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Effect of Nanoclay on the Nonisothermal
Crystallization of Poly(propylene) and its Blend

with Poly[(butylene succinate)-co-adipate]
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1DST/CSIR Nanotechnology Innovation Centre, National Centre for
Nano-Structured Materials, Council for Scientific and Industrial Research,
Pretoria 0001, South Africa
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The non-isothermal crystallization behaviour and kinetics of neat poly(propylene)(PP),
PP/poly[(butylene succinate)-co-adipate] (PP/PBSA) blend and its composite with nan-
oclay was studied by differential scanning calorimetry at six different cooling rates.
Various models, namely the Avrami, the Ozawa and the combined Avrami-Ozawa, were
applied to understand the kinetics of the non-isothermal crystallization. All analyses
revealed that the rate dependent crystal growth mechanism of neat PP changes after
preparation of blend with PBSA and in presence of nanoclay particles in blend compos-
ite. Polarized optical microscopy was used to support this conclusion. The activation
energy for the non-isothermal crystallization of neat PP, PP/PBSA blend and nanoclay
modified PP/PBSA blend composite samples was evaluated by using Kissinger and
Augis-Bennett methods. The results showed that the absolute value of the activation
energy for the PP matrix crystallization was increased in the case of PP/PBSA blend
and this value was dramatically increased in presence of nanoclay. This indicates the
slower crystallization kinetics of the PP matrix in presence of nanoclay.

Keywords Nanoclay; nanocomposite; nonisothermal crystallization kinetics;
poly(propylene); poly[(butylene succinate)-co-adipate]; polymer blend

Introduction

In the family of commodity plastics, poly(propylene) (PP) is very well-known due to its
good cost to properties ratio as well as its versatility. PP is a thermoplastic polyolefin,
produced mostly from fossil fuels and ending up as spontaneously undegradable wastes.
PP generally degrades in the presence of oxygen and ultraviolet rays [1–3]; however, the
degradation process is extremely slow. To date, various approaches have been considered
to decrease the use of PP and improve the faster destruction of the product obtained from
PP. Among them, the most commonly used method is the blending of PP with a naturally
degradable polymer. In this respect, poly[(butylene succinate)-co-adipate] (PBSA) is one
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Crystallization Kinetics of Polymer Blend Composite [757]/177

of the most promising candidates, since it shows a variety of interesting physical properties
including biodegradability [1]. However, PP and PBSA are immiscible and their blending
leads to materials with weak interfacial adhesion that have poor mechanical performances
[1]. The conversion of the PP/PBSA immiscible blend into a useful polymeric product with
desirable properties requires some manipulations of the interface.

In recent years, several research groups have reported that organically modified clay
can act as a compatibilizer for several types of immiscible polymer blends by effectively
reducing the domain size of the minor phase of the blend [1,4–8]. In this direction, we have
melt-blended PP with PBSA in absence and presence of organoclay, and have studied the
morphology, structure, and properties thereof [1]. Results showed that the incorporation of
5 wt.% organoclay into the PP/PBSA blend changes the blend morphology from highly
phase-separated to a typical co-continuous structure. Such observation was attributed to
the selective localization of intercalated silicate layers in the PBSA phase, which finally
increases the viscosity ratio of the blend matrices [1]. As a result, the organoclay-modified
PP/PBSA blend showed a much bigger improvement in mechanical, thermal and rheological
properties than that of unmodified PP/PBSA blend or neat PP.

A pertinent question is how does this morphological change affect the crystal growth of
PP matrix during non-isothermal cryatallization? The understanding of polymer crystalliza-
tion behaviour under dynamic conditions is of great importance, because most industrial
processing techniques actually occur under non-isothermal conditions. Moreover, non-
isothermal crystallization can broaden and supplement the knowledge of the crystallization
behaviour of polymeric materials.

Therefore, the main objective of this study is to understand the effect of clay particles on
the non-isothermal crystallization behaviour and kinetics of neat PP upon blend composite
formation with PBSA and organoclay. Different theoretical approaches have been used to
describe the kinetics of non-isothermal crystallization.

