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ABSTRACT: This article describes the crystallization process of polypropylene random copolymer (PPCP) under isothermal conditions
in presence of varying amounts of multiwalled carbon nanotubes (MWCNT) ranging from 0.5 to 4.0% w/w. Increase in the crystalli-
zation temperature under dynamic conditions confirmed the nucleating behavior of MWCNTs, which was also corroborated by crys-
tallization studies under isothermal conditions. The crystallization kinetics was analyzed using Avrami equation and the parameters
such as Avrami exponent, the equilibrium melting temperature and fold surface energy for the crystallization of PPCP chains in
nanocomposites were obtained from the calorimetric data in order to determine the effect of MWCNTs on these parameters. Spheru-
litic growth of PPCP crystals was also investigated as a function of time and MWCNT content using hot stage polarizing microscope.
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INTRODUCTION

Copolymerization of propylene with ethylene or other olefins is
an impressive way to produce high-impact polypropylene resins
without using elastomers.'™ Random or block ethylene—propyl-
ene copolymer with low ethylene content is commercially valua-
ble because the ethylene improves the impact properties of
polypropylene without seriously affecting the other desirable
properties. In such copolymers, ethylene sequences also decrease
the structural regularity which may also affect the crystallization
behavior of polypropylene. Therefore, a comprehensive study of
crystallization behavior is essential to optimize the processing
parameters, such as mold temperature and holding time, which
further help to achieve desired crystal morphology for specific
applications at lowest possible processing time. It also helps to
understand and control the crystallization behavior of materials.
Basically crystallization is a two stage process: nucleation and
growth. Usually differential scanning calorimetry (DSC) is used
to determine such type of thermophysical properties of poly-
mers whereas Avrami and Hoffman-Lauritzen analysis were
used to evaluate the overall crystallization kinetics of polymer.
Avrami analysis is based on the assumption that the heat
released during crystallization is directly proportional to the rel-
ative crystallinity whereas Hoffman-Lauritzen analysis suggests
that the nucleation and movement of the macromolecules were
controlled by the crystallization in the melt.™"?
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It is well reported in the literature that the crystallization
kinetics of polymer is very much affected by the presence of
external materials (filler). The most commonly used fillers
include various grades of calcium carbonate, quartz, mica,
silica flour, talc, various clays, fibers, and carbon nanotubes
(CNTs). Among all, CNTs have become the most important
nanofiller for polymer matrix because of its extraordinary
thermal, mechanical, optical, and electrical properties.'*™"
Incorporation of CNTs disturbed the overall crystallinity and
crystal structure of polymer which reveals the change in prop-
erties of resulting composites.'®'® A number of studies have
explained the structure property relationship of CNT/polymer
composites in the last few years.'” 2! It has been observed that
CNTs act as a nucleating agent which enhances the rate of
crystallization and properties of polymer matrix.***" Jin
et al®® reported the effect of modified and unmodified
MWCNTs in poly(ethylene oxide). In this study, the number
of nucleating sites reduced and the crystal size changed from
spherical to disk like. Diez-Pascual et al*® also reported a
decrease in the crystallization temperature of poly(ether ether
ketone) upon incorporation of SWCNTs without affecting the
melting temperature. Choudhary et al. reported that the addi-
tion of MWCNTs did not affect the crystallinity of poly(tri-
methylene terephthalate) (PTT); however, it restricted the
spherulitic growth of PTT under isothermal and nonisothermal
crystallization process.*”
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In spite of extensive investigations, the effect of CNTs on ther-
mal properties especially crystallization kinetics and crystal mor-
phology is still not fully understood as it varies from one
polymer matrix to the other. However, understanding of crystal-
lization kinetics of polymers in the presence of CNTs are very
interesting for extending their applications, as thermal, optical,
and mechanical properties of such composites depend on their
morphology, crystal structure, and degree of crystallinity. These
composites can further use for electromagnetic shielding appli-
cation. Thus, understanding the crystallization behavior of poly-
mer in the presence of filler will help in optimizing the
processing conditions to achieve the desired crystal morphology
for specific applications. Although crystallization kinetics of PP
has been well studied in the presence of different fillers,>*'™®
however to the best of our knowledge, no report is available on
the isothermal crystallization kinetics of polypropylene random
copolymer (PPCP) in the presence of MWCNTs. Since crystalli-
zation kinetics depend not only on the filler characteristics but
also on the nature of matrix; therefore, it was considered of
interest to investigate the crystallization kinetics of PPCP in
presence of varying amounts of MWCNTs under isothermal
conditions.

