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Abstract Using differential scanning calorimetry (DSC) technique, a comparative
study has been made of the isothermal and nonisothermal crystallization kinetics of
nonnucleated isotactic polypropylene (iPP) and of nucleated iPP with 0.5 wt% of
single-walled carbon nanotubes (SWCNTs) as a nucleating agent. The Avrami
exponents (n) of iPP and nucleated iPP are close to 3.0 for isothermal crystalliza-
tion. These results indicate that the addition of nucleating agents did not change the
crystallization growth patterns of the neat polymer and that crystal growth was
heterogeneous three-dimensional spherulitic. The results show that the addition of
SWCNTs can shorten the crystallization half-time (#,,,) and increase the crystalli-
zation rate of iPP. In the nonisothermal crystallization process, the Ozawa model
failed to describe the crystallization behavior of nucleated iPP. The Cazé—Chuah
model successfully described the nonisothermal crystallization process of iPP and
its nanocomposite. A kinetic treatment based on the Ziabicki theory is presented to
describe the kinetic crystallizability, in order to characterize the nonisothermal
crystallization kinetics of iPP and nucleated iPP. Polarized light microscopy (PLM)
experiments reveal that SWCNTSs served as nucleating sites, resulting in a decrease
of the spherulite size.
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Introduction

The discovery of a new family of carbon structures, carbon nanotubes (CNTs), has
broadened research in the field of material science [1-4]. Extensive research
projects have been devoted to the use of CNTs as inorganic nanofillers to produce a
variety of high-performance nanocomposites for targeted applications. Due to the
high strength of the carbon—carbon bonds and their nearly perfect crystalline
structure, these materials possess outstanding physical and mechanical properties
[5, 6]. Previous theoretical studies of their mechanical properties have shown that
their elastic modulus and tensile strength vary over quite broad ranges of 1-2 TPa
and 37-200 GPa, respectively [7, 8]. The variations in the predicted mechanical
properties of CNTs depend on the size and structure of the CNTs. There are two
structures of CNTs: single-walled carbon nanotubes (SWCNTs) and multi-walled
carbon nanotubes (MWCNTs). The nanotube walls of the former consist of only one
layer of carbon atoms, while those of the latter are made of several concentric
cylinders surrounding a hollow center [9].

Isotactic polypropylene (iPP), an important low-density, high-performance
commercial semi-crystalline polymer, is widely used in food packaging, medical
care, automobiles, and other industrial sectors [10-13].

Recently, polymer/CNTs nanocomposites have attracted considerable attention
for their potential to achieve enhanced mechanical, thermal, and electrical
properties as compared to those of conventional composites. Many parameters
influence the effective properties of polymer/CNTs nanocomposites, e.g., CNTs
structure, orientation, dispersion, diameter, adhesion of the CNTs to the matrix, and
matrix stiffness [11-14].

Incorporated inorganic fillers, such as carbon black [15], talc [16], clay [17], and
nano-Si0O, [18], often act as nucleating agents for polymer crystallization. Many
studies have been conducted using different methods to understand the influence of
traditional nucleating agents on the kinetics of polymer crystallization [19, 20]. Li
et al. [21] studied the isothermal crystallization kinetics of iPP nucleated with
carbon black. Yuan et al. [22] studied the effect of clay on the nonisothermal
crystallization kinetics of polypropylene. Knowledge of the effects of such
nucleating agents on isothermal and nonisothermal crystallization is useful for
determining processing conditions and for evaluating the effectiveness of the
nucleating agents. However, during the processing of polymer materials, the
crystallization processes generally proceed under nonisothermal conditions; thus,
studies of the nonisothermal kinetics are often useful complements for understand-
ing the crystallization behavior of a polymer during its processing.

We prepared pure iPP and a SWCNTs-filled nanocomposite based on iPP by a
melt-mixing method. In this study, we aimed to investigate the isothermal and
nonisothermal crystallization kinetics of iPP and the nanocomposite containing
SWCNTs, as studied by differential scanning calorimetry (DSC). The crystallization
kinetic parameters and thermal characteristics based on the isothermal crystalliza-
tion of iPP and the nanocomposite were studied according to the Avrami model. In
addition, the experimental data were analyzed based on the Ozawa, Cazé—Chuah,
and Ziabicki models for nonisothermal crystallization. The spherulitic morphology
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of samples under isothermal crystallization conditions were also examined using
polarized light microscopy (PLM).

