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ABSTRACT: Modulated differential scanning calorimetry (MDSC) was used to measure the complex specific heat of the crystallization

and melting transitions of nanocomposites of isotactic polypropylene (iPP) and carbon nanotubes (CNT) as function of CNT weight

percent and temperature scan rate. In the last few years, great attention has been paid to the preparation of iPP/CNT nanocomposites

due to their unique thermal and structural properties and potential applications. As the CNT content increases from 0 to 1 wt %,

heterogeneous crystal nucleation scales with the CNT surface area. Above 1 wt %, nucleation appears to saturate with the crystalliza-

tion temperature, reaching �8 K above that of the neat polymer. Heating scans reveal a complex, two-step, melting process with a

small specific heat peak, first observed �8 K below a much larger peak for the neat iPP. For iPP/CNT samples, these two features rap-

idly shift to higher temperatures with increasing /w and then plateau at �3 K above that in neat iPP for /w � 1 wt %. Scan rates

affect dramatically differently the neat iPP and its nanocomposites. Transition temperatures shift nonlinearly, while the total transition

enthalpy diverges between cooling and heating cycles with decreasing scan rates. These results are interpreted as the CNTs acting as

nucleation sites for iPP crystal formation, randomly pinning a crystal structure different than in the neat iPP and indicating complex

transition dynamics. VC 2013 Wiley Periodicals, Inc. J. Appl. Polym. Sci. 130: 587–594, 2013
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INTRODUCTION

Since their discovery in 1991,1 carbon nanotubes (CNTs) have

emerged as a new class of nanosized particles for incorporation

into various polymer systems, attracting considerable interest

from basic science and industry. As a result of the exceptional

intrinsic properties of CNTs, novel composite materials can be

envisaged, that exhibit unique property enhancements, at CNT

loadings much lower than in conventional composite technology.2

In the field of thermoplastic nanocomposites, reported property

enhancements include improved mechanical performance,3,4 high

thermal and electrical conductivity,5–7 increased crystallization

rate,8–10 and altered rheological behavior.11,12 However, a funda-

mental understanding of these nanocomposites is still lacking.

Because of its outstanding properties, low price, and wide

applicability, isotactic polypropylene (iPP) is among the most

well studied thermoplastics, with widespread application in

various composite materials. Over the years, iPP has been

reinforced with a wide range of fibers (e.g., carbon, glass, and

natural fibers), essentially aiming at improving its mechanical

performance. However, the emergence of CNTs as filler particles

has paved the way for potential new applications, in fields,

which so far have required the use of expensive custom synthe-

sized polymers. For instance, a potentially important application

is the use of nanocomposite films for the shielding of electro-

magnetic interference (EMI).13,14 The requirements of a material

for EMI shielding are manifold, as the film needs to be thin

and transparent, yet mechanically stable and displaying a suffi-

ciently high electrical conductivity. The use of CNTs as filler

particles in iPP may provide a way to fulfill these requirements,

as their incorporation simultaneously provides mechanical rein-

forcement as well as electrical conductivity. A prerequisite for

the latter, however, is the achievement of an electrically conduc-

tive percolating network of nanofiller particles, at low enough

loading to preserve the materials transparency.14

The phase transition behavior of iPP from the melt to the mes-

omorphic phase to the monoclinic crystal has been previously
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studied by traditional DSC.15 It has been long recognized that

