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The nucleating ability of halloysite nanotubes (HNTs) towards isotactic polypropylene (iPP) was inves-
tigated by differential scanning calorimetry (DSC), X-ray diffraction (XRD), polarized optical microscopy
(POM) and scanning electron microscopy (SEM). HNTs are identified to have dual nucleating ability for
a-iPP and b-iPP under appropriate kinetics conditions. The formation of b-iPP is dependent on the HNTs
loading in the iPP/HNTs composites. The composite with 20 phr of HNTs is found to have the highest
content of b-iPP. Under non-isothermal crystallization the content of b-iPP increases with decreasing of
the cooling rate. The maximum b-crystal content is obtained at cooling rate of 2.5 �C/min. The super-
molecular structure of the b-iPP is identified as b-hedrites with flower-cup-like and axialite-like
arrangements of the lamellae. Under isothermal crystallization the b-crystal can be formed in the
temperature range of 115–140 �C. Outside the temperature range, no b-iPP can be observed. The content
of b-crystal reaches the maximum value at crystallization temperature of 135 �C. The formation of the b-
iPP in the composites is correlated to the unique surface characteristics of the HNTs.

� 2009 Elsevier Ltd. All rights reserved.
1. Introduction

As a semi-crystalline polymer, isotactic polypropylene (iPP) is
probably one of the most interesting commodity thermoplastic
widely used in many areas such as home appliances, automotive,
construction, and other industrial applications, not only for its
balance of physical and mechanical properties, but also due to its
environmental friendliness (non-toxicity and recyclability) and low
cost [1]. Recently iPP nanocomposites consisting nanosized inclu-
sions have attracted great attentions due to their scientific and
technology importance. Compared with the conventional compos-
ites of iPP, the iPP nanocomposites usually exhibited very different
processibility and performance, which are tremendously affected by
the crystallization of iPP matrix [2–10].

iPP is a polymorphic material with several crystal modifications
including monoclinic (a), trigonal (b), and orthorhombic (g) forms
[11]. The experimental observations suggested that the a modifica-
tion is thermodynamically stable. Commercial iPP crystallizes mostly
in a modification under normal processing conditions and adding
some a-crystal nucleating agents can enhance the clarity and reduce
haze of iPP [12,13]. The b form is thermodynamically metastable and
can only be obtained under some special conditions such as using
temperature gradient [14,15], flow-induced crystallization [16–22]
and adding special nucleating agent [23]. g Modification is the least
frequently observed, although it has been obtained after crystallizing
All rights reserved.
samples at high pressures [24–26]. As the b-crystals have many
performance characteristics such as improved ductility and impact
strength, many research groups have focused their interest on the
b-iPP. Among the techniques for preparing high content of b-iPP,
adding the b-nucleating agent is the most effective and accessible
method. Incorporating nanoparticles to iPP can bring the changed
crystallization behavior. Generally, the nanoparticles influence the
crystallization process of iPP by acting as heterogeneous nuclei. The
heterogeneous nucleation leads to the increases in nucleating and
crystallization rate. As a result, the increased crystallization
temperature and finer spherulites are observed. On the other hand,
addition of nanoparticles to iPP alters the polymorphism of iPP.
Nanosized fillers such as montmorillonite (MMT) [27,28], carbon
nanotubes (CNTs) [29], silica [30], magnesium hydroxide [31],
calcium carbonate [32], zinc oxide [33], aluminum oxide [34], rare
earth [35] etc. have been reported to have b-nucleating ability.
However, the b-crystal content (Fb, calculated according the XRD
result) in these composites is relatively low (not higher than 30%). In
addition, the dependence of b-crystals on thermodynamic condi-
tions for these composites has not been disclosed. Although the b-
nucleating mechanism of iPP by small organic molecules has been
suggested by Lotz and co-workers [36–40], the formation mecha-
nism of b-iPP in the PP/inorganics systems has not been elucidated.

