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Abstract In this study, a-phase nucleating agent (NA)

1,3:2,4-bis(3,4-dimethylbenzylidene) sorbitol (DMDBS),

b-phase rare earth NA (WBG), and their compound NAs

were introduced into isotactic polypropylene (iPP) matrix,

respectively. Crystallization kinetics and subsequent melt-

ing behavior of the nucleated iPPs were comparatively

studied by differential scanning calorimetry (DSC) under

both isothermal and nonisothermal conditions. For the

isothermal crystallization process, it is found that the

Avrami model successfully described the crystallization

kinetics. The active energy of nonisothermal crystallization

of iPP was determined by the Kissinger method and

showed that the addition of nucleating agents increased the

activation energy. Melting behavior and crystalline struc-

ture of the nucleated iPPs are dependent on the nature of

NAs and crystallization conditions. Higher proportion of

b-phase can be obtained at higher content of b-nucleating

agent and lower crystallization temperature or lower

cooling rate.
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Introduction

Isotactic polypropylene (iPP), as one of the widely used

commodity polymers, has been intensively researched in

the last years because of its polymorphism characteristic

(the monoclinic a-phase, the trigonal b-phase, and the

orthorhombic c-phase) [1]. Among all the crystalline forms

of iPP, the monoclinic a-phase and trigonal b-phase have

attracted most interest because a-phase is the most common

phase in melt-crystallized samples or articles and b-phase

usually shows better impact toughness and drawability than

a-phase [2].

Incorporation of nucleating agents (NAs) with isotactic

polypropylene (iPP) is an effective method to improve

properties of iPP related to crystallization and morphol-

ogy [3–11]. The most common nucleating agents are

divided into a nucleating agents and b nucleating agents,

in which most a nucleating agents can improve tensile

and flexural properties as well as transparency of iPP,

while b nucleating agents can increase impact-resistance

strength and heat distortion temperature of iPP; however,

b nucleating agents would decrease the stiffness of iPP

[12–14].

Therefore, compounding a and b nucleating agents is an

attractive strategy to produce iPP with high stiffness and

toughness. It is well known that mechanical properties of

semicrystalline polymers are mainly dependent on their

molecular weight, the nature of the crystal phase, crystal-

linity, and spherulite size. It is significant to achieve this

objective by examining their crystallization behavior.

There are many publications on the crystallization behavior

of iPP nucleated with individual a or b nucleating agents

[15–23], but only a few studies on the crystallization

behavior of iPP nucleated with a and b compound nucleating

agents [24–28].
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Zhang et al. [25, 26] reported the crystallization and

melting behaviors of isotactic polypropylene (iPP) nucle-

ated with compound nucleating agents of sodium 2,20-
methylene-bis(4,6-di-tertbutylphenyl)phosphate (NA40)/

dicyclohexylterephthalamide (NABW) (weight ratio of

NA40 to NABW is 1:1). Bai et al. [27, 28] introduced a-

phase nucleating agent 1,3:2,4-bis(3,4-dimethylbenzylid-

ene) sorbitol (DMDBS), b-phase nucleating agent aryl

amides compound (TMB-5), and their compounds into PP

matrix, and comparatively investigated the crystallization

and melting of iPP nucleated by individual and compound

nucleating agents. However, in such a compound system

the nucleation effect and crystallization behavior of a and b
nucleating agents are not yet clear.

In this study, a nucleating agent sorbitol derivatives

DMDBS and b nucleating agent rare earth complex WBG

were added simultaneously in iPP matrix. DMDBS and

WBG are high effective nucleating agents for a-iPP and b-

iPP, respectively [29–34]. The crystallization kinetics and

subsequent melting behavior of iPP nucleated with indi-

vidual and compound nucleating agents were comparatively

investigated under both isothermal and nonisothermal

conditions. The aim of this article was to understand the

nucleation effect and crystallization behavior of iPP

nucleated with compound nucleating agents under different

crystallization processes, and affords an effective method to

regulate the crystalline structure of iPP through altering the

composition of compound nucleating agents.