Experimental

Materials

The PBSA used in this study was a commercial product from Showa High Polymer Ltd.,
Japan, with the designation BIONOLLE #3001 (Mw = 190 kg/mol). The PP matrix used
was a homopolymer Pro-fax PDC 1274 (DuPont Canada, Mw = 250 kg /mol).

The organically modified clay used in this study was Cloisite R©20A (commer-
cially abbreviated as C20A), supplied by the Southern Clay Products. According to
the supplier the original clay was Na+–MMT and intercalated with 38 wt.% of N,N-
dimethyldihydrogenated tallow ammonium chloride salt. Tallow is a mixture of octadecyl,
hexadecyl, and tetradecyl with octadecyl being the major component (>60%) [9].

Sample Preparation

Blend (PPB) and C20A-containing blend composite (PPBNC) were prepared by first melt-
ing the polymers and then mixing of C20A for 10 min in a Thermohaake twin-rotors mixer
(Polylab system) at 190◦C and a rotor speed of 60 rpm. The blends were then compression
moulded using a Carver laboratory press at 190◦C for 10 min into 1.5 mm thick sheets and
then cooled to room temperature. The weight ratio of PP and PBSA in PPB was 80/20. In
PPBNC, the weight ratio of PP: PBSA: C20A was 80:20:5.
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178/[758] J. Bandyopadhyay and S. Sinha Ray

Characterization Techniques

The crystallization behaviours and kinetics of PP, PPB and PPBNC were studied by means
of differential scanning calorimeter (DSC, model Q2000 TA Instruments) under constant
nitrogen flow of 50 ml/min. The sample weight was maintained at low levels (3.6–4.1 mg)
for all measurements in order to minimize any possible thermal lag during the scans. In
addition, all samples were weighed in such a way that the amount of polymer matrix was the
same. The temperature and heat of fusion of DSC were calibrated with an indium standard,
and the base line was checked according to TA Instruments protocols. The samples were
heated from 0◦C to 185◦C at a heating rate of 20◦C/min and kept at this temperature for
3 min. After that, the samples were cooled to 0◦C at different cooling rates (φ = 1, 2, 5,
10, 15 and 20◦C/min) and then heated immediately to 185◦C at a heating rate of 20◦C/min
as soon as each sample had finished cooling. The data reported here are representative of
three independent tests.

In order to support the nonisothermal crystallization studied by DSC, the polarized
optical microscopy (POM) was employed. In this experiment, the samples, which were
sandwiched between two glass cover-slips, were placed in a Linkam temperature controlled
device and then heated from room temperature to 185◦C at a heating rate of 20◦C/min. The
samples were kept at this temperature for 3 min. Afterwards, the samples were cooled to
room temperature at a cooling rate of 10◦C/min. Reported POM images of various samples
were taken at 120◦C during cooling from their melts. To check their reproducibility, for
each sample, this experiment was also repeated independently three times.

Results and Discussion

Non-Isothermal Crystallization Behaviour

The study of non-isothermal crystallization kinetics of polymeric materials is essential
since most of the industrial processing techniques follow this behaviour. The detailed
experimental procedure is described in the characterization part and the non-isothermal
crystallization behaviour of neat PP, PPB, and PPBNC are illustrated in Fig. 1. Furthermore,
the results are summarised in Table 1. According to the Table 1, the onsets of crystallization
temperature (Tc,on) for all samples studied here, are shifting towards the lower temperature
region with an increase in the cooling rate. Such an observation is very usual, since at a
slower rate, the molten samples get more time to start the crystallization process at higher
temperature compared to the faster rate. At slow cooling rates (φ = 1, 2 and 5◦C/min), the
crystal growth starts (refer to Tc,on of Table 1) almost at the same temperature in the case of
PP and PPBNC. But in the case of PPB, the crystallization starts at a higher temperature
compared to the neat PP or PPBNC. At faster rates, Tc,on of PPB and PPBNC become
comparable and it is greater than neat PP. Therefore, the nucleation efficiency is highest
in PPB. It decreases in the presence of clay (i.e., in case PPBNC) at slower rates and then
becomes comparable with PPB at higher cooling rates.