Halloysite nanotubes (HNTs) modified polymer composites have
raised researcher’s interest in the recent years due to their unique
structures and properties [41–46]. HNTs, with molecular formula of
Al2Si2O5(OH)4$nH2O are naturally occurred multi-walled inorganic
nanotubes which have a similar geometry of CNTs. HNTs from
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Fig. 1. DSC melting curves of iPP containing b-crystal.
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different regions vary in dimension and the typical size of halloysite
is 300–1500 nm in length, 40–120 nm for the outer diameter and
15–100 nm for the inner diameter. The HNTs were reported to have
high mechanical strength and modulus. They are considered as the
ideal materials for preparing polymer composites due to the
following facts: (i) HNTs are rigid materials and with a higher aspect
ratio; (ii) comparing with other nanoparticles such as fumed silica,
montmorillonite, and carbon nanotubes, HNTs are more easily
dispersed in polymer matrix by shearing due to the following two
facts. Geometrically, the rod-like geometry of HNTs is easily
dispersed due to the limited intertubular contact area. Chemically,
HNTs are recognized as with relative low hydroxyl density on the
HNTs outer surfaces compared with fumed silica and other layered
silicates such as montmorillonite [44]. Therefore, the aggregation
induced by the intertubular hydrogen bonding is susceptible to the
shearing force. In fact, morphology study for many polymer/HNTs
composites has shown single-tube dispersed HNTs in the matrix
[42,47,48].; (iii) HNTs are cheap, abundantly available and biocom-
patible [49]. HNTs incorporated polymer composites show prom-
ising properties especially for the largely increased mechanical
performance. For example, the storage modulus of the epoxy/HNTs
hybrid with 12 wt% HNTs is 58.6% higher at 50 �C and 121.7% higher
at 210 �C than that of the neat epoxy [42]. Polypropylene/HNTs and
rubber/HNTs composites also show about 50% increased modulus by
30 phr HNTs than those for the neat polymers and the increase is
consistent with the Halpin–Tsai model [44,48,50]. In the present
paper, we compound the HNTs with iPP for preparing the iPP/HNTs
nanocomposites. The influence of the HNTs on the crystallization of
iPP was investigated in detail. The b-crystal of iPP induced by HNTs
was firstly reported and the nucleating mechanism was suggested.
The present work presents a controllable approach to obtain high
level b-iPP in the iPP/inorganics composites.

2. Experimental

2.1. Materials

The isotactic iPP, with a melt flow index of 2.84 g/10 min (after
ISO-1133: 1997(E)), was purchased from Lanzhou Petro-chemical
Co., China. The HNTs were mined from Yichang, Hubei, China and
were purified according to the reference [51]. The elemental
composition of HNTs by X-ray fluorescence (XRF) was determined
as follows (wt.-%): SiO2, 58.91; Al2O3, 40.41; Fe2O3, 0.275; TiO2,
0.071. The Brunauer–Emmett–Teller (BET) surface area of the used
HNTs was 50.4 m2/g [42].

2.2. Preparation of iPP/HNTs nanocomposites

A two-screw extruder was used to prepare the iPP/HNTs nano-
composites. The temperature setting of extruder from the hopper to
the die was 180/190/195/200/200/190 �C, and the screw speed was
100 rpm. The pelletized granules were dried for 5 h under 80 �C and
then injection molded under the temperature of 200 �C. The
contents of HNTs in the recipes are weight parts per 100 part iPP.

2.3. Characterization of the iPP/HNTs nanocomposites

2.3.1. Differential scanning calorimetry (DSC)
DSC data of all samples were measured by a TA Q20 using

nitrogen as purging gas. The samples were heated to 210 �C at the
ramping rate of 40 �C/min. The sample was kept at 210 �C for 5 min
to eliminate the thermal history before it was cooled down to 40 �C
at the rate of 10 �C/min. The second endothermic and exothermic
flows were recorded as a function of temperature.
To study the formation of b-iPP during non-isothermal crystal-
lization, the neat iPP and iPP/HNTs composite (100/20, weight
ratio) were selected to conduct the following DSC measurements.
The samples were heated from ambient temperature to 210 �C at
the heating rate of 40 �C/min and the temperature was hold at
210 �C for 5 min to eliminate the thermal history. Then the samples
were cooled to ambient temperature at the constant cooling rates
of 2.5 �C/min, 5 �C/min, 10 �C/min, 20 �C/min, and 40 �C/min.
Finally, they were heated to 210 �C at the heating rate of 10 �C/min.
The crystallization and melting curves were recorded.

