
lable at ScienceDirect

Polymer 49 (2008) 2745–2754
Contents lists avai
Polymer

journal homepage: www.elsevier .com/locate/polymer
A highly active novel b-nucleating agent for isotactic polypropylene

Shicheng Zhao a, Zhi Cai b, Zhong Xin a,*

a State-Key Laboratory of Chemical Engineering, East China University of Science and Technology, Shanghai 200237, People’s Republic of China
b China petroleum and Chemical Corporation, Jiujiang, Jiangxi Province, People’s Republic of China
a r t i c l e i n f o

Article history:
Received 12 November 2007
Received in revised form 26 March 2008
Accepted 2 April 2008
Available online 12 April 2008

Keywords:
Polypropylene
Nucleating agent
Crystallization behavior
* Corresponding author. Tel.: þ86 21 64252972; fax
E-mail address: xzh@ecust.edu.cn (Z. Xin).

0032-3861/$ – see front matter � 2008 Elsevier Ltd.
doi:10.1016/j.polymer.2008.04.012
a b s t r a c t

A highly active novel b-nucleating agent for isotactic polypropylene (iPP), cadmium bicyclo[2.2.1]hept-5-
ene-2,3-dicarboxylate (BCHE30), was found and its effects on the mechanical properties, the content of
b-crystal, and crystallization behavior of iPP were investigated, respectively. The results show that the
impact strength and crystallization peak temperature of nucleated iPP are greatly increased, while the
spherulite size of nucleated iPP is dramatically decreased than that of pure iPP. The content of b-form of
nucleated iPP (kb value) can reach 87% with 0.1 wt% BCHE30. The Caze method was used to study the
non-isothermal crystallization kinetics of nucleated iPP and the crystallization active energy was ach-
ieved by Kissinger method.

� 2008 Elsevier Ltd. All rights reserved.
1. Introduction

Recently, b-nucleated isotactic polypropylene (b-iPP) has re-
ceived considerable interests due to its excellent thermal and
mechanical performance [1–18]. The toughness and thermal
deformation temperature of b-iPP are much higher than that of the
a-iPP, which is very important from the viewpoint of industrial
application. However, due to its lower stability in comparison with
the a-modification, the b-modification occurs sporadically and can
only be formed under some critical conditions such as quenching
the melt to a certain temperature range [4,5], directional crystal-
lization in a thermal gradient field [6,7], shearing or elongation of
the melt during crystallization [8], vibration-induced crystalliza-
tion [9,10], or using b-nucleating agents [1,11–18].

Of these methods the addition of b-nucleating agents is most
effective to obtain a high level of the b-phase. Until now, only three
classifications of compounds have been mainly used as b-form
nucleating agents: the first one is organic pigment [11–13], such as
g-quinacridone (Dye Permanent Red E3B), Indigosol Grey/IBL,
Indigosol Golden Yellow IGK, and Cibantine Blue 2B; the second one
includes a minority of aromatic amide compounds [1,14,15], such as
N,N0-dicyclohexylterephthalamide and N,N0-dicyclohexyl-2,6-
naphthalene dicarboxamide (trade name NJStar NU-100); the third
classification comprises certain group IIA metal salts or their mix-
tures with some specific dicarboxylic acids [16–18], such as calcium
salt of imido acids and compounds of calcium stearate and pimelic
acid. However, so far, there are no literatures about IIB salts of
: þ86 21 64240862.
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alicyclic dicarboxylate acid acting as b-nucleating agents. In our
study, we found that cadmium bicyclo[2.2.1]hept-5-ene-2,3-dicarb-
oxylate (BCHE30) was an effective b-nucleating agent for iPP.

In this paper, the effects of the novel b-nucleating agent BCHE30
on the mechanical properties, the content of b-crystal, crystalliza-
tion peak temperature (Tcp) and the crystal morphology of iPP were
investigated. In addition, the non-isothermal crystallization kinet-
ics of both pure iPP and iPP/BCHE30 were investigated by using the
Caze method [19]. The crystallization activation energy was eval-
uated by Kissinger’s method [20].