Experimental
Materials

The iPP homopolymer was supplied by Bandar Imam Petrochemical Co., Iran, as
grade Poliran PI0O800, with a melt flow index and density of 8 g/10 min and
0.902 g/cm?®, respectively. The raw materials were obtained from commercial
sources. The SWCNTs were provided by the Research Institute of the Petroleum
Industry (RIPI), Iran. The SWCNTs were prepared using a chemical vapor
deposition (CVD) process, with a methane carbon source, a cobalt and molybdenum
catalyst system, and a reaction temperature between 800 and 1000 °C. The
SWCNTs produced were washed with HCI and distilled water to yield >90% purity.
The resulting SWCNTs diameters were between 1 and 4 nm and the maximum
length was less than 10 um.

Blend preparation

Prior to the preparation of the nanocomposites, iPP and SWCNTs were dried in a
vacuum oven for 12 h at 80 °C. The mixing of the components was performed in an
internal mixer (Haake Rheomix; HBI SYS90) with a rotor speed of 120 rpm at
180 °C. The iPP granules and SWCNTs (0.5 wt%) were all dry-blended first and
then introduced into the mixer and mixed for 10 min. The mixture was
compression-molded after the mixing was complete. A square plaque of the
mixture was prepared in a Toyoseiki Mini Test Hydraulic Press at 190 °C and
10 MPa for 5 min. The sheets were then directly quenched at room temperature.

Methods

Thermal analysis was carried out using a Perkin-Elmer DSC (model Pyris I)
interfaced with a personal computer. The temperature scale of the calorimeter was
calibrated with indium. All of the samples were weighed (5 + 0.2 mg) and enclosed
in an aluminum pan. An empty aluminum pan was also used as a reference. The
isothermal samples were heated to 210 °C and, to ensure complete melting, kept at
this temperature for 5 min to eliminate the effect of the heat history. After this
period, samples were rapidly cooled at the crystallization temperature and
maintained at that for the time necessary for complete crystallization of the
samples. The nonisothermal samples were first heated to 210 °C, held at this
temperature for 5 min and then cooled at a rate of 2.5-50 °C min~" to determine the
crystallization temperature (7,,). The exotherms were recorded as a function of
temperature for further analysis according to isothermal and nonisothermal models.

For the observation of spherulitic morphology, a Carl Zeiss Jena (Jenapol) PLM
system equipped with a Linkam THMS 600 hot stage and a TMS 92 temperature

@ Springer



242 Polym. Bull. (2011) 66:239-258

controller was used. Thin films (approximately 10 pm thick) of each sample were
sandwiched and melted between microscope glass covers at 210 °C for 5 min and
then rapidly cooled to the desired isothermal crystallization temperature.

Results and discussion
Isothermal crystallization behavior

The isothermal melt crystallization exotherms for iPP and nucleated iPP with
0.5 wt% of SWCNTs at different temperatures are shown in Fig. 1. The effect of
temperature on the crystallization rate of iPP is clearly shown in the isothermal
thermograms. With an increase in the crystallization temperature, the exothermal
peak of the DSC curves shifts obviously to the right, which indicates that the
crystallization time was increased and the crystallization rate was decreased.
Generally, this behavior can be attributed to the decrease of nucleation density and
growth rate of the spherulites at higher temperature. The relative crystallinity at
time ¢ (X;) was obtained from the area under the exotherm up to time ¢, divided by
the total area under the exotherm [23]:

t dH,
_ fo a4 (1)
= foo dH. dr
0 d
where dg° is the heat evolution rate. The development of the relative crystallinity at

time ¢ for iPP and nucleated iPP is shown in Fig. 2. The effect of temperature on the
crystallization rate is even more evident in the relative crystallinity curves in Fig. 2.