the addition of CNTs significantly affects the crystallization

behavior and resulting crystalline morphology of the iPP ma-

trix. However, high resolution complex calorimetry beyond tra-

ditional DSC has not been reported for nanocomposites. The

CNTs were found to strongly nucleate iPP crystallization, result-

ing in a transcrystalline morphology.16–18 This highly oriented

columnar morphology, extending over the entire fiber-matrix

interface, is significantly different from the spherulitic crystal

growth commonly encountered in neat iPP. It is, however, gen-

erally not associated with polymorphism, unless when crystal-

lized from the sheared melt around a pulled fiber.19 The origin

of transcrystallinity has been the subject of intensive research

and is still a matter of debate. Its development is associated

with the high density of heterogeneously nucleating sites on the

fiber surface, restricting crystal growth to the direction perpen-

dicular to the fiber, with the crystal c-axis aligned in the fiber

long-axis.20 However, several additional factors are believed to

influence its formation, such as epitaxial crystal growth based

on lattice matching, surface energy, and topology of the fiber,

flow-induced crystallization, or residual stresses resulting from a

mismatch in the thermal expansion coefficients of fiber and

matrix.16

Transcrystallinity has also been encountered in a number of

other polymer nanocomposite systems. For instance, nylon-6

crystals were reported to grow perpendicular to dispersed clay

platelets,21 whereas CNTs were found to template the growth of

polyethylene crystals in a direction perpendicular to the nano-

tubes long-axis.22,23 Crystallization from dilute solution was

found to induce structures strongly resembling the ‘‘shish-

kebab’’ morphology in polyethylene and nylon-6,6.24 For iPP/

CNT nanocomposites, finally, several reports suggested the

occurrence of transcrystallinity, however without providing ex-

perimental evidence.9,25–28 Moreover, contradictory findings

subsist as to the possible occurrence of polymorphism in iPP

nanocomposites containing CNTs.26,29

In this study, we report on the complex calorimetry of crystalli-

zation and melting behavior of neat iPP and well dispersed iPP/

CNT nanocomposite thin films as a function of CNT content

and temperature scan rate. For the iPP/CNT samples, CNT con-

tent varied from 0.01 to 5 weight percent (wt %) and the base-

line temperature scan rate varied from 6 0.5 to 4 K min�1. In

all measurements, the crystallization and melting calorimetric

signatures were almost entirely nonreversible (imaginary) with

only a very small feature discernible in the reversible (real) spe-

cific heat component, indicating their strong first-order charac-

ter. The crystallization and melting temperatures, TC and TM,

increase as a function of CNTs concentration. The enthalpy of

crystallization and melting of the iPP/CNT samples increases

strongly with increasing CNT content, saturating for CNT con-

centrations above 1 wt %. These results provide strong evidence

that the CNT surface provides crystal nucleation sites for a dif-

ferent crystal phase than in the neat iPP, which becomes more

dominant as the CNTs content increases. We also present the

effect of temperature scan rates on the thermal evolution of

neat iPP and iPP/CNT nanocomposites revealing a nonlinear

driving of the transition temperatures and enthalpies. During

subsequent melting, recrystallization phenomena may occur

depending on the applied heating rate, the kinetics of which

will be discussed in terms of polymer chain segment mobility.

Following this introduction, Section ‘‘Material and Sample Prep-

aration’’ presents a review of the material and sample fabrica-

tion/handling along with a brief description of the calorimetric

methods. The calorimetric results are presented and discussed

in Section ‘‘Results and Discussions.’’ Finally, conclusions are

made and future directions suggested in Section ‘‘Conclusions.’’

MATERIAL AND SAMPLE PREPARATION

iPP with a molecular weight of about 38 kg mol�1 was obtained

from Scientific Polymer Products, catalog #130, in powder form

and has a crystallization temperature of 395 K and a melting

temperature of 433 K at a scan rate of 6 2.5 K min�1.30 Multi-

walled CNTs with diameter 140 6 30 nm and lengths 7 6 2

lm were purchased from MER Corporation and were produced

by catalytic chemical vapor deposition with a stated purity of

>90%. For further purification of CNTs, 1 g of the CNTs was

suspended in a mixture of concentrated sulfuric acid and nitric

acid (3 : 1 vol. ratio). This solution was placed in a Misonix

water bath sonicator for 24 h at 323 K. The resultant suspen-

sion was diluted with deionized water and filtered through a

400 nm pore membrane (PTFE) until the water passing through

the filter had a pH between 6 and 7. The dispersions were sub-

sequently filtered to the desired concentration. The resulting

CNTs had a pH of between 3 and 3.5 and were stable although

the surface of the CNTs suffers oxidative damage. Scanning elec-

tron microscopy analysis showed that the CNTs were shortened

between 30 and 40% of their original length, as expected given

this treatment.

Nanocomposites were prepared by sonicating CNTs in xylene at

323 K in a flask for 30 min. The iPP polymer was added to the

xylene containing the CNTs to form the different weight percent

concentrations of CNT in the nanocomposites for the study.

The solution was then heated and stirred by placing the flask in

an oil bath on a hot plate. Once the iPP was completely dis-

solved, the solution was mixed slowly into a nonsolvent (a polar

compound such as alcohol) with about a 5 � volume dilution.

The resulting precipitate was dried and then pressed into a film

using a compression molding hot press at a temperature of 473

K and pressure of 20.6–41.4 MPa. The samples were then crys-

tallized at 403 K for 30 min and cooled to room temperature

for handling.