The percentage of b-crystal, Fb, can be obtained from the crys-
tallinities of the a-crystal and b-crystal according to Ref. [52]

Fbð%Þ ¼
Xb

Xa þ Xb
� 100 (1)

Xið%Þ ¼
DHi

DHiq
� 100 (2)

where Xa and Xb are the crystallinities of the a- and b-crystal,
respectively, which can be calculated separately according to Eq. (2),
where DHi is the calibrated specific fusion heat of either the a- and the
b-form, DHi

q is the standard fusion heat of the a- and b-crystals of iPP,
being 178 J/g and 170 J/g, respectively [53]. Because the DSC curves of
some samples exhibit both a- and b-crystal, the fusions were deter-
mined according to the following calibration method [54]. A vertical
line was drawn through the minimum between the a- and b-fusion
peaks and the total fusion heat was divided into b-component, DHb

*,
and a-component, DHa

*. Since the less-perfect a-crystals melt before
the maximum point during heating and contributed to the DHb

*, the
true value of b-fusion heat, DHb

*, has approximated by a production of
multiplying DHb

* with a calibration factor A.

DHb ¼ A� DH*
b (3)

A ¼
�

1� h2

h1

�0:6

(4)

DHa ¼ DH � DHb (5)

h1 and h2 are the heights from the base line to the b-fusion peak and
minimum point respectively (Fig. 1). Although the calibration
method was applied, this method for determining the b-iPP content
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Fig. 2. DSC exothermic (a) and endothermic (b) curves of neat iPP and iPP/HNTs
nanocomposites.
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was an approximate method and the obtained Fb value was not
equal to the real value.

To study the formation of b-iPP during isothermal crystalliza-
tion, the iPP/HNTs composite (100/20, weight ratio) was heated
from ambient temperature to 210 �C at the heating rate of 40 �C/
min and then quickly cooled to the crystallization temperature of
115 �C, 120 �C, 130 �C, 135 �C, 140 �C and 145 �C at a rate of 60 �C/
min. The samples were crystallized at the crystallization tempera-
ture for 120 min and then quickly cooled to 40 �C at cooling rate of
60 �C/min. Finally, the samples were heated to 210 �C at the heating
rate of 10 �C/min. The second melting curves were recorded.

2.3.2. X-ray diffraction (XRD)
The XRD patterns were recorded using the PANalytical X’pert

PRO X-RAY Diffractometer. The CuKa radiation source was operated
at 40 kV power and 40 mA current. Patterns were recorded by
monitoring those diffractions that appeared from 5� to 40�. The
scanning speed was 1�/min. The XRD samples were prepared by
DSC TAQ 20 under the same conditions described above. The
relative content of b-crystal, Kb, was calculated according to Equa-
tion (6) suggested by Turner-Jones [55]:

Kb ¼ Ib1=
�

Ib1 þ Ia1 þ Ia2 þ Ia3

�
(6)

where Ib1 is the diffraction intensity of b (300) planes at diffraction
angle 2q¼ 16�, Ia1, Ia2 and Ia3 are the diffraction intensities of the
a (110), a (040), and a (130) planes at diffraction angles 2q¼ 14.1�,
16.9� and 18.8� respectively. For all the XRD profiles, the amor-
phous background was extracted and then the peaks were decon-
voluted with the X’Pert HighScore Plus software. After that the
diffraction intensity for the reflection peaks are obtained. It should
be noted that the Kb value obtained by this method was recognized
as a relative measure of the proportion of b-crystal, since it included
in the calculation only selected peaks instead of the entire collec-
tion of diffractions.

2.3.3. Polarized optical microscopy (POM)
The morphologies of the crystallites of the composites were

recorded with an Olympus BX41 polarized optical microscopy with
a Linkam hot stage. The extruded samples were placed between
two microscopy slides, melted and pressed at 210 �C for 5 min to
remove any trace of crystal. The morphology of the neat iPP and the
composites were recorded to give the information for dispersion of
HNTs in the melt. Then the composite samples (with 20 phr HNTs)
were cooled to ambient temperature at the constant cooling rates
of 2.5 �C/min, 5 �C/min, 10 �C/min, 20 �C/min, 40 �C/min and the
final morphology of the crystallites were recorded.

