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Abstract

In this work, halloysite nanotubes (HNTs), a new type of inexpensive filler, were used for the modification of polypropylene (PP). HNTs were
first surface treated by methyl, tallow, bis-2-hydroxyethyl, quaternary ammonium, then melt mixed with PP. Scanning electron microscope
(SEM) was used to examine the dispersion of HNTs in PP matrix. Differential scanning calorimetry (DSC), polarized light microscope
(PLM), dynamic melt rheometry and wide angle X-ray diffraction (WAXD) were employed to investigate the crystallization behavior of the
prepared PP/HNT composites. The mechanical properties were evaluated by Instron and impact tests. SEM results revealed that HNTs could
be well-dispersed in PP matrix and had a good interfacial interaction with PP, even up to a high content of 10 wt%. DSC data indicated that
HNTs could serve as a nucleation agent, resulting in an enhancement of the overall crystallization rate and the non-isothermal crystallization
temperature of PP. PLM showed a constant spherulite growth rate and a decreased spherulite size at given isothermal crystallization temperature,
suggesting that nucleation and growth of a spherulite are two independent processes. The result obtained by dynamic melt rheometry indicated
that HNTs mainly promoted nucleation and had not much influence on the growth of PP crystallization. Nevertheless, by fast cooling the sam-
ples, almost constant spherulite size can be obtained for both pure PP and PP/HNT composites due to the limited nucleation effect of HNTs on
PP crystallization. WAXD showed that HNTs mainly facilitated a-crystal form of PP. Though a good dispersion of HNTs in PP matrix was
observed, out of our expectation, not much enhancement on mechanical properties of PP/HNT composites had been achieved, and this could
be mainly ascribed to the constant crystallinity and spherulite size of PP as well as the small length/diameter ratio of HNTs.
� 2007 Elsevier Ltd. All rights reserved.
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1. Introduction

Isotactic polypropylene is widely used in industry due to
its well balanced physical and mechanical properties and its
easy processability at a relatively low cost [1]. However, its
relatively poor impact strength restricts its application as an
engineering thermoplastic [2]. Therefore, a great deal of
work has been done to overcome its disadvantages in the
past several decades. On one hand, various kinds of PP

* Corresponding author.

E-mail address: qiangfu@scu.edu.cn (Q. Fu).

0032-3861/$ - see front matter � 2007 Elsevier Ltd. All rights reserved.

doi:10.1016/j.polymer.2007.10.005
copolymers or blends with other polymers have been devel-
oped [3e5]. On the other hand, PP has been modified by
melt mixing with various kinds of inorganic fillers, such as
talc, mica, clay, whiskers, glass fiber, carbon fiber, silica
nanoparticles, carbon nanotubes and calcium carbonate
(CaCO3) [6e17]. Weawkamol and coworkers [16] observed
an increased modulus of PP/nonpurified single wall carbon
nanotube (SWNT) composites by 75% at 0.5 wt% SWNTs.
In our earlier work [17], we found that the impact strength
of PP/clay nanocomposites prepared by melt intercalation
was greatly improved, while the tensile strength was not
much improved compared with pure PP. As reported by
Chan et al. [14], the Izod impact strength of PP/CaCO3
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nanocomposites could be significantly increased by 300%,
while the ultimate tensile strength kept relatively constant.
Since the physical and mechanical properties of semicrystal-
line polymers strongly depend on the crystalline morphology,
extensive studies on the nucleation activity of fillers, the ef-
fect of fillers on the crystallization kinetics, the spherulite
growth of polymers and crystalline morphology of compos-
ites, as well as the correlation between crystalline structure
and mechanical properties of filler-modified PP have been
carried out by many researchers [18e24].