2. Experimental

2.1. Materials

The isotactic polypropylene (iPP) (trade name F401,
Mw¼ 307 000, Mn¼ 81000, MWD¼ 3.8) used in this study was
kindly provided by Yangzi Petrochemical Corporation (China). The
material has a melt flow index (MFI) of 3.4 g/10 min. The b-nucle-
ating agent is cadmium bicyclo[2.2.1]hept-5-ene-2,3-dicarboxylate
(BCHE30), which is synthesized according to the patent [21]. The
results of carbon and hydrogen elemental analyses and infrared
spectroscopy of BCHE30 indicate that its simple molecular struc-
ture corresponds to CrOOCC7H8COO. According to DSC and TG re-
sults under nitrogen atmosphere, BCHE30 has excellent thermal
stability.

2.2. Sample preparation

The nucleating agent BCHE30 and the iPP powders were dry-
blended by high-speed mixer for 5 min. Then the mixture was
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extruded by a twin-screw extruder (SJSH-30, Nanjing Rubber and
Plastics Machinery Plant Co., Ltd.) through a strand die and pel-
letized. The pellets were molded into standard test specimens by an
injection-molding machine (CJ-80E, Guangdong Zhende Plastics
Machinery Plant Co., Ltd.). The concentrations of the nucleating
agent were 0.025, 0.05, 0.075, 0.1, 0.2, 0.4, 0.6 and 1.0 wt% and the
samples were denoted as PP1, PP2, PP3, PP4, PP5, PP6, PP7 and PP8,
respectively. The pure iPP sample was designated as PP0, which
was prepared by the same method for comparison.

2.3. Mechanical properties

The mechanical properties were measured according to ASTM
test methods, such as D-638 for the tensile strength and D-790 for
the flexural modulus, using a universal testing machine (Shanghai
D & G Measure Instrument Co., Ltd). The Izod impact strength was
tested on the basis of D-256, using an impact tester (Chengde
Precision Tester Co., Ltd).

2.4. Differential scanning calorimetry (DSC)

DSC (Diamond, Perkin–Elmer) was carried out to measure the b-
crystal content, study the crystallization peak temperature and
analyze the non-isothermal crystallization kinetics. Temperature
was calibrated before the measurements by using Indium as
a standard medium.

b-Fraction (bc) was estimated from DSC by the following ex-
pression [22]:

bc ¼ 1� lð Þb= 1� lð Þbþ 1� lð Þa
h i

The degree of crystallinity (1� l) associated with each phase
can be calculated from the ratio DHa/DHu, where DHa and DHu are
the apparent and completely crystalline heats of fusion, re-
spectively. The values 177.0 and 168.5 J g�1 were used for the DHu

for 100% crystalline a-iPP and 100% crystalline b-iPP, respectively
[23].

The crystallization peak temperatures (Tcp) was determined
from the crystallization curves. Measurements were performed
with the samples of 3–5 mg at a standard heating and cooling rate
of 10 K/min under nitrogen starting from 323 to 473 K, and the
samples were held at 473 K for 5 min to erase the thermal and
mechanical history.

Non-isothermal crystallization experiments were carried out by
cooling samples (PP5) from 473 to 323 K using different cooling
rates. The exotherms were recorded at the cooling rates of 5, 10, 20,
30 and 40 K/min, respectively.

2.5. Polarized optical microscopy (POM)

The morphology studies of pure iPP and nucleated iPP were
performed with the aid of an Olympus BX51 (Japan) polarized
optical microscopy attached with a DP70 digital camera, and
a THMS600 hot-stage. The extruded samples were placed between
two microscopy slides, melted and pressed at 473 K for 5 min to
erase any trace of crystal, and then rapidly cooled to a pre-
determined crystallization temperature. The samples were kept
isothermal until the crystallization process was completed, and
meanwhile, photographs were automatically taken.