The isothermal crystallization from the melt for various modes of nucleation and
growth can be well approximated by the Avrami equation [24-26]:

1 — X, = exp[—Zt"] (2)

where n, the Avrami exponent, is a constant that depends on the mechanism of
nucleation and the form of crystal growth and Z is the Avrami rate constant.
Taking the logarithm of Eq. 2 gives

log[—In(1 — X;)] = nlog t + log Z (3)

The crystallization half-life time #,,, is defined as the time required to reach half
of the final crystallinity and was determined from Fig. 2 and the measured kinetics

parameters. That is,
In 2\ '/
typ= (7) (4)

Using the plot of log[—In(1 — X,)] versus log #, the Avrami parameters n and
Z were determined from the slope and intercept of these straight lines (Fig. 3).
The values of n, Z, and t;,, are listed in Table 1. For iPP and nucleated iPP, the
average values of the Avrami parameter n were equal to 2.52 and 3.18, respectively.
These values of n (n = 3) are characteristic of a crystallization process with
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Fig. 1 DSC scans during isothermal crystallization at different crystallization temperatures for a iPP and

b iPP/SWCNTs nanocomposite

three-dimensional spherical growth with heterogeneous nucleation [27]. No
significant changes in the values of n were found with the addition of SWCNTs;
thus, the addition of SWCNTs may not affect the geometric dimension of iPP
crystal growth. The values of Z increased and the #,,, value decreased upon adding
SWCNTs to the iPP matrix. These results are consistent with the fact that the
crystallization rate of nucleated iPP is higher than that of the pure iPP. This can be
attributed to the nucleation effect of SWCNTs on the crystallization of iPP.

@ Springer



Polym. Bull. (2011) 66:239-258

244
4
m O [ O .”
a0 e ¢ &
=0 e o Rd
0 e OO .0
z S ¢
E 064 "0 o S 04
= "] a0 e o g
< LS| o N
@ i0e O o
o
5 lige & &
Q 044156 9 R
= oe
5 Jise & & o
O 1s0e o R " 126°C
~ e 9 & o 128°C
024358 o .0’ o 130°C
& g o 132°C
* 134°C
—

30 40
Time (min)
1.0
(b) ?y»’ “::’,W"
) & o R4
il e 5 o
084 mo ® 1) *
sl o o ’0
o
z 0 ° N .
§ o e o} *
= 06 "o 0 .
s "o o 3
@ anp ®
o 0 *
3} ud o 'Y
[ a0 o *
2 d .o ® o
Z 044 R
S .D ) o .
(] a o
~ e n 128°C
L s Y o
o0 o o 130°C
021 -D: 0 o 1n2°C
e 0 0 14°C
o O o ¢ 136°C
I”
0.0 ASOAAME—_ L B s m s e S e e
0 2 4 6 8 10 12 14 16 18 20 22

Fig. 2 Development of Relative crystallinity versus time for a iPP. b iPP/SWCNTSs nanocomposite

during isothermal crystallization

Additionally, the data show that, with increasing crystallization temperature, the
Z values of all samples decreased and those of ¢/, increased. This is consistent with
the fact that iPP crystallizes more slowly when the crystallization temperature is

increased.

Polarized light microscopy (PLM) is one of the predominant and most
informative methods for investigating spherulitic morphologies. PLM images of
the crystals produced by the crystallization of iPP and the nucleated polymer at 132
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Fig. 3 Plots of log[—In(1 — X,)] versus logt for isothermal crystallization of a iPP. b iPP/SWCNTSs
nanocomposite

and 136 °C are shown in Fig. 4a, b, respectively. As shown in Fig. 4a, the iPP
polymer formed spherulites when it was crystallized from the melt. Figure 4b also
shows that, for the nanocomposite, many spherical-shaped crystals were formed in
the temperature range studied. It can be established that the iPP/SWCNTs
nanocomposite had the same spherulitic structure as the pure iPP, but the
nanocomposite differed in that it had much smaller and more numerous spherulites.
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Table 1 Isothermal kinetic

parameters of iPP and Sample T,(°C) LogZ n f12" (min) £, (min)
iPP/SWCNTs nanocomposite PP 126 160 246 302 3.85
128 —2.40 2.63 7.13 7.11
130 —2.87 262 10.87 10.83
132 —3.48 259 19.06 19.15
134 —3.65 232 3213 31.97
Average 2.52
iPP/SWCNTs 128 —-0.14  3.10 1.01 0.99
130 —-0.51  3.08 1.31 1.30
132 —-143 318 247 2.51
) 134 —244 333 480 4.84
? Obtained from crystallization 136 —330 3.22 9.45 0.45
exotherms
Average 3.18

® Calculated from Eq. 4

The much smaller size of the spherulites proves that the SWCNTs act as a nucleating
agent in the polymer matrix. These results obtained from PLM are in accordance with
our earlier analysis.

