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ABSTRACT
he non-isothermal crystallization kinetics of pure polypropylene (PP) and AB3
hyper-branched polymer (HBP)/PP blends (with 5% HBP content) were investigated with various cooling rates by differential scanning calorimetry (DSC)
method. The Avrami analysis modified by Mandelkern and a method combined with
Avrami and Ozawa equations were employed to describe the non-isothermal crystallization kinetics of the samples. The conclusion showed that at the same cooling rate,
hyper-branched polymer could accelerate crystallization effectively. Furthermore, in the
blends, the crystallization rate decreased when the higher molecular weight of HBP
was added. An increase in the Avrami exponent showed that the addition of HBP influenced the mechanism of nucleation and the growth of PP crystallites. The possible reason and explanation could be attributed to the fractal structure of hyper-branched polymer which has an influence on the diffusion mode of crystallizable segments towards
the growing nuclei. The polarized micrographs showed that the number of effective
nuclei increased obviously in the HBP/PP blends where, HBP acts as a heterogeneous
nucleation agent during the crystallization of the blends. In addition, the activation energy of crystallization was also obtained according to the Kissinger method and the
results showed that the crystallization activation energy decreased remarkably in
HBP/PP blends.
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INTRODUCTION
It is known that the ultimate
mechanical properties of the blends
or composites based on crystallizable polymers are determined in
part by crystallization behaviour of
their components [1-3]. Polymer
blends experience non-isothermal
crystallization other than isothermal crystallization in industrial
applications under processing and
modeling; thus, an understanding
of the non-isothermal crystallization behaviour is of technological
and scientific importance. General-

ly, non-isothermal kinetics analysis
is used to study the crystallization
behaviour of crystalline polymers
[4-11].
During the past decades, hyperbranched polymers have 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, resulting
from the large number of reactive
end-groups within a molecule of
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approximately spherical molecular shape in the absence
of chain entanglement [12-14]. Hyper-branched polymers are highly branched macromolecules with threedimensional architecture. The general term of hyperbranched polymer includes both “perfectly-branched”
dendrimers and “imperfectly branched” polymers.
Typically, hyper-branched polymers comprise of a randomly branched structure, having precisely one focal
unit and at least two branching points. Such polymers
are generally prepared via ABn-type monomers (where
A is a functional group that reacts with B groups and
x ≥ 2) [15].
In recent years, many functional hyper-branched
polymers with various terminal groups such as hydroxyl, carboxyl, acetoxy, and vinyl have been investigated
as additives [16], catalysts [17], rheology modifiers
[18], blend components [19], etc. The effect of adding
hyper-branched polyester-amide to PP has been investigated and it is found that the dye-ability of PP fibres is
highly improved without affecting other properties of
the material [20]. Diao et al. [21] studied the effects of
the addition of hyper-branched poly (amide-ester) grafted with polypropylene (PP-HBP) on the compatibility
of PP/PVC blends.
The results showed that mechanical performance of
the blend was enhanced. However, there has not been
much work reported so far on the non-isothermal crystallization behaviour of hyper-branched polymer
(HBP)/PP blend. In this paper, the non-isothermal crystallization kinetics of AB3 HBP/PP blend (5% HBP
content) is investigated using differential scanning
calorimetry (DSC). Moreover, the reasons for the differences in crystallization behaviours of pure PP and
HBP/PP blends are also given as well. This study would
be useful for designing the processing parameters and
obtaining the relationship between crystallization
behaviour and the final mechanical properties of the
blends.

Figure 1. Schematic structures of AB3 hyper-branched
poly(amide-ester) (HBP).

schematic structures are shown in Figure 1. A sample of
5% HBP was blended with PP in a single-screw extruder (type XJ-20, Scientific Research Instrument Factory,
Jilin University, Jilin, China). Before being extruded,
HBP and PP were dried at 80°C for 4 h. The mixtures
of HBP and PP at different ratios were
extruded at 180°C under a screw rotating speed of 20
rpm. The extruded samples were cooled and then
granulated.
Non-isothermal Crystallization Kinetics
The non-isothermal crystallization kinetics was investigated by using the Pyris6 Diamond type of a differential scanning calorimeter (DSC). Before the collection
of data, all samples were heated to 200°C at a rate of
40°C/min 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. The
weights of the samples were about 7 mg. Afterwards,
the samples were cooled down to room temperature at
a rate of 5°C/min, 10° C/min, 15°C/min, and 20°C/min,
respectively.