Experimental

Materials

All the materials used in this study are commercially

available. iPP (T30S, West Pacific Petrochemical Co.,

Dalian, China) with isotacticity index 95%, melt flow

rate (MFR) of 2.5 g/10 min (230 �C/2.16 kg) was used as

the matrix polymer. The a-nucleating agent 1,3:2,4-

bis(3,4-dimethylbenzylidene) sorbitol (DMDBS, HX3)

was supplied by Hengxin Chemical Co. (Wuhan, Hubei

Province, China). The rare earth b-phase NA (WBG) was

purchased from Guangdong Winner Functional Materials

Co. (Foshan, Guangdong Province, China). It was a

heteronuclear dimetal complex of lanthanum and calcium

with some specific ligands. The WBG has a general

formula of CaxLa1-x(LIG1)m(LIG2)n, where x and 1 - x

are the proportion of Ca2? and La3? ions in the complex,

while LIG1 and LIG2 are, respectively, dicarboxylic acid

and amide-type ligands with coordination numbers of m

and n.

Sample preparation

Blends of iPP and nucleating agents were produced at

190 �C for 10 min, with a rotor speed of 60 rpm, using a

HAAKE (Thermo Haake Rheomix) batch melt mixer. The

iPP nucleated with 0.2 mass% HX3, 0.2 mass%WBG,

0.2 mass% HX3 ? 0.2 mass%WBG were prepared and

denoted as iPP1, iPP2, and iPP3, respectively. Also, a pure

iPP sample was prepared with an identical mixing process

and used as a control (denoted as iPP0).

X-ray diffraction

The samples were compression-molded at 190 �C under a

pressure of 15 MPa for 5 min and then naturally cooled to

the room temperature. X-ray diffraction (XRD) experi-

ments were conducted with a Dmax-Ultima ? X-ray

diffractometer (Rigaku, Japan) (Cu Ka, k = 0.15418 nm,

40 kV, 40 mA, reflection mode). Patterns were recorded at

a scanning speed of 1.2 min-1 and a scanning step of 0.02�
from 10� to 30�. The relative content of the b-phase, kb,

can be calculated from the XRD profiles according to

Turner Jones’ equation [35]:

kb ¼
H bð Þ

H bð Þ þ H a1ð Þ þ H a2ð Þ þ H a3ð Þ
� 100% ð1Þ

where H(b) is the diffraction intensity of b(300) planes at

diffraction angle 2h = 16.0�, H(a1), H(a2) and H(a3) are

the diffraction intensities of the a(110), a(040), and a(130)

planes at diffraction angles 2h = 14.1�, 16.9�, and 18.5�,

respectively.

It has been calculated from Fig. 1 that kb for iPP0, iPP1,

iPP2, and iPP3 are 0, 0, 92, and 53%, respectively.

Differential scanning calorimetry

Isothermal and nonisothermal crystallizations were per-

formed in a DSC1 (Mettler-Toledo, Switzerland) differ-

ential scanning calorimeter. The instrument was calibrated

using high purity indium and zinc standards. Each sample

(ca. 2–3 mg) was initially melted at 200 �C for 5 min to

erase the previous thermal and mechanical history and then

cooled rapidly to the presetting isothermal crystallization

temperature (Tc). For nonisothermal crystallizations, after

melting at 200 �C for 5 min the sample was cooled to

80 �C at the constant cooling rates (Vc) of 2, 5, 10, 15, 20,

and 30 �C min-1. After isothermal or nonisothermal

crystallization, the samples were subsequently heated at

10 �C min-1 (Vh) to 200 �C and the heat flows during both

crystallization and melting process were recorded.