EXPERIMENTAL

Materials

PPCP is a polypropylene with ethylene content. PPCP (Repol
R120MK from Reliance Industries) having melt flow index
12 /10 min (230°C/2.16 kg) and ethylene content of 3-3.5%
w/w was used as matrix.

Multiwalled carbon nanotubes (MWCNTs) were synthesized by
using chemical vapor deposition (CVD) method using the pro-
cedure described by Mathur et al’® The purity of MWCNTs
was determined by recording thermogravimetric trace in oxygen
atmosphere which was ~96%. Char yield obtained was about
4% as an impurity of iron catalyst or its oxides present in the
sample. The morphological characterization done using scan-
ning electron microscopy (SEM) and transmission electron
microscopy (TEM) confirmed that CNTs are multiwalled with
inner and outer diameter varying from 10 to 12 nm and 30 to
40 nm, respectively, and a length of ~ 20-40 um. Room tem-
perature Raman scattering of MWCNTs revealed the tangential
band at 1580 cm ™! (G band) and the disorder induced band at
1352 cm™ ' (D band). The ratio of D band to G band peak was
used to find out the amount of disorder within nanotubes
which was found to be 0.24. As reported in the literature, a
small Ip/I; ratio (0.1-0.2) indicates that the defect level in the
atomic carbon structure is low, which suggests reasonable crys-
talline quality. These studies clearly show that the MWCNTs
synthesized in the present work has very few defect structures.*’

Preparation of PPCP/MWCNTs Nanocomposites by Melt
Compounding

PPCP/MWCNTs nanocomposites were prepared by melt blend-
ing using corotating HAAKE Minilab II microcompounder
with processing temperature 200°C, mixing time ~10 min, and
screw speed ~50 rpm. Before compounding, the nanotubes and
PPCP copolymer were dried at 80°C for 6 h. PPCP/MWCNT
nanocomposites were prepared by mixing PPCP with 0, 0.5, 1.0,
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2.0, and 4.0% w/w of MWCNTs in a tumbler before compound-
ing. The samples have been designated as PPCP-0, PPCP-0.5,
PPCP-1, PPCP-2, and PPCP-4 where PPCP represents the
copolymer and numerals represent the weight percent of
MWCNTs. For example, PPCP nanocomposites prepared by
mixing 0, 0.5, and 1% w/w of MWCNT have been designated as
PPCP-0, PPCP-0.5, and PPCP-1, respectively.

Characterization of Nanocomposites

Morphological Characterization. Surface morphology of nano-
composites was investigated by using SEM (EVO-50) operated
at an accelerating voltage of 20 kV. For this purpose, cryogeni-
cally fractured samples were used. The samples were coated first
with silver. A thin film of gold, applied using sputtering or vac-
uum evaporation, delivers an excellent conformal conductive
coating for scanning purpose. Coating helps to promote the
emission of secondary electrons and to prevent charging of the
surface.

Differential Scanning Calorimetry. DSC, Model Q200TA was
used for recording DSC scans (heating and cooling) under
nitrogen atmosphere for isothermal and nonisothermal crystalli-
zation studies. For recording DSC scans, sample (5 = 1 mg) was
heated at a rate of 10°C/min under N, atmosphere using alumi-
num crucible. The sample was first heated from room tempera-
ture to 200°C and then held at this temperature for 3 min to
remove the thermal history and then cooled to room tempera-
ture at a cooling rate of 10°C/min. In the cooling scan, an exo-
therm due to crystallization was observed. The second heating
scans recorded at a heating rate of 10°C/min were used for
determining the melting point of polymer.

To examine the crystallization behavior of PPCP and PPCP/
MWCNT nanocomposite samples under isothermal conditions,
the samples were heated from room temperature to 200°C at a
heating rate of 10°C/min, held at that temperature for 2 min to
remove the thermal history and then rapidly quenched to the pre-
determined crystallization temperatures 115, 120, 125, and 130°C.
For this analysis, DSC scans were recorded as a function of time
till complete crystallization followed by recording the heating scan
at a heating rate of 10°C/min for recording melting endotherm.

Polarized Light Microscopy. To investigate the nature of spher-
ulitic growth, size of spherulites, and crystal morphology, hot
stage polarizing microscope (Meize Techno, Japan) was used.
The microscope has a camera of 12 mega pixel resolution with
a maximum magnification of 20X. Thin-film samples were pre-
pared by melting on a glass slide at 200°C with a piece of cover
glass and held for 2 min to eliminate previous thermal history.
The samples were then quickly cooled to the predetermined
crystallization temperature. The crystallite growth was recorded
by a video camera as a function of time and CNT content.