Recently, halloysite has received much attention. It is an
important member of kaolin group of clay minerals and
has a composition of Al4Si4O10(OH)8$4H2O. It exhibits
hollow nanotubular structure and its typical dimension is of
nanoscale. The cost of HNTs is much lower than other nano-
fillers such as carbon nanotubes. They are usually applied in
the manufacture of high quality ceramic white-ware and can
also be used as a microtubular drug delivery system, nano-
templates or nanoscale reaction vessles [25e28]. Wu [29]
has recently studied HNT/epoxy (EP) composites and ob-
served that HNTs could obviously improve the mechanical
properties of EP. Du et al. [30] first utilized HNTs as nano-
filler for PP and found that HNTs were well-dispersed in PP
matrix at nanoscale after facile modification and the thermal
stability of the composites was obviously enhanced compared
with pure PP. NaturalNano, Inc. has announced the success-
ful pilot-scale dispersion of functionalized halloysite nano-
tubes in polypropylene. However, the mechanical properties
and crystallization behavior of PP/HNT composites have
not been reported yet.

In this work, HNTs were first surface treated by methyl, tal-
low, bis-2-hydroxyethyl, quaternary ammonium and then melt
mixed with PP. Since the morphology and crystallization be-
havior are directly related to the properties of polymer com-
posites, we focus our attention mainly on the crystallization
behavior and mechanical properties of the prepared PP/HNT
composites. Different from usual situations, out of our expec-
tation, although HNTs are well-dispersed in PP matrix in
a range of 50e300 nm and have a good interfacial interaction
with PP, the addition of HNTs can only enhance the crystalli-
zation temperature and overall crystallization rate of PP to
a certain extent, leading to almost constant spherulite size
for pure PP and PP/HNT composites by fast cooling the sam-
ples. This may contribute partially to the unchanged mechani-
cal properties observed in the composites.

2. Experimental section

2.1. Materials

A commercially available isotactic PP was manufactured
by Dushanzi Petroleum Chemical Incorporation (Xinjiang,
China), with a melt flow index of 0.96 g/10 min (190 �C,
2.16 kg). Halloysite (degree of purity: >90% to 92%) was
obtained from Guizhou Province in China. Methyl, tallow,
bis-2-hydroxyethyl, quaternary ammonium solution, which
was purchased from Bailingwei Chemical Incorporation
(Beijing, China), was used as surfactant and the molecular
structure (n¼ 14e18) is shown as follows:

(CH2)nCH3N+CH3

CH2CH2OH

CH2CH2OH

Cl-

2.2. Modification

Naturally occurred halloysite clay purchased from Guizhou
Province in China was ground into powder by a laboratory ball
mill. The powder was sieved by passing through a 150-mesh
stainless steel sifter and then immersed in 5% K2CO3 solution
for 3 days. After filtration, the halloysite residue was treated in
5% methyl, tallow, bis-2-hydroxyethyl, quaternary ammonium
solution at 80 �C for 24 h. Then, the suspended substance of
halloysite was filtered again. After that, the leavings were
dried in a vacuum oven at 60 �C for 24 h. The dried powder
was ground by a laboratory ball mill again and was sieved
by passing through a 150-mesh stainless steel filter. The ulti-
mate powder was used as nanofiller, as shown in Fig. 1.

2.3. Preparation of PP/HNT composites

PP and HNTs were melt mixed using a twin screw extruder.
The temperature of the extruder was maintained at 150 �C,
190 �C, 190 �C, 200 �C, 200 �C and 190 �C from hopper to
die, and the screw speed was 110 rpm. Pure PP was also
passed through extruder under the same conditions to serve
as a reference. The pelletized granules were dried for 20 h un-
der 80 �C and then injection molded under the temperature of
200 �C. The ultimate PP/HNT (with different modified HNT
content of 1 wt% and 10 wt%) samples were termed as
1HPP and 10HPP, respectively.

2.4. Scanning electron microscopy (SEM)

The morphologies of HNTs and PP/HNT composites were
examined under an acceleration voltage of 20 kV with a JEOL

Fig. 1. SEM photo of HNTs.
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JSM-5900 LV for SEM experiment. Before being examined,
the specimens of PP/HNT composites were cryogenically frac-
tured perpendicular to the flow direction in liquid nitrogen
(�170 �C) and then the fractured surface was coated with
a thin layer of gold.