2.3.4. Scanning electron microscopy (SEM)
The SEM micrographs were taken using LEO1530 VP SEM

machine. The iPP/HNTs composites (100/20, weight ratio) samples
were firstly heated to 210 �C and kept for 10 min and then cooled to
room temperature at the cooling rate of 2.5 �C/min. Then the
sample was immerged in a permanganate solution to etch the
amorphous iPP [56]. The specimen was coated with a very thin
layer of gold before SEM observation.

3. Results and discussion

3.1. DSC analysis for the iPP/HNTs nanocomposites

Fig. 2(a) shows the crystallization curves of the iPP/HNTs nano-
composites with different HNTs content. It is clear that the crystal-
lization peaks of iPP shift to higher temperature with HNTs content.
The observed effects can be attributed to the nucleating effect of
HNTs in iPP crystallization process. Overloading of HNTs (30 phr) in
composite, however, does not provide further increase in the crys-
tallization peak temperature. The crystallization temperature of the
composites with 30 phr HNTs is nearly not changed comparing with
that of with 20 phr HNTs. The over loaded HNTs may aggregate in iPP
matrix and the aggregated HNTs have lower nucleating ability due to
the reduced specific surface area. Similar results of the effect of HNTs
in the polyvinyl alcohol (PVA) matrix have also been suggested [57].
Fig. 2(b) shows the melting curves for the iPP/HNTs nanocomposites.
The peaks around 165 �C and 155 �C can be attributed to the melting
of the a-crystal and b-crystal of iPP respectively [58]. The endo-
thermic shoulder peak around 170 �C for the composite with relative
high HNTs contents (above 20 phr) could be attributed to the melting
of interphase between HNTs and iPP. Similar phenomena has also
been reported in other composite systems such as PP/CNTs and PA/
CNTs composites [59–61]. Incorporating HNTs to iPP leads to the
increased melting temperature of the a-iPP although the increasing
trend is not obvious at overloading (30 phr). When the HNTs loading
is higher than 10 phr, the fusion of the b-iPP is observed. This
phenomenon indicates the HNTs have the dual nucleating ability
both for a-iPP and b-iPP. According to Equations (1)–(5), the
percentage of b-crystal (Fb) can be calculated and the results are
summarized in Table 1. Generally, the higher the content of nucle-
ating agent is, the higher the proportion of b-crystal is. However,



Table 1
DSC data of the iPP/HNTs composites with variable HNTs content.

HNTs content (phr) DHb
* (J/g) DHb (J/g) DH (J/g) DHa (J/g) Xb (%) Xa (%) Xall (%) Fb (%)

0 – – – 66.42 – 37.3 37.3 0
1 – – – 67.35 – 38.2 38.2 0
5 – – – 71.23 – 42.0 42.0 0
10 13.93 3.51 65.89 62.38 2.3 38.6 40.8 5.6
20 34.01 33.06 61.96 28.90 23.3 19.5 42.8 54.5
30 23.07 18.67 62.20 43.53 13.2 29.4 42.5 31.0
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from Table 1, the b-crystal form content does not increase constantly.
The maximum value is obtained at 20 phr of HNTs, while overloading
of HNTs leads to lowered b-crystal content. This may also be attrib-
uted to the more aggregated HNTs in the composites as evidenced by
the below POM result. Similar results were also reported in other
b-iPP nucleating agent systems [31,62,63]. Noticeably, the total
crystallinity (Xall) of iPP in the composites, calculated from the fusion
heat in DSC result, is higher than that of neat iPP which is attributed
to the heterogeneous nuclei effect of HNTs.
Fig. 3. POM photos of the melts of iPP and the composites with variable HNT
To investigate the dispersion of HNTs in the iPP matrix, the POM
photos of iPP/HNTs nanocomposites were taken under cross-
polarized light in the iPP melt and shown in Fig. 3. The morphology
of HNTs in the melted iPP can be clearly observed in these photos.
The dispersion of HNTs in iPP is uniform when the HNTs content is
low. With increasing the content of HNTs, the aggregation of HNTs
in iPP can be observed and the size of the aggregates increases
gradually. When HNTs content is higher than 20 phr, the size of the
HNTs aggregates is as large as 20 mm. Such big aggregates may lose
s content (a) 0, (b) 1 phr, (c) 5 phr, (d) 10 phr, (e) 20 phr and (f) 30 phr.
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their b-nucleating efficiency [63]. Therefore, the changing in Fb can
be correlated to the dispersion change of HNTs in the matrix.
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3.2. Formation of b-crystals in non-isothermal crystallization
process

