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ABSTRACT

The effect of calcium lactate (CL) and epoxidized soil bean (ESO) on the crystallization kinetics of polypropylene
(PP) was investigated by using polarized optical microscopy (POM) and differential scanning calorimetry 

(DSC) techniques. The experiments were performed under both non-isothermal and isothermal conditions. The 
development of spherulitic microstructure and crystallization kinetics were influenced by both CL and ESO. 
CL is an efficient nucleating agent for the crystallization of PP. The addition of CL facilitated faster spherulite 
growth and crystallization rate, while reduced the spherulite size. An opposite performance was discovered with 
the incorporation of ESO. Nucleation effect of CL on the PP crystallization was less effective with the presence 
of ESO. Compared with PP/CL, PP/CL/ESO provided a large spherulite size, slow spherulite growth, and a low 
crystallization rate. This is attributed to the ESO inhibiting the nucleation site of CL. However, the degree of 
crystallinity and the Avrami exponents remained unchanged with the inclusion of both CL and ESO. Polyolefins J 
(2024) 11: 29-41
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INTRODUCTION

As is known, the thermoplastic performance is strongly 
governed by microstructure of semicrystalline polymer. 
During the solidification of the melt, semicrystalline 
polymer can be crystallized. There are two main 
steps of crystallization process: nucleation and crystal 
growth. When the crystallization is completed, there is 
a full of spherulites in the entire volume of material [1]. 
The spherulitic structures are discontinuities that can 
change the properties of the semicrystalline polymer. 
Therefore, understanding of the crystallization 

kinetics is very crucial and advantageous to forecast 
the most relevant manufacturing conditions and 
to correlate the microstructure development with 
the kinetics of crystallization [2]. The kinetics of 
quiescent crystallization are commonly analyzed under 
isothermal or non-isothermal circumstances. This 
study can help to clarify the crystallization mechanism, 
which is crucial for optimizing the polymer processing 
and understanding the process-structure-property 
relationship. The kinetics of isothermal crystallization 



30

Competitive effect of calcium lactate and epoxidized soil bean oil on crystallization kinetics of polypropylene 

Polyolefins Journal, Vol. 11, No. 1 (2024)

IPPI

is generally investigated using data received from 
exothermic peaks in the DSC thermogram. This kinetic 
is based on the hypothesis that the heat derived during 
the evolution of crystallization directly corresponds to 
the progress of crystallinity [3].

For polymer composites, this circumstance is 
more complex. The existence of fillers can alter the 
microstructure of the matrix that acts as a nucleating 
agent. The nucleus size needed for crystal growth 
can be reduced by a foreign surface. The formation 
of the interface between polymer crystal and foreign 
particle is less obstructed than the formation of the 
corresponding free polymer crystal surfaces.  Therefore, 
the free energy opposing primary nucleation is reduced 
by a foreign pre-existing surface of heterogeneous 
nucleation [4]. As a result, the value of the fold surface 
free energy is reduced, thereby giving rise to an increase 
in crystallization rate. However, this situation is further 
complicated by ternary compositions. Previous studies 
attempted to analyze the combined effect of fillers and 
plasticizers on polymer matrix crystallization. This is 
often found that the crystallization can be influenced by 
the nucleation effect of fillers, and by retarding effect of 
plasticizers [5-6].

Polypropylene (PP) is a commodity thermoplastic 
polymer and widely used in many industries. This 
is because of its outstanding properties, low cost, 
and easy processability. However, as compared 
to engineering plastics, the application of PP is 
still limited by its low stiffness. To improve the 
performance of PP, the incorporation of filler is one 
of the most successful techniques. Fillers usually 
impact the ultimate performance in two approaches: 
by acting as reinforcement agents and affecting the 
crystallization of the polymer matrix [7]. Several fillers, 
such as calcium carbonate (CaCO3) [8], silica dioxide 
(SiO2) [7], titanium dioxide (TiO2) [9], multi-walled 
carbon nanotubes (MWCNTs) [10], microcrystalline 
cellulose (MCC) [11], and biochar (BC) [12] have 
been incorporated into PP to improve its performance. 
Recently, calcium lactate (CL), bio-based renewable 
filler, has been considered a great filler option because 
of its renewable material and biocompatibility [13]. 
In our previous work, the results revealed that CL 
particles can improve the mechanical properties of PP 
[14]. We were also able to show that CL changed the 
crystallization behavior of PP. The CL provided faster 
crystallization and a small spherulite size. 