2.5. Differential scanning calorimetry (DSC)

A PerkineElmer pyris-1 DSC with nitrogen as purge gas was
used to investigate the crystallization behavior of pure PP and
PP/HNT composites. In the case of isothermal crystallization,
the samples (about 5.0 mg) were heat-treated at 200 �C for
5 min in order to eliminate any thermal history. Then they
were cooled at a rate of 100 �C/min to the crystallization temper-
ature, Tc, and maintained at that temperature during the time
for complete crystallization of the matrix. The heat evolved
during isothermal crystallization was recorded as a function of
time. The isotherms were constructed by integrating the area
under the exothermic peak. Then the specimens were heated
again without prior cooling to obtain the DSC endotherms at
a rate of 10 �C/min. The melting temperatures (Tms) were deter-
mined from the maxima of the fusion peaks. The crystallinity
(Xc) of the blends was calculated from the equation Xc ¼
DHi=ð4iDHm

i Þ, where DHi is the enthalpy of fusion of 1HPP
or 10HPP, directly obtained by DSC, and 4i is the mass fraction
of PP in the blends. DHm

i , the enthalpy of fusion of 100%
crystalline polymer, is 209 J/g for PP [31]. The non-isothermal
crystallization behavior of the specimens was investigated by
melting the samples (about 5 mg) at 200 �C for 5 min to erase
any thermal history and prevent self-seeding of PP and then
cooling them to 30 �C at a cooling rate of 10 �C/min. Thereafter,
the specimens were heated again to the melting point at a heating
rate of 10 �C/min.

2.6. Polarized light microscope (PLM)

A polarized light optical microscope equipped with a hot
stage was used to study the crystallization morphology and
the isothermal spherulite growth rate of neat PP and compos-
ites. The samples sandwiched between two microscope cover
slips were first heated to 200 �C, pressed into thin film samples,
and then maintained at 200 �C for 5 min. The temperature of
the hot stage was then reduced to the fixed crystallization
temperature (Tc) at a rate of 100 �C/min. The crystallization
process was observed and the morphologies were recorded by
taking photographs at constant time intervals. The radial
growth rate of spherulites was determined by measuring the
radii of the growing spherulites as a function of time. The non-
isothermal crystallization morphology was obtained by melting
the samples at 200 �C for 5 min to erase any thermal history
and then cooling them at 50 �C/min to the room temperature.
Reported results were averages of at least three fresh samples.

2.7. Dynamic melt rheometry

The crystallization behavior under shear was studied by
rheological measurement, which was performed on
a controlled strain rheometer (ARES rheometer, Rheometrics
Scientific, NJ) with a torque transducer range of 0.2e
2000 gf cm using 25 mm diameter parallel plates. Testing
sample disks with a thickness of 1.5 mm and a diameter of
25 mm were prepared by compression molding of the extruded
pellets at 190 �C for 3 min. Pure PP and PP/HNT composites
were examined in dynamic time sweep mode at an angular fre-
quency of 1 Hz and 0.1% strain level. The temperature of the
samples was raised to 200 �C and held at that temperature for
5 min to eliminate any thermal history, and then lowered to the
desired crystallization temperature of 132 �C at a cooling rate
of 30 �C/min. All measurements were conducted under a nitro-
gen atmosphere to minimize oxidative degradation of PP.

2.8. Wide angle X-ray diffraction (WAXD)

WAXD analysis was conducted with a DX-100 X-ray dif-
fractometer (radiation Cu Ka, l¼ 0.154 nm, reflection
mode) at room temperature. The 2q range is 10�e25� with
a scanning rate of 0.05�/s. The testing samples were prepared
by compression molding of the extruded pellets at 190 �C for
3 min. The crystallinity was calculated from diffracted inten-
sity data over the range from 10� to 25� of 2q by using the
area integration method [32].

2.9. Mechanical properties

Standard tensile tests were performed using an Instron uni-
versal tensile testing machine with a cross-head speed of
50 mm/min at room temperature (23 �C). The width and thick-
ness of the dumbbell shaped specimens were about 10.20 mm
and 4.24 mm. The tensile strength at yield was determined
according to GB/T 1040-92 standard.