The crystallization peak temperature (Tc,1) also moves toward the lower temperature
with an increase in the cooling rate. This is quite obvious because the systems don’t get
enough time to start the crystallization process at a higher temperature during fast cooling.
Although the crystal growth initially starts almost at the same temperature (Tc,on), in the case
of both neat PP and PPBNC (especially at slower rates), Tc,1 for PPBNC always remains
higher than that of neat PP. Again, a cooling rate of 1◦C/min, Tc,1 follows the trend PPB >
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Crystallization Kinetics of Polymer Blend Composite [759]/179

Figure 1. Differential scanning calorimetric exotherms of: (a) neat PP, (b) PPB and (c) PPBNC
during nonisothermal crystallization at different cooling rates. (d) Exotherms of PPBNC at slower
cooling rates show the presence of another exothermic peak at lower temperature along with the sharp
crystal peaks at higher temperature.

PPBNC > PP. This trend changes to PPB ≈ PPBNC > PP at a cooling rate of 2◦C/min.
Afterwards, the trend remains the same for all cooling rates examined as PPBNC > PPB >

PP. This indicates that PBSA in PPB and PPBNC mainly acts as a nucleating agent to start
crystallization. But the nucleation efficiency of intercalated silicate layers, in the case of
PPBNC, plays an important role during faster cooling.

Although both clay and PBSA act as nucleating agents, the overall growth of crystals
decreases in PPB and PPBNC as compared to neat PP. As a result, �Hc,1 of neat PP decreases
after a preparation of blend and blend composite with C20A. In PPBNC, the clay-polymer
interaction is more favourable in the case of PBSA than in PP [1]. Furthermore, according
to the scanning electron microscopic (SEM) images, the immiscible structure of a blend
significantly changes to a typical oriented co-continuous morphology (refer to Fig. 2). This
could be the result of either the common intercalation of both polymer chains in the clay
galleries, an insertion of one component of blend in the clay galleries, or the change in the
viscosity ratio of blend components depending on the intercalation of blend components in
the clay galleries [1]. Again, it is well known that the incorporation of any foreign material
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180/[760] J. Bandyopadhyay and S. Sinha Ray

Table 1. Characteristic parameters of Nonisothermal Crystallization of neat PP, PPB and
PPBNC

φ/◦C. Tc, on Tc, 1 �Hc, 1 Tc, 2 �Hc, 2 Tm1 Tm2 Tm3 �Hf

Sample min−1 /◦C /◦C /J.g−1 /◦C /J.g−1 /◦C /◦C /◦C /J.g−1

PP 1 137.10 125.61 91.38 163.30 96.96
2 135.49 120.40 91.26 161.83 97.19
5 130.42 117.31 94.56 160.79 96.36

10 128.75 113.29 94.51 160.11 94.65
15 126.60 111.52 89.78 159.95 89.93
20 125.17 110.08 89.90 159.86 87.69

PPB 1 142.59 129.99 78.81 92.24 164.38 96.61
2 140.68 126.21 75.20 92.53 163.65 91.80
5 138.53 121.33 74.48 92.82 161.97 88.04

10 134.71 117.66 77.30 92.24 161.03 88.99
15 130.89 115.20 79.48 92.72 160.29 89.57
20 128.98 113.75 79.04 92.79 159.69 89.84

PPBNC 1 136.62 127.95 71.58 84.42 94.30 163.63 87.00
2 134.23 126.19 65.86 60.36 6.15 82.10 94.88 163.68 79.55
5 131.85 123.84 70.73 53.73 6.76 93.43 162.34 82.08

10 131.13 121.32 70.02 48.63 5.83 92.72 161.09 81.44
15 130.42 119.42 75.57 44.65 4.44 92.48 161.01 88.43
20 130.18 118.43 71.32 40.53 4.22 92.56 161.03 82.39

Tc, on, crystallization onset temperature; Tc, 1, first crystallization peak temperature; �Hc, 1, en-
thalpy of crystallization of first crystal peak; Tc, 2, second crystallization peak temperature; �Hc, 2,
enthalpy of crystallization of second crystal peak; Tm1, first melting peak; Tm2, second melting peak;
Tm3, third melting peak; �Hf, enthalpy of fusion.

in the matrix polymer may act as a nucleating agent [10]. For these reasons, in the case
of PPB, the PBSA acts as a nucleating agent. However, due to the immiscible structure
of blend, the overall growth of crystals gets hindered. Hence �Hc,1 of PPB decreases in
comparison to neat PP and then the incorporation of clay in the blend matrix further hinders

Figure 2. Fracture surface image of (a) PPB and (b) PPBNC.
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Crystallization Kinetics of Polymer Blend Composite [761]/181

the crystal growth mechanism. For this reason, the �Hc,1 value further decreases in the
case of PPBNC.