However, the reinforcement effect of CL accompanies 
by a decrease in the flexibility of PP. To balance between 
the stiffness and flexibility, epoxidized soybean 

oil (ESO) was added as plasticizer deriving from 
renewable plants. Because of growing environmental 
awareness, the use of CL as bio-filler, and ESO as bio-
plasticizer for PP matrix is of our interest. Objective 
of this research work is to elucidate the effect of CL 
and ESO on the kinetics of PP crystallization under 
both non-isothermal and isothermal conditions. All 
experiments were performed using both microscopy 
and calorimetry techniques.

EXPERIMENTAL

Materials
A commercial grade polypropylene (PP) (HP553R) was 
purchased from HMC Polymer Co., Ltd. and calcium 
lactate (CL) was purchased from PURAC (Thailand) 
Ltd. The morphology of the CL particle was revealed 
by the high-resolution SEM image. Epoxidized soil 
bean (ESO) was supplied by Srithepthai Chemical Co. 
Ltd., and used as plasticizer.

Preparation of composites
From our previous work [14], the CL content of 40 wt.% 
provided the optimum properties of PP/CL composites 
and was chosen to be used in this study. The neat PP and 
PP filled with 40 wt.% of CL were compounded in an 
internal mixer (MX500, Chareon Tut) followed by a co-
rotating twin screw extruder (CTED22L32, Chareon 
Tut). The PP/CL composite was blended with 3 phr of 
ESO. Injection molding (60SE, JONWAI) was used to 
prepare the testing samples.

Fourier transform infrared spectroscopy (FTIR)
The interaction between the PP, CL, and ESO was 
monitored by a FTIR (Frontier, Perkin-Elmer). Thin 
films of about 20 µm were sectioned from the bulk 
samples using a steel knife of rotation microtome 
(Hyrax M 25, Carl Zeiss MicroImaging GmbH). The 
spectra in the range of 4000-500 cm-1 were used. 

Scanning electron microscopy (SEM)
The fractured surface morphology of PP and its 
composites was analyzed by the SEM (Prisma E, 
Thermo Scientific) at room temperature. Prior to the 
measurement, the fractured surface was coated with 
gold for 90 seconds. An acceleration voltage of 20 kV 
was used to record the SEM images for the sample. 

Polarized optical microscopy (POM)
In order to study the crystallization, thin sections 
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of about 10 µm were sliced from the center of 
the rectangular bars using a steel knife of rotation 
microtome (Hyrax M 25, Carl Zeiss MicroImaging 
GmbH, Jena, Germany). The samples were prepared 
by placing a thin section of 10 μm on a glass slide and 
placing a cover slip on top of the thin section. The 
growth of PP spherulite was performed under both 
non-isothermal and isothermal conditions by using 
a transmitted-light microscope (DM2700M, Leica) 
equipped with a heating stage (LTS420, LINKAM). 
For non-isothermal experiments, the thin section was 
heated with a heating rate of 20°C/min to 210°C and 
kept for 5 minutes at 210°C to eliminate the previous 
processing history. It was then cooled to room 
temperature with different cooling rates (5, 10, 15 and 
20°C/min). When performing isothermal experiments, 
the samples were cooled at a rate of 40°C/min to 
various chosen temperatures (125°C, 130°C, 135°C, 
140°C) and kept constant at those temperatures until 
an impingement of spherulite was fully completed.  

Differential scanning calorimetry (DSC)
The thermal analyses were figured out using a 
differential scanning calorimeter (DSC, Q200, TA 
instruments) connected with a Refrigerated Cooling 
Systems 90 (RCS90). To calibrate the melting enthalpy 
and the temperature scale, the indium was chosen as 
a reference material. The weight of each sample was 
approximately between 5 and 10 mg. The samples 
were placed in the Tzero pan and completely closed 
with a lid.