DSC analysis was performed to investigate the formation of b-
crystals during non-isothermal crystallization with variable cooling
rate. As described above the composite with 20 phr of HNTs may
yield the highest content of b-crystals during non-isothermal
crystallization, it is therefore selected for further study. Fig. 4(A)
shows the melting curves of the neat iPP which is non-isothermally
crystallized under variable cooling rate. It is clear that the crystal
form of iPP is independent on the cooling rate of the non-isothermal
crystallization. In absence of HNTs, all the iPP samples crystallize in
the form of a-crystal. This indicates the neat iPP does not have the b-
crystal nucleating ability. In the presence of HNTs, as shown in
Fig. 4(B), two melting peaks, characterizing a-crystal and b-crystal,
are observed in all the melting curves, suggesting dual nucleation
ability of HNTs for the iPP. It is evident that the melting peak for
b-crystals is consistently enlarged with decreasing cooling rate of
non-isothermal crystallization, while the content of a-crystal is
consistently decreased. The maximum b-crystal percentage detec-
ted by DSC reaches 64.3% at the cooling rate of 2.5 �C/min, which is
considerably higher than that of previously reported iPP/inorganics
systems [6,30,31,33,64]. When the cooling is slower, the sample will
stay in the high temperature regime longer. The high crystallization
temperature leads to increase in b-crystal content since the growth
rate of b-crystal is considerably faster than that of a-crystal in the
range of 105–140 �C [38,65–67]. The present result is consistent
with that of iPP nucleated by dicyclohexylterephthalamide [68].
However, our result is contradictory with the work done by Gradys
et al., in which higher cooling rate led to the increased content of
b-crystal in the quinacridone-pigment Remafin Rot E3B (Hoechst)
nucleated iPP. Their explanations on their results were based on the
relationship between thermal stability for the different crystals
form of iPP and the crystallization temperature [69]. Noticeably, the
melting peak temperatures of both a-crystal and b-crystal in the
composites are consistently shifted to higher temperatures when
the cooling rate is decreased. This may attributed to the increased
perfection of the crystals when the crystallization is conducted at
lower cooling rate [70–72].

The formation of b-iPP under above non-isothermal crystalli-
zation is also substantiated by XRD experiments. Fig. 5 shows the
XRD patterns of the iPP/HNTs nanocomposites non-isothermally
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crystallized with different cooling rates. The peaks at diffraction
angles 2q of 14.1�, 16�, 16.9�, and 18.8� are attributed to a (110),
b (300), a (040), and a (130) planes respectively. Consistent with
the results from DSC, b-iPP diffraction peaks are observed for all the
samples. According to Equation (6), the relative content of b-crystal
(Kb) is calculated. The Kb and combined with the Fb calculated by
DSC data are plotted in Fig. 6 as a function of cooling rate. It can be
seen the increasing trend of Kb with decreasing cooling rate is
consistent with that for Fb from DSC method, although the absolute
value is incomparable which is raised from different calculating
theory. It should be emphasized that compared with XRD method
the DSC analysis is less reliable due to the possible overlap of the
melting peaks for a- and b-crystal in DSC curves.

POM was a visual method for observing the morphology of
different crystals and it was employed in the present study. a- and
b-crystal forms of iPP are easily distinguished under polarized light
microscopy, in view of their different optical properties [37,73,74].
b-iPP spherulites are highly birefringent as a result of conventional
spherulite architecture, with radiating lamellae and tangential
orientation of the molecular stems in the lamellae. However, a-iPP
Fig. 7. POM photos of the iPP/HNTs composite samples non-isothermally crystallized a
(e) 2.5 �C/min.
spherulites usually are weaker birefringent as a result of a specific
mechanism of lamellar branching. Therefore, in the optical micro-
graphs, b-iPP spherulites are brighter than a-iPP spherulites
[58,75,76]. Fig. 7 shows the POM morphology of iPP/HNTs composite
samples (with 20 phr of HNTs) which are non-isothermally crystal-
lized at different cooling rates. In the iPP/HNTs composite a large
number of nuclei are introduced by HNTs. The nucleation rate is fast
and the spherulites growth on them is a heterogeneous nucleation.
Owing to large number of nuclei, the growth of spherulite is sup-
pressed as a result of collision of the spherulites. Consequently, as
shown in Fig. 7, very fine crystals with blurry boundary are observed.
The cyan color parts in these photos are the bright region which
indicates the presence of b-crystal of iPP. With the decrease of the
cooling rate, the number of the cyan color parts in the composites
increase and the area enlarges. This can be explained by the fact that
the content of b-iPP in the sample crystallized at lower cooling rate is
higher than that crystallized at higher cooling rate, which is
consistent with the above XRD and DSC results.