For impact strength measurement, a notch with 45� was
made by machine, and the remaining width of the specimens
was 8.0 mm. The notched Izod impact strength of the speci-
mens was tested with a VJ-40 Izod machine, according to
GB/T 1834-1996 standard. The values of all the mechanical
parameters were calculated as averages over 5 specimens for
each composition.

3. Results

3.1. Morphology of HNTs and its dispersion in PP/HNT
composites

The SEM micrograph, as shown in Fig. 1, reveals the nano-
tubular structure of halloysite. Many agglomerates and a few
particles can also be seen. The typical diameter and length/
diameter ratio of HNTs are determined by measuring 10 ran-
domly chosen nanotubes. However, it is difficult to determine
the primary size of HNTs precisely due to aggregate nature of
the nanotubes. The diameter ranges from 50 nm to 300 nm and
the length/diameter ratio is in the range of 3e10.

It is well-known that the dispersion of filler in polymer ma-
trix is a key for the enhancement of mechanical properties of
polymer composites. Generally, it is difficult to achieve a good
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dispersion of inorganic filler in a thermoplastic. And this prob-
lem is even worse as the nanoparticles are used, due to the
strong tendency of filler agglomeration [14]. However, in
our work, the modified HNTs are seen to be well-dispersed
in PP matrix, even at a high filler content of 10 wt%, as shown
in Fig. 2. It can be seen that a good dispersion is achieved for
all the composites containing 1 wt% and 10 wt% HNTs and no
aggregate can be found. Most of the HNTs are uniformly dis-
persed in PP matrix with a size between 50 nm and 300 nm.
The interface of PP and HNTs is blurrier and no obvious
cavities can be seen, suggesting a good interfacial interaction
between the modified HNTs and PP matrix.

3.2. DSC results

In Fig. 3(a), different curves are presented concerning the
isothermal crystallization process at 128 �C for pure PP and
PP/HNT composites. From this figure, it is deduced that the
addition of HNTs has an effect on the enhancement of the
overall crystallization rate of PP, which becomes faster by
adding HNTs. Since the half crystallization time t1/2 (defined
as the time required to reach 50% of the complete crystalliza-
tion) is a very important parameter describing the overall
crystallization rate, the t1/2 values obtained for PP/HNT com-
posites and pure PP specimens are plotted against Tc values,
as shown in Fig. 3(b). It can be seen that the overall crystal-
lization rate for the samples decreases with increasing crystal-
lization temperature as it increases from 125 �C to 132 �C.
However, the crystallization rate increases (t1/2 decreases)
with the increase of HNT content at the same Tc, mainly at
high Tc. For example, the t1/2 of PP at 132 �C is about
966 s, which is decreased to 468 s for 10HPP at the same
crystallization temperature. This result suggests that HNTs
can serve as a heterogeneous nucleation agent for PP crystal-
lization. Furthermore, the melting temperature is found to be
almost the same for all the samples if they are crystallized at
the same temperature. For example, the melting traces of pure
PP and PP/HNT composites crystallized at 128 �C are shown
in Fig. 3(c). Obviously, no significant changes in the full
width of the melting peaks or the melting temperatures are de-
tected between the samples. It can be deduced that the crys-
tallite size distribution of PP is hardly changed with the
presence of HNTs. Fig. 4 shows the crystallinity of pure PP
and PP/HNT composites crystallized at various temperatures.
It can be seen that the crystallinity of all the specimens in-
creases slightly with the enhancement of crystallization tem-
perature. One can also observe a constant crystallinity
(about 33%) within the experimental error for all the speci-
mens crystallized at the same temperature, which indicates
that the addition of HNTs has no obvious effect on the crys-
tallinity of PP.