Crystallization and melting thermographs of the polymer and

nanocomposites were investigated using a Model Q200 from TA

Instruments, under constant dry nitrogen flow after instrument

calibration. Small pieces cut from unsheared films (total mass

of 8–10 mg) were encapsulated in standard aluminum pans,

and heated quickly to the starting temperature of 470 K to

equilibrate for about 30 min. An empty aluminum sample pan

was used as the reference. Cooling and subsequent heating scans

were performed between 300 and 470 K at a baseline scan rate

60.5 K min�1 with a modulation time period of 60 s and a

modulation amplitude 0.5 K (effective modulation rate of 2p
(0.5 K)/(1 min) ¼ 61 K min�1). Scan rate effects were probed
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by maintaining the modulation parameters and varying the

baseline scan rate from 0.5 to 4 K min�1, again with cooling

followed by heating scans. All cooling and heating cycles were

repeated at least twice to ensure the reproducibility of the

results presented in this work.

The total specific heat is given by Cp ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
C

02
p þ C2

p

q
, where C

0
p is

the real and Cp is the imaginary parts of specific heat. The

excess specific heat was determined by choosing a linear baseline

over the entire temperature scan range (DCp ¼ Cp � Cbaseline).

The total transition enthalpy is simply the integration of the

excess specific heat over a consistent temperature range, for

example, DH ¼
R
DCpdT . The transition temperatures are taken

as the peak temperature of any DCp feature.

RESULTS AND DISCUSSIONS

Crystallization Behavior of iPP and iPP/CNT Nanocomposites

Figure 1 shows the total excess specific heat as a function of tem-

perature for neat iPP and iPP/CNT samples with /w from 0.01

to 5 wt %. The crystallization temperature for neat iPP occurred

at 400.08 K at the scan rate �0.5 K min�1 and 395.13 K at the

scan rate �2 K min�1, in good agreement with the literature

value.30 As the CNTs content increases, the DCp peak remains as

sharp as in neat iPP, only changing amplitude slightly. Further,

TC shifts upward by þ4.6 K for the 0.01 wt % sample and con-

tinues to increase with increasing /w reaching þ7.5 K at 5 wt %

of CNT. See top panel of Figure 2. In addition to the large DCp

peak associated with crystallization, there appears a small DCp

feature for the neat iPP �9 K lower in temperature. This feature

is likely the conversion to crystal of boundary regions between

initially formed crystal domains. See inset of Figure 1. With the

addition of CNTs, this small DCp peak generally decreases in size

and shifts closer to the main DCp peak as /w increases, reaching

�2.5 K below TC for the 2 wt % sample before disappearing in

the 5 wt % sample. These results are consistent with the CNTs

promoting the crystal phase and minimizing the delayed conver-

sion of domain boundary regions.

The upper panel of Figure 2 shows the upward shift in the crys-

tallization temperature TC and that of the small DCp feature

that reaches a plateau value, evidently suggesting saturation of

the nucleating effect. An upward shift in the crystallization

onset and peak temperatures is observed, even for CNT loadings

as low as 0.01 wt %, suggesting a high degree of crystal nuclea-

tion on the surface of the CNTs. The overall crystallization pro-

cess is enhanced as a result of the presence of CNTs, providing

a large number of nucleation sites. This results in an increase in

TC with respect to that of the homogeneously nucleated neat

iPP. The crystallization behavior dependence on multiwall nano-

tube loading, as well as the plateau value of the crystallization

onset, results from the increase in CNTs surface area as /w

increases. The fact that the crystallization onsets level off at

higher CNTs loadings and finally attain a plateau value is indic-

ative of nucleation saturation. An incomplete CNT exfoliation

at higher loadings provides a possible explanation, as poor

CNTs dispersion at higher mass fractions implies that the outer

surface of the nanotubes becomes increasingly inaccessible for

crystal nucleation. Incomplete exfoliation of CNT bundles may

be due to van der Waals interactions and nanotube clustering.

Alternatively, from a certain loading onward, the crystallization

rate may level off as a result of the fact that crystal growth

becomes the rate-determining factor. Further increasing the

Figure 1. The total specific heat DCp on cooling at �0.5 K min�1

through crystallization for neat iPP and iPP/CNT nanocomposites. See

legend for wt % CNT. Inset shows an expanded view of the low tempera-

ture wings revealing a very small DCp feature. See text for discussion.