Nonisothermal crystallization behavior

The nonisothermal melt crystallization exotherms for iPP and the iPP/SWCNTs
nanocomposite with a 0.5 wt% content of SWCNTs at different cooling rates are
shown in Fig. 5. As the cooling rate increased, the exothermic traces became wider
and shifted towards lower temperatures for both iPP and the nanocomposite studied.
In all cases, the peak crystallization temperature, Tp,, which corresponds to the
maximum crystallization rate, decreased with an increase in cooling rate, indicating
that the crystallization process is controlled by the nucleation rate. For example, T,
of neat iPP decreased by about 15.5 °C when the cooling rate increased from 2.5 to
40 °C min~"'. The high T, values at low cooling rates indicate that crystallization
was initiated at an early stage. The lower cooling rate provides sufficient time for
the polymer chains to align themselves. Figure 5 shows that T, increased with the
addition of SWCNTs into the pristine polymer. For example, at a cooling rate of
10 °C min ™", the crystallization peak temperature for pure iPP was 115.9 °C, while
for the iPP/SWCNTs nanocomposite, it was 124.6 °C. The values of T, and the
crystallization enthalpy AH, are listed in Table 2. This behavior may be attributed
to the surface of the SWCNTSs, which easily adsorbs the iPP chain segments and acts
as an effective nucleating agent, thus allowing the crystallization of iPP molecules
to occur at a higher crystallization temperature, as shown in Fig. 5 [28, 29].
Several methods, such as the modified Avrami equation [30], the Ozawa method
[31], the Cazé—Chuah method [32, 33], and others [34, 35], have been proposed in
order to analyze the nonisothermal crystallization kinetics of different materials.
We have discussed the isothermal crystallization kinetics for iPP and its
nanocomposite. This section discusses the nonisothermal crystallization kinetics.
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Fig. 4 PLM micrograph after
isothermal crystallization of

a iPP at 132 °C. b iPP/SWCNTs
nanocomposite at 136 °C

Figure 6 shows the relative degree of crystallinity as a function of temperature for
iPP and the iPP/SWCNTs nanocomposite at various cooling rates.

By assuming that the nonisothermal crystallization process can be comprised of
infinitesimally small isothermal crystallization steps, Ozawa modified the Avrami
equation by taking into account the effect of the cooling rate on the crystallization
process from the molten to the glassy state [31]

1 —X, =exp <_I(I{),(nT)> (5)

where m is the Ozawa exponent, which depends on the dimension of the crystal
growth and the nucleation mechanism, and K(7) is a function of the cooling rate. By
taking the double logarithmic form, we obtain the following relationship:

log[—In(1 — X,)] = log K(T) — mlog ® (6)
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Fig. 5 DSC scans during nonisothermal crystallization at different cooling rates for a iPP. b iPP/
SWCNTSs nanocomposite

Plotting log[—In(1 — X,)] versus log @ at a given temperature should yield a
straight line if the Ozawa method is valid, with K(7) and m as the intercept and slope,
respectively. By plotting log[—In(1 — X;)] versus log® (Fig. 7a), a series of straight
lines was obtained. Thus, pristine iPP nonisothermal crystallization could be fitted
with the Ozawa method. In addition, the results based on the Ozawa analysis for the
nanocomposite showed some obvious deviations (Fig. 7b). The nonlinear plots
suggest that m was not constant with temperature during the primary crystallization

@ Springer



Polym. Bull. (2011) 66:239-258 249

Table 2 Non-isothermal kinetic parameters of iPP and iPP/SWCNTSs nanocomposite based on Ziabicki
analysis