According to Fig. 1 and Table 1, a single crystal peak appeared for neat PP and PPB
during the cooling cycle from their melts. In the case of PPBNC, another very small crystal
peak appeared at a much lower temperature range along with the main crystal peak (refer to
Fig. 1(d)). Such a small peak is related to the crystallization of PBSA phase (crystallization
temperature of neat PBSA = 56.8◦C [11]) in the presence of clay particles as PBSA has a
more favourable interaction with C20A surface than the PP phase. The peak temperature
and enthalpy of PBSA crystallization are tabulated in Table 1 as Tc,2 and �Hc,2, respectively.
With an increase in the cooling rate, this Tc,2 shifts towards the lower temperature. Besides
this, �Hc,2 reduces with an increase in the cooling rate.

The melting peak temperatures and the enthalpy of fusion during successive heating
scans are also tabulated in Table 1. According to the calculated data, a single melting peak
appeared for neat PP (Tm,3), a double melting behaviour (Tm,3 and Tm,2) can be observed
for PPB and PPBNC with higher cooling rates. In the case of PPBNC, at slower rates
(φ = 1 and 2◦C/min) a triple melting (Tm,3, Tm,2 and Tm,1) behaviour can be observed. Tm,3,
Tm,2 and Tm,1 are representing melting peaks from higher to lower temperatures. PBSA
usually shows double melting behaviour with a main melting peak at 94.5◦C and a shoulder
at 83.1◦C. Therefore, in the case of PPB and PPBNC, Tm,2 and Tm,1 appeared due to the
melting of PBSA crystals. The growth of this PBSA crystal in the case of PPBNC is
clearly visible in the cooling exotherms of Fig. 1. Since Tm,2 is very close to the melting
peak of PBSA, both PP and PBSA crystals may be growing at the same time under a single
exothermic peak during cooling. In case of PPBNC, the same phenomenon is happening for
all the cooling rates studied here. But in case of PPBNC, another interesting phenomenon
is also happening at the slower cooling rates. The effect of intercalation of PBSA chains
alone in the clay galleries can be observed from the appearance of a separate exothermic
peak near the crystallization temperature of PBSA. Further, Tm,3 of neat PP shifted toward
the higher temperature after the preparation of blend and blend composite with C20A. The
total enthalpy of fusion (�Hf) (estimated by considering all the melting) is showing the
similar trend like �Hc,1. On the basis of these results, the morphology of the blend and
blend composite can be modelled according to Fig. 3. As depicted in Fig. 3, in PPBNC,
the PBSA chains mainly get intercalated into the clay galleries and create co-continuous
morphology (refer Fig. 2) of PPBNC [1].

Figure 3. Morphological model of (a) PPB and (b) PPBNC. PP is the matrix polymer and PBSA is
the minor component of a blend. In the presence of clay in PPBNC, the PBSA phase is deformed and
some of the PBSA chains become intercalated in the clay galleries.
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182/[762] J. Bandyopadhyay and S. Sinha Ray

Figure 4. The relative degree of crystallinity (XT) versus temperature plots for (a) PP, (b) PPB, and
(c) PPBNC at various cooling rates during the nonisothermal crystallization.