2.6. Wide-angle X-ray scattering (WAXD)

Wide-angle X-ray scattering (WAXD) patterns were recorded in
transmission with a Rigaku D/max-2550VB/PC apparatus. The
wavelength of Cu Ka was l¼ 1.54 Å and spectra were recorded in
the 2q range of 5–35� (8�/min). The content of the b-crystal
modification was determined according to standard procedures
described in the literature [24], employing the relation:

kb ¼
Hb 300ð Þ

Hb 300ð Þ þ Ha 110ð Þ þ Ha 040ð Þ þ Ha 130ð Þ

where kb denotes the relative content of b-crystal form (WAXD),
Ha(110), Ha(040) and Ha(130) are the intensities of the strongest
peaks of a-form attributed to the (110), (040) and (130) planes of
monoclinic cell, respectively, while Hb(300) is the intensity of the
strongest (110) diffraction peak of the trigonal b-form.

2.7. Theory of non-isothermal crystallization

The Avrami equation [25,26] is widely used to describe the
polymer isothermal crystallization.

Xt ¼ 1� exp �Z Tð Þtnð Þ (1)

where Xt is the relative crystallinity at time t, n is a constant whose
value depends on the mechanism of nucleation and on the form of
crystal growth, and Z(T) is a constant containing the nucleation and
growth parameters.

The Avrami equation has been extended by Ozawa [27] to de-
velop a simple method to study the non-isothermal experiment.
The general form of Ozawa theory is written as follows:

Xv Tð Þ ¼ 1� exp �KT=fm� �
(2)

where KT is the cooling crystallization function, F is the cooling
rate, and m is the Ozawa exponent that depends on the dimension
of the crystal growth. But there is a main hypothesis in Ozawa
method that n is independent of temperature and only a limited
number of Xv data are available for the foregoing analysis, as the
onset of crystallization varies considerably with the cooling rate.

Caze et al. [19] put forward a new method to modify Ozawa
equation. They have assumed an exponential increase of KT with T
upon cooling. On the basis, the temperature at the peak and the two
inflexion points of the exotherm with skew Gaussian shape are
linearly related to ln F in order to estimate the exponent n.

On the basis of the findings on the crystallization behavior of
poly(ethylene terephthalate) and PP, Kim et al. proposed [28]

ln KT ¼ a T � T1ð Þ (3)

where a and T1 are empirical constants. If the extreme point of the
pertinent vXvðTÞ=vT curve occurs at T¼ Tq (crystallization peak
temperature), i.e. ðv2XvðTÞ=vT2ÞTq ¼ 0, we have:

KT Tq
� �

¼ fn (4)

Combining Eqs. (2)–(4) yields:

ln �ln 1� Xv Tð Þð Þ½ � ¼ a T � Tq
� �

(5)

Hence, a linear plot of ln½�lnð1� XvðTÞÞ� against T would result
in the constant a and the product �aTq from the gradient and in-
tercept, respectively. At T¼ Tq obtained from the foregoing algo-
rithm, Eqs. (4) and (5) lead to:

Tq ¼ n ln f=aþ T1 (6)

As such, parameter n can be obtained from the linear plot of Tq

against ln F/a in accordance with Eq. (6).

3. Results and discussion

3.1. Mechanical behavior

From the viewpoint of industrial application, it is necessary to
investigate the effects of nucleating agent on mechanical



Fig. 1. The influence of mass fraction of b-nucleating agent on (a) impact strength, (b) flexural modulus and (c) tensile strength of iPP.

Fig. 2. WAXD patterns of sample PP0 (neat iPP) and PP2 (with 0.05% additives) crys-
tallized at 132 �C under quiescent condition.
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properties. The effects of the novel nucleating agent BCHE30 on
mechanical properties of iPP are shown in Fig. 1. The impact
strength increases rapidly when BCHE30 is less than 0.1 wt%, and
then slightly decreases until constant with the further increase of
BCHE30. When the content of BCHE30 is 0.1–0.2 wt%, the impact
strength of nucleated iPP is improved about 4 times compared with
that of pure iPP, indicating that BCHE30 is an effective b-nucleating
agent. In Fig. 1b and c, the tensile strength and flexural modulus of
nucleated iPP decrease rapidly until the concentration of BCHE30
reaches about 0.1 wt%, and then increase with the further in-
creasing concentration, which shows a reverse tendency with that
of impact strength. It can be seen that the flexural modulus of
nucleated iPP is higher than that of pure iPP while the tensile
strength of nucleated iPP is comparable with that of pure iPP when
the nucleating agent content is about 0.2 wt%. Therefore, the
0.2 wt% seems to be an optimum addition content for BCHE30 in
the industry application of iPP.