Wide-Angle X-ray Diffraction. Wide-angle X-ray diffraction
(WXRD) patterns were recorded on a PANatytical instrument,
model number PW3040/60 X’pert Pro (Netherlands) with Ni
filtered CuK, radiation (4= 0.154 nm) under a current and a
voltage of 30 mA and 40 kV, respectively. The samples were
scanned from 20 =5°-60° at a rate 2°/min. Injection molded
samples were used for this analysis.
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RESULTS AND DISCUSSION

Surface Morphology of Nanocomposites

SEM micrographs of PPCP and PPCP/ MWCNT nanocompo-
sites are depicted in Figure 1. These images evidently show a
uniform distribution of CNTs in all the samples which confirms
that melt blending is an efficient technique for the preparation

Figure 1. SEM images of PPCP/MWCNT nanocomposites: (a) PPCP-0,
(b) PPCP-1, and (c) PPCP-4. [Color figure can be viewed in the online
issue, which is available at wileyonlinelibrary.com.]
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issue, which is available at wileyonlinelibrary.com.]

of nanocomposites. In SEM image of sample having 1 wt % of
CNT (PPCP-1) [Figure 1(b)], an interesting phenomenon of
alignment was observed. Some of the CNT bundles pulled out
from the matrix are also seen in the images suggesting the lack
of compatibility between CNTs and polymer matrix.

DSC Analysis

Figure 2(a,b) shows the DSC cooling and heating traces, respec-
tively, of PPCP and its nanocomposites having varying amounts
of MWCNTs. In the cooling scan [Figure 2(a)], an exothermic
transition due to crystallization was observed in all the samples.
The crystallization exotherm was analyzed by noting the follow-
ing characteristics:

Tonser: ONset temperature of crystallization;
T. . peak exotherm temperature;
AH,. heat of crystallization.

The results of cooling exotherm summarized in Table I showed
that the onset of crystallization temperature (T,s) of PPCP
increased by ~4°C at a loading of 0.5 wt % CNT (PPCP-0.5).
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Table I. Results of DSC Scans: Effect of MWCNTs on Crystallization and
Melting Behavior of PPCP

Sample Tonset Tc AHc AT =
designation  (°C) C) (Jl9) Tm2 Tm2 -Tc
PPCP-0 12060 116.0 7515 1496 33.06
PPCP-0.5 12452 1178 7596 1494 3165
PPCP-1 12418 1181 76.07 1488 30.71
PPCP-2 12468 1181 76.67 1498 31.76
PPCP-4 124.47 1189 7962 1492 30.30

Tonset, ONset temperature of crystallization; T., peak exotherm tempera-
ture; AH., heat of crystallization from the area under the exothermic
peak; Tn2, peak endothermic temperature/melting temperature;
AT = Super cooling temperature [T,z - Tcl.

Further increase of MWCNTs did not show much affect on T,
set- The peak exotherm temperature (T,) showed an increase of
~3°C at a loading of 4 wt % MWCNTs (PPCP-4). The increase
in T, confirms the nucleating effect of MWCNTs which was fur-
ther supported by the super cooled temperature (AT). The peak
exotherm temperature and peak temperature of melting endo-
therm (T,,,) was used to calculate AT=(T,, — T,). The T,
did not show much change upon incorporation of varying
amounts of MWCNTs (Table I); however, AT showed a decrease
thereby confirming that MWCNTSs act as nucleating agent. Simi-
lar behavior has been reported for PTT*"*?
sely proportional to MWCNTs loading.

where AT is inver-

The second heating scans [Figure 2(b)] were used to evaluate
the melting characteristics of PPCP in the absence and presence
of varying amounts of MWCNTs. In the second heating scan,
two melting endotherms were observed for each sample. The
appearance of double fusion endotherms could be either
because of previous crystallization conditions (cooling rate) or
melting of different lamellar crystals and presence of different
crystallite size.” Another explanation for the double melting
behavior could be due to the step-like melting mechanism pro-
posed by Rodriguez et al.** They reported that the second melt-
ing endotherm could be due to the combination of melting of
two population one consisting of reversing primary crystals and
the other consisting of nonreversing primary crystals. The endo-

WILEYONLINELIBRARY.COM/APP

Applied Polymer

SCIENCE

thermic peak temperatures noted as T,,,; and T,,, did not show
any significant change upon incorporation of varying amounts
of MWCNTs; however, peak broadening was observed and onset
of melting starts at much lower temperature. About 10°C
decrease in the onset of melting was observed at a loading of
4% MWCNT (PPCP-4) in first endotherm. The decrease in
onset of melting confirms the formation of imperfect crystals in
the presence of MWCNTs. From the area under the endother-
mic transition, heat of fusion was calculated which was used to
determine the percent crystallinity using eq. (1):

X.= (AHy/AH(1-X,)) X 100 (1)

where AHyis the melting enthalpy of sample (J/g). AHg, =207
J/g for PP (from the literature). X, = weight fraction of filler.