The effect of HNTs on the crystallization behavior of PP
can also be demonstrated by non-isothermal crystallization.
As an example, the non-isothermal crystallization curves of
pure PP and PP/HNT composites at a cooling rate of 10 �C/
min are shown in Fig. 5(a). The crystallization peak tempera-
ture is defined as Tp. It can be seen that Tp shifts to higher tem-
perature with the presence of HNTs. This result indicates
Fig. 2. SEM photos of fracture surface of PP/HNT composites (a) �5000 and (b) �10 000.
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Fig. 3. Isothermal crystallization and melting behavior of pure PP and PP/HNT

composites. (a) Isothermal crystallization isotherms (crystallized at 128 �C),

(b) half crystallization time (t1/2) versus crystallization temperatures, and (c)

melting traces (heating rate: 10 �C/min, crystallized at 128 �C).
again the efficiency of HNTs as a nucleating agent for PP crys-
tallization, but mainly at high HNT content. The correspond-
ing heating curves are shown in Fig. 5(b), and again almost
constant melting temperature is observed. These results are
in good agreement with the above isothermal crystallization
results.

Nevertheless, it should be noted that the nucleation effect of
HNTs on PP crystallization is limited compared with other
good nucleation agent of PP reported in the literature. For ex-
ample, Seo et al. [1] investigated the crystallization kinetics of
PP/MWNT composites and observed that the addition of
1 wt% MWNTs increased the crystallization rate by as much
as an order of magnitude or higher and the addition of
5 wt% MWNTs increased the Tp by 12 �C. However, in PP/
HNT composites, the enhancement of Tp is only 5 �C even
for 10HPP and the overall crystallization rate is only twice
that of pure PP when crystallized at 132 �C, indicating that
the nucleation effect of HNTs is limited.

3.3. PLM observation

The crystal morphology and the spherulite radial growth
rate of PP, 1HPP and 10HPP are examined by PLM. Fig. 6 pres-
ents crystal morphology of the samples crystallized at the same
temperature (128 �C) at the time of 90 s (left) or 135 s (right).
The birefringent spherulitic structure and the same average
spherulite size can be observed for pure PP, 1HPP and
10HPP at the same crystallization time. One can also see
from this figure that the number of spherulites increased due
to the addition of HNTs. This can be ascribed to the nucleation
effect of HNTs. The spherulite radial growth rates of PP/HNT
composites and pure PP are carefully investigated at a variety
of crystallization temperatures and time. As an example, the
spherulite radius as a function of crystallization time for the
specimens crystallized at 128 �C is plotted in Fig. 7. One ob-
serves a linear increase of the spherulite size with time for all
the samples before the impingement of spherulites. Fig. 8
shows the spherulite radial growth rate (G) of PP and PP/
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HNTs at various crystallization temperatures. It can be seen
that the spherulite radial growth rate decreases with increasing
crystallization temperature for all the specimens, suggesting
a nucleation-controlled growth. Again, the spherulite growth
rate of PP, within the experimental error, is not affected by
the incorporation of HNTs at each temperature studied. Thus,
it becomes clear that the reason of enhancement of the overall
crystallization rate (obtained by DSC results) is due to the pres-
ence of HNTs as a nucleation agent, and has nothing to do with
the spherulite growth rate. These results indicate that nucle-
ation and growth of a spherulite are two independent processes
for the composites studied in this paper.

The final spherulite size of the samples obtained by isother-
mal crystallization at a relatively high temperature will depend
on the density of nucleus. Due to the enhancement of nucle-
ation by adding HNTs, the spherulite in the composites will
impinge at an early time thus could end up in a smaller spher-
ulite size, compared with pure PP. As shown in Fig. 9, the final
morphology of the three samples is obtained by isothermal
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Fig. 5. Non-isothermal crystallization and melting traces of pure PP and PP/