For non-isothermal crystallization, the sample 
was initially heated from 0°C to 210°C at a rate of 
20°C/min under nitrogen atmosphere and remained 
for 5 min at 210°C to destroy previous process 
history. Subsequently, the sample was cooled to 0°C 
at different cooling rates (5, 10, 15, and 20°C/min). 
The crystallization temperature peak during cooling 
(Tc) was detected. The degree of crystallinity (Xc) was 
determined as:

100
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where DHm is the enthalpy of melting, o
mHD  is the 

theoretical heat of fusion for 100% crystalline PP, and  
f is the weight fraction of filler in the composite (209 
J/g) [15].

In order to obtain crystallization kinetic information, 
an isothermal crystallization experiment was measured 
at different crystallization temperatures. Based on the 

non-isothermal experiment results, four temperatures 
with a step of 5°C were decided as the isothermal 
crystallization temperature (125, 130, 135, and 140°C). 
The samples were quenched at a rate of 40 K/min to 
certain isothermal crystallization temperatures (Ti), 
and stay constant at that temperature until complete 
crystallization. 

The isothermal crystallization kinetic can be 
interpreted based on the Avrami equation [16]:

1 exp( )n
tX Kt= − −

where K is the constant of crystallization rate which 
is referred to the nucleation and growth rates. n is 
the Avrami exponent involving the mechanism of 
nucleation and the geometry of growth. The values of 
K and n can be obtained by fitting the experimental 
data of Xt versus t using the double logarithmic form 
of equation:

log[ ln(1 )] log logtX K n t− − = +

Lorenzo et at. [17] modified an equation that combines 
the induction time, t0. For DSC measurement, the t0 is 
the time at isothermal crystallization temperature that 
could elapse before crystallization begins [18]. By 
applying the t0, the kinetic expression is as follows: 

0log[ ln(1 )] log log( )tX K n t t− − = + −

The t1/2 is the half time of crystallization which 
defined as the time needed to reach a half of complete 
crystallization process and can be expressed as:

)( 1/
1/2, ln 2

n
isot K=

RESULTS AND DISCUSSION

Structure analysis by FTIR
The infrared spectrum of all samples in the range 
of 500-4000 cm-1 is presented in Figure 1. For neat 
PP, the stretching vibration mode of the C-CH3 bond 
is exhibited at an absorption peak of 840 cm-1. The 
rocking vibration mode of the -CH3 group is detected 
at absorption peaks of 972, 997, and 1165 cm-1. The 
absorption peak located at 1375 cm-1 is assigned to 
-CH3 symmetric bending vibration. The absorption 
peak at 2952 cm-1 corresponds to the asymmetric 
stretching vibration mode of the -CH3 group. All the 
previously mentioned absorption peaks are associated 
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with the methyl group in the PP [19]. The spectrum of 
neat PP also reveals prominent peaks, including 1455, 
2838, and 2917 cm-1, representing -CH2- symmetric 
bending, -CH2- symmetric stretching, and -CH2- 
asymmetric stretching, respectively [19]. The FTIR 
spectrum of PP/CL shows absorption peaks near 
1127, 1097, and 1046 cm-1 corresponding vibration of 
various C-O bonds, and at 1571 cm-1 indicating to the 

carboxylate (COO-) groups [20-21], which represents 
the characteristic of CL. The FTIR spectrum of PP/CL/
ESO exposes an absorption peak of C=O stretching 
of the ester group around 1738 cm-1, and a C-O-C 
asymmetric stretching vibration of the epoxy group. 
Characteristic peaks of ester and epoxy groups confirm 
the principle functional group of ESO [22-25]. The 
results show that there is no occurrence of any new 
significant absorption peak due to the presence of CL 
and ESO in the PP matrix. This suggests the absence 
of any strong chemical interaction in the composite 
samples [20, 26].

Fractured surface measurement by SEM
In general, the filler dispersion and the interfacial 
interaction between filler and polymer matrix 
determine the properties of the composites [12]. The 
morphological feature of CL is revealed in Figure 2 (a). 
A particulate form with an estimated size in the range of 
100-200 µm is detected. SEM images of the fractured 
surfaces of neat PP, PP/CL, and PP/CL/ESO are also 
shown in Figure 2. For neat PP, a homogeneous and 

Figure 2. SEM micrographs of (a) CL particles, (b) fractured surface of neat PP, (c) fractured surface of PP/CL, and (d) fractured 
surface of PP/CL/ESO.