[Color figure can be viewed in the online issue, which is available at

wileyonlinelibrary.com.]

Figure 2. The crystallization and melting temperatures of the isotropic to

mesomorphic a-monoclinic transition for neat iPP and iPP/CNT samples

as a function of /w taken at 6�0.5 K min�1. Top panel shows the large

crystallization DCp position (l) and the small secondary feature (n) on

cooling. Bottom panel shows the temperature of two melting features, TM,1

(&) and TM,2 (*) on heating. Lines are guides to the eye. [Color figure can

be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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loading does effectively increase the nuclei density, but under

the resulting time and temperature conditions crystallization

proceeds more slowly, resulting in a leveling off of the crystalli-

zation onset. The rate-determining factors can either be the

high crystallization temperature, resulting from the nucleating

action, and diminishing the thermodynamic driving force for

crystallization, or limitations in the diffusion of polymer chains

toward the growing crystal front. The latter might result from

reduced polymer mobility and from chain diffusion constraints

in a geometrically confined space, as the average interparticle

distance is reduced at higher loadings. With respect to the above

discussion on the crystallization of the iPP matrix, it is worth

noting that the nucleating action of CNTs, increasing the crys-

tallization temperatures by 8 K, is comparable to that of con-

ventional nucleating agents. Indeed, shifts of up to 15 K have

been reported after incorporation of sodium benzoate into

iPP.31 Moreover, saturation of the nucleating effects was also

observed for such conventionally nucleated systems31,32 and was

attributed to agglomeration of the nucleating particles due to

over-dosage, limiting the number of effective nuclei. A summary

of transition temperatures, enthalpies for crystallization and

melting for all samples on heating and cooling are given in

Table I.

Melting Behavior of iPP and iPP/CNT Nanocomposites

Figure 3 shows the total excess specific heat as a function of DT
¼ T�TM,2 for neat iPP and iPP/CNT samples with /w from

0.01 to 5 wt %. For clarity, the DCp traces are shifted upward

successively by 2 J g�1 K�1 and shifted in temperature with

respect to the final melting peak. The melting temperature

occurred for our neat iPP is 436.96 K at þ0.5 K min�1 and in

good agreement with the literature value of 433 K at þ2.5 K

min�1.30 As shown in Figure 3, melting of neat iPP appears to

proceed in a two-step process with a first order DCp peak at a

temperature TM,1 appearing first followed by a large first order

DCp peak at TM,2 on heating. The melting temperature TM,2

shifts upward by 3.8 K from 0.01 to 0.1 wt % samples and

remains same for higher loading of CNT content. See bottom

panel of Figure 2 for the /w behavior of TM,1 and TM,2. Clearly,

the presence of CNTs and the prior crystallization history have

dramatic impact on the melting behavior of the polymer ma-

trix. Whereas the neat polymer matrix unambiguously shows a

double melting DCp behavior, the shape of the melting DCp

progressively evolves toward single melting with increasing CNT

concentration. Indeed, the lower melting peak TM,1 progressively

shifts to higher temperature upon increasing the CNTs loading,

until it finally coincides with the higher melting peak TM,2 at 5

wt % CNT loading.

Multiple melting features are generally assumed to result from

polymorphism, from the successive melting of crystal popula-

tions with distinct degrees of perfection, or from the rapid suc-

cession of melting-crystallization-melting. The impact of CNTs

on the polymorphic behavior of iPP has been extensively

reported over the years. Some authors reported that CNTs can

induce crystallization of iPP in the hexagonal polymorphic,

instead of the more common monoclinic R-form.26 Since both

polymorphs display distinct melting temperatures, the observed

changes in the shape of the melting transition in the presence

of CNTs might potentially be the result of an altered balance

between crystal forms co-existing in the sample.32 This indicates

that the CNTs surface not only nucleates the crystal phase but

pins a particular crystal structures not common in neat iPP.