HNT composites. (a) Crystallization exotherms (cooling rate: 10 �C/min)

and (b) melting traces (heating rate: 10 �C/min).
crystallization at 128 �C. The spherulite diameter is roughly
300 mm, 210 mm and 150 mm, for PP, 1HPP and 10HPP, re-
spectively. And the corresponding spherulite impingement
time is about 11.5 min, 8 min and 5 min, respectively. How-
ever, by fast cooling (50 �C/min) the samples from the melt,
which is more closer to the real processing conditions, almost
the same spherulite size is obtained for PP, 1HPP and 10HPP,
as shown in Fig. 10. As we know that the relatively low tem-
perature will benefit the homogeneous nucleation and the role
of filler as a nucleation agent will be less effective. Thus, it can
be deduced that the density of nucleus in pure PP is almost the
same as in PP/HNT composites in this kind of situation and
the spherulite growth rate becomes the dominant factor in de-
termining the final spherulite size of the samples. Therefore, it
is reasonable to obtain the nearly unchanged spherulite size for
PP, 1HPP and 10HPP by fast cooling the samples. Again, it
can be concluded that the nucleating effect of HNTs on PP
crystallization is not very good in comparison with other effec-
tive nucleating agent reported in the literature. As reported by
Chan et al. [14], the spherulite size of pure PP is larger than
40 mm while no spherulitic structure can be seen with the in-
corporation of 9.2 vol% CaCO3 nanoparticles, indicating the
excellent nucleating effect of CaCO3 nanoparticles on PP crys-
tallization by dramatically increasing the number of spheru-
lites and significantly reducing the size of spherulites.

3.4. Dynamic melt rheometry

In recent years, dynamic melt rheometry has been proved to
be a reliable technique to study the crystallization kinetics of
polymer materials [33e35]. Khanna [36] has studied the crys-
tallization kinetics of different materials with and without nu-
cleating agent and has shown that the rheological technique
was more sensitive than the conventional ones, such as DSC,
PLM or X-ray. In addition, he has proposed a relation to de-
duce the relative crystallinity a(t) based on the rheological
measurements:

a
�
t
�
¼ G0ðtÞ �G0ð0Þ

G0ðNÞ �G0ð0Þ ð1Þ

where G0(0), G0(t) and G0(N) are the elastic moduli at time 0, t
and infinity, respectively. The same type of relation has also
been proposed by Gauthier et al. [37]. They have used the
rheological measurements to follow the crystallization of poly-
(ethylene terephthalate)/glass fiber samples and have shown
that not only the crystallization kinetics but also the nucleation
and growth characteristics could be evaluated by the evolution
of storage modulus.

A plot of storage modulus (G0) versus time at a given iso-
thermal crystallization temperature (132 �C) for pure PP,
1HPP and 10HPP is shown in Fig. 11. In this plot, one can
clearly observe a three-step evolution of storage modulus
(G0) versus time during crystallization for the three samples.
Firstly, G0 initially increases monotonically with time, which
is referred to as the induction stage of nucleation. Secondly,
G0 abruptly increases with time, indicating that the crystallites
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Fig. 6. The crystal morphology of PP/HNT composites as well as pure PP crystallized at 128 �C. Crystallization time is (a) 90 s and (b) 135 s.
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grow to larger spherulites through fast nucleation and growth.
One can also deduce that the homogeneous melt system
changes into heterogeneous system in this period [38,39].
Thirdly, a level-off of G0 with time can be seen, which reveals
that the system reaches an equilibrium and the crystallization
process is over [39]. From Eq. (1), one can determine the half
crystallization time t1/2 when a(t)¼ 0.5, which can be used to

Fig. 9. The final crystal morphology of pure PP and PP/HNT composites crys-

tallized at 128 �C.
quantitatively evaluate the overall crystallization rate. The in-
duction time and half crystallization time t1/2 are summarized
in Table 1. It can be clearly seen that t1/2 value decreases by
the addition of HNTs, mainly at a high level of HNTs. For ex-
ample, the t1/2 of pure PP is about 1750 s, which is decreased
to only 660 s for 10HPP. It can be concluded that HNTs can
serve as a heterogeneous nucleation agent and accelerate the