Non-Isothermal Crystallization Kinetics

The first step in studying the non-isothermal crystallization is to determine the relative
degree of crystallinity as a function of temperature (XT) and time (Xt) as presented in
Figs. 4 and 5, respectively. XT can be defined as:

XT =
∫ T

To
(dHc/dT )dT

∫ Tα

To
(dH/dT )dT

(1)

where To (Tc, on) and Tα (Tc, fin) are the initial and final temperature of crystallization. To
see the change of relative degree of crystallinity as a function of time (Xt), the temperature
scale was transformed into time scale by using equation 2.

t = (To − T )/φ (2)

where To represents the onset temperature of crystallization and T is the same temperature
used to determine XT. As a function of time or temperature, the value of relative degree
of crystallinity remained the same, the suffix only denotes the abscissa. Crystallization
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Crystallization Kinetics of Polymer Blend Composite [763]/183

Figure 5. The relative degree of crystallinity (Xt) versus time plots for: (a) PP, (b) PPB, and (c)
PPBNC at various cooling rates during the nonisothermal crystallization.

kinetics was then analyzed by using different models such as the Ozawa, the Avrami, and
the Liu.

Nonisothermal Crystallization Kinetics by Ozawa Model

Truncating the non-isothermal crystallization process into infinitesimally small isothermal
process, Ozawa extended the Avrami model for isothermal crystallization to analyse non-
isothermal crystallization kinetics [12]. According to this model, XT can be written as a
function of cooling rate as:

ln [− ln (1 − XT )] = ln K(T ) − m ln φ (3)

where K(T) represents Ozawa crystallization rate constant and m is the Ozawa exponent
depending on the dimension of crystal growth. Therefore, the plot ln[–ln(1 − XT)] versus
ln φ should be a straight line if this model is valid. K(T) and m can be estimated from the
anti-logarithmic value of the y-intercept and slope, respectively. According to the Ozawa
plot (refer to Fig. 6), the Ozawa model fails to describe the non-isothermal crystallization
kinetics for the present systems at higher temperatures. But at the end of the crystallization
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184/[764] J. Bandyopadhyay and S. Sinha Ray

Figure 6. ln[−ln(1 − XT)] versus ln φ plots for: (a) PP, (b) PPB and (c) PPBNC.

process (at lower temperatures), this model works nicely. It should be kept in mind that
in this model, the effect of secondary crystallization was not taken into account [13]. Due
to this, the Ozawa analysis (developed to analyze nonisothermal crystallization kinetics) is
not valid during crystal growth at higher temperatures. Therefore, as an alternative method,
the Avrami model was used to understand the non-isothermal crystallization kinetics of
blend systems [14].

Nonisothermal Crystallization Kinetics by the Avrami Model

According to the Avrami model the equivalent time dependent crystallinity can be expressed
as,

ln [– ln (1 − Xt )] = ln Zt + n ln t (4)

where Zt is a composite rate constant involving both nucleation and growth rate parameters
and the Avrami exponent n is a constant depending on the type of nucleation and growth
process [15]. Equation 4 represents a straight line and Zt and n can be determined from
the antilogarithmic value of the y-intercept and slope, respectively. Please note that here
Zt and n don’t possess the same physical meaning as the original Avrami analysis for
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Crystallization Kinetics of Polymer Blend Composite [765]/185

Figure 7. ln[−ln(1 − Xt)] versus ln t plots for: (a) PP, (b) PPB, and (c) PPBNC.

isothermal crystallization because the temperature changes instantly in a nonisothermal
process. Here, they are adjustable parameters to fit the experimental results and help to
analyze crystallization kinetics.

In parts (a), (b), and (c) of Fig. 7, ln[−ln(1 − Xt)] was plotted against ln t to check
the validity of Avrami model for the neat PP, PPB and PPBNC, respectively. According
to this figure, the Avrami model can describe the crystallization kinetics of neat PP, PPB,
and PPBNC successfully over the straight line range. The deviation from a straight line
in the longer time scale is due the impingement of the crystals–commonly known as
secondary crystallization. From this figure, it is clear that for all the samples, the secondary
crystallization becomes more prominent with an increase in the cooling rate.