3.2. Effect of the nucleating agent on the content of b-crystals of iPP

For the quantification of b-phase content in isothermally crys-
tallized iPP samples, wide-angle X-ray diffraction (WAXD) was
used. Fig. 2 illustrates the WAXD patterns of PP0 and PP2 crystal-
lized at 132 �C under quiescent condition. In this profile, (110) at
2q¼ 14.1�, (040) at 16.9�, (130) at 18.5� are the principal reflections
of the a-crystals of iPP while (300) at about 16� is the principle
reflection of the b-crystals. They are considered as the marker
peaks for a- and b-crystal, respectively. It shows that a-crystals
exist in PP0. There is a very tiny peak around 16� which belongs to
the (300) reflection of b-crystals, indicating that few b-crystals
exists in PP0. Comparing with that of PP0, an obvious difference can
be seen in the pattern of PP2. In this pattern, the (300) reflection of
b-crystals is clearly seen at 2q about 16�, and its intensity is greater
than that of a-crystals. The kb value of PP2 reaches 87%, which in-
dicates that BCHE30 is an effective b-nucleating agent for iPP even
at a low working concentration of 0.05 wt%.

The WAXD patterns of nucleated iPP with different contents of
BCHE30 crystallized at 132 �C under static state are shown in Fig. 3.



Fig. 3. WAXD patterns of sample PP0 (pure iPP) and nucleated iPP with different
BCHE30 contents crystallized at 132 �C under quiescent condition.
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kb values as a function of the content of the b-nucleating agents are
reported in Fig. 5. The calculation results show that the kb value
increases with the presence of BCHE30, reaches a maximum value
(87%) when BCHE30 percentage is 0.05 wt%, and then decreases
until constant with a further increase of BCHE30 percentage. The
above results indicate that BCHE30 is an effective b-nucleating
agent even at a low working concentration for iPP. However,
BCHE30 is not a completely selective b-nucleating agent, as the
related samples always contain both a- and b-modification of iPP.
The changing trend of kb values is basically consistent with that of
the impact strength for iPP/BCHE30, which indicates that the im-
provement of impact strength of iPP is most likely from the in-
creased content of b-crystal form.

For comparison, DSC was used to characterize the content of b-
crystals (Xb) of the same samples with the WAXD. The DSC patterns
of iPP with different contents of BCHE30 are shown in Fig. 4. The
Fig. 4. The melting thermographs of iPP samples with different contents of BCHE30
isothermally crystallized at 132 �C under quiescent condition.
melting peak at low temperature is attributed to the b-crystals and
that at high temperature belongs to the a-crystals. The relative area
of b-crystals’ melting peak greatly increases when the content of
BCHE30 is lower than 0.05%, then gradually decreases with the
further increase of nucleators and keeps constant at higher con-
centrations. The trend is same with that of WAXD. It is interesting
that the melting peak of b-crystals shifts to high temperature until
the concentration of nucleator reaches 0.05 wt% and then shifts to
low temperature; while the melting peak of a-crystals shifts to high
temperature with the increasing content of BCHE30. Lower melting
peak temperature indicates the structural instability of b-phase.
The results can be interpreted by dual nucleating activity of
BCHE30, which will be discussed in detail in the subsequent section
of crystallization behavior.