DSC is an alternative to estimate the relative content of

the b-phase in b-nucleated iPP [32]. The relative content of
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b-phase estimated by DSC melting curve could be defined

as Ub and calculated from the following equation:

Ub ¼
Xb

Xa þ Xb
� 100% ð2Þ

where Xa and Xb are the crystallinity of the a- and b-phase,

respectively, and could be calculated separately according

to

Xi ¼
DHi

DHo
i

� 100% ð3Þ

where DHi is the calibrated enthalpy of fusion of either a-

or b-phase, DHi� is the standard enthalpy of fusion of a- or

b-PP, being 178 and 170 J g-1, respectively [36].

Overlapping of a- and b-phase peaks was often observed

in the DSC melting curves, so the enthalpy of fusion for a-

and b-phase were determined according to the following

calibration method [37]. The total enthalpy of fusion, DH,

was integrated from the base line to the DSC thermogram.

A vertical line was drawn through the minimum between

the a- and b-phase peaks and the total enthalpy of fusion

was divided into b-component, DHb
* and a-component,

DHa
*. Because the less-perfect a-crystals melt before the

maximum point during heating and contributed to the DHb
*,

the real value of enthalpy of fusion of b-phase, DHb, has

been approximated by a production of multiplying DHb
*

with a calibration factor A [37]:

DHb ¼ DH�b � A ð4Þ

A¼ 1� h2

h1

� �0:6

ð5Þ

DHa ¼ DHtotal � DHb ¼ DH�a þ DH�b � DH�b ð6Þ

In Eq. 5, h1 and h2 are the heights from the base line to the

b-phase peak and minimum point, respectively (Fig. 2).

Results and discussion

Isothermal crystallization kinetics

Isothermal crystallization kinetics of iPP and nucleated

iPPs was performed with DSC at various crystallization

temperatures. Figure 3 shows the heat flow evolution of

iPP and nucleated iPPs for the isothermal crystallization

obtained by rapidly cooling the molten polymer to the

crystallization temperature (Tc). There is only single and

symmetric exothermic peak on DSC traces of both iPP and

nucleated iPPs. Furthermore, the effect of Tc on crystalli-

zation rate is clearly observed in isothermal thermograms.

It was obvious that as the supercooling, i.e., the difference

between the melting and crystallization temperature,

decreases, the crystallization rate becomes slower and the

exothermic peak becomes broader. Hence, the rate of

crystallization decreases with increasing temperature.

Based on the assumption that the evolution of crystal-

linity is linearly proportional to the evolution of heat

released during the crystallization, the relative degree of

crystallinity, Xt, can be calculated by integration of the

exothermal peaks from the following equation [38]:
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Fig. 2 Melting curve of iPP3 for determining the relative content of

b-phase
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Xt ¼
XtðtÞ

Xtð1Þ
¼
R t

0
ðdH=dtÞdtR1

0
ðdH=dtÞdt

ð7Þ

where (dH/dt) denotes the rate of heat flow, Xt(t) and Xt(?)

represent the absolute crystallinity at the elapsed time

during the course of crystallization and at the end of the

crystallization process, respectively.

The evolution of relative crystallinity with crystalliza-

tion time at various temperatures (not shown here because

of space limitations) shows the S-shaped curves, which are

consistent with nucleation and growth processes. The half

time of crystallization (t1/2) obtained from these curves is

frequently used to evaluate the rate of crystallization of

iPP. The shorter the t1/2 is, the higher the crystallization

rate. From the data summarized in Table 1, it seems that

the t1/2 values increase almost exponentially as the crys-

tallization temperature is increased.

The Avrami method is the most common approach for

analysis of isothermal crystallization according to the fol-

lowing equations [39–41]:

Xt¼ 1� exp(� Ztt
nÞ ð8Þ

ln �ln 1� Xtð Þ½ � ¼ lnZt þ nlnt ð9Þ

where n is the Avrami exponent, which is relevant to the

mechanism of nucleation, and Zt is the overall crystalli-

zation rate constant, which is dependent on nucleation and

crystal growth.