The parameters n and ln Zt are tabulated in Table 2. Jeziorny suggested that the param-
eter Zt should be modified when Avrami analysis is applied to explain the nonisothermal
crystallization kinetics. Assuming a constant or almost constant cooling rate, the final form
of this parameter suggested by Jeziorny is [16]:

ln Zc = (ln Zt )/φ (5)

According to Table 2, the n-values for all the samples are cooling rate dependent. At
φ = 1◦C/min, n-values follows the trend PPB > PP > PPBNC. Again, this suggests the
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Table 2. Kinetic parameters based on Avrami and Zeziorny analyses

Sample Rate n ln Zt ln Zc

PP 1 6.15 −33.63 −33.63
2 5.10 −32.14 −16.07
5 4.60 −18.23 −3.65

10 4.84 −17.11 −1.71
15 3.48 −15.25 −1.02
20 3.48 −14.25 −0.71

PPB 1 6.52 −34.86 −34.86
2 6.34 −32.89 −16.45
5 7.08 −31.89 −6.38

10 5.67 −27.92 −2.79
15 5.84 −18.48 −1.23
20 5.65 −15.87 −0.79

PPBNC 1 5.51 −28.54 −28.54
2 5.72 −25.31 −12.66
5 6.58 −23.82 −4.76

10 7.15 −22.45 −2.25
15 7.39 −21.34 −1.42
20 6.66 −16.99 −0.85

Zt, is a composite rate constant involving both nucleation and growth rate parameters; n, Avrami
exponent is a constant depends on the type of nucleation and growth process; ln Zc = (ln Zt)/φ.

nucleation efficiency is highest in the case of PPB at this cooling rate. At φ = 2◦C/min
and 5◦C/min this trend changes to PPB > PPBNC > PP. A further increase in the cooling
rate results in slightly higher n-values for PPBNC compared to PPB. But at higher cooling
rates, n-values of PPB and PPBNC are much higher than neat PP. This trend is very similar
to the Tc,on.

Although ln Zt and hence ln Zc are adjustable parameters, they provide some informa-
tion on the growth rate of spherulites. According to Table 2, it changes with the cooling rate.
For φ = 1◦C and 2◦C/min, ln Zc follows the trend PP ≈ PPB > PPBNC. At 5◦C/min PPB >

PPBNC > PP. For other rates, the growth rate of spherulites becomes almost constant in
all of the samples.

Nonisothermal Crystallization Kinetics by Liu Model

By combining all the variables employed to describe the nonisothermal crystallization
process, Liu et al. proposed a model represented by the equation 6 [17]:

ln Zt + n ln t = ln K(T ) − m ln φ (6)

By rearranging equation 6, the final form becomes

ln φ = ln F (T ) − a ln t (7)

where, F(T) = [K(T)/Zt]1/m refers to a cooling rate to reach a defined degree of crystallinity
and a is the ratio of the Avrami exponent to the Ozawa exponent, i.e. a = n/m. For a given
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Crystallization Kinetics of Polymer Blend Composite [767]/187

Figure 8. ln φ versus ln t plots for: (a) PP, (b) PPB and (c) PPBNC.

degree of crystallinity, F(T) and a can be determined from the y-intercept and slope of
the straight lines defined by equation 7. Figure 8 shows the Liu analysis is valid for neat
PP, PPB, and PPBNC. According to Table 3, the values of the kinetic parameters F(T)
and a increased a little in PPBNC for all the values of the relative degree of crystallinity

Table 3. Kinetic parameters based on Liu model

Degree of crystallinity

Sample Kinetic parameter 20% 40% 60% 80%

PP F(T) 3.01 3.13 3.27 3.38
a 1.11 1.08 1.10 1.10

PPB F(T) 3.05 3.16 3.30 3.39
a 1.03 1.02 1.02 1.01

PPBNC F(T) 3.24 3.39 3.49 3.60
a 1.14 1.16 1.15 1.15

F(T) = [K(T)/Zt]1/ m refers to a cooling rate to reach a defined degree of crystallinity and a is the
ratio of Avrami exponent to Ozawa exponent, i.e. a = n/m.
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188/[768] J. Bandyopadhyay and S. Sinha Ray

compared to PP and PPB. This indicates a comparison to neat PP or PPB; in PPBNC at
unit crystallization time a higher cooling rate is necessary to obtain a certain degree of
crystallinity.