The dependence of kb value (WAXD) and bc (DSC) on the content
of nucleating agent is illustrated in Fig. 5. Comparing the two
curves, the trends of WAXD and DSC are similar. However, the kb

value is 5–15% higher than bc. One reason is that the exact de-
termination of the b-content is difficult using DSC because the
melting peaks of the a- and b-modification overlap each other.
Another reason is the exiting of ba-recrystallization of b-crystals
during the melting. Therefore, the WAXD is more accurate than DSC
to characterize the content of b-crystals of iPP.

Generally, the increase of concentration of the nucleating agents
helps to increase the proportion of b-crystals. However, it can be
seen from Fig. 5 that the kb values of iPP with BCHE30 do not in-
crease linearly with the increase of nucleator percentage, but reach
a maximum value when BCHE30 percentage is about 0.05 wt%. That
is, there exists a critical nucleation concentration. The dependence
of the kb values on the concentration of nucleating agents had been
investigated by several researchers, and the similar trend was ob-
served [29,30]. Su et al. [29] thought that the result attributed to the
change of dispersibility of b-nucleating agents in iPP matrix, which
had been confirmed by POM in their article. The similar phenom-
enon was found in our study. Fig. 6 shows the optical micropho-
tographs of morphology of BCHE30 at the concentration of 0, 0.1,
0.2 and 0.6 wt% in the melt. All the optical microphotographs in
Fig. 6 were taken by POM without cross-polarized light, and the
morphology of BCHE30 in the iPP melt can be clearly observed. In
Fig. 6a, no nucleating agents are observed for pure iPP. When
BCHE30 proportion reaches 0.1 wt% (Fig. 6b), it disperses uniformly
in the iPP matrix. With the further increasing of BCHE30, it begins
to agglomerate, which can be seen from Fig. 6c and d. According to
Su’s investigation [29], the agglomeration of nucleating agent
Fig. 5. kb value and bc as a function of BCHE30 content.



Fig. 6. Polarized light microphotographs of morphology of BCHE30 at the concentration of (a) 0, (b) 0.1, (c) 0.2 and (d) 0.6 wt% in iPP melt.
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would result in the loss of b-nucleating efficiency. Therefore, in our
study, the changing of kb values can be related to the dispersibility
of nucleating agents. Varga [30] proposed that the effect of nucle-
ating agent content on the kb values resulted from the solubility and
nucleating duality of nucleating agent. In our study, the solubility of
BCHE30 is not found but the nucleating duality is obvious. The
mechanism that kb value is affected by nucleating duality of
BCHE30 will be discussed in detail in Section 3.3. In fact, the dis-
persibility and nucleating duality of nucleating agent may work
simultaneously during crystallization.
Fig. 7. Crystallization curves of pure iPP and nucleated iPP.
3.3. Crystallization behavior

In order to check the effect of the nucleating agent on crystal-
lization behavior, the crystallization curves of iPP with different
BCHE30 contents are plotted in Fig. 7. For the pure iPP (PP0), Tcp is
around 118 �C. However, the incorporation of only 0.075 wt% of the
nucleating agent in the polymer produces a marked shift of the
crystallization peak toward higher temperature (Tcp¼ 128 �C). Tcp

of iPP shifts to higher temperature with the increasing of BCHE30
content. Fig. 8 shows a plot of Tcp as a function of BCHE30 content. It
can be seen that the increase of Tcp is very strong when the content
of BCHE30 is lower than 0.2 wt%, while that is weak when the
content of BCHE30 is higher than 0.2 wt%. It indicates that 0.2 wt%
is the saturated concentration and more nucleating agent is less
effective in increasing the crystallization peak temperature further.
Compared with pure iPP, Tcp of iPP with 0.2 wt% BCHE30 is in-
creased by 13.3 �C.



Fig. 10. The effect of crystallization temperature on the DSC melting traces of b-nu-
cleated iPP samples (C¼ 0.2 wt%, Vc¼ 100 �C/min, Vh¼ 10 �C/min).

Fig. 8. Dependence of the crystallization peak temperature on the content of BCHE30.