Since specific value of AHy, for PPCP does not exist, for this
study the enthalpy of fusion for 100% crystalline polypropylene
was used, i.e., 207 J/g because fusion enthalpy is almost inde-
pendent of isotacticity. The same value has also been used for
the calculation of % crystallinity of PPCP nanocomposites by
Sahin et al.* Percent crystallinity of nanocomposites increased
slightly with MWCNTs loading. The results of melting and %
crystallinity are summarized in Table II.

Isothermal Crystallization Kinetics

Estimation of isothermal crystallization parameter is normally
carried out using the data obtained from crystallization exo-
therm with a basic assumption that heat released during crystal-
lization is directly proportional to the relative crystallinity. On
the basis of this assumption, the relative crystallinity X,, was
determined as the ratio of the exothermic peak area at time t
and that at infinite time, using the following eq. (2):*

Jtd_H dt
x t—Jdodt — _ AH: 2)
¢ JOC dH AH,,
— . dt
o dt

where dH/dt represents the heat of evolution; AH, is the heat
evolved at time “#’; AH,, is the total heat evolved during the
complete crystallization process.

The isothermal crystallinity of PPCP and its nanocomposites
was analyzed in terms of Avrami equation which is as follows:

Table II. Results of DSC Scans (Heating): Effect of MWCNT Content on Melting Behavior and Percent Crystallinity of PPCP and PPCP/MWCNT

Nanocomposites
Second endotherm

First endoth °C °C
Sample rst endotherm (°C) ta % Crystallinity % Crystallinity
designation Tonset T Tonset T2 AH; (J/g) (from DSC) (from XRD)
PPCP-0 96.03 136.5 143 149.6 75.85 36.64 43.0
PPCP-0.5 94.03 135.7 141.7 1494 76.66 36.86 42.0
PPCP-1 91.14 134.3 140.7 148.8 77.52 37.45 39.6
PPCP-2 87.70 134.0 141.0 149.8 78.17 37.75 45.0
PPCP-4 86.40 135.0 140.7 149.2 80.03 38.82 45.0

Tonset= Onset temperature of melting; Trm1 Tz =endothermic peak temperature/melting temperature; AHg = Heat of fusion [determined from the area

under the melting endotherm].
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Figure 3. DSC scans recorded under isothermal conditions for PPCP and its nanocomposites. [Color figure can be viewed in the online issue, which is

available at wileyonlinelibrary.com.]

1—X,=exp (—kt") (3)

where 7 is the Avrami exponent and its value depends on the
mechanism of nucleation and type of crystal growth; k is the
Avrami rate constant or crystallization rate constant involving
both nucleation and growth rate parameter; and X, is the rela-
tive crystallinity at time £.
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Figure 3 shows the isothermal crystallization exotherms for neat
PPCP and PPCP/MWCNT nanocomposites containing 0, 0.5, 1,
2, and 4 wt % MWCNTs (i.e., samples PPCP-0, PPCP 0.5,
PPCP-1, PPCP-2, and PPCP-4). From the graphs, it is clear that
as the isothermal crystallization temperature increased, the time
required for complete crystallization also increased in all the
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Figure 4. Plot of relative percent crystallinity versus time for neat PPCP and PPCP/MWCNT nanocomposites. [Color figure can be viewed in the online

issue, which is available at wileyonlinelibrary.com.]

samples. On the other hand, the time required for complete
crystallization decreased with the incorporation of varying
amounts of MWCNTs which reveals that presence of MWCNTs
speed up the crystallization process.

Figure 4 shows the change in relative crystallinity with respect
to time for PPCP and PPCP/MWCNTs nanocomposites (i.e.,
samples PPCP-0, PPCP 0.5, PPCP-1, PPCP-2, and PPCP-4) at
different crystallization temperatures which exhibited a decrease
in crystallization time at any given temperature in the presence
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of MWCNTs. All curves are showing similar sigmoidal shape
and shifted to the right as the isothermal crystallization temper-
ature increased. Half-time of crystallization (¢;,,) can also be
determined directly from the sigmoidal shape curve which is
defined as the time required for the completion of 50% crystal-
lization and the results are summarized in Table III.

In order to find out the value of n and k, eq. (3) was simplified
by taking double logarithmic linear form as shown in eq. (4).
The value of n and k can be obtained directly from the slope
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Table III. Values of n, k, K, t;,,, and G Obtained from the Cooling Exotherms

Isothermal
Samples crystallization k x 105 k' x 105 1/t1/2=G
designation temperature (°C) n (s—n) (s—n) t1/2 (min) (min—1)
115 2.33 110 105 0.27 3.70
PPCP-0 120 2.42 50.5 54.4 0.32 3.12
125 2.32 4.90 5.44 0.98 1.02
130 2.14 0.30 0.38 4.76 0.21
115 2.36 200 105 0.26 3.84
PPCP-0.5 120 2.44 43 44 .4 0.35 2.85
125 2.37 5.48 4.44 0.98 1.01
130 2.78 0.01 0.01 4.72 0.21
115 2.14 276 306 0.21 476
PPCP-1 120 2.35 62.9 5.1 0.33 3.03
125 2.26 7.63 112 0.87 114
130 2.13 1.46 5.64 2.66 0.37
115 2.57 121 133 0.19 5.26
PPCP-2 120 2.25 112 112 0.29 3.44
125 2.63 3.07 3.0 0.76 1.31
130 2.13 1.5 1.6 2.45 0.40
115 2.61 102 120 0.19 5.26
PPCP-4 120 2.36 66 75 0.30 3.33
125 3.10 0.02 0.02 0.90 111
130 1.94 8.6 8.3 1.75 0.57

and intercept of the best fitted lines of the plot of In [—In
(1 —X,)] versus In f, where k and n are used to describe the
crystalline morphology and type of nucleation®:

In [-In (1-X;)]=Ink+n Int. (4)

Figure 5 shows the plots of In[—In(1 — X;)] versus Int for neat
PPCP and PPCP/MWCNT nanocomposites. We observed here
that the plots are linear in the beginning (at low relative crystal-
linity) and the deviation from linearity observed at higher rela-
tive crystallinity is attributed to the fact that Avrami equation
can be applied to describe the beginning of isothermal crystalli-
zation, i.e., under 25% crystallinity. The deviation from linearity
could also be due to the secondary crystallization.*” The values
of n, k, t;5, and G (growth rate) obtained from the cooling exo-
therms of PPCP/MWCNT nanocomposites at different crystalli-
zation temperatures are summarized in Table III. The value of k
was also calculated from half-life (#;,,) designated as k' with the
help of eq. (5)** and the results are given in Table IIL.

k=In2/t!.. (5)

The value of k obtained by two different methods showed a good
agreement at higher crystallization temperature. The crystallization
rate constant, k, decreased with increasing crystallization tempera-
ture, indicating that the rate of the three dimensional crystallization
growth was reduced by increasing the crystallization temperature.*’
However, there is no definite trend on incorporation of MWCNTT.
At 130°C, The value of k varied from 0.3 X 10~ for PPCP, to 8.6 X
10> for PPCP-4, i.e., PPCP having 4% by weight of MWCNT, indi-
cating the nucleating behavior of MWCNT on PPCP matrix under
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isothermal conditions. Similar behavior has also been reported by
Carlos et al”® According to the nucleation growth mechanism, the
value of n should be an integer, but here we are getting the nonin-
teger values ranging from 1.94 to 3.10. These noninteger values are
caused by mixed growth and/or surface nucleation modes and two-
stage crystallization. The value of n reported in the literature ranges
from 1.8 to 4" for different systems. The value of 7 represents the
dimensional growth of crystal. The n value (2.14-2.42) of PPCP
and PPCP nanocomposites showed two-/or three-dimensional het-
erogeneous crystal growth which changes with composition. In case
of sample having 4 wt % MWCNT, i.e., PPCP-4, value of # is less
than 2 at crystallization temperature of 130°C indicating two
dimensional hindered crystal growths. The f,,, which is used to
characterize the rate of crystallization; higher half time (#,,,) lower
the crystallization rate. The t;, values are reported in Table III
increased with increasing T, and deceased with MWCNT content.
The increase in t;/, with increasing crystallization temperature indi-
cated that higher the crystallization temperature higher the time
required for complete crystallization while on other hand with
MWCNT loading the rate of crystallization for PPCP/MWCNT
nanocomposites was faster than neat PPCP because half time value
is decreasing with MWCNT loading. It reveals that MWCN'Ts act as
the nucleating agent that accelerates the crystallization of PPCP in
the composites.

Secondary Nucleation Theory

Secondary nucleation theory of Hoffman and Lauritzen suggest
that the overall crystallization rate should be controlled by
nucleation and transport of macromolecules in melt.>*' This
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Figure 5. Plots of In[-In(1 — X,)] versus Int for neat PPCP and PPCP/MWCNT nanocomposites. [Color figure can be viewed in the online issue, which

is available at wileyonlinelibrary.com.]

theory was used to analyze the nucleating effect of MWCNTs
on crystallization of PPCP According to Hoffman-Lauritzen
theory, the temperature dependence of the linear growth rate of
PPCP can be represented by eq. (6):

—-U" —K,
G:GOGXP (m) exp <Trlg_"f> (6)

where G, is a constant independent of temperature, U* is the
activation energy related to the short diffusion distance of the
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crystalline unit across the phase boundary G is the linear
growth rate, K, is the nucleation parameter, R is the gas con-
stant, T, is the crystallization temperature, T, is the hypotheti-
cal temperature where crystallization process completed and
below which no chain mobility; T,,=T, — 30K where
T, =240 K and U* = 6280 J/mol, R =8.32 Jmol 'K '. In addi-
tion, f is a corrective factor given as f=2 T./ (T,—T9) and AT
is the degree of undercooling defined by AT=T;,— T, where T,
is the equilibrium melting temperature. Here, we are taking
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Figure 6. Determination of equilibrium melting temperature for PPCP

using linear Hoffman-Weeks equation.

T9, =176.4°C (determined from nonlinear Hoffmann—Weeks
equation mentioned below), for calculation purpose.

To find out the equilibrium melting temperature, the PPCP
samples after complete crystallization at different isothermal
temperature, (i.e., 115, 120, 125, and 130°C) were heated at a
rate of 10°C/min upto 190°C and the melting endotherms were
recorded.

Wu et al.>® reported that the equilibrium melting temperature
(T9,) for a semicrystalline polymer could be determined via four
general methods including the Gibbs—Thomson®' and Flory—Vrij
> approaches, the H-W procedure,* and the fitting of growth-
rate data at a sufficiently low under cooling with the classical
theory of lamellar crystal growth.”> Among all the approaches, the
H-W analysis has been usually used to estimate the T, value
because of the simplicity which involves the use of experimental
values. The H-W method is further divided into linear and non-
linear Hoffman-Weeks method. In linear procedure, the measured
T,.’s of samples crystallized at different T, were plotted against T,
and a linear extrapolation to the line T,, = T, where the intercept
gaveT? . Although this approach was not developed to provide the
best estimate of T, yet it is used to explain the observed rise in
the melting temperature with T.>® The plot of T,, versus T.
showed a linear relationship and the H-W extrapolation was car-
ried out according to the following equation. The linear H-W
extrapolation is carried out and one may obtain an extrapolation
temperature according to eq. (7):

Tu=T1=1/1)+T./r. (7)

Where T, is the equilibrium melting temperature and r = I/I* is
the ratio of lamellar thickness / at the time of melting to the
thickness I* of the critical nucleus at T, From Figure 6, the
value of T, obtained was 160.2°C.

According to Marand and coworkers®®*”*® in nonlinear H-W

method, the scaled melting temperature M=TY, /T) —T,, was
plotted against the scaled crystallization temperature X=T9,/
T9 —T. for several choices of T¢ and the slope should yield a
constant lamellar-thickening coefficient (r). For a set of experi-
mental T, and T, values, corresponding sets of M, X values can
be determined for a given choice of T%, value (Figure 7). When
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this method is used to the melting of existing crystals (r = 1), a
plot of M versus X should yield a straight line with the slope
unity for the actual equilibrium melting temperature (if the
interfacial free energy of basal faces for original as well as fully
grown crystal is same).

The linear H-W plot of melting temperature at zero crystallinity
against T, revealed the equilibrium melting temperature to be
160.2°C for neat PPCP. By comparison, the nonlinear H-W treat-
ment (linear MX plot) was also carried out and higher equilibrium
melting temperature was obtained, i.e., 176.4°C. Similar results
have also been reported by Wu et al.>® for PTT. In the study they
concluded that the estimation of T, was more sensible if the non-
linear H-W method is applied. Therefore, in the present work, the
value of T, obtained using nonlinear Hoffmann-Week extrapola-
tion, i.e., 176.4°C was used to find out the degree of super cooling
for secondary nucleation theory.

Another kinetic parameter, i.e., K, is the energy required for the
formation of nuclei of critical size and was determined using
eq. (8):

_ nboo, T,

& AkaB ' ®

Where b is the surface nucleus thickness, ¢ and o, are the side
surface (lateral) and fold surface free energies which reflect the
work required to create a new surface, T4, is the equilibrium
melting temperature and kg is the Boltzmann’s constant 1.38 X
107'% ergk™', AHy is the heat of fusion per unit volume of
crystal. The interfacial free energy ¢ can be given by the follow-
ing equation.

o=0. AHy.(ab)" 9)

where « is an empirical constant usually assumed to be 0.1,
a=4.672 A, molecular layer thickness, b=6.266 A and
AH;=207 Jg~' (100% crystalline PP taken from literature). &
can be calculated from eq. (9) and it was found to be 15.0 erg
cm®>® Typically, the value of n=14 in regime I or IIl and n=2

PPCP-0
8.0
T°m=175.0 r=1.06
T°m=176.0 r=1.02
754 T°m=176.4
£
o' 104
=
?_E 1 = 175°C
654 s 176°C
4 176.4°C
60 L) L] L] L) L) L) L]
2.8 3.0 3.2 34 36 3.8 4.0

TolTeTe
Figure 7. Determination of equilibrium melting temperature for PPCP
using nonlinear Hoffman-Weeks equation. [Color figure can be viewed in
the online issue, which is available at wileyonlinelibrary.com.]
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in regime II have been employed.'”” Equation (6) can be rear-
ranged as:

*

Kg
_—— 10
2303 (T.—To) (10)

log G+ S S
0§ G 2303 T.(AT)f

=log G,—
It is known that the primary nucleation rate and the crystal
growth rate are related to these crystallization rate parameters
Therefore, 1/t;,, can be used instead of G. By plotting the log G
+U * /2.303(T.— Ts,) versus 1/2.303T. (AT)f, the value of K,
[i.e., K,= —(slope) (Figure 8)] can be determined.

The value of fold surface free energy ¢, can be calculated using
eq. (8) with the help of K, and ¢ and the obtained values of o,
and K, are tabulated in Table IV.

The lower values of K, and o, for nanocomposites reveals that
the energy required for the formation of nuclei as well as new
surface reduced from neat PPCP which further suggested that
the presence of MWCNTs decreased the activation energy of
nucleation. It is well known that the addition of filler particles
provides a new surface for crystal growth and also reduces
nucleus size needed for crystal growth. In this process, the het-
erogeneity of the system increased, during heterogeneous nucle-
ation, polymeric chains start growing on these pre-existing
surfaces and reduce the free energy required for primary nuclea-
tion.'"® From these results, it can be concluded that the
MWCNT act as nucleating agent for PPCP. The n values from
Avrami analysis also verify the growth of heterogeneous crystals

Table IV. Lauritzen-Hoffman Parameters for Isothermal Crystallization of
PPCP and PPCP/MWCNT Nanocomposites

Sample designation Kg (x10%)/deg? olerg cm=?
PPCP-0 472 92.1
PPCP-0.5 4.5 80
RRERSH 3.59 81
PPCP-2 4.1 74.3
PPCP-4 3.8 71
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of MWCNT, PPCP, and PPCP/MWCNTs

Figure 9. XRD patterns
nanocomposites.

while #;,, and AT have also supported the nucleating behavior
of MWCNT. The nucleating ability of MWCNT reduced energy
which is required to create a new surface for crystallization.
This in turn also leads to faster crystallization. Another feasible
reason could be that the addition of CNTs decreased the free
volume, and thus reduced molecular chain mobility, leading to
lower K, and o, values. At a given U, the values of K, (4.72 X
10° degz) and g, (92.1erg cm™?) calculated for neat PPCP agree
well with the values reported for isotactic PP.>

Crystal Morphology of Nanocomposites

Growth of spherulites of PPCP and PPCP/MWCNT nanocom-
posites was observed using polarized light microscopy (PLM)
and the change in spherulites was observed with respect to time
and CNTs content. Figure 9 shows the effect of annealing time
on spherulitic growth of neat PPCP which attributed that as the
time increased the size of spherulites also increased but after a
certain time it became constant. PLM micrographs were taken
at an isothermal temperature of 130°C with time interval of 2
min. After 8 min of annealing time, the size of spherulites did
not change and the size of spherulites at this moment observed
was ~100 pm. This shows that crystallinity increases with time
and longer time was required for complete crystallization at

J. APPL. POLYM. SCI. 2015, DOI: 10.1002/APP.41734
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Figure 10. PLM micrographs of PPCP showing effect of annealing time: (a) 0 min, (b) 2.0 min, (c) 4.0 min, (d) 6.0 min, and (e) 8.0 min at 130°C.
[Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

130°C. Higher rate of crystallization was observed at lower iso-
thermal temperature as compared to higher isothermal tempera-
ture; therefore, it was difficult to analyze the effect of annealing
time at lower crystallization temperature.

Figure 10 shows the effect of CNTs on spherulitic growth which
support the results obtained from the isothermal DSC analysis.
Incorporation of MWCNTs enhanced the amount of heteroge-
neous nuclei in PPCP matrix, which is confirmed by Avrami
analysis and secondary nucleation theory, resulting in an
obvious decrease in spherulites size of PPCP. When the
MWCNTs content was 0.5%, the crystals are visible but the
growth of crystals hindered due to the presence of MWCNTs.
However, when the MWCNTs content increased, only large
quantities of small crystal aggregates were visible in the remain-
ing composition (Figure 11). In the last decade, considerable
efforts have been made to explain the MWCNTs induced nucle-
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ation phenomenon in numerous semicrystalline polymers,**®!

yet the nucleating ability of MWCNTs has not been explained
clearly. Most of the authors believe that on polymer/CNTs inter-
action phase, the CNT helps to reduce energy barrier for nucle-
ation of polymer.

WAXD Analysis

WAXD was used to investigate the crystalline structure of PPCP
and PPCP/MWCNT nanocomposites. Figure 11 showed WAXD
patterns of PPCP, MWCNT, and PPCP/MWCNT nanocompo-
sites. In this the strong peaks displayed at 20 (degree)—14,
16.70, 18.73, and 25.36 correspond to L (110), L (040), L (130),
and L (060) planes.®” The planes can be seen in the integrated
XRD intensity of PPCP/MWCNT nanocomposites, manifesting
the existence of a-crystalline phase. According to XRD traces,
the a-crystalline phase (monoclinic crystallization system) and
peak position of PPCP in PPCP/MWCNT nanocomposites did

J. APPL. POLYM. SCI. 2015, DOI: 10.1002/APP.41734
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Figure 11. Crystalline morphology of PPCP and PPCP nanocomposites
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PPCP-2, and (e) PPCP-4. [Color figure can be viewed in the online issue,
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not show any changes upon addition of MWCNTs. XRD pattern
of MWCNT show a sharp peak centered at 20 value of 26°
which corresponds to L (002) planes. Two more characteristic
peaks were also observed at 260 value of 43° and 54° which cor-
respond to the diffraction planes of L (101) and L (100), respec-
tively. Presence of this peak may be because of graphitic planes
plus a small amount of iron particles encapsulated inside the
walls.%*®* The plane L (060) of nanocomposite PPCP-4 which is
corresponding to the plane L (002) of MWCNT confirms the
presence of CN'Ts in the nanocomposites® (Figure 11).

CONCLUSIONS

In the studies of crystallization kinetics for PPCP, following
conclusion can be drawn:

1. Double fusion endotherms observed in the second heating
scans clearly show the formation of imperfect crystals in the
presence of MWCNTs which start melting at much lower
temperature.

2. Tonset and Peak exothermic temperature of PPCP increased
upon incorporation of MWCNTs which confirms that CNT
act as poor nucleating agent.

3. The nucleating mechanism of MWCNTs was also supported
by Avrami exponent and the time required for
50%crystallization [t;,,] which showed a decrease upon
incorporation of MWCNTs. The values of Avrami exponent
observed in the range 2-3 clearly show two/three dimen-
sional crystal growth.

4. PLM also supported the DSC results as the size of PPCP
spherulites decreased in the presence of MWCNTs.

5. Faster crystallization of PPCP in presence of MWCNTs was
further supported by the lower values of Kg (4.72 X 10°
degz) and oe (92.1 erg cm ?). The values of Kg and oe cal-
culated from secondary nucleation theory for PPCP/
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MWCNT composites showed decreasing trend with increas-
ing MWCNT content indicating that addition of MWCNTs
reduced the work required to create a new surface for crys-
tallization and lead to the faster crystallization.

6. X-ray diffraction results indicated that the PPCP have only
o form of crystalline structure and incorporation of
MWCNTs did not change any crystal structure.
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