Sample @ (°C/min) T, (°C) AH (J/g) Tomax (°C) (dX/dDgmax Do (°C) Gzo Gz
™

iPP 25 1222 1127 122.2 0.3 29 0.926 0.370
5 119.7 103.7 119.7 0.25 3.6 0.958 0.192
10 115.9 101.1 115.6 0.18 5.1 0.977 0.098
20 112.9 98.4 112.2 0.13 6.9 0.954 0.048
40 106.7 90.8 107.7 0.09 10.5 1.005 0.025

Average 0.147

iPP/SWCNTs 2.5 130.5 110.8 130.5 0.37 2.4 0.945 0.378
5 127.9 101.6 128.0 0.30 3.0 0.958 0.192
10 124.6 97.3 124.7 0.19 4.7 0.950 0.095
20 121.0 99.7 120.9 0.12 7.6 0.970 0.049
40 116.2 97.5 116.8 0.09 9.9 0.948 0.024

Average 0.148

process. Thus, the secondary crystallization of the iPP/SWCNTs nanocomposite
should not be neglected. The slope varies with temperature during crystallization;
that is, the Ozawa method still cannot satisfactorily express the nonisothermal
crystallization process of the iPP/SWCNTSs nanocomposite.

Cazé et al. [32] proposed a novel approach to treat the nonisothermal
crystallization. According to Cazé, the nonisothermal crystallization can be
described by

1= X, = exp ["“T)] (7)

(Dm

where X, is the volume-fractional crystallinity. By assuming that K(7) exponentially
increases with crystallization temperature, 7, upon cooling, and that the exotherm
curve has a slanted Gaussian shape, the peak crystallization temperature is linearly
related to In ® with a slope of m. However, this treatment seems to be useful only
for ® < 10 °C min~" for both unfilled and filled iPP due to the superposition of
crystallization regimes I and II at higher ®.

Based on the relative crystallinity at time #, which was obtained via the
previously described method, the volume fraction X, can be derived by [36]

Xy = Xt(pa/pc)[l - (l - pa/pc)Xl]71 (8)

where p, and p. are the bulk densities of the polymer in the pure amorphous and
crystalline states, respectively. By considering the influence of the crystallization
temperature, p,/p. was modified as [33]:

pa/pc = (paO/pCO) €xp [(T - Tl‘) (Oll/Tr?q - Olé/Tg)] (9)
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Fig. 6 Development of relative crystallinity versus temperature for a iPP. b iPP/SWCNTs nanocomposite
during nonisothermal crystallization

where p,o and p.q refer to the densities of p, and p., respectively, at the reference
temperature T,. For iPP, when T, is equal to 298 K, p,o = 0.850 g cm ™7,
peo = 0.936 g cm ™ Ty, = 444.2 K, and T, = 256.2 K [36].

Chuah et al. [33] modified this method and applied it to successfully describe the
nonisothermal crystallization of different kinds of polymers as follows:
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where ff and T are the experimental constants. Letting (

%X,
*T
K(T)|, = @"

Thus, by combining Egs. 7, 10, and 11

In[—In(1 — X,)] = B(T — T;)

v
2

),

p

= 0, the K(T) can be

(11)

(12)
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Fig. 8 Development of volume fractional crystallinity as a function of temperature for nonisothermal
crystallization for a iPP. b iPP/SWCNTSs nanocomposite

Then, drawing the straight line corresponding to In[—In(1 — X,)] versus T by
using Eq. 12, we can derive the values of  and —fT,, from the slope and intersect.
Another equation obtained by combining Eqgs. 11 and 12 can be written as follows:

T, = min®/f + T} (13)

where Ty is T, at @ = 1 °C min~"'. Plotting T, versus In ®/f should yield a straight
line with slope m. Figure 8 shows the plot of X, versus T for the crystallization of
virgin and nucleated iPP at different cooling rates. The plots of In[—In(1 — Xy)]
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versus T for these two materials are shown in Fig. 9, from which a series of T}, and «
can be derived. Figure 10 illustrates the form of T, versus In ®/f. The calculated
average values of m obtained from the Cazé—Chuah method were approximately
2.61 and 2.70 for iPP and the iPP/SWCNTs nanocomposite, respectively. These
values are close to the integer 3 and are consistent with three-dimensional crystal
growth from heterogeneous nuclei as well as with the Avrami analysis results
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obtained under isothermal crystallization kinetic conditions. This uniformity of
crystalline dimension could be attributed to the stability of the nucleation process
because of much lower SWCNTSs concentration.