The existence of b-crystals in the composite was also observed by
SEM. Different types and features of supermolecular structure of
t variable cooling rate: (a) 40 �C/min; (b) 20 �C/min; (c) 10 �C/min; (d) 5 �C/min;



Fig. 8. SEM photos of supermolecular structure of b-crystals in the iPP/HNTs composite: (a) flower-cup-like arrangement of lamellae (b) and (c) axialite-like arrangement of
lamellae.
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b-iPP can be formed which are influenced by the thermal conditions
of crystallization, by the melt history, by mechanical stress to the
crystallizing system, and by the presence of extraneous materials.
Varga has reviewed morphology features of the various super-
molecular formations of b-iPP [23]. Depending on the crystallization
conditions and nucleating agent, different types of the super-
molecular structure of b-iPP, such as b-spherulite, b-hedrites, b-
cylindrites, transcrystalline, epitaxial crystallization and single
crystal-like crystalline, can be obtained. Fig. 8 shows the morphology
of the etched composite sample in which the amorphous PP is
essentially removed. The sheaf-like b-iPP lamellae which are curved
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Fig. 9. DSC melting curves of iPP/HNTs composite samples (20 phr HNTs) crystallized
at the variable temperature.
and twisted can easily be identified under SEM [56,77]. Both flower-
cup-like (Fig. 8a) and axialite-like arrangements of lamellae (Fig. 8b
and c) which are subtypes of the b-hedrites are observed in the
samples. Noticeably, HNTs and their aggregates are also observed in
the samples which are relatively white parts in the SEM photos, as
they are inert to the permanganate solution.
5 10 15 20 25 30 35 40
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Tc=120 °C

Tc=130 °C

Tc=140 °C

Tc=135 °C

2 theta, °

Fig. 10. XRD profiles of iPP/HNTs composite samples (20 phr HNTs) crystallized at the
variable temperature.
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3.3. Formation of b-crystals in isothermal crystallization process

Crystallization temperature has great influences on the b-crystal
nucleating ability of the nucleating agent, which in turn will influ-
ence the phase structure of the iPP. Many works have been done on
investigating the influence of the crystallization temperature on the
final crystal structure in the b-nucleated iPP [62,68,78]. Fig. 9 shows
the DSC melting curves of the composite samples isothermally
crystallized from melt at different temperatures. It is clear that the
b-crystal can be obtained in a certain temperature range (from
115 �C to 140 �C) although its accurate content is hardly calculated
owing to highly overlap of b-crystal melting and a-crystal melting.
When the crystallization temperature is higher than 140 �C, no
b-crystal melting peak can be observed. This result is consistent
with some reported systems [62,63,68]. Su et al. have attributed to
this phenomenon to the result of two competing kinetic and ther-
modynamic effects [62]. In the range of 100–140 �C the linear
growth rate of the b-crystal is greater than that of a-crystal. Outside
Fig. 12. TEM photos of the HNTs (a) and schematic of the c
the temperature range, the growth rate of a-iPP is higher than that
of b-iPP [79]. As a result, no b-crystal melting is observed for the
composite sample crystallized at 145 �C. In addition, the melting
temperatures of both a-iPP and b-iPP increase with increasing
crystallization temperature. This may be explained according to the
kinetic theory of crystallization [65].