       (a) (b)

       (c)        (d)

Figure 1. FTIR spectra of neat PP, PP/CL and PP/CL/ESO 
composites. Arrows indicate the specific wavenumber.
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flat surface is observed, as presented in Figure 2 (b). In 
Figure 2 (c), the SEM image shows the existence of CL 
particles as dispersed phase. Although CL particles are 
quite evenly dispersed in the PP matrix, the formation 
of agglomeration can be found in some areas on the 
PP surface. Furthermore, some of the CL particles 
are embedded in the PP matrix, as shown in Figure 
2 (d). It suggests good adhesion between the CL and 
PP, which is influenced by the presence of ESO [11]. 
From the FTIR and SEM results, it can be deduced 
that there is no chemical interaction between CL and 
PP; the improved adhesion between both materials 
may be due to physical interaction as a consequence 
of ESO’s existence.   

Non-isothermal crystallization by POM
Figure 3 presents the evolution of the spherulitic 
microstructure of samples under polarized optical 
microscope at different cooling rates. The images 
are captured during cooling at certain temperatures 
(145°C and 130°C). At 145°C, neat PP shows an 
almost clear molten PP, and a few tiny spherulites are 
detected. Maltase cross pattern of regular spherulite 

is observed for neat PP. Although the spherulites are 
noticeable in the PP/CL and PP/CL/ESO composites, 
there are irregular spherulitic grains without Maltase 
cross pattern [7]. It is clear that CL particles contribute 
to the faster crystallization of PP. However, the effect 
of ESO on the spherulite development of PP during 
cooling conditions is not obvious in this study. 
Moreover, it can be found that as the cooling rate 
increases, a smaller spherulite size appears at the 
given temperature. For the high cooling rates, the 
lower temperatures favor nuclei formation, producing 
a higher density of spherulites site and thus smaller 
sizes of spherulite [27]. The spherulites continue to 
grow in all samples at a temperature of 130°C. 

Isothermal crystallization by POM
Figure 4 displays the optical micrographs of neat 
PP, PP/CL, and PP/CL/ESO captured in isothermal 
conditions. The density of spherulites site depends 
on the crystallization temperature. The number of 
spherulites in neat PP decreases as crystallization 
temperature increases. This is because the creation of 
nuclei depends on the degree of supercooling [27]. At 

Figure 3. Spherulitic development of neat PP and its 
composites recorded from non-isothermal crystallization 
during the first cooling process captured at 145°C and 130°C 
and at different cooling rates of (a) 5°C/min, and (b) 10°C/min. 

Figure 4. Spherulitic development of neat PP and its 
composites obtained from isothermal crystallization at 
different temperatures: (a) 130°C and (b) 140°C. 

          (a)        (a)

          (b)        (b)
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a high degree of supercooling (lower crystallization 
temperature), a large amount of spherulites of neat PP 
is detected. In the opposite way, a small number of 
spherulites is attained when the degree of supercooling 
is reduced (high crystallization temperature). 
Furthermore, the presence of CL particles forms 
higher nucleation sites, resulting in smaller spherulites 
as compared to neat PP. As expected, the spherulite 
size of PP in the PP/CL/ESO composite seems to 
be larger than that of PP/CL. This means that the 

addition of ESO to the PP/CL composite hinders the 
chain mobility, therefore the nucleation effect of CL 
particles. 

As shown in Figure 5, the development of spherulite 
is a function of isothermal crystallization time. The 
optical micrographs were converted to greyscale 
images, and then the spherulite growth area was 
calculated in Photoshop. A plot of the spherulite 
growth area and time of all samples is exhibited in 
Figure 6. At certain temperatures, it is obvious that in 
the case of neat PP, the spherulites require a very long 
period to reach their ultimate area of growth. In the 
case of PP/CL and PP/CL/ESO, the beginning of the 
spherite growth is not possible to capture due to the 
very fast crystallization of both materials. Moreover, 
the presence of CL particles shortens the completion 
time of spherulite growth. However, the completion 
of spherulite growth of PP/CL/ESO is faster than 
that of neat PP but slower than that of PP/CL. This 
is evidence of the competitive effect between CL and 
ESO on the spherulite growth of PP. For all samples, it 
is also observed from Figure 6 that spherulite growth 
decreases when crystallization temperature increases. 
At a higher crystallization temperature, the spherulite 
growth takes more time to complete. 