The Avrami plots for the iPP nucleated with a/b com-

pound nucleating agents obtained at various temperatures

are illustrated in Fig. 4. There are good linearities of

ln[-ln(1 - Xt)] versus lnt in a wide relative crystallinity

range. It can be concluded that the Avrami equation is quite

successful for analyzing the experimental data of the iso-

thermal crystallization kinetics. The parameters of Zt and n,

which are obtained from the plots of ln[-ln(1 - Xt)] ver-

sus lnt, are listed in Table 1. The Avrami parameter Zt is
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Fig. 3 Isothermal

crystallization curves of iPP and

nucleated iPPs at the indicated

temperatures

Table 1 Isothermal crystallization kinetics data of iPP and nucleated

iPPs

Sample Tc/�C t1/2/min n Zt/min-n n (average)

iPP0 118 0.855 2.26 0.981 2.05

119 1.061 2.17 0.591

120 1.441 2.01 0.329

121 1.899 1.92 0.203

122 2.359 1.89 0.136

iPP1 130 0.422 3.11 10.681 2.79

131 0.703 2.98 1.994

132 1.218 2.69 0.414

133 2.781 2.39 0.061

iPP2 134 1.316 2.77 0.319 2.76

135 1.713 2.77 0.154

136 2.224 2.78 0.075

137 2.776 2.72 0.043

138 3.246 2.75 0.027

iPP3 136 1.432 2.97 0.243 2.91

137 1.714 2.88 0.149

138 2.138 2.95 0.075

139 2.640 2.90 0.042

140 3.339 2.87 0.022
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indicative of the crystallization rate. As expected, Zt

decreases with the increase in crystallization temperature.

It is known that Avrami exponent n strongly depends on

both the mechanism of nucleation and the morphology of

crystal growth. For pure iPP, an average value of n = 2.05

is obtained over the crystallization temperature range

studied, which is close to the results reported in the liter-

ature [32, 42]. The result indicates that it may be related

with a heterogeneous nucleation followed by two-dimen-

sional or lamellar growth due to the existence of impurities

and catalyst residues [9]. While for iPP nucleated with

individual and compound nucleating agents, the average

values of n are close to 3, which is a heterogeneous

nucleation followed by three-dimensional spherulite

growth. The above results indicate that the addition of

nucleating agents can change the crystal growth patterns of

iPP.

Nonisothermal crystallization and activation energy

From a technological point of view, nonisothermal crys-

tallization conditions approach more closely the industrial

conditions of polymers processing; it is of great practical

importance to understand the crystallization of polymers

under nonisothermal conditions. The nonisothermal crys-

tallization of iPP and nucleated iPPs was carried out by

DSC with cooling rates from 2 to 30 �C min-1. The ther-

mograms of iPP and nucleated iPPs are reported in Fig. 5.

It should be noticed that the crystallization curves of

b-nucleated blends (iPP2 and iPP3) showed simultaneous

crystallization of the a- and b-phase of iPP, since only a

single exothermic peak in spite of the formation of two

separate polymorphic phases. With increasing cooling rate,

crystallization peak temperature (Tp) of iPP shifts to lower

temperature. Especially, the corresponding crystallization

peak temperatures (Tp) at different cooling rates were

determined from the cooling curves, and the results are

shown in Fig. 6. For all the samples, the Tp decreases with

increasing cooling rate. It is evident that the crystallization

temperature is affected by the cooling rate: the lower the

cooling rate, the higher the crystallization peak tempera-

ture. Furthermore, it can be recognized that, at the same

cooling rates, Tp of nucleated iPP is greatly increased

compared with that of iPP.

At lower cooling rate (\10 �C min-1), there is undistin-

guishable between Tp of iPP nucleated with compound NAs

and those of iPP nucleated with individual NAs. However, at

higher cooling rate ([10 �C min-1), their discrepancy is

remarkable and shows a tendency to enlarge. The results

indicate that combining the a/b compound NAs is favorable

for crystallization starting at higher temperature.

