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Abstract In this paper, the isothermal crystallization kinetics of pure isotactic

polypropylene (iPP) and iPP with 5% AB3 hyperbranched polymer (HBP) added

had been investigated by differential scanning calorimetry (DSC). During isother-

mal crystallization, the crystallization rate of the blends was higher than those of iPP

remarkably. Moreover, the value of t� became smaller with increasing the HBP

molecular weight in blends, however, the crystallization rate of the blend decreased

when the higher molecular weight HBP ( �Mn = 12,500) was added. The crystalli-

zation rate of the blends was more sensitive to temperature than that of iPP.

An increase in the Avrami exponent may be attributed to the fractal structure of

hyperbranched polymer.

Keywords Crystallization kinetics � Hyperbranched polymer (HBP) �
Polypropylene � Blend

Introduction

In the past decades, hyperbranched polymers had attracted considerable attention

due to their remarkable properties such as reduction of melt and solution viscosity,

high solubility and ready to be functional in comparison to their linear analogues

[1–3]. In recent years, many functional hyperbranched polymers with various

terminal groups, such as hydroxyl, carboxyl, acetoxy, and vinyl etc., had been

investigated as additives [4], catalysis [5], rheology modifiers [6], blend components

[7] and so forth. The effect of adding hyperbranched polyester-amide to PP was

investigated, and indeed it was found that the dyeability of PP fibers was highly
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improved without affecting other properties of the material [8]. It had been known

that the physical properties of polymeric materials strongly depended on their

microstructure and crystallinity, however, there were not much work about the

crystallization behavior of hyperbranched polymer (HBP)/PP blend. In this paper,

the isothermal crystallization kinetics of pure isotactic polypropylene (iPP) and iPP

with 5% AB3 hyperbranched polymer (HBP) added was investigated using

differential scanning calorimetry (DSC). Moreover, the reasons were also discussed

about the differences in crystallization behaviors between pure iPP and iPP with 5%

HBP added. This study would be useful for designing the processing parameters and

obtaining the relation between crystallization behavior and the final mechanical

properties of the blends.

Experimental part

Materials

Commercial i-PP (PPH-XD-425, MFR = 47.6 g/10 min) was provided by Jinjiang

Petrochemical Co. Ltd. (Jilin, China); the different molecular weight AB3 HBP

samples ( �Mn = 7,800, �Mn = 10,820, �Mn = 12,500) were self-prepared [9], and the

Schematic structures were showed in Fig. 1; the HBP was blended with iPP in a

single-screw extruder (type XJ-20, Scientific Research Instrument Factory, Jilin

University, Jilin, China). Before being extruded, HBP and iPP were dried at 80 �C

for 4 h. The mixtures of HBP and iPP were extruded at 180–190 �C under a screw

rotating speed of 20 rpm. The extruded samples were cooled and then granulated.

Fig. 1 The Schematic structures of AB3 hyperbranched poly (amide-ester) (HBP)
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Isothermal crystallization kinetics

The crystallization behaviors were investigated by using a Perkin-Elmer DSC-7

thermal analyzer. Before data gathering, all samples were heated to 200 �C and held in

the molten state for 5 min to eliminate the influence of thermal history. All operations

were carried out under a nitrogen environment. Samples’ weights were about 7 mg. In

isothermal crystallization experiments, the sample melts were subsequently quenched

to the crystallization temperatures at a rate of 40 �C/min. The exotherms were

recorded at selected crystallization temperatures: 118, 122, 126, and 130 �C,

respectively.

The morphologies

The morphologies of the blends on thin films were studied by using an optical

polarizing microscope (type 59-XA, Yongheng Optical Instrument company,

shanghai, China) with a Mettler FP-90 automatic hot-stage thermal controller. The

samples were sandwiched between microscope cover slips, melted at 200 �C for 5 min

in a separate hot stage, and then rapidly moved to another hot stage which was

equipped with the microscope and which was set to the crystallization temperature

(130 �C).

Results and discussion

The isothermal crystallization kinetics of a material can be analyzed by evaluating

its degree of crystalline conversion as a function of time at a constant temperature.

The variation of the crystallinity is related to the ratio of the heat generated at time t
to the heat generated at infinite time according to the equation [10, 11]

XðtÞ ¼ Qt=Q1 ¼
Z t

0

ðdH=dtÞdt=

Z 1
0

ðdH=dtÞdt ð1Þ

where dH/dt is the rate of heat evolution. Development of relative crystallinity can

be analyzed using the Avrami equation [12–14]

XðtÞ ¼ 1� expð�kntnÞ ð2Þ

where n is a constant whose value depends on the mechanism of nucleation and on

the form of crystal growth, X(t) is the relative crystallinity at time t, kn is a constant

containing the nucleation and the growth parameters. The crystallization half-time,

t�, defined as the time to a relative crystallinity of 50%, can be obtained:

t1=2 ¼
ln 2

kn

� �1=n

ð3Þ

This Eq. 2 can be changed to

lnð1� XðtÞÞ ¼ �kntn ð4Þ
lg½� lnð1� XðtÞÞ� ¼ n lg t þ lg kn ð5Þ

Polym. Bull. (2009) 63:565–573 567

123



By plotting the left side in the equation versus lg t, we can get a straight line. The

n (the slope of the straight line) and kn (the intersection) values can also be obtained.

The relative amount of crystallinity for iPP and the blends have been plotted in

Fig. 2 for 118 and 130 �C. All curves in Fig. 2 show a sigmoidal shape, indicating a

fast primary process during the initial stages and slower secondary process during

the later stages. As can be seen, Fig. 2 shows that the blends crystallize faster than

Fig. 2 Development of relative crystallinity with time for isothermal crystallization for iPP and 5%
HBP/PP blends. a 118 �C b 130 �C
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iPP remarkably. Moreover, the crystallization rate increases with increasing the

HBP molecular weight in blends, however, the crystallization rate of the blend

decreases when the HBP ( �Mn = 12,500) is added.