Ziabicki [37, 38] suggested that the nonisothermal crystallization process of
polymer phase transportation can be represented by a first-order kinetic equation
such as:

& P - x) (14
t
where P(T) is a temperature-dependent crystallization rate function. For noniso-
thermal crystallization, the two parameters vary with the cooling rate used.

Ziabicki showed that, for a given cooling condition, it is possible to describe

P(T) with a Gaussian function of the form

(T - Tmax)2

P(T) = Ppaxexp|—41n2 e

(15)

where Tp,.x is the temperature at which the maximum rate of crystallization
occurs, P..x is the crystallization rate at Ty, and D is the half-width of the
crystallization rate—temperature function. Integration of the above equation for a
given cooling condition over the entire range of crystallization temperatures
(Ty < T < T?) results in an important characteristic value for the crystallization
ability, Gz of semi-crystalline polymers, which can be expressed in the fol-
lowing form:
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Gz = / P(T) dT =~ 1.064P D (16)
Tg

Based on the approximation theory, the degree of crystallinity, determined when
the polymer is cooled from melting to the glass transition temperature at a unit
cooling rate, is characterized by the kinetic crystallizability, G.

The above equation can be applied to nonisothermal crystallization when P, is
substituted with a derivative function of (dX,/dT)¢ specific for each cooling rate
studied.

Therefore, the above equation can be rewritten as

G
Gzo = / (dX;/dT)4dT ~ 1.064(dX,/dT)

Ty

Do (17)

®,max

where (dX,/dT)g .x and Dg are the maximum crystallization rate and the
half-width of the derivative of relative crystallinity as a function of temperature,
(dX,/dT)o, respectively, T, is the glass transition temperature, and 7O is the
equilibrium melting temperature. Figure 6 can be converted into Fig. 11, which
shows the crystallization rate (dX,/dT)q as a function of temperature 7 by
differentiating each profile in Fig. 6. From Fig. 11, (dX/dT)p max and Dg can be
obtained, and then Gzg¢ can be calculated using Eq. 17. Thus, the kinetic
crystallizability, G, at a unit cooling rate can also be obtained by normalizing G ¢
with @, as listed in Table 2. Based on the average of the values of G summarized in
Table 2, the crystallization abilities for both studied samples were approximately
the same. These results show that the value of G is not strongly influenced much by
the presence of SWCNTs in the polymer matrix.

Conclusion

The isothermal and nonisothermal crystallization behaviors of neat iPP and melt-
blended iPP/SWCNTSs nanocomposites containing 0.5 wt% SWCNTSs were studied
by DSC. The results obtained from an Avrami analysis under isothermal
crystallization conditions indicate that the addition of a nucleating agent into the
polymer matrix can increase the crystallization rate and decrease the crystallization
half-time of iPP remarkably. The Avrami exponent n = 3 was obtained for the
isothermal crystallization process for the samples, and the process of crystal growth
was three-dimensional heterogeneous in both non-nucleated and nucleated iPP.
From PLM observations, it can be established that the nucleated iPP has the same
spherulitic morphology as the pure iPP, but the nucleated iPP differed in that it had
much smaller and more numerous spherulites.

The nonisothermal crystallization processes of the polymer and its nanocom-
posite were successfully determined by means of the Cazé—Chuah and Ziabicki
models. The Ozawa model does not fit for the nonisothermal crystallization process
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Fig. 11 Crystallization rate as a function of temperature for a iPP. b iPP/SWCNTs nanocomposite at
different cooling rates

of the nanocomposite. The Cazé—Chuah analysis results showed that the value of the
Ozawa exponent, m, was equal to 3 for the nonisothermal crystallization process for
iPP and the iPP/SWCNTs nanocomposite, indicating that the mode of spherulitic
growth mechanisms does not change than that of isothermal crystallization process
for the samples. The results from the Ziabicki analysis showed that the
crystallization abilities of iPP and the iPP/SWCNTSs nanocomposite are equivalent
to each other.
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