The Kissinger’s method has been widely applied to

evaluate the overall effective activation energy by con-

sidering the variation of the crystallization peak tempera-

ture with the cooling rate [43].

d ln U
T2

p

� �

d 1
Tp

� � ¼ �DE

R
ð10Þ

where U is cooling rate, Tp is the crystallization peak

temperature, and R is the gas constant, DE is the activation

energy of nonisothermal crystallization.

The activation energy of nonisothermal crystallization

(DE) is calculated from the slope of lnU/Tp
2 versus 1/Tp. As
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shown in Fig. 7, the DE of iPP0, iPP1, iPP2, and iPP3

during nonisothermal crystallization is determined to 216,

297, 260, and 344 kJ mol-1, respectively. It can be seen

that addition of b-NA WBG increases slightly the crys-

tallization activation energy of iPP; however, the DE of iPP

nucleated with a-NA DMDBS and a/b compound NAs is

considerably higher than that of pure iPP. From the kinetic

viewpoint, the activation 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 phenomenon is observed in our study. It seems

that addition of NAs increases the crystallization activation

energy of iPP, but, as discussion earlier, it increases the

crystallization rate. The similar results were reported for

other nucleating agents by several researchers [9, 18].

The reason for this contradiction is the dual effect of

nucleating agents on crystallization of iPP. On the one

hand, nucleating agents may hinder the transfer of mac-

romolecular segments from iPP melts to the crystal growth

surface due to the strong interaction between nucleating

agents and segments of iPP, which leads to the increase of

DE; on the other hand, nucleating agents serve as
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heterogeneous nuclei and favor crystallization growth of

molecular in interface, which accelerates greatly the

nucleation rate. Among the crystallization processes con-

sisting of nucleation and growth, nucleation is the con-

trolling step during crystallization, and the increasing of

nucleation rate results in the increase of the total crystal-

lization rate and crystallization temperature.

Melting behavior

After isothermal and nonisothermal crystallization, the

subsequent melting behavior of pure iPP and nucleated

iPPs was investigated by DSC at heating rate of

10 �C min-1. As expected, the melting profile of pure iPP

and iPP nucleated with DMDBS mainly shows the endo-

therm referring to a-phase, which means almost only a-

phase appeared in iPP after isothermally crystallized at the

whole Tc range adopted in this work. However, for WBG-

nucleated iPP, as shown in Fig. 8a, a main melting peak at

153–158 �C and a subsequent shoulder peak are observed.

These two melting peaks are corresponding to the enthalpy

of fusion of b-phase and b-a recrystallization. During the

heating process, the unstable b-phase tends to melt first and

recrystallize as a-phase with more stable crystalline struc-

ture. The melting peak temperature of b-iPP increases with

the increase of crystallization temperature. This fact might

be explained by thermodynamic cause [26]. The most

important thermodynamic parameter of the crystallization

is the undercooling DT (DT = Tm
0 - Tc), which shows how

far the polymer crystallizes from its melt crystal equilib-

rium state. The lower the undercooling, the more perfect

the crystals are formed and hence, the higher the crystal-

linity, the higher the melting temperature.

There are two obvious melting peaks (Fig. 8b), which

appear at about 153 and about 164 �C, respectively. These

two melting peaks correspond to the characteristic peaks of

b-phase and a-phase, respectively, which means that these

compound NAs can induce iPP to form both a-crystals and

b-crystals. It is well known that higher crystallization

temperature is unfavorable for the formation of the b-phase

[2]. According to the above-mentioned calculated method,

the relative content of b-phase, Ub, in PP3 sample as well

as PP2 sample decreases with the increase of crystallization

temperature.