According to classical polymer crystallization theory, the melting

temperature of a crystal TM, is determined by its lamellar thick-

ness.33,34 The latter, however, is inversely proportional to the

super cooling below the equilibrium melting point T0
M. An

equation relating the observed melting temperature to the crys-

tallization temperature has been proposed, and the well-known

linear Hoffman-Weeks method,34 by which the equilibrium

melting temperature is determined as the intersection of the

experimentally recorded TM plotted against TC (with a slope

slightly below 0.5 in most cases) and the line TM ¼ TC (slope ¼
1). This diagram is typically constructed for isothermally crys-

tallized samples, but the strong nucleation in the presence of

CNTs allows a similar diagram to be constructed for noniso-

thermally crystallized samples. Here, the lower melting peak

temperature TM,1 and higher melting peak temperature TM,2 are

plotted as a function of the corresponding crystallization peak

temperature as shown Figure 4. The smaller DCp peak at TM,1

does very linearly with TC with a slope of 0.51 and yields a T0
M

¼ 481.5 K, which is higher than the T0
M commonly reported

for neat iPP.35 The larger DCp peak at TM,2 marking the final

melting point has a larger slope of 1.47 and a T0
M ¼ 329.9 K.

Clearly, on heating, the initial smaller DCp peak behaves in a

similar way as the melting in neat iPP and may represent

regions far from CNT surface having a crystal structure similar

to that in neat iPP. The final and larger DCp peak behaves in a

very different way with a T0
M for below that in neat iPP indi-

cating a crystal structure influenced by the CNT nucleation

sites. Modulated differential scanning calorimetry (MDSC)

Table I. Summary of the Crystallization Temperature TC, Total Crystallization Enthalpy dHC, Melting Temperature TM,2, and Total Melting Enthalpy

DHM for Neat iPP and iPP/CNT Nanocomposite Samples Using �0.5 K min–1 and the Quasi-static MDSC Parameters, See Text

/w (wt %) TC (K) TM,2 (K) DHC (J g�1) DHM (J g�11)

0.00 400.08 6 0.44 436.96 6 0.61 92.33 6 1.91 86.78 6 2.21

0.01 404.64 6 0.54 436.50 6 0.52 74.47 6 2.92 59.56 6 3.22

0.10 406.57 6 0.52 440.77 6 0.48 93.53 6 3.53 82.91 6 3.51

1.00 407.19 6 0.46 439.11 6 0.42 102.97 6 3.41 88.52 6 3.62

2.00 407.82 6 0.48 439.92 6 0.41 122.74 6 3.62 97.98 6 3.41

5.00 407.52 6 0.46 439.72 6 0.53 118.36 6 3.71 94.14 6 3.80

ARTICLE

590 J. APPL. POLYM. SCI. 2013, DOI: 10.1002/APP.39204 WILEYONLINELIBRARY.COM/APP

http://onlinelibrary.wiley.com/


allows for a more detailed study of possible crystallization and

melting phenomena. The real part of the specific heat is very

small compared with the imaginary part for both crystallization

and melting, both transitions being strongly first-order. On

melting, the total transition enthalpy decreases for /w ¼ 0.01

sample and then increases with increasing /w, saturating about

15 J g�1 above that for neat iPP at /w � 2 wt % (see Figure 5).

This indicates that the recrystallization phenomenon is progres-

sively suppressed with increasing CNTs concentration. A sum-

mary of transition temperatures and enthalpies for all samples

on heating and cooling are given in Table I.

Effect of Scan Rates on neat iPP and 2 wt % iPP/CNT

Since recrystallization essentially concerns the least perfect crys-

tals present in the polymer, and requires time to occur, it is the

sensitive to scan rate. The effect of increasing the cooling rate

from �0.5 to �4 K min�1 on DCp is shown in Figure 6. As the

cooling rate increases for the neat the iPP (see top panel of Fig-

ure 6), the large DCp peak shifts in temperature and eventually

decreases in height and broadens in width for the fastest cooling

rate of �4 K min�1. As the heating rate increases from þ0.5 to

þ4 K min�1, see Figure 7, the DCp traces do not shift in tem-

perature but evolve in shape. The smaller DCp peak at TM,1

sharpens and increases in size while the larger DCp peak at TM,2

broadens and decreases in size.

The effect of increasing the cooling rate from �0.5 to �4 K

min�1 on DCp is shown in Figure 6. As the cooling rate

increases for the 2 wt % iPP/CNT, see bottom panel of Figure

6, the large DCp peak shifts in temperature and eventually

decreases in height and broadens in width for the fastest cooling

rate of �4 K min�1. As the heating rate increases from þ0.5 to

þ4 K min�1, see bottom panel of Figure 7, the DCp traces shift

to lower temperature and also evolve in shape. The smaller DCp

peak at TM,1 sharpens and increases in size while the larger DCp

peak at TM,2 broadens and decreases in size.

The crystallization temperature (TC) and the melting tempera-

tures (TM) as a function of scan rates are shown in Figure 8.