Determination of Activation Energy for the Nonisothermal Crystallization

The activation energy (�E) for nonisothermal crystal growth was determined on the basis
of the Kissinger and Augis–Bennett methods and both are represented by the following
equations:

Kissinger method [18]:

d
[
ln

(
φ/T 2

c

)]

d(1/Tc)
= −�E

R
(8)

Augis–Bennett method [19]:

d[ln(φ/(To − Tc))]

d(1/Tc)
= −�E

R
(9)

Considering the variation of Tc (in Kelvin) with φ, the activation energy (absolute value of
�E) was estimated from the slopes (represented by equations 8 and 9) of the least square
lines. In this calculation, Tc1 was considered as Tc and Tc, on as T0. Figure 9 illustrates the
least square plots representing the Kissinger and Augis–Bennett methods. Corresponding
�E values were reported in Table 4. The value of universal gas constant used for the
calculation is 0.0083 KJ/(g.mol.K). According to Table 4, the activation energy necessary
to start the crystal growth process remains almost the same in PP and PPB. But it increases
a lot in the case of PPBNC. This indicates that organoclay decelerates the crystal growth
of the PP matrix in PPBNC. Again, this supports the fact that nucleation efficiency and the
overall crystal growth of PP matrix is reduced in PPBNC.

According to Table 4, for every sample there is a discrepancy in the activation energy
determined by the Kissinger and Augis-Bennett method. In the Augis-Bennett method,
there are two assumptions: first, �E >>RT (i.e., �E/RT ≈ ∞); and second, (T1/2)1

(T1/2)2 ≈ Tc
2 [20]. Where (T1/2)1 and (T1/2)2 are the temperatures at the half maximum

Figure 9. Determination of activation energies describing the nonisothermal crystallization process
for PP, PPB and PPBNC based on: (a) Kissinger, (b) Augis-Bennett methods.
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Crystallization Kinetics of Polymer Blend Composite [769]/189

Table 4. Activation energy for the overall nonisothermal crystallization of PP, PPB
and PPBNC

Activation energy, −�E/KJ.mol−1

Sample Kissinger Augis-Bennett

PP 89.23 47.73
PPB 90.06 56.03
PPBNC 423.30 280.87

before and after the crystallization peak. The determination of the activation energy by the
Augis-Bennett method is really fruitful, providing the reaction obeys the Avrami law. On
the other hand, the Kissinger model is assumption free. Therefore, for the present study the
Kissinger approach is the most reliable.

Spherulitic Growth Behaviour

In order to support the crystal growth behaviour analyzed by DSC, POM observations were
carried out under nonisthermal conditions. Figure 10 shows the POM images of all the

Figure 10. Polarized optical microscopic images of PP, PPB and PPBNC crystals grew at 120◦C
during cooling.
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samples taken at 120◦C during nonisothermal crystallization at a rate of 10◦C/min from
their melts. According to POM images, the growth of spherulites in neat PP was fairly large
and they were more perfectly grown. In the case of PPB, small crystals grew due to a higher
nucleation efficiency. On the other hand, in the case of PPBNC, some larger spherulites of
PP grew along with the smaller crystallites. Again, these observations supported that idea
that the nucleating efficiency increases in PPB in the presence of PBSA, but it reduces in
the presence of clay in the PPBNC.

Conclusion

The effect of the degree of intercalation of polymer chains in the clay galleries on the
nonisothermal crystallization of blend/clay nanocomposite is reported in this article. The
detailed nonisothermal crystallization behaviour and kinetics of neat PP, PPB and PPBNC
were studied using DSC and POM. Results show that although PBSA acts as a nucleating
agent, the overall crystal growth decreases in PPB. Again, in PPBNC, due to some interca-
lation of PBSA chains in the clay galleries, the overall crystal growth is hindered. For this
reason, some PP crystals can grow separately at the beginning of the crystallization process
of PPBNC as revealed by POM images. Therefore, in conclusion, although the morphology
of PPB changes to a co-continuous structure after incorporation of clay in PPBNC, the
compatibilization/common intercalation of both polymers in the clay galleries didn’t occur
properly. Hence, in PPB, during cooling from the melt, both PP and PBSA crystals grow
under a single exotherm. PPBNC shows similar behaviour like PPB for all the cooling rates
studied here, but at slower cooling rates the effect of intercalation of PBSA chains alone in
the clay galleries can be observed from the appearance of a separate exothermic peak near
the crystallization temperature of PBSA.
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