EXPERIMENTAL
Materials
Commercial spherical i-PP granules (T30S) was provided by YanShan Petrochemical Co. Ltd. Different
molecular weights of AB3 HBP samples (Mn = 7800,
10820, and 12500 g/mol) were prepared [22], and the

330

Morphologies
The morphologies of the blends as thin films were studied by using an optical polarizing microscope (type 59XA, Yongheng Optical Instrument Co., Shanghai,
China) with a Mettler FP-90 automatic hot-stage
thermal controller. The samples were sandwiched
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between microscope coverslips and 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
From a technological point of view, the non-isothermal
crystallization conditions approach more closely to the
industrial conditions of polymer processing therefore,
the study of crystallization of polymers under nonisothermal conditions is of great practical importance
[23]. At the same time, because of more discrepancies in
the crystallization rates of the samples at too high or too
low crystallization temperatures, the isothermal
measurement is often restricted to narrow temperature
windows. Consequently, the non-isothermal crystallization is often conducted as a complementary approach to
the isothermal data.
In this paper, the non-isothermal crystallization of
PP and PP/HBP blends were investigated under different cooling rates. The exothermal curves of heat flow
developing with temperature were recorded as shown in
Figure 2. The parameters were taken from Figure 2 and
shown in Table 1. As all the samples show similar types
of the curves therefore, just one of the figures may be
considered as a representative curve.
Table 1 shows that Tc of all samples drop with the
increase of their respective cooling rates. The reason is
that the molecular chains cannot enter crystal-grains
when temperature is cooled too fast, and the polymers
crystallize readily under supercooling temperature.
Under the same cooling rate, the blends have higher Tc
than PP and thus, the blends can crystallize at higher
temperature. This means that the degree of supercooling
required for crystallization is reduced because of the
addition of HBP. Also ΔHc is decreased with higher
molecular weight of the HBP present in the blends,
because HBP destroys the integrity of PP chains and
decreases their activity and consequently leads to fewer
crystallites in the blends.
The relative crystallinity at any crystallization temperature, C(t), can be taken from the ratio between integral area at temperature T and the whole crystallization
area:

(a)

(b)
Figure 2. DSC cooling traces of: (a) iPP and (b) HBP/PP
blend (MnHBP = 7800 g/mol) recorded at different cooling
rates.

C (t ) =

∫

T

(
T0

dH c
)dT /
dt

∫

T∞
T0

(

dH c
)dT
dt

(1)

where, T0, T∞, t, and dHc are the crystallization onset
temperature, the end crystallization temperature, the
crystallization time, and the crystallization enthalpy at
infinitesimal temperature dT, respectively.
Figure 3 shows the development of relative degree
of crystallinity as a function of temperature for samples at various cooling rates. The plots of C(t) vs. T
for PP are similar to those of the blends. It can be seen
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Table 1. Avrami parameter of PP and HBP/PP blends from DSC non-isothermal crystallization exothermic peaks.
Samples (molecular

D

weight of HBP, g/mol)

(ºC/min)

Pure PP

Mn = 7800

Mn = 10820

Mn = 12500

(a)

n

t1/2

ΔHc

Tp

(min)

(J/g)

(ºC)
115.12

0.9995

Zc

R

5

3.59

0.612

1.792

101.43

10

3.32

0.989

0.928

98.65

111.26

0.9996

15

3.59

1.050

0.738

97.89

109.00

0.9999

20

3.64

1.084

0.578

95.74

107.47

0.9999

5

5.26

0.718

1.279

82.23

123.41

0.9989

10

5.86

1.076

0.828

81.76

120.43

0.9983

15

5.14

1.212

0.531

80.87

118.55

0.9985

20

5.65

1.219

0.465

81.09

117.21

0.9963

5

6.02

0.641

1.361

81.39

124.63

0.9987

10

5.61

1.112

0.776

80.21

121.97

0.9989

15

5.12

1.213

0.535

79.96

120.09

0.9989

20

5.60

1.216

0.467

79.51

118.57

0.9972

5

6.32

0.631

1.358

81.54

123.89

0.9987

10

6.03

1.094

0.810

80.59

120.82

0.9979

15

4.97

1.212

0.542

80.45

118.84

0.9974

20

4.82

1.214

0.468

79.23

117.24

0.9962

correlation coefficient

that all these curves have the same inverse sigmoid
shape, implying that only the lag effect of cooling
rate on crystallization is observed. In Figure 3, at the
same crystallinity, crystallization temperature
decreases with increase in cooling rate. The reason is

that molecular chains possess good fluidity and diffusability at lower cooling rate therefore, samples
show higher crystallinity at higher temperature. Two
different methods are used to discuss the non-isothermal crystallization kinetics in this paper.