Fig. 10. The final non-isothermal crystal morphology of pure PP and PP/HNT

composites (cooling rate: 50 �C/min).
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overall crystallization process of PP. The results are consistent
well with the DSC observations. On the other hand, the induc-
tion time is seen to decrease with the increase of HNT content.
For pure PP, the induction time is as long as 300 s, and this
value decreases to 80 s for 10HPP. Obviously, the addition
of HNTs has much more remarkable effect on the induction
time than the half crystallization time t1/2. As we know that
the induction time represents the induction stage of nucleation
and the half crystallization time t1/2 represents the overall crys-
tallization rate, including both nucleation and growth. The re-
sult obtained by dynamic melt rheometry indicates that HNTs
mainly promote the nucleation and has not much influence on
the growth of PP crystallization. These results are in good
agreement with DSC and PLM observations.

3.5. WAXD analysis

WAXD analysis was performed to investigate the effect of
HNTs on the crystalline structure of PP. Fig. 12 shows the
X-ray diffractograms with the intensity as a function of
the scattering angle, 2q. One can see that five most intense
WAXD reflections at 2q angles of 14.0�, 16.8�, 18.4�, 21�

and 21.8�, corresponding to the (110), (040), (130), (111)
and (041) lattice planes of the a-monoclinic crystalline struc-
ture of PP, appear in the X-ray diffraction spectra of each sam-
ple. This indicates that HNTs have no effect on PP crystal
structure. One can also observe a peak at 12.02�, which is

0 500 1000 1500 2000 2500

104

105

106

107

Time (s)

PP
1HPP
10HPP

G
' (

Pa
)

Fig. 11. Variation of the storage modulus (G0) with time of pure PP and PP/

HNT composites at 1 Hz at isothermal crystallization temperature of 132 �C.

Table 1

Dynamic melt rheological data and crystallinity obtained by WAXD of PP/

HNT composites as well as pure PP

PP 1HPP 10HPP

Induction time (s) 300 220 80

Half crystallization time (s) 1750 1560 660

Crystallinity (%) 50.8 52.3 51.4
absent for pure PP but appears for the composites, correspond-
ing to the 001 basal spacing of HNTs.

The crystallinity of pure PP and PP/HNT composites can
also be obtained from this WAXD intensity data, as shown
in Table 1. It can be seen that the crystallinity of all the sam-
ples is almost the same, suggesting that the presence of HNTs
has no obvious effect on the crystallinity of PP. This result is
consistent well with the DSC result.

3.6. The mechanical properties of PP/HNT composites

Table 2 shows the mechanical properties of PP/HNT com-
posites as well as pure PP. It can be seen that the tensile
strength is not improved by the presence of HNTs, compared
with pure PP. The impact strength of PP/HNTs is slightly
increased from 2.6 kJ/m2 to 3.3 kJ/m2 as the HNT content
increases to 10 wt% (10HPP).

4. Discussion

4.1. The effect of fillers on PP crystallization

Usually, the addition of nanofillers can largely enhance the
crystallization rate and the crystallization temperature, and
significantly decrease the spherulite size of PP. In Bhattachar-
yya’s work [21], the presence of 0.8 wt% SWNTs remarkably
increased the crystallization rate by as much as an order of
magnitude, obviously enhanced the crystallization temperature
by 11 �C and sharply decreased the spherulite size of PP. As
reported by Chan et al. [14], an increase of 10 �C in the crys-
tallization temperature and a significant decrease in spherulite
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Fig. 12. WAXD curves of pure PP and PP/HNT composites.

Table 2

Tensile strength and notched Izod impact strength of pure PP and PP/HNT

composites

PP 1HPP 10HPP

Tensile strength (MPa) 34.1� 0.3 36.4� 0.6 36.1� 0.5

Notched Izod impact strength (kJ/m2) 2.6� 0.3 2.9� 0.2 3.3� 0.3
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size of PP were achieved by the incorporation of CaCO3 nano-
particles. In our earlier work [40], exfoliated clay layers were
found serving as efficient nucleation agent for PP, resulting in
a dramatic decrease in crystal size and an obvious increase of
crystallization temperature and crystallization rate. In this
work, although HNTs are well-dispersed in PP matrix in the
range of 50e300 nm and have a good interfacial interaction
with PP, the addition of HNTs can only enhance the crystalli-
zation temperature and overall crystallization rate of PP at
a certain extent by acting as a not very good nucleation agent,
which is different from the usual situations.