S. Zhao et al. / Polymer 49 (2008) 2745–27542750
The isothermal crystallization of iPP and nucleated iPP was
studied by DSC. The crystallization half-time (t1/2) and melting
curves of isothermally crystallized samples are shown in Figs. 9 and
10 as a function of temperature, respectively. From Fig. 9, it can be
seen that t1/2 is greatly decreased with the addition of BCHE30 and
the nucleating effect is more significant with the increasing crys-
tallization temperature. From Fig. 10, it can be seen that the relative
amount of the b-phase (bc) gradually decreases with the increasing
crystallization temperature and bc / 0 when the crystallization
temperature is higher than 140 �C. The results show that the b-
nucleating ability gradually decreases while a-nucleating ability
gradually increases with the increasing crystallization temperature.
It is obvious that BCHE30 has dual nucleating activity and can in-
duce both a- and b-nucleation in iPP, which may be related to
nucleation mechanism of b-nucleating agent. However, the crystal
structures of BCHE30 have not been established and the nucleation
mechanism of BCHE30 is still unknown and needs further
investigation.

Dual nucleating activity of BCHE30 can give a reasonable ex-
planation to the effects of nucleating agent content on kb values,
impact strength and melting peak temperature of nucleated iPP.
The a-nucleating ability of BCHE30 gradually increases with its
increasing concentration. On the other hand, as the BCHE30 content
Fig. 9. The effect of crystallization temperature on the t1/2 of iPP and b-nucleated iPP
samples.
increases, the crystallization temperature increases, which also
contribute to the increase of a-nucleating ability. Considering the
fact that the critical concentration of BCHE30 is low, below the
critical concentration, a-nucleating activity has less effect on the kb

value and b-nucleating ability is dominant. It would result in the
increase of kb value and structural stability of b-phase with the
increasing concentration of BCHE30. The a-nucleating activity
cannot be neglected when the concentration of BCHE30 is higher
than the critical concentration. The competition of a- and b-nu-
cleating activity would result in the decrease of the kb value and
structural stability of b-phase, while it would lead to the increase of
structural stability of a-phase with the increasing concentration of
BCHE30 (Figs. 4 and 5). The decrease of kb values results in the
decrease of impact strength of nucleated iPP.

Polarized optical micrographs of pure iPP and nucleated iPP
with different concentrations of BCHE30 crystallized under iso-
thermal conditions are shown in Fig. 11. For the pure iPP (PP0), the
spherulite diameter is more than 100 mm. The incorporation of
BCHE30 greatly decreases the spherulite size even if its content is
low. Furthermore, the spherulite size decreases greatly before the
concentration of nucleating agent reaches 0.2 wt% and then de-
creases slightly with a further increase of BCHE30. This is in good
agreement with the result of crystallization peak temperature. It is
well known that the crystallization process includes the nucleation
and the crystal growth. In pure iPP the formation of nuclei is dif-
ficult, thus spherulite growth is mainly a homogeneous nucleation,
followed by nucleation-controlled spherulite growth. As the nu-
cleation rate is slow and number of nucleus is few, the spherulite of
iPP can become very large before it impinges another spherulite.
While in nucleated iPP, a large number of nuclei would be produced
because of the existence of nucleating agent. The nucleation rate is
very fast and the spherulite growth in it is a heterogeneous nu-
cleation, followed by a diffusion-controlled growth. Because of the
existence of a great deal of nuclei, the spherulite cannot grow large
enough to overlap, so the size of spherulites in nucleated iPP would
be much smaller than those in pure iPP.
3.4. Non-isothermal crystallization kinetics

Crystallization process of semi-crystalline polymers can have
a dramatic impact on the mechanical properties and hence is im-
portant to final application. Practical processes usually proceed
under non-isothermal crystallization conditions. In order to search