(a)

(b)

Figure 3. Development of relative crystallinity with temperature for non-isothermal crystallization of: (a)
iPP and (b) HBP/PP blend (MnHBP = 7800 g/mol).
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Analysis of Non-isothermal Crystallization by
Mandelkern Analysis Method
Mandelkern considered that the primary stage of nonisothermal crystallization could be described by the
Avrami equation [24-27] which was based on the
assumption that the crystallization temperature was
constant. Mandelkern obtained the following equations:
1 − C (t ) = exp( − Z t t n )

(2)

log{− ln[1 − C (t )]} = n log t + log Z t

(3)

where C(t), Zt, and n, are relative crystallinity at crystallization time t, the crystallization rate constant, and
the Avrami exponent, respectively. Here, n represents
the nucleation mechanism and growth dimension.
Considering the character of non-isothermal crystallization, a new kinetic parameter, Zc is introduced as
follow:
log Z c = (log Z t ) / D

(a)

(4)

where D is the cooling rate. According to eqn (3),
plots of log [-ln (1-C(t))] vs. log t are shown in Figure
4 where, the good linearity of the plots verifies the
advantage of the Mandelkern analysis method applied
in this case. The parameters of n, Zc and t1/2 which are
shown in Table 1 are obtained from Figure 4. The
non-isothermal crystallization is a temperaturedependent process therefore, the Avrami exponent, n,
does not have the same physical significance as in the
isothermal crystallization. The former would be a
summary value of n in the whole temperature range of
the exothermic process. It is shown from Table1 that
n values of PP vary from 3.32 to 3.64, and those of the
blends range between 4.82 and 6.32. A notable
increase in the Avrami exponent means the addition of
HBP influences the mechanism of nucleation and the
growth of PP crystallites. The possible reason is
attributed to the fractal structure of hyper-branched
polymer which has an influence on the diffusion mode
of crystallizable segments towards the growing
nuclei. The values of n are non-integer and the reason
is that there are different crystallization mechanisms
or hypo-crystallizations at the same time during nonisothermal crystallization. The larger the Zc value, the

(b)
Figure 4. Plots of log [-ln(1-C(t))] as a function of log t for:
(a) iPP and (b) HBP/PP blend (MnHBP = 7800 g/mol) at
different cooling rate.

higher would be the crystallization rate. At the same
cooling rate, the much higher Zc of the blends relative
to PP indicates that HBP can prompt crystallization
effectively. In that case, t1/2 decreases with increasing
cooling rate because of rapid freezing of chain mobility at high cooling rate. Furthermore, in the blends,
the crystallization rate is found to decrease when the
higher molecular weight of HBP is added.
Combined Avrami and Ozawa Equations
In order to find a method to describe exactly the non-
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(a)

(b)

Figure 5. Plots of ln D vs. ln t for: (a) iPP and (b) HBP/PP blend (MnHBP = 7800 g/mol).

isothermal crystallization process, Mo and co-workers [28] have proposed a different equation to study
the non-isothermal crystallization by combining the
Avrami and Ozawa equations, as the followings:
ln Z t + n ln t = ln K (T ) − m ln D

(5)

ln D = 1 / m ln[ K (T ) / Z t ] − n / m ln t

(6)

by defining α = n/m, the ratio between the Avrami and
Ozawa exponents and F(T)=[K(T)/Zt]1/m, Mo et al.
have obtained the following expression :
ln D = ln F (T ) − α ln t

(7)

The parameter F(T) is the value of cooling rate which
has to be chosen at unit crystallization time and when
the measured system amounts to a certain degree of
crystallinity. The smaller the value of F(T), the higher
the crystallization rate becomes. Therefore, F(T) has a
definite physical meaning.
At different relative crystallinities of samples (C(t)
= 0.2, 0.4, 0.5, 0.6 and 0.8), the plots of ln D vs. ln t
according to eqn (7) are shown in Figure 5. Using
linearity fitting with these data, we can obtain a series
of lines with -α as the slope and lnF(T) being the
intercept. The values of α and F(T) are also listed in
Table 2. At a certain relative crystallinity, a high value
of F(T) means a high cooling rate needed to reach this
C(t) in a unit time, which reflects the difficulty of its
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crystallization process. Table 2 shows that the value
of F(T) increases with increasing relative crystallinity,
indicating that at a given crystallization time, a higher cooling rate should be used to obtain a higher
degree of crystallinity. However, at the same C(t), the
values of F(T) for the blends are higher than that of
the virgin PP, indicating that the crystallization rates
of the formers are higher than that of the latter. In
addition, in the blends, the variety trend of the crystallization rate is the same as the conclusion by
Mandelkern analysis.
During the non-isothermal process, it is clear that
HBP has a strong influence on the rate of crystallization. The crystallization rates of the blends are found
to be higher when HBP was added, showing a rather
rapid process of the non-isothermal crystallization.
However, the crystallization rates of the blends
decrease when the higher molecular weight of HBP
was added. The possible explanation is that a large
number of polar branched chains act as nucleation
agent because of HBP introduction which promotes
the nucleation. On the other hand, HBP may act as a
lubricating agent due to the more or less spherical
shape of the molecule and absence of chain entanglements which leads to a decrease in viscosity of the
blends. The diffusion of crystallizable chain segments
towards the growing nuclei is facilitated, and therefore the crystallization rate increases remarkably. In
contrast, interactions such as hydrogen bonding
between the polar groups of branching chains become
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Table 2. Non-isothermal crystallization kinetics parameters from combination of Avrami-Ozawa
equations.
Samples (molecular