To further verify the influence of the crystallization temperature
on the crystal forms of iPP, XRD experiment was performed on the
composite samples. Fig. 10 shows the XRD profiles of the composite
samples crystallized at different temperatures. It can be seen
a diffraction peak at 15.9� assigning to b (300) is observed in all the
samples, except the sample crystallized at 145 �C. This is consistent
with the DSC result. The calculated Kb value from the XRD profiles was
plotted in Fig. 11. It is clear that the increasing crystallization
temperature of the composites leads to the increase in the content of
b-crystal in the temperature range of 115–135 �C. The content of
b-crystal in the composites reaches the maximum value of 36.4% at
the crystallization temperature of 135 �C. Although the content of b-
crystal for the sample crystallized at 140 �C is higher than that for
115 �C, 120 �C, and 130 �C, it starts to decrease and eventually
disappears when the crystallization temperature is 145 �C. This result
again confirms the upper limit temperature for b-iPP nucleation.

3.4. b-Crystal nucleation mechanism of HNTs for iPP

Understanding the nucleation mechanism of b-nucleating agent is
both scientifically and technologically significant. However, the
nucleation mechanism of the b-iPP for nucleating agent is still not
well understood. The ‘‘dimensional lattice matching theory’’ propo-
sed by Lotz et al. have been widely accepted for some b-nucleating
agents of iPP [22,36–39,80], although it is not applicable to all
b-nucleating agents [62]. In the theory, Lotz et al. explained the b-iPP
nucleating ability through analyzing the structure relationship
between nucleating agent and the b-iPP. A lattice matching between
c-axis periodicity of iPP (6.5 Å) and a corresponding distance in the
substrate crystal face of nucleating agent is the main reason for
inducing the b-iPP polymorph. The nucleating agents provide the
nucleation surfaces for iPP crystal. HNTs have unique morphology
among other common nanoparticles such as nanosilica and other clay
such as MMT. They are multi-walled inorganic nanotubes and rolled
rystalline structure of HNTs (b) and (c) and b-iPP (d).
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by 15–20 aluminoslicate layers. The XRD diffraction spectra of HNTs
(not shown) indicate a layer spacing of 0.73 nm [41]. The morphology
of HNTs, the structure parameters of the HNTs, and the cell parameters
of b-iPP [37,81] are depicted in Fig. 12. It can be seen the length of
c-axis corresponding to the period of the 31 helix of iPP is 0.65 nm,
while the layer spacing of HNTs is 0.73 nm. These two values are fairly
close. Kawai et al. proposed the equation of misfit factor (fm) between
the two crystal structures of iPP and the nucleating agent which can
be calculated as

fm ¼
PB� PA

PA
� 100 (7)

where PA and PB are the appropriate period length of substrate and
polymer respectively [82]. If fm< 15%, the epitaxy is regarded good.
The fm between the layer spacing of HNTs and the c-axis of iPP is
10.96%, indicating good epitaxy. For the present systems, both the
outer surface and the ends of HNTs may provide the nucleation
surfaces for iPP crystal. Particularly, the defects on the surfaces with
appropriate size and the ends of HNTs may provide numerous
nucleation surfaces when they are close to the dimension of the
c-axis of PP. Therefore, it should be believed that the ability of HNTs
inducing the nucleation of b-iPP is related to its unique micro-
structure and surface properties. The composites with high HNTs
content (above 10 phr) provided enough sites for the nucleation
and development of the b-iPP crystal and this leads to the forma-
tion of high b-iPP content under appropriate kinetics conditions.

4. Conclusions

HNTs are identified to have dual nucleating ability for a-iPP and
b-iPP under non-isothermal and isothermal crystallization. The
formation of b-iPP is dependent on the HNTs loading in the iPP/
HNTs composites. The composite with 20 phr of HNTs is found to
have the highest content of b-iPP. Under non-isothermal crystalli-
zation the content of b-iPP increases with the decrease in the
cooling rate. The maximum b-crystal content is obtained at cooling
rate of 2.5 �C/min. The supermolecular structure of the b-iPP is
identified as b-hedrites with flower-cup-like and axialite-like
arrangements of the lamellae. Under isothermal crystallization the
b-crystal can be formed in the temperature range of 115–140 �C.
Outside the temperature range, no b-iPP can be observed. The
content of b-crystal reaches the maximum value at crystallization
temperature of 135 �C. The formation of the b-iPP in the composites
is correlated to the unique surface characteristics of the HNTs.
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