Figure 5. Spherulitic development of neat PP as a function 
of times during isothermal crystallization at 130°C: Original 
optical micrographs (top), greyscale images after processing 
with Photoshop (bottom).

Figure 6. Spherulite growth of neat PP and its composites versus time during various isothermal crystallization temperatures.

       (a) (b)

       (c)        (d)
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Non-isothermal crystallization by DSC
Figure 7 presents the non-isothermal crystallization 
exothermic thermograms of neat PP and its composites 
with different cooling rates. The values of non-
isothermal crystallization peak Tc, melt temperature 
peak (Tm), and degree of crystallinity (Xc) are listed 
in Table 1. For all cooling rates, Tc shifts to higher 
temperature by incorporation of CL. It means that 
the presence of CL initiates faster crystallization, 

independent of cooling rate. However, the retarding 
effect of ESO on the crystallization of PP is evident. 
In addition, the crystallization of PP is also affected 
by cooling rate. For all samples, when the cooling 
rate increases, the Tc moves to a lower temperature. 
It implies that at higher cooling rate, the motion of 
the polymer molecule is slower than the cooling 
rate, therefore the crystallization initiates at a lower 
temperature [2]. In addition, the measurement also 
indicates that the values of Tm and Xc depend on the 
cooling rate. The presence of CL and ESO has no 
significant impact on both Tm and Xc of PP.

To evaluate the non-isothermal crystallization rate, 
the relative crystallinity as a function of temperature 
(X(T)) can be obtained from the below equation [28]: 

( ) ( )
0 0

( ) /c c
T TdH dH

dT dTT T
X T dT dT¥= ∫ ∫

where T0 and T¥ are the onset and the end of 
crystallization temperatures, respectively. T is a 

temperature at crystallization time, t, and cdH
dT

 is the 
heat flow rate. Crystallization time, t, can be calculated 
from the following equation:

Table 1. DSC non-isothermal crystallization results of neat 
PP and its composites at different cooling rates

Samples  Cooling rates
(°C/min)

 TC

(°C)
 Tm

(°C)
 Xc

(%)
 t1/2,iso

(min)
Neat PP 5

10
15
20

120.1
116.3
114.4
112.4

160.1
160.6
159.8
159.2

43.4
42.7
42.2
36.4

1.3
0.7
0.6
0.5

PP/CL 5
10
15
20

125.4
121.8
120.1
118.8

163.2
162.9
162.2
159.2

46.4
47.3
49.2
41.1

0.9
0.5
0.4
0.3

PP/CL/ESO 5
10
15
20

121.9
119.4
117.5
116.6

162.5
161.7
161.2
160.8

38.9
46.4
40.7
40.7

1.0
0.6
0.4
0.3

Figure 7. Non-isothermal DSC thermograms of neat PP and its composites during the first cooling process at different cooling 
rates of: (a) 5°C/min, (b) 10°C/min, (c) 15°C/min, and (d) 20°C/min.

       (a) (b)

       (c)        (d)
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0( ) /t T T β= −

where β is the cooling rate. Thus, the relative crystallinity 
as a function of time (X(t)) can be described as: 

( ) ( )
0 0

(t) /c c
t tdH dH

dt dtt t
X dt dt¥= ∫ ∫

Furthermore, the crystallization half-time t1/2,non 
can be acquired from the X(t) versus t can be 
plots as represented in Figure 8 and Table 1. It is 
worth to note that the crystallization rate can be 
considered proportional to the reciprocal half-time 
of crystallization, 1/t1/2,non. For all samples, the higher 
the cooling rate, the shorter the time required for the 
crystallization process. The presence of CL in the PP 
composite promotes a faster crystallization rate. On 
the other hand, the addition of ESO to the PP/CL 
composite retards the crystallization rate of PP. This 
is in well agreement with the results obtained from 
polarized optical micrographs. However, it seems 
that either CL or ESO do not significantly affect the 
crystallization rate of PP, as presented in Table 1.    