C(t)

weight of HBP, g/mol)

(%)

Pure PP

Mn = 7800

Mn = 10820

Mn = 12500

(a)

α

F(T)

R

a

20

1.230

6.719

0.9927

40

1.214

8.989

0.9957

50

1.232

10.004

0.9964

60

1.236

10.979

0.9962

80

1.239

13.397

0.9965

20

1.320

5.376

0.9891

40

1.303

6.508

0.9911

50

1.301

7.029

0.9922

60

1.289

7.553

0.9934

80

1.291

8.688

0.9941

20

1.221

5.663

0.9949

40

1.229

6.760

0.9962

50

1.238

7.185

0.9966

60

1.240

7.652

0.9972

80

1.269

8.688

0.9975

20

1.087

5.942

0.9944

40

1.120

6.814

0.9965

50

1.139

7.207

0.9969

60

1.159

7.699

0.9972

80

1.187

8.628

0.9976

correlation coefficient

stronger with increasing molecular weight of HBP
which give rise to a system of physically cross-linked
network. Consequently, chain diffusion and mobility
of the crystallizable segments diminish and thus, the
crystallization process is emerged when the higher
molecular weight of HBP is added.
Polarized Micrographs
Figure 6 shows the polarized micrographs of iPP and
HBP/PP (MnHBP = 12500 g/mol) blend at 130°C. The
HBP/PP blend shows that clearly the number of effective nuclei increases, an indication that HBP has acted
as a nucleating agent in the iPP phase and accelerated
the nucleation and reduced the sphereulite size
rapidly. This result also provides the evidence that
crystallization of the blend proceeds mainly via
heterogeneous nucleation.

Crystallization Activation Energy
Considering the influence of the various cooling
rates, D, on the non-isothermal crystallization
process, Kissinger proposed that the activation
energy could be determined by calculating the
variation of the crystallization peak with the cooling
rate [29]. It reads:
d [ln( D / TP2 )]
d( 1 )
TP

(8)

= − ΔRE

where, R and Tp are the gas constant and the crystallization peak temperature. Graphs of ln(D/Tp2) vs.
1/Tp are shown in Figure 7. The slope of the curve
gives -ΔE/R. Activation energy, ΔE, is calculated and
shown in Table 3.
It can be seen in Table 3 that the activation energy
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(a)
Figure 7. Kissinger plot for evaluating non-isothermal
crystallization activation energy.

blends, activation energy becomes higher with the
increasing molecular weight of HBP. The resulting
issue is the same as the various trends of the crystallization rate.

CONCLUSION

(b)
Figure 6. The polarized micrographs of: (a) iPP and (b)
HBP/PP blend (MnHBP = 12500 g/mol) at 130°C (magnification×100).

of HBP/PP is lower than that of pure PP. This shows
that the blends crystallize more easily and HBP acts as
a heterogeneous nucleating and lubricating agents
which accelerate the crystallization. In addition, in the

In this paper, non-isothermal crystallization kinetics
of HBP/PP blends using differential scanning
calorimetry method was investigated. The Avrami and
Mo’s methods were employed to describe the nonisothermal crystallization process of PP and HBP/PP
blends. The results have shown that a small addition
of HBP in PP may affect the crystallization behaviour
of PP. At the same cooling rate, HBP can prompt crystallization effectively. Furthermore, in the blends, the
crystallization rate is decreased when the higher
molecular weight of HBP is added. The addition of
HBP with fractal structure influences the mechanism

Table 3. Activation energies of iPP and HBP/PP blends.
Samples

iPP

Mn = 7800

Mn = 10820

Mn = 12500

(g/mol)

(g/mol)

(g/mol)

-230.33

-298.99

-289.93

-284.05

0.9934

0.9989

0.9972

0.9986

Calculated ΔE
ΔE(KJ/mol)
R
(a)
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a

correlation coefficient
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of nucleation and the growth of PP crystallites. The
crystallization activation energy has decreased
remarkably in the HBP/PP blends. The polarized
micrographs show that HBP acts as a heterogeneous
nucleation agent during the crystallization of the
blends.
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