Fig. 11. Micrographs for pure iPP and nucleated iPP sample crystallized at 140 �C: (a) pure iPP, (b) 0.025, (c) 0.05, (d) 0.075, (e) 0.1, (f) 0.2, (g) 0.4, (h) 0.6 wt%.
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for the optimum conditions in the industrial process and to obtain
products with better properties, it is necessary to have quantitative
evaluations on the non-isothermal crystallization process. The
0.2 wt% content of BCHE30 is chosen considering the fact that nu-
cleated iPP shows better comprehensive mechanical properties at
the content. The non-isothermal crystallization of iPP and nucle-
ated iPP was carried out by DSC with cooling rates from 2.5 to
30 �C/min. The thermograms of neat iPP and nucleated iPP are
plotted in Fig. 12. It is evident that the crystallization temperature is
affected by the cooling rate: the higher the cooling rate, the lower
the crystallization peak temperature. Furthermore, it can be rec-
ognized that, at the same cooling rates, Tcp of nucleated iPP is
greatly increased compared with virgin iPP.

By means of integrating the partial areas under the DSC endo-
therm, the values of the crystalline weight fraction Xw(T) can be
obtained, as shown in Fig. 13.

Crystallization half-time t1/2 can be obtained, from Fig. 13, by
equation t ¼ ðT0 � TÞ=f(where t is crystallization time, T0 is the
onset crystallization temperature, T is crystallization temperature
at Xw(T)¼ 50% and F is cooling rate). The results are listed in Table
1. It can be seen that the addition of BCHE30 can obviously shorten
t1/2 of iPP, especially at higher cooling rate. When the cooling rate is
30 �C/min, t1/2 of iPP/BCHE30 is 17 s while that of pure iPP is 44 s.

Now Xw(T) can be converted into Xv(T) by Eq. (7) [28]:

Xv Tð Þ ¼
Xw Tð Þra

rc

1� 1� ra=rcð ÞXw Tð Þ (7)

where ra and rc are the bulk densities of the polymer in the
amorphous and pure a- or b-crystalline states, respectively. For iPP,
the density of the amorphous phase is ra¼ 0.852, and those of the
pure a-crystalline phase and pure b-crystalline phase are
rca¼ 0.936 [31,32] and rcb¼ 0.922 [33,34], respectively. Accord-
ingly, plots of ln½�lnð1� XvðTÞÞ� vs. T can be obtained (Fig. 14) and
there is a good linear relationship in the initial crystallization stage.
The values of a and �aTq can be determined from the slope and



Fig. 12. DSC cooling curves of (a) iPP and (b) iPP/BCHE30 (0.2 wt%).

Fig. 13. Relative crystallinity of (a) virgin iPP and (b) iPP/BCHE30 (0.2 wt%) at different
cooling rates.

Table 1
Non-isothermal crystallization kinetics parameters for pure iPP and nucleated iPP

Sample F, �C/min Tp,a �C a Tq,b �C t1/2, s n

2.5 127.1 �1.09 127.0 164
5 124.4 �1.07 124.3 84

iPP 10 121.3 �1.00 121.2 76 3.86� 0.03
20 117.9 �0.92 117.6 59
30 115.5 �0.87 115.1 44

2.5 137.7 �1.16 137.6 140
5 135.0 �1.07 134.8 70

iPP/BCHE30 10 131.9 0.96 131.6 42 3.22� 0.12
20 128.3 �0.82 128.0 25
30 125.9 �0.75 125.5 17

a Determined from Fig. 12.
b Calculated from Caze method.
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intercept of each straight line, and the results are also listed in
Table 1.

Straight lines can be obtained from plots of Tq vs. ln F/a under
different cooling rates (Fig. 15), and Avrami exponents of iPP and
nucleated iPP can be determined from the slope of each straight
line. The results are also listed in Table 1. The Avrami exponent n of
pure iPP is 3.86, which indicates that the spherulite growth occurs
with homogeneous nucleation and three-dimension spherical
growth. The Avrami exponent n for nucleated iPP is 3.22, indicating
that BCHE30 acts as heterogeneous nuclei followed by three-di-
mension spherical growth during non-isothermal crystallization.
Therefore, the type of nucleation of iPP is significantly changed in
the presence of nucleating agent BCHE30 while the geometry of
crystal growth of iPP does not change.