Isothermal crystallization by DSC
To elucidate the effect of CL and ESO on isothermal 
crystallization of PP, an overlay of DCS exothermic 
thermograms of all samples at the same temperature 
is plotted as shown in Figure 9. The results reveal 
acceleration of crystallization with addition of CL, 
regardless of crystallization temperature. For neat PP, 
DSC thermogram exhibits a broad and weak exothermic 
peak. This implies that it takes a long time to reach the 
entire crystallization process. In the case of the PP/CL 
composite, the DCS thermogram shows a sharp and 
strong exothermic peak. It means that the presence of 
CL helps to shorten the time to complete crystallization, 
suggesting that CL has a significant heterogeneous 
nucleation effect on the PP crystallization, irrespective 
of the crystallization temperature. As is known, neat 
polymer is homogeneous nucleation. The formation 
of homogeneous nucleation is greatly affected by 
temperature. At high temperatures near the crystal 
melting point, the crystal nucleus of neat PP is quite 
difficult to form. While the PP/CL composite is 
heterogeneous nucleation, and its nucleation is less 

Figure 8. Relative crystallinity as a function of crystallization time of neat PP and its composites at different cooling rates of: (a) 
5°C/min, (b) 10°C/min, (c) 15°C/min, and (d) 20°C/min.

       (a) (b)

       (c)        (d)
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affected by temperature [29]. Besides, with the addition 
of ESO to the PP/CL composite, the crystallization 
peak becomes broader as compared to the binary PP/
CL composite. On the contrary, the crystallization 
peak of the PP/CL/ESO is narrower than that of the 
neat PP. This result reveals the competitive effect 
between CL and ESO on the crystallization of PP.   

It can be also seen that the required time for 
crystallization completion of all samples increases 
when the crystallization temperature increases. 
For instance, the time of crystallization peak of 
neat PP is about 2.5 min at the crystallization 
temperature of 125°C. It is around 90 min when 
the crystallization temperature reaches 140°C. The 
same phenomenon was found in both PP/CL and 
PP/CL/ESO composites. When the crystallization 
temperature varies from 125°C to 140°C, the time 
of crystallization peak increases from 0.5 min to 50 
min for PP/CL and 1 min to 90 min for PP/CL/ESO. 
As is known, crystallization process is controlled by 
the superposition of the crystalline nucleation and 
growth rate. The crystallization process starts with 

the nucleation which is dependence of crystallization 
temperature. Normally, nucleation is faster at low 
crystallization temperature as the thermodynamic 
driving force increases. Therefore, the nucleation is 
slower at high crystallization temperature, leading to 
slower crystallization [30]. 

Figure 10 shows the relative crystallinity as a function 
of crystallization time of PP and its composites at four 
different temperatures. It is obvious that all these 
curves exhibit a similar S-shape. In the early and late 
stages of crystallization, the growth is very slow but 
greatly rapid in the middle stage of crystallization. 
Meanwhile, the S-shape curve shifts to the left side 
along the crystallization time axis as the presence of 
CL. This indicates that the time required to complete 
the crystallization process is shorter as compared 
to neat PP. For instance, the incorporation of CL 
facilitates the completion of crystallization within 0.5 
min at a crystallization temperature of 125°C. While 
neat PP spent almost 3.5 min to reach crystallization 
completion. This indicates that the existence of CL 
enhances the crystallization ability of PP as well 

       (a) (b)

       (c)        (d)

Figure 9. DSC thermograms of neat PP and its composites obtained from isothermal crystallization at different temperatures of: 
(a) 125°C, (b) 130°C, (c) 135°C, and (d) 140°C.
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as facilitates faster crystallization. In addition, the 
S-shape curve of PP/CL/ESO composite falls in 
between the neat PP and PP/CL composite, implying 
that ESO composite takes a longer time to complete 
crystallization as compared to PP/CL composite but 
shorter as compared to neat PP. This concludes that 
there may be competition among the CL and ESO to 
govern the crystallization of PP. Moreover, the time 
needed to complete the crystallization process increases 
with increasing the crystallization temperature. 