The DSC heating curves of iPP nucleated by different

NAs after nonisothermal crystallization at different cooling

rates. For pure iPP and DMDBS-nucleated iPP, there is

only one melting peak at about 161–165 �C, corresponding

to the melting of a-phase. For WBG-nucleated iPP as

shown in Fig. 9a, multiple melting peaks are observed at

approximate 148–156, 157–165, and 166–170 �C (shown

as b, a1, and a2, respectively), indicating the melting of

b-phase and a-phase [27]. With increasing of cooling rate,

the melting peak of b-phase shifts to lower temperature, a

shoulder melting peak (a2) presents at higher temperature

and becomes more apparent above cooling rate of

10 �C min-1; furthermore, at cooling rate of 30 �C min-1,

the main peak of b-phase splits into two peaks, that is, a

new shoulder peak (b2) appears in the DSC heating curve.

However, the melting peak of a1 keeps nearly invariant. It

can be deduced that the melting peak a1 is associated with

the fusion of a-phase formed during the nonisothermal

crystallization process, and melting peak a2 is contributed

to the fusion of reorganized a-phase from the melting of

b-phase during the heating process.

The melting behavior of iPP3 nucleated with compound

NAs is dependent on the cooling rate (Fig. 9b). The
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Fig. 8 Melting curves of iPP2

and iPP3 after isothermal

crystallization at the indicated

temperatures
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relative content of b-phase in iPP3 sample decreases with

the increase of crystallization temperature. The lower the

cooling rate is, the higher the proportion of the b form will

be, especially for iPP3. During the nonisothermal crystal-

lization of iPP3, when the cooling rate is low, crystalliza-

tion occurs in a higher temperature region in which the

self-nucleation of iPP is difficult to initiate; a-crystals are

suppressed, while the nucleating agent WBG can effec-

tively provide a large number of foreign nuclei to induce

the formation of the b form. On the contrary, at a high

cooling rate, crystallization occurs in a lower temperature

region in which the a-nucleation of iPP is predominant, and

this could result in the main a form. Therefore, higher

percent of the b phase can be obtained at lower cooling

rate.

Conclusions

The crystallization kinetics and sequential melting behav-

ior of iPP nucleated with individual nucleating agent and

compound nucleating agents were comparatively investi-

gated under isothermal and nonisothermal conditions. It is

found that the Avrami model successfully describes the

kinetics data of the isothermal crystallization process. The

obtained Avrami exponent indicated that addition of

nucleating agents changes the crystal growth pattern of iPP.

Furthermore, the addition of nucleating agents increases

the crystallization activation energy. Melting behavior and

crystalline structure of the nucleated iPP are dependent on

both the nature of a/b nucleating agents and crystallization

process. Moreover, lower crystallization temperature and

lower cooling rate are favorable for the formation of

b-crystals. Therefore, higher proportion of b-phase can be

obtained at higher content of b-nucleating agent and lower

crystallization temperature or lower cooling rate.

Acknowledgements The research was partly financed by the

National High Technology Research and Development Program of

China (863 Program No. 2009AA03Z319) and the National Natural

Science Foundation of China (No. 50905024).

References

1. Varga J. Supermolecular structure of isotactic polypropylene—

review. J Mater Sci. 1992;27:2557–79.

2. Varga J. b-Modification of isotactic polypropylene: preparation,

structure, processing, properties, and application. J Macromol

Sci: Phys. 2002;41B:1121–71.

3. Libster D, Aserin A, Garti N. Advanced nucleating agents for

polypropylene. Polym Adv Technol. 2007;18:685–95.

4. Nagarajan K, Levon K, Myerson AS. Nucleating agents in

polypropylene. J Therm Anal Calorim. 2000;59:497–508.

5. Kristiansen M, Werner M, Tervoort T. The binary system iso-

tactic polypropylene/bis(3,4-dimethylbenzylidene)sorbitol: phase

behavior, nucleation, and optical properties. Macromolecules.

2003;36:5150–6.

6. Blomenhofer M, Ganzleben S, Hanft D. ‘‘Designer’’ nucleating

agents for polypropylene. Macromolecules. 2005;38:3688–95.
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P, Oysad H, et al. The influence of nucleus density on optical

properties in nucleated isotactic polypropylene. Eur Polym J.

2009;45:3138–48.
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