Plots of lg[-ln(1 – X(t))] versus lg t are shown in Fig. 3. There are good linearities

of lg[-ln(1 – X(t))] versus lg t in a wide relative crystallinity range. It is clear that the

Avrami equation is effective for analyzing the experimental data of the isothermal

Fig. 3 Avrami plots for isothermal crystallization of iPP and HBP/PP blend at various crystallization
temperatures. a iPP b HBP/PP blend ( �MnHBP = 7,800)
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crystallization kinetics. The values of Kn, n, and t�, obtained from Fig. 3 are listed in

Table 1. As can be seen, t� of all samples increases with increasing crystallization

temperature in agreement with earlier observations [10, 15]. The half time of pure iPP

crystallization increases with the crystallization temperature, but at a much slower rate

compared to the blends. This means that the dependence of crystallization kinetics on

the crystallization temperature is much weaker for iPP than for HBP/PP blends.

The values of t� obtained from the experimental data are also given in Table 1.

They are consistent with those calculated from Eq. 3, indicating the validity of the

Avrami equation in this study. As can be seen, the order of values of t� is the same as

the above. Furthermore, in the blends, the variety trend of the crystallization rate is the

same as the above. The possible explanation is that a large number of polar branched

chains coming from HBP act as nucleating agent, promoting the nucleation.

Additionally, HBP may act as a lubricating agent, which resulted from approximately

spherical molecular shape and the absence of chain entanglement, leading to a

decrease in viscosity in blend, the diffusion of crystallizable chain segments towards

the growing nuclei is facilitated, therefore, the crystallization rate increases

remarkably. At the same time, interactions such as hydrogen bonding between polar

groups of branching chains become stronger with increasing the HBP molecular

weight, resulting a physically cross-linked network in the system, consequently, chain

diffusion and mobility of the crystallizable segments diminish, and thus the

crystallization process is slowed when the 5% HBP ( �Mn = 12,500) is added in the

blend.

Table 1 The various parameters of samples from the Avrami equation

Samples

(HBP molecular weight)

T(�C) n lg kn T�
a (s) t�

b (s)

Pure iPP 118 2.78 -5.912 114.87 117.76

122 2.63 -6.511 254.27 259.21

126 2.77 -7.725 543.39 538.55

130 2.89 -9.357 1511.41 1522.00

�Mn = 7,800 118 4.86 -6.792 24.03 23.25

122 4.41 -7.607 50.24 49.05

126 3.90 -8.435 131.49 131.40

130 3.48 -9.541 493.21 493.00

�Mn = 10,820 118 4.30 -5.718 18.94 19.73

122 4.26 -6.945 40.39 39.32

126 3.61 -7.406 100.44 101.71

130 3.59 -9.510 398.53 406.31

�Mn = 12,500 118 5.01 -7.144 24.90 24.94

122 4.73 -8.143 48.49 48.37

126 3.99 -8.602 129.75 131.56

130 3.63 -10.014 512.43 512.92

a Obtained from experimental data
b Calculated from Eq. 3
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Depending on the mechanism of nucleation and crystal growth, n should have

different integer values. However, the non-integer values of the Avrami exponent

are obtained for all the samples from experimental data, ranging from 2.78 to 5.01

and from 2.89 to 3.63 at the crystallization temperature, 118 and 130 �C,

respectively. The deviation is likely attributed to secondary crystallization process,

complex nucleation modes and the change in material density. Moreover, some

experimental errors introduced in the determination of the zero point of

crystallization also lead to non-integer value of n. The variation of n can be

Fig. 4 The polarized micrographs of iPP and HBP/PP blend at 130 �C (magnification 9 100). a iPP
b HBP/PP blend ( �MnHBP = 12,500)
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neglected within the error range in this study. An increase in the Avrami exponent

means the addition of HBP influences the mechanism of nucleation and the growth

of PP crystallites, one possible reason is usually attributed in the literature to a

change from instantaneous to sporadic nucleation [11, 16]. Additionally, the fractal

structure of hyperbranched polymer may have an influence on the growth of iPP

crystallites and the diffusional mode of crystallizable segments towards the growing

nuclei.

The intercept value (lg kn) decreases with increasing crystallization temperature,

which means a decrease in the nucleation rate constant and in the growth constant.

Figure 4 shows the polarized micrographs of iPP and HBP/PP blend

( �Mn = 12,500) at 130 �C. The HBP/PP blend ( �Mn = 12,500) shows the number

of effective nuclei increases obviously and the spherulite size reduces rapidly, this

indicates that HBP acts as a nucleating agent in the iPP phase. This result also

provides the evidence that crystallization of the blend proceeds mainly via

heterogeneous nucleation.

Conclusions

In this paper, we investigated the isothermal crystallization kinetics of pure isotactic

polypropylene (iPP) and iPP with 5% AB3 hyperbranched polymer (HBP) added

using DSC. The Avrami equation was used to analyze the isothermal crystallization

of samples. The results showed that the HBP acted as a heterogeneous nucleating

agent and a lubricating agent during the crystallization of the blend and accelerated

the crystallization rate remarkably. The value of t� became smaller with increasing

the HBP molecular weight, however, the crystallization rate of the blend decreased

when the HBP ( �Mn = 12,500) was added. The polarized micrographs showed the

number of effective nuclei increased obviously in HBP/PP blend. An increase in the

Avrami exponent may be attributed to the fractal structure of hyperbranched

polymer.
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