Isothermal crystallization kinetic parameters
As is known, the crystallization of polymers consists 
of two stages: the primary crystallization and the 
secondary crystallization. Primary crystallization is 
the stage of the formation of a growing crystal from the 
molten state. Then the growth of crystal is constant at a 
given temperature with free growing in all directions. 
These circumstances are suitable to describe in more 
details by the Avrami equation as shown in Figure 
11. Secondary crystallization is mainly related to the
lamellar thickening or crystal perfection, which is 

nonlinear deviation. Therefore, this later stage cannot 
be fitted by the Avrami equation [31-32]. Figure 11 
displays the plots of log[-ln(1-Xt)] versus log t for all 
samples, and the corresponding Avrami parameters 
are summarized in Table 2. As shown in the table, 
for all samples, the parameters of t1/2,iso increases with 
the increasing crystallization temperature. In other 
words, the higher the crystallization temperature, the 
slower crystallization rate, 1/t1/2,iso. This is because the 
thermal motion of the molecule chain is stronger at 
high crystallization temperatures, which limits the 
maintenance of the crystal lattice state [10], [33]. As 
compared at the same temperature, it is found that the 
t1/2,iso of all PP/CL composites is lower than those of 
neat PP. This result is an obvious evident to confirm 
that CL can act as a nucleating agent to accelerate the 
crystallization rate of PP. Moreover, the presence of 
ESO impeded the crystallization of PP/CL by showing 
a smaller larger t1/2,iso in comparison to PP/CL.

Table 2 is also contained the Avrami parameter, 
n, which gives information on the mechanism of 
nucleation and the geometry of crystal growth. The 

Figure 10. Relative crystallinity as a function of the crystallization time of neat PP and its composites at different isothermal 
crystallization temperatures of: (a) 125°C, (b) 130°C, (c) 135°C, and (d) 140°C.

       (a) (b)

       (c)        (d)
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Avrami parameter, n can be expressed as follows [34]:

nD nn n n= +

The nnD is the dimensionality of the growing crystal. 
Ideally, the value of nnD should be an integer between 1 
and 3, corresponding one-, two-, and three-dimensional 

growth [34] time dependence of the nucleation. The 
nn represents the time dependence of the nucleation. 
The value of nn should be 0 or 1, where nn= 0 means 
instantaneous nucleation, and nn= 1 is the sporadic 
nucleation. In this present work, the nucleation can 
be considered as instantaneous nucleation (nn= 0). As 
presented in Table 2, the values of n of all the samples 
are fraction values and varying in between 2.3 to 3.8, 
which is close to 3. Therefore, this can be described 
as a three-dimensional crystal growth [18]. However, 
the diffusion-controlled growth or competition for 
irregular boundaries of spherulites can cause the 
complication on crystallization [29]. 

CONCLUSIONS

CL and ESO were incorporated in the PP matrix and 
influenced the crystallization kinetics of PP. Non-
isothermal and isothermal crystallizations of PP and 
its composites were performed. Additionally, the 
isothermal crystallization kinetics was investigated 

Samples  Temperatures
(°C) n  t1/2,iso (min)

Neat PP

125
130
135
140

2.8
2.5
2.5
2.7

1.6
4.3
15.7
63.2

PP/CL

125
130
135
140

2.7
2.8
2.5
2.7

0.3
1.5
3.4
37.7

PP/CL/ESO

125
130
135
140

2.9
2.4
2.5
2.3

0.7
2.3
7.9
42.8

Figure 11. Avrami plots of neat PP and its composites at different isothermal crystallization temperatures of: (a) 125°C, (b) 
130°C, (c) 135°C, and (d) 140°C.

       (a) (b)

       (c)        (d)

Table 2. Avrami kinetic parameters at different crystallization 
temperatures.
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using the Avrami model. From POM experiments, the 
spherulite size of PP became smaller, and spherulite 
growth was faster with the addition of CL. Compared 
with PP/CL, PP/CL/ESO had a large spherulite size 
and slower spherulite growth. The same tendency 
was observed in the DCS results. The DCS analyses 
revealed that the addition of CL provided faster 
crystallization and a higher crystallization rate as 
compared to neat PP. In addition, the containing of ESO 
inhibited the nucleation effect of CL. By comparing 
PP/CL/ESO with the PP/CL composite, it was found 
that the presence of ESO retarded the initiation of 
crystallization and decelerated the crystallization 
rate. However, the Avrami exponents were almost 
unaffected by the incorporation of both CL and ESO.
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