3.5. Crystallization active energy

Considering the influence of the cooling rates on the non-iso-
thermal crystallization process, Kissinger proposed that the acti-
vation energy could be determined by calculating the variation of
the crystallization peak with the cooling rate [20].

d ln f=T2
p

� �
=d 1=Tp
� �

¼ �DE=R (8)

where F is the cooling rate, Tp is the crystallization peak temper-
ature, and R is the gas constant. The crystallization activation
energy (DE) is calculated from the slope of lnðf=Tp
2Þ vs. 1/Tp. As

shown in Fig. 16, the DE of pure iPP and nucleated iPP during non-
isothermal crystallization is determined to 283.3 and 300.4 kJ/mol,
respectively. In comparison, the DE of nucleated iPP is slightly
higher than that of pure iPP. From the kinetic viewpoint, the acti-
vation energy could be correlated with the crystallization rate.
Generally, high crystallization activation energy would hinder the
crystallization and result in the decrease of crystallization rate.
However, an opposite result is obtained in our study. The addition
of BCHE30 increases the crystallization activation energy of iPP, but



Fig. 14. Plots of ln½�lnð1� XvðTÞÞ� vs. T for (a) virgin iPP and (b) iPP/BCHE30 (0.2 wt%).

Fig. 16. Kissinger plot for calculating the non-isothermal crystallization activation
energies for pure PP and iPP/BCHE30 (0.2 wt%).
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it increases the crystallization rate. The similar results were
reported for other nucleating agents by several researchers [35,36].
It has been considered that the effect of nucleating agent on poly-
propylene crystallization is twofold. On one hand, nucleating
agents can serve as heterogeneous nucleating sites and favors
Fig. 15. Plots of Tq vs. ln F/a for virgin iPP and iPP/BCHE30 (0.2 wt%).
crystallization growth of molecular in interface; on the other hand,
nucleating agents may baffle the transfer of macromolecular seg-
ments from iPP melts to the crystal growth surface due to the weak
interaction between nucleating agents and segments of iPP. The
baffling effect may leads to the increase of DE. However, nucleation
is the controlling step during crystallization and the increasing of
nucleation rate results in the increase of the overall crystallization
rate and crystallization temperature. The nucleating effect of
BCHE30 can be found by POM (Fig. 11). The weak interaction be-
tween nucleating agents and segments of iPP can be confirmed by
the increase of MFI value of iPP nucleated with BCHE30 than that of
pure iPP.

4. Conclusions

In this work, the effects of the novel b-nucleating agent BCHE30
on the mechanical properties, the content of b-crystal, crystalliza-
tion behavior and non-isothermal crystallization kinetics of iPP
were investigated. The main conclusions are summarized as
follows:

1. With the increase of BCHE30 concentration, the impact
strength of iPP nucleated with BCHE30 first increases and then
decreases until constant. At the concentration 0.1–0.2 wt%, the
impact strength of nucleated iPP increases about 4 times than
that of pure iPP. Meanwhile, the tensile strength and flexural
modulus slightly decrease. The results show that BCHE30 is an
effective b-nucleating agent for iPP.

2. The kb values of iPP nucleated with BCHE30 first increase and
then decrease until constant with the increase of BCHE30
concentration. The kb value of iPP nucleated with BCHE30 at
the concentration of 0.05 wt% reaches 87%. The results of DSC
show similar tendency. The effects of the concentration of
nucleating agent on the kb values can be interpreted by the
dispersibility and dual nucleating activity of BCHE30.

3. The crystallization behavior studied by DSC and POM shows
that the nucleating agent BCHE30 can greatly increase the
crystallization peak temperature of iPP and spherulite sizes
sharply decrease with increase of the content of nucleating
agent.

4. The Caze method was used to study the non-isothermal crys-
tallization kinetics of nucleated iPP. The result indicates that
the crystal growth pattern of nucleated iPP is heterogeneous
nucleation followed by three-dimension spherical growth. The
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crystallization active energy is determined by Kissinger
method and shows that the addition of BCHE30 slightly in-
creases the crystallization activation energy of iPP.
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