P, Feng J, Ye M, Yang Y. Influence of pre-shearing
on the crystallization of an impact-resistant polypropylene
copolymer. Polymer. 2009;50:286-95.

Yuan Q, Awate S, Misra RDK. Nonisothermal crystallization
behavior of polypropylene—clay nanocomposites. Eur Polym J.
2006;42:1994-2003.

Avella M, Cosco S, Di Lorenzo ML, Di Pace E, Errico ME,
Gentile G. Nucleation activity of nanosized CaCOs5 on crystalli-
zation of isotactic polypropylene, in dependence on crystal
modification, particle shape, and coating. Eur Polym J. 2006;42:
1548-57.

Coccorullo I, Pantani R, Titomanlio G. Crystallization kinetics
and solidified structure in iPP under high cooling rates. Polymer.
2003;44:307-18.

Maio ED, Iannace S, Sorrentino L, Nicolais L. Isothermal crys-
tallization in PCL/clay nanocomposites investigated with thermal
and rheometric methods. Polymer. 2004;45:8893-900.

@ Springer


http://www.titangroup.com/Products/PDS/TitanPro/English/SM240.pdf
http://www.titangroup.com/Products/PDS/TitanPro/English/SM240.pdf

	Influence of filler content and processing parameter on the crystallization behaviour of PP/kaolin composites
	Abstract
	Introduction
	Experimental
	Materials
	Sample preparation
	Testing

	Results and discussion
	Influence of filler content
	Influence of processing temperature
	Influence of shear stress

	Conclusions
	Acknowledgements
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 149
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 149
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 599
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
    /DEU <>
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice


