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ABSTRACT

The purpose of this study is to characterize the morphology and crystallization
kinetics of isotactic polypropylene, when it is used as a matrix in carbon nanotube based
composites. We study the morphology of crystallization using microscopic transmission
ellipsometry, a fast and efficient technique for studying anisotropic organization in
polymers (Georgiev, 2002). Polymer carbon nanotube composites (PCNs) are the largest
commercial application of carbon nanotubes (CNT) in nanotechnology.
Isotactic polypropylene (iPP) is one of the best model systems to study in this
field because iPP/CNT PCNs can form alpha, beta, and gamma crystallographic phases of
iPP under a variety of crystallization conditions (Varga, 1992) including: nonisothermal
and isothermal melt crystallization, shear, stress, and fiber extrusion. We measured iPP
crystals growing perpendicularly to the surface of the CNTs. We present data for PCNs
of varying concentrations of CNTs: 0%, 0.01%, 0.1%, 1%, 2%, and 5%. We complement
ellipsometry with differential scanning calorimetry for thermal analysis. For DSC studies
we use the Avrami model of polymer crystallization to investigate the crystallization
kinetics.

INTRODUCTION
In this section I offer an overview of characteristics of polymeric molecules and carbon
nanotubes, phases of polymers important to the project, and experimental techniques.

From toothpicks to modern airplanes, polymer composites are the cornerstone of
modern technology. Of all industrial polymers, the thermoplastic polymer polypropylene
(PP) stands as one of the most versatile and widely used. By looking at manufacturing
data from previous years we can obtain an idea of its industrial importance: In North
America alone, producers had an output of 18,775 million pounds and 19,445 million
pounds in 2006 and 2007, respectively, with the U.S. accounting for roughly fifty per
cent of the bulk as reported by the American Chemistry Council*.
Polymers are semicrystalline materials: both crystalline and amorphous phases
coexist over a range of relevant temperatures. Crystalline materials are composed of a
regular structural unit that is periodic in the three dimensions of space (Evans, 2008). In
the case of polymers, the repeating monomers within the molecules form the periodic unit
in the crystalline phase (Bower, 2002). Amorphous (non-crystalline) portions are those
that lack a crystalline periodicity (X-ray scattering will give no definite pattern besides a
circular halo). Polymers do not have an exact molecular weight or structure (Bower,
2002).

During polymerization some molecules grow larger than others creating a

distribution of molecular weights.
At the molecular level, polymers are structurally classified into linear, branched,
and network macromolecules (Bower, 2002), see Figure 1. Based on their properties,

*

The figures are based on data compiled by Veris Consulting, LLC, for ACC’s Plastics Industry Producers’
Statistics Group.
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polymers are classified into three large groups: thermoplastics, elastomers, and
themosets.

(a)

(c)

Figure 1. Diagram of linear (a), branched (b), and network (c) polymeric structures.
The dots represent cross-linking sites. (Bower, 2002)

Thermoplastics constitute the most widely used variety of polymers (Bower,
2002). They have linear or branched molecular composition which allows the material to
melt into a liquid—that is, above the crystal melting temperature Tm the molecules are
free to move past one another. Upon cooling, a thermoplastic can become a
semicrystalline material or may also undergo a glass transition as it solidifies into a
glassy non-crystalline material.
Elastomers, or rubbers, are network polymers with the ability to stretch under
tension.

When stretched, the randomly coiled molecules of the non-stretched state

become partially aligned (Doi, 1996). The introduction of alignment lowers the entropy
of the system so the material exerts tensional force to retract to its higher entropy state.
In the case of elastomers, the cross-linking of the molecules prevents the flow of the
material as the temperature is increased (Bower, 2002). Thus melting does not occur in
the traditional sense; instead degradation takes place at high enough temperatures
(Bower, 2002).
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Last, thermosets are network polymers characterized by high cross-linking density
which means they also cannot melt and only degradation occurs at high temperatures (3).
Polymers can also exist in liquid crystalline phases. Liquid crystals differ from solids in
that they lack degrees of positional order, and from liquids in that they have orientational
order.
Isotactic polymers have their functional groups on the same side of the molecule’s
backbone (Collins, 2002). The isotactic type of polypropylene (iPP, chain structure
depicted in Figure 2) has generated extensive interest and usage in industry. That is
because iPP has a high tendency to crystallize and depending on thermal and mechanical
conditions different crystal phases can be formed. The crystal modifications of iPP
include monoclinic (α), hexagonal (β), and triclinic (γ) (Varga, 1992). The most frequent
modifications are the monoclinic and hexagonal ones which are depicted in Figure 3. In
the case of iPP, using the parameters described in Figure 3, the crystal unit of the α phase
has the following dimensions: α = 99°, a = 6.65 Å, b = 20.78 Å, and c = 6.50 Å (Lotz,
1986). And the β modification is characterized by: a = b = 11.03 Å, and c = 6.49 Å
(Meille, 1993).

[CH2

CH ]n
CH3

Figure 2: Polypropylene chain. n ~ 1.2 × 104
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Figure 3. Left: monoclinic crystal unit cell; α ≠ 90°, β = γ = 90°.

Right: hexagonal

crystal unit; a ≠ c. Both cases also exist with a “centered” variation in which a molecule
runs through the center of the unit cell. Note that the vertices do not represent molecules
but the periodic unit within the polymers that form the sides parallel to the segment c in
the both diagrams (Schultz, 2001). Thus molecules outrange the crystalline unit cell
which means one molecule can be part of different crystalline structures, and may
participate in amorphous regions (hence semicrystalline).

Among the different supermolecular formations present in semicrystalline iPP, the
most frequent ones are spherulites followed by cylindrites or shish-kebab structures.
These structures are large enough that they can be resolved through polarized optical
microscopy which is the technique used to obtain the photograph in Figure 4. A smectic
liquid crystalline phase has also been reported in the literature (Li 2004, Zhang 2005).
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100 µm

Figure 4.

Photograph of iPP spherulites annealed at 135°C taken by the author.

Conditions: sample between crossed polarizers and a quarter-wave retarder plate that
immediately follows the sample.

The reinforcement of polymeric materials with nanoparticles has invigorated
present research because doping a polymer matrix with an inclusion can radically affect
the morphology and kinetics of crystallization, giving rise to novel materials. Very active
and current research encompasses the study of the impact of carbon nanotubes (CNTs) as
one of these dopants due to its unique properties.
Carbon nanotubes (CNTs) can be geometrically considered to be graphene
(graphitic sheets) rolled up into seamless cylinders even though this is not how they are
produced. CNTs can have a diameter of about a nanometer to tens of nanometers
(Dondero, 2005).

CNTs come in two types: single-walled and multi-walled carbon

nanotubes (SWCNTs and MWCNTs respectively).

A rolled-up layer of graphene

constitutes a SWCNT, while a coaxial structure of these cylinders makes a MWCNT
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(Dondero, 2005). The spacing between the cylinders is 0.34 nm, the same as the graphite
inter-layer separation (Ajayan, 1997). This material interests researchers and industry
alike due to its high electrical conductivity of 5.1 × 10-6 – 5.8 Ω-1 cm-1 and thermal
conductivity of 1570 – 5800 Wm-1K-1 (Dondero, 2005). CNTs are also “hard” materials
with a high Young’s modulus of 1 TPa for a single CNT (compared with 105 – 120 GPa
for Titanium) (Dondero, 2005).
This project utilizes three main techniques to quantify the thermal and
morphological properties of the iPP/CNT composites: differential scanning calorimetry,
transmitted microscopic ellipsometry, and polarized optical microscopy. For the purpose
of the study, we experimented with different concentrations of CNT’s in iPP. These are
0%, 0.01%, 0.1%, 1%, 2%, and 5% CNTs by weight. DSC scans indicate that the
crystallization temperature shifts upwards as the concentration of CNTs increases. Real
time polarized microscopy supports this result. We also found that the Avrami cooling
function increases logarithmically as the concentration increases which reflects that
crystallization of iPP speeds up with higher CNT doping. The Avrami exponent which is
an indicator of the dimensionality of the supramolecular formations reflects that the
crystalline grains have 3-dimensional geometries. This is consistent with the literature
(Sandler, 2003). For low concentrations, CNTs can induce crystalline formations in the
shape of rods instead of spherulites, even though spherulitic morphologies are also
present. Ellipsometric measurements show that the rod-shaped crystals are of the αmodification.

7

EXPERIMENTAL SECTION
In this section I explain the sample preparation and instrumentation used in our
experiments.

Materials
•

Isotactic polypropylene: Obtained from Scientific Polymer Products, Inc. CAT# 130
in the form of powder and pellets.

•

Multiwalled carbon nanotubes:

140 nm in diameter. Obtained from MER

Corporation.
•

P-Xylene: ReagentPlus 99% from Sigma-Aldrich.

Nanocomposite Preparation
We obtained our iPP in powder form from Scientific Polymer Products, Inc., CAT
#130. We obtained our MWCNTs from MER Corporation with a diameter of 140 nm
and length of 7 µm (+/- 1 µm).
In order to prepare the nanocomposites, we first had to purify the CNTs. The
purification process was done at Assumption College by Dr. Georgiev. The CNTs were
suspended in a mixture of sulfuric acid and nitric acid (3:1 volume ratio) and sonicated
for 24 hours in a Misonix sonicator at 50ºC. The resultant suspension was diluted with
400 ml of deionized water and filtered through a 400 nm pore membrane until the water
had a pH between 6 and 7. The dispersions were subsequently diluted or filtered to the
desired concentration. The resulting purified CNTs had a pH between 3 and 3.5 and were
stable (Georgiev, August 2007 ACS).
To prepare our samples we first made two separate solutions, one containing
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p-Xylene and iPP, and the other containing p-Xylene and CNTs. To prepare the first, we
raised the temperature of the p-Xylene to 125° C in a flask with a stirring bar inside. To
avoid a temperature gradient we placed the flask in a hot oil bath to keep the p-Xylene
completely submerged below the level of the oil (Figure 5). When the temperature
stabilized at 125° C (read off from the thermometer in the oil bath), the iPP in powder
form was added to the p-Xylene.

Thermometer

Flask

Level of oil bath
Level of iPP and
p-Xylene mixture

Stir bars

Figure 5. Oil bath set up used to homogenously heat up the p-Xylene to dissolve the iPP
at 125°C
To prepare the Xylenes/CNTs suspension the CNTs were added to the p-Xylene
at 50°C and sonicated for 15 min. Then we alternated the flask containing the pXylene/iPP solution between a hot plate and the sonicator to raise the temperature of the
9

solution and still keep the CNTs well dispersed. Each time, we left the flask on the hot
plate until the p-Xylene reached the onset of boiling (136°C). After this period of heating
and sonication we poured the p-Xylene/CNT solution into the flask containing the pXylene/iPP solution.
We stirred the mixed solution for five minutes in the oil bath at 125° C. Then the
iPP/CNT mixture in p-Xylene was precipitated in 500 ml of methanol, a non-solvent, at
room temperature. A stirring bar kept the methanol in motion as we slowly poured in the
mixed solution. The pouring was done slowly because a fast decanting would lead to
poor contact of the non-solvent with the iPP as the polymer entered the non-solvent bath
in bulk. In order to prevent the remaining of the solution in the flask from cooling down
during the process of decanting, I never poured all the mixture in one step. After
precipitating some of the mixture, I placed the flask back in the oil bath to maintain the
appropriate temperature. The precipitate (a grayish bundle of fibers and clusters) was
then filtrated and washed with 500 ml of methanol. The filtered precipitate was left for
four hours in a vacuum oven at 60° C to dry. We took these steps to avoid the gelation of
the dissolved polymer in the p-Xylene which provides a chance of cross-linking between
the molecules during the process. Other independent researchers have reported similar
procedures (Xu 2008, Avila-Orta 2007). We leave the precipitate to dry in a vacuum
oven at 60° C for 4 hours. Afterwards we pressed the material into thin films using a
Carver hydraulic hot press at a temperature of 170° C and pressure of 4,000 lbs/in2.
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Techniques/Instruments
I. Ellipsometry
An optical ellipsometer is a polarized light microscope that receives its name from
the elliptical nature of the polarized EM wave. We employ the ellipsometer in our
studies because it is a powerful tool that measures the structure and orientation of
optically active structures in the field of view by determining the elliptical polarization
state of the EM wave that is transmitted through the sample.
Anisotropic organization develops in polymers during melt and solution
processing. Other methods such as zone drawing, extrusion, injection molding, and fiber
coagulation help to introduce organization at the molecular level (Georgiev, 2002). The
mechanical, electrical, and optical properties of polymers depend on the molecular and
supermolecular structure.

At the same time, molecular organization introduces

anisotropy into the electric permittivity matrix of the material. This means that the
orthogonal components of the electric field will travel with different propagation speeds,
v, through the medium as seen from the following equation (Hecht, 2002):
v=

1

εµ

, c=

1

(1)

ε o µo

where ε and µ are the electric permittivity and magnetic permeability of the material
respectively, and εo and µo are the electric permittivity and magnetic permeability of
vacuum (εo ≈ 8.85418781… × 10-12 F/m and µo ≈ 1.25663706… × 10-6 N/A2)
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The index of refraction n of a medium is defined as
n≡

c
v

(2)

where c = speed of light in vacuum 3 × 108 m/s, and v = speed of propagation of the EM
wave through a medium (Hecht, 2002).
The index of refraction can be rewritten as
n=

εµ
ε o µo

(3)

In the specific case of polarizing optical techniques “optically active structures”
are those with anisotropies in the index of refraction.

Here the material is called

birefringent and the birefringence is defined as
(4)

∆n ≡ n1 − n 2

where n1 and n2 are the indices of refraction in the plane perpendicular to the k-vector of
the EM wave (Hecht, 2002). In the case of polymer spherulitic formations the
birefringence is defined as
(5)

∆n = n t − n r

where nt is the index of refraction in the tangential direction and nr in the radial direction
(Varga, 1992).
As the electromagnetic wave travels through a birefringent medium, the
birefringence introduces a phase difference between the orthogonal components of the
wave. This phase difference is referred to as retardance ∆φ and is given by
∆φ =

2π

λo

(6)

d | ∆n |
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where d is the thickness of the sample and λo is the wavelength of the light in vacuum
(Hecht 2002). We use λo = 550 nm.
The transmitted light ellipsometer we use in our studies is a purpose-built
instrument constructed by Dr. Georgiev. Figure 6 is a diagram of the instrument. The
ellipsometer probes the sample with four predetermined intensities of the E-field and
collects data that are later used to determine the retardance and azimuthal angle
(orientation of the crystals with respect to a vertical linear polarizer in the system) at
every point in the field of view.

Data collection and analysis are done through

MATLAB programs written by Prof. Cebe. These data are plotted into a graph that can
be used to identify different crystalline formations.

Real time studies with the

ellipsometer provide information about melting, crystallization, and re-arrangement of
crystals in the polymer.
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The two-dimensional optical ellipsometer including: 1. Light source; 2.

Spherical mirror; 3. Xenon arc light bulb; 4. Condenser lenses; 5. Mirror; 6. Heat
absorber; 7. Monochromatic interference filter; 8. Linear polarizer; 9,10. Variable
retarders; 11. Retarder controllers;

12. Substage condenser lens; 13. Variable-

temperature sample holder; 14. Long working distance objective lens, and tube lens; 15.
Right circular analyzer; 16. CCD camera; 17. Temperature controller; 18. Computer.
(Picture taken from Georgiev 2002).

Figure 7 is an example of an ellipsometric graph. The background color tells the
retardance at every pixel, and the lines indicate the orientation of the azimuthal angle
locally. The graph shows a crystallized piece of iPP homopolymer. From the picture we
can notice that morphology of the sample is spherulitic, and most importantly the
difference in the orientation of the azimuthal angle (given by the black lines) and
retardance (given by the color spectrum) distinguishes different crystallographic
formations. The blue end of the spectrum indicates low retardance. The two spherulites
14

depicted with a higher color spectrum, and radial azimuthal orientation characterize β
spherulites. The rest of the map colored mainly in blue correspond to areas filled with
positive α spherulites. The azimuthal angle for these structures runs in the tangential
direction.

50µm

Figure 7. Ellipsometric graph of iPP crystallized isothermally at 120°C taken by author.

II. Polarizing Optical Microscope
Besides the ellipsometer, we also use the principle of birefringence with another
tool: a Nikon Eclipse E600 polarizing optical microscope (POM). This is a transmitted
light microscope that holds the sample between two linear polarizers (Figure 8). The
microscope uses a 12-volt, 100-watt Koehler illumination light source. By holding the
polarizers’ pass axes perpendicular to one another we can observe the crystal formations
at the spherulitic level.

15

POM transmission axis
Analyzer

Sample

Polarizer

Figure 8. Position of the sample between polarizers in the POM (polarizer ⊥ analyzer).
As previously mentioned, iPP has the capability of crystallizing with different
crystallographic structures depending on the annealing conditions. Here I present an
example of how we can use the polarizing optical microscope to identify different
crystallographies and morphologies of semicrystalline iPP. When crystallization of the
homopolymer occurs isothermally at 130°C or 140°C, it crystallizes into the positive or
negative α, respectively (Varga, 1992). Figure 9 shows these two phases as seen through
the POM coexisting after sequential melt crystallization at 130°C for 10 min, followed by
140°C for 1 hr.
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100 µm

negative α
rings
positive α
spherulites

Figure 9. Melt-crystallized iPP. Isothermal melt crystallization at 130°C causes
the inner portions of spherulites to grow in positive α form, then the temperature
was increased and the outer “rings” were grown at 140°C forming the negative α
crystals. Picture taken by author with sample in between crossed polarizers.

III. Thermal Analysis
Temperature modulated differential scanning calorimetry (TMDSC) is a thermal
analysis technique that can provide information about the sample such as the heat
capacity Cp, melting and crystallization, and glass transition which is a quasi-second
order phase transition (Georgi, 2002).
In this study we used a Q100 instrument, made by TA Instruments. In this kind
of calorimeter both the sample and the reference are kept in the same furnace as depicted
in Figure 10. The instrument can measure the heat flux of the sample as compared to that
of the reference.
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Furnace
S

R

Thermocouple

Thermocouple

Heat source

Figure 10: Container S holds the sample, and container R is the empty reference pan.

The reference, R, is an empty aluminum pan and lid. The sample, S, is held
inside the same kind of pan and lid. The thermal treatment has a linear term and a
sinusoidal term (Bhadeshia 2002).

The temperature profile follows this function in

TMDSC:
(7)

T (t ) = To + rt + A sin(ωt )

where T = T (t ) is the temperature, To is the initial temperature, r is the linear heating rate
with respect to time, t is time, A is the amplitude of the temperature modulation, and ω is
the frequency of modulation.
From the TMDSC we can get two signals: the reversing heat flow and the
nonreversing heat flow. The reversing heat flow is the heat capacity component of the
total heat flow (TA Manual, 1995) and can be calculated with the following equation:
(Reversing heat flow) = -Cp × (Avg. heating rate)
The total heat flow follows the equation:
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(8)

dQ
= C p r + f (T , t )
dt

where

(9)

dQ
= total heat flow
dt

Cp = measured heat capacity
r = average heating rate
Cp r = heat capacity component (reversing heat flow)
f (T,t) = heat flow from kinetic processes (nonreversing)
Conventional DSC also gives the total heat flow but TMDSC has the advantage of
separating the reversing and nonreversing components of the total heat flow which allow
us to study the glass transition of the polymer in the nanocomposites (Gill, 1993). We
can see this decoupling in Figure 11 for an iPP film.
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Figure 11. MDSC study for iPP film. Data collected by Lauren Wielgus in the region of
the glass transition for iPP. The middle curve shows a very shallow glass transition
around -10° C.
The data that we obtain from the TMDSC experiments are heat flow versus time
or temperature. From the graphs we are able to determine different phase transitions in
the material. Endothermic (negative) peaks occur whenever the sample is undergoing a
process that requires energy absorption, for example during melting.

Exothermic

(positive) peaks in the graph reveal an outward flow of energy from the sample. This
indicates that the molecules are attaining a lower enthalpy such as during crystallization.
A step in the graph of the reversing component indicates the glass transition of the
sample.
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We used the widely accepted Avrami model to analyze the DSC data for
isothermal crystallization (Schultz, 2001). By plotting ln[− ln(1 − χ )] vs. ln t , where χ is
the relative crystallinity at time t, we extracted the values of the Avrami exponent n and
the kinetic rate constant K. The slope of the curve, where a linear relationship exists
between ln[− ln(1 − χ )] and ln t , is the value of n. We obtain the value of K by computing
K = exp(b) , where b is the y-intercept of the linear fit of the plot.
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RESULTS
Below I show our results for the optical, ellipsometric, and thermal studies.

I. Nanocomposite preparation.
The development of a successful procedure to prepare the nanocomposites is the
first result of our project. Getting the carbon nanotubes to mix well with the dissolved
iPP stands as a very challenging task due to the ability of the tubes to cluster, and the
susceptibility of the polymer’s density to variations in temperature.
For future reference, I will list some of the shortcomings that previous procedures
revealed. At first, we tried to use only hot plates and stir bars to dissolve the polymer.
Since only the bottom of the flask that contained the iPP/Xylene mixture had contact with
the hot plate, we usually had a high temperature gradient in the flask which gave rise to a
density gradient in the dissolved polymer. Thus whenever we added the CNTs, the
denser portion of the solution would provoke the CNTs to aggregate. Another approach
was to keep raising the temperature of the hot plate to increase the overall temperature of
the mixture, but this could never work well due to the proximity of the boiling point of
p-Xylene (~135°C), and the target temperature to dissolve the iPP (~125°). To overcome
these difficulties, we started using the set up depicted in Figure 5. Here we heat the oil
bath that completely surrounds the flask containing the solution so heat is transferred
more homogeneously.
Before we started using non-solvents to precipitate the iPP/CNT dissolved in
p-Xylene, we used to obtain the nanocomposites via evaporation. We would leave the
solvent in the solution to evaporate over a couple of days. We discovered that as the
Xylene evaporated, the CNTs would cluster. As the Xylene evaporated, the iPP would
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gel. It was this gelation process that would locally bring the CNTs together, especially at
the surface of the gel where tension and surface interactions seemed to be the main
catalyst in aggregating the CNTs again. Another problem with gelation is its richness in
cross-linking of molecules as shown in Figure 1 (c) on page 5 (Doi, 1996). For further
studies using zone-drawing, it was desirable to avoid excessive cross-linking. Therefore
to circumvent these obstacles due to gelation of iPP, we opted to use precipitation in a
cold methanol as a non-solvent.
Without the careful procedure to prepare the samples as explained in the
preceding section, the project would not have lifted off. Currently, two other students in
Prof. Cebe’s Research Group are utilizing the iPP/CNT nanocomposites resultant from
the sample preparation described in this thesis. Lauren Wielgus uses the samples to run
differential scanning calorimetry experiments, and Robert Judith performs shear
experiments under a polarizing microscope.

II. Transmitted ellipsometry and polarized light microscopy for morphology studies.
The addition of carbon nanotubes alters the crystallization morphology from
spherulitic to elongated structures as we can see in Figure 12. The change in morphology
happens because the carbon nanotubes initiate many nucleation points at their surfaces.
The high density of nuclei makes the premature spherulites to impinge very early giving
them only one degree of freedom to grow, which is perpendicular to the surface of the
carbon nanotube (as proposed by Dr. Georgiev).
Figure 13 shows the ellipsometric raw data obtained from the frame seen in
Figure 12.

These data are used to calculate the retardance of the sample and the

orientational field of the azimuthal angle at every pixel in Figure 13. Note in Figure 14
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that the ellipsometer allows us to calculate the orientation of the azimuthal angle to be
perpendicular to the long axis of the elongated structures. This is the signature of the
negative α type of crystalline iPP.

50 µm

Figure 12. Polarized light photograph of crystalline structures formed by iPP when
doped with 0.1% wt/wt concentration of MWCNT. Crystallization conditions: polymer
melted at 170°C and crystallized isothermally at 135°C. We have not been able to
overcome the vibrations in the ellipsometer that deteriorated the quality of this picture.
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50µm

Figure 13. Four intensities collected by the ellipsometer to determine retardance and
orientation of the azimuthal angle in the sample.

50µm

Figure 14. Color map of retardance and orientation of azimuthal angle (small dark lines)
in iPP with 0.1% MWCNT concentration by weight.

III. Kinetics of Crystallization – Modulated Differential Scanning Calorimetry
Now I present the data taken by Lauren Wielgus, and its analysis done by the
author for the thermal measurements on the nanocomposites. The sketch below is the
scheme used to study the isothermal crystallization of the nanocomposites at 135°C. The
heat traces of isothermal crystallization at 135°C for the different nanocomposites appear
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in Figure 16. In the case of the 1%, 2%, and 5%, the onset of crystallization occurs
before the calorimeter reaches the 135° C supercooling temperature. Thus for these
concentrations I had to extrapolate the initial tail of the heat vs. time curves. Below the
half of the peak height, the function resembles an exponential graph. Therefore I chose an
exponential fit to extrapolate the onset of crystallization. The extrapolations for the 2%
and 5% CNT concentrations are both about occupy the first 2 min of the respective heat
vs. time plots. The extrapolation for the 1% concentration is about 1.5 min long.

Temperature

170°C
(2 min)
20°C/min

15°C/min
135°C
(40 min)

Time

Figure 15. Thermal protocol for isothermal crystallization.
1.2
.

0%
0.01%

1
Heat Flow (mW)

0.10%
0.8
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0.4
0.2
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10

20

30

40

50

60

70

80

90

Time ( min)

Figure 16. Heat flow vs. time for crystallization at 135°C for different iPP/CNT
nanocomposites, as shown on the legend. Data were taken by Lauren Wielgus.
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As we can see in Figure 16, increments in the percentage of MWCNT shift the
peak time of the exotherms to lower values and also reduces the full width at half
maximum (Figure 17). The crystallinity does not seem to be greatly affected with the
addition of the nanotubes. These values and the heat capacity are tabulated in Table 1.

Figure 17. Full width at half maximum. The narrowing in the width of the peaks as the
CNT concentration increases indicates that the carbon nanotubes are inducing more
homogeneous populations of crystals. That is, increasing CNT concentration makes
more semicrystalline grains nucleate and grow at the same time.

As the plots in Figure 16 suggest, adding MWCNT to the polymer increases the
rate of crystallization. This becomes more evident when we integrate the areas below the
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exothermic peaks. The cumulative integrals give the crystallinity of the sample as a
function of isothermal crystallization time. By diving the crystallinity at time t by the
crystallinity of the sample at t = ∞ , we obtain the relative crystallinity χc. A measure of
the speed of crystallization is the half-time τ1/2, the time it takes for the sample to reach
50 % of its total crystallinity. Figure 18 contains the relative crystallinity for the different
concentrations. Table 1 contains the half-times τ1/2 for the different concentrations.

Relative Crystalline Fraction

1

0.5

0%
0.01%
0.10%
1%
2%
5%

0
0

10

20

30

40

50

60

70

Time (min)

Figure 18. Relative crystallinity vs. time during isothermal crystallization at 135°C of
iPP with different MWCNT concentrations. (If printed in black and white: graphs from
left to right decrease in CNT %)
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Table 1. Thermal Parameters of iPP/CNT Nanocomposites†
a

†

b

c

d

e

CNT/iPP %

H C (J/g)

Peak time
(min)

FWHM
(min)

χc

τ1/2 (min)

0

87.4 ± 0.5

27.8 ± 0.1

25.9 ± 0.5

0.42 ± 0.01

21.2 ± 0.5

0.01

91.3 ± 0.5

19.4 ± 0.1

17.5 ± 0.5

0.44 ± 0.01

18.5 ± 0.5

0.1

92.2 ± 0.5

10.1 ± 0.1

8.3 ± 0.5

0.44 ± 0.01

9.3 ± 0.5

1

85.3 ± 0.5

5.2 ± 0.1

4.3 ± 0.5

0.41 ± 0.01

5.6 ± 0.5

2

77.7 ± 0.5

5.4 ± 0.1

5.5 ± 0.5

0.38 ± 0.01

4.7 ± 0.5

5

77.0 ± 0.5

4.8 ± 0.1

4.5 ± 0.5

0.38 ± 0.01

4.1 ± 0.5

Isothermal melt-crystallization at 135°C. Columns:

maximum of the curve;
crystallinity;

e

c

a

heat of crystallization;

full width at half maximum of exothermic peak;

d

b

time to

degree of

half time of crystallization.

In Figure 19 we can see that the half-time of crystallization drops when CNTs are
added to the polymer.

This is an indicator that either crystallization kinetics are

occurring at a faster rate in the presence of CNTs. The Avrami analysis below supports
this finding.
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Figure 19. Half-time of crystallization vs. CNT % concentration. There is clear drop in
the half-times as the percent of CNTs increases.

To quantitatively analyze the kinetics of crystallization under isothermal
conditions we use Avrami analysis (Avrami, 1940; Bogoeva-Gaceba, 1997). From the
linear plots of ln[− ln(1 − χ c )] vs. ln(t ) we can extract the Avrami parameter n which is the
slope of the lines for the different concentrations.

The y-intercept gives the

crystallization rate constant K. Figure 20 contains the Avrami plots for the composites
crystallized isothermally at 135°C and Table 2 has the obtained parameters.
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Figure 20. Avrami plots for the different iPP/CNT nanocomposites crystallized at 135°C.
(If printed in black and white: graphs from left to right decrease in CNT %)

Table 2. Avrami Parameters for iPP/CNT Nanocomposites†
iPP/CNT %
n
K (1/min)
0
3.1 ± 0.1
0.03 ± 0.01
0.01
2.8 ± 0.1
0.05 ± 0.01
0.1
3 ± 0.1
0.09 ± 0.01
1
3.3 ± 0.1
0.1 ± 0.01
2
3.5 ± 0.1
0.14 ± 0.01
5
3.8 ± 0.1
0.15 ± 0.01
†

Isothermally melt-crystallized at 135°C

The crystallization rate constant K increases as the MWCNT concentration
increases. As we can see in Figure 21, within the studied range of concentrations, K vs.
log(% CNT ) is close to a linear relation. The Avrami exponent increases when the CNT

concentration rises above 0.1% as Figure 22 shows. Other works in the literature find no
trend between n and the CNT concentration, but they fail to offer an explanation for

31

their findings (Bhattacharyya, 2007; Seo, 2005). For the lower CNT concentrations of
0%, 0.01%, and 0.1%, the Avrami exponent stays close to 3. This value means that the
crystalline grains have 3-dimensional geometry, and that all nucleation sites exist within
liquid phase when crystallization starts (Avrami, 1940).

Samples with the higher

concentrations 1%, 2%, and 5% produce values that monotonically get closer to n = 4. In
the Avrami theory this value corresponds to grains of 3-dimensional geometry, but now
nucleation sites randomly appear over a range of time (Avrami, 1940).

Figure 21. Crystallization rate constant vs. log of percent CNT concentration for
iPP/CNT nanocomposites melt-crystallized at 135°C. The positive slope indicates that
faster crystallization kinetics occur at higher concentrations of MWCNT.
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Figure 22. Avrami exponent vs. percent of CNT concentration.

On the glass transition: we explored the possibility that adding carbon nanotubes
would change the glass transition of the samples crystallized at 135°C. As we can see in
Figure 23, the addition of MWCNTs did lower Tg but there is no marked trend between
Tg and the amount of MWCNTs.
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Figure 23. Heat flow vs. temperature for the glass transition region of iPP/CNT
nanocomposites after isothermal crystallization at 135°C.
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CONCLUSIONS
During isothermal crystallization iPP crystals structures nucleated by CNTs are
fibrillar as opposed to spherulititic.

This morphology comes about as the lamellae

(Kodjie, 2006) impinge very early which prevents their growth in any direction but
perpendicular to the surface of the CNT as the sketch shows:

Spherulite in homopolymer
Rod-shaped structure
nucleated off the CNT

Figure 24. Proposed model for lamellar growth when MWCNTs are added to iPP.

We have shown that the azimuthal angle of the fibrillar crystals in isotactic
polypropylene melt-crystallized at 135°C is perpendicular to the long axis of the
crystalline structures. This compared to our ellipsometric results of iPP homopolymer
and can be characterized as a negative alpha phase. The crystallization rate constant K
increases exponentially as the CNT percentage increases which reveals that CNT doping
enhances the nucleation in iPP. This result is consistent with the decrease in τ1/2 as CNT
percentage increases. The results for the Avrami exponent n indicate that the phase
transition occurs at the boundaries of 3-dimensional structures for all concentrations we
studied. In the case of 1%, 2%, and 5% the value of n rises above three and tends to four.
We conclude that higher CNT concentration induces random nucleation over time as
opposed to nucleation occurring instantly upon supercooling. The decrease in FWHM as
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the CNT concentration increases points to a more uniform distribution the formed
crystals, similarly to observations from other authors (Grady, 2002).
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