Furthermore, the effect of different kinds of fillers on the
spherulite growth rate of PP varies. Some may retard the
spherulite growth. For example, Nitta et al. [41] investigated
the effect of silica particles on the spherulite growth rate of
PP and observed that the growth rate decreased with increas-
ing the silica content. Recently, the depressed spherulite
growth rate of PP with the addition of BaSO4 was observed
by Wang et al. [42] due to the enhanced PPeBaSO4 interac-
tion promoting the particles to serve as physical crosslinking
points. In our case, the addition of HNTs can enhance the
nucleation and overall rate of PP crystallization, but has not
much influence on the spherulite growth rate of PP. Similar re-
ports can be found in literature. In Arroyo’s work [18], a sen-
sible increase of the overall crystallization rate was found by
the presence of short glass fiber. However, it had no significant
effect on the spherulite radial growth rate of PP. Canetti et al.
[22] observed the same phenomenon in PP/lignin composites.
Our work adds to this line, and indicates that nucleation and
growth of a spherulite are two independent processes in PP/
HNT composites.

4.2. Effect of HNTs on the mechanical properties of PP

From Table 2, the addition of HNTs shows no significant
reinforcement for both tensile and impact strength of PP. It
is well-known that the reinforcing effects of a kind of filler
on the mechanical properties of polymer composites depend
strongly on its shape, particles size, aggregate size, aspect
ratio, surface characteristics and degree of dispersion [14].
In our work, not very much improved mechanical properties
are observed for PP/HNT composites, although HNTs are
dispersed in PP matrix uniformly for all the compositions pre-
pared as shown in Fig. 2. Thus, the problem of agglomeration
of nanofillers, which tends to decrease the mechanical proper-
ties of composites, does not exist. Furthermore, the interface
of PP and HNTs is blurrier and no obvious cavities can be
seen. From SEM photos of HNTs, we know that HNTs exhibit
nanotubular structure and their length/diameter ratio ranges
from 3 to 10. Most likely, the reinforcing effect of HNTs
with such length/diameter ratio on mechanical properties of
composites is limited. Therefore, this is one of the possible
reasons that the mechanical properties of composites are not
much improved, compared with other polymer composites.
The length/diameter ratio may be further reduced after pro-
cessing, due to the breaking of HNT particles under the shear
effect. In addition, crystallinity and spherulite size have
significant influence on the mechanical properties of crystal-
line polymer composites. In this work, both DSC and PLM
results show that the nucleation effect of HNTs on PP crystal-
lization is limited and the spherulite growth rate of composites
is almost the same as pure PP, which can result in a roughly
constant spherulite size by fast cooling, as shown in Fig. 10.
Since the conditions of the samples’ preparation (by injection
molding) are very similar to the fast cooling, one can reason-
ably assume that the spherulite size in the injection molded
samples is more or less the same. And also both DSC and
WAXD results suggest a constant crystallinity in the samples.
These can be the main reasons for the unchanged mechanical
properties of PP/HNT composites of injection molded bars.

5. Conclusions

The crystallization behavior and mechanical properties of
PP/HNT composites as well as pure PP are investigated. It is
shown that HNTs are dispersed in PP matrix uniformly for
all the compositions prepared, and can serve as a nucleation
agent, resulting in an enhancement of the overall crystalliza-
tion rate. On the other hand, a constant spherulite growth
rate is observed at a given isothermal crystallization tempera-
ture, suggesting that nucleation and growth of a spherulite are
two independent processes in the studied composites. Not
much improvement of tensile and impact strength of PP/
HNT composites of injection molded bars is observed by add-
ing even 10 wt% of HNTs, and this could be mainly due to the
constant crystallinity and unchanged spherulite size of PP as
well as the small length/diameter ratio of HNTs.
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