The TC on cooling decreases �9 K for both neat iPP and 2 wt

% iPP/CNT with increasing cooling rates from �0.5 to �4 K

min�1. The TM upon heating decreases �2 K for both neat iPP

and 2 wt % iPP/CNT with increasing heating rates from þ0.5

to þ4 K min�1. The TC and TM show linear behavior for neat

iPP and nonlinear behavior for 2 wt % iPP/CNT. See in Figure 8.

Figure 4. Melting temperatures TM,1 (n) and TM,2 (l) plotted against

crystallization temperature for iPP filled with various loadings of CNTs.

Crystallization and melting temperatures were obtained from nonisother-

mal MDSC experiments and straight lines from linear regression. See text

for discussion. [Color figure can be viewed in the online issue, which is

available at wileyonlinelibrary.com.]

Figure 5. The total effective transition enthalpy of neat iPP and iPP/CNT

nanocomposites on cooling (l) and heating (*) as a function of /w.

Lines are guides to the eye. [Color figure can be viewed in the online

issue, which is available at wileyonlinelibrary.com.]

Figure 3. The total excess specific heat DCp traces recorded during heat-

ing runs at þ0.5 K min�1 through the melting region of the neat iPP and

iPP/CNT nanocomposites containing loadings of CNTs listed in the

legend. For clarity, the DCp traces are shifted upward successively by 2 J

g�1 K�1 with respect to the neat iPP trace. See legend for sample wt %

CNT. [Color figure can be viewed in the online issue, which is available at

wileyonlinelibrary.com.]
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Note that the extrapolated, zero scan rate, melting temperature is

TM(0) ¼ 437.81 K and crystallization TC(0) ¼ 401.25 K, given by

the dashed lines in Figure 8.

The effective transition enthalpy (DH) for both neat iPP and 2

wt % iPP/CNT as a function of scan rates is shown in Figure 9.

The DH increases by 8 J g�1 on heating and is approximately

constant as the function of cooling rate for neat iPP, whereas

the DH is approximately constant on heating and decreases by

20 J g�1 as a function of cooling rate for 2 wt % iPP/CNT sam-

ple. The effective transition enthalpy diverges between cooling

and heating cycles with decreasing scan rates. The enthalpy de-

pendence for neat iPP and 2 wt % iPP/CNT samples reversed

between cooling and heating. See in Figure 9.

For the neat iPP sample, recrystallization during fast heating is

largely suppressed, as opposed to the situation under slow heat-

ing. In the presence of CNTs, recrystallization no longer seems

to occur, resulting in a lower temperature of melting shown in

Figure 7. Unlike under slow heating conditions, this result sug-

gests that the final degree of crystal perfection remains lower in

the nanocomposite sample than in the neat material, an effect

even more accentuated for the rapidly cooled samples. Promi-

nent double melting behavior is observed in the neat iPP

sample, showing that the degree of crystal perfection after fast

cooling is lower than in the slowly cooled sample. The nano-

composite sample, however, exhibits single melting behavior for

higher scan rates, despite the much lower crystal perfection as

compared to low scan rate, with only a slight shoulder attesting

for recrystallization shown in Figure 7. Hence, the observed dif-

ferences in the melting temperatures of the nanocomposite and

neat iPP under fast heating conditions, convincingly show that

recrystallization in both is reduced. The suppression of recrys-

tallization is stronger in the nanocomposite than in the pure

iPP film. This becomes particularly noticeable under kinetically

unfavorable fast heating conditions, pointing at a reduced mo-

bility of the polymer chain segments in the presence of CNTs.

Figure 6. The total excess specific heat DCp on cooling from the isotropic

to mesomorphic to a-monoclinic transitions as a function of continuous

scan rate (K min�1) for neat iPP (top) and 2 wt % of CNTs (bottom).

For clarity, every 15th data point has been plotted. Quasi-static modula-

tion parameters were used; 0.5 K temperature modulation amplitude and

60 s heating period, while the cooling rate was varied from �0.5 to �4 K

min�1. See legend. [Color figure can be viewed in the online issue, which

is available at wileyonlinelibrary.com.]

Figure 7. The total excess specific heat DCp on heating from the meso-

morphic-a monoclinic to isotropic transitions as a function of continuous

scan rate (K min�1) for neat iPP (top) and 2 wt % of CNTs (bottom).

For clarity, every 15th data point has been plotted. Quasi-static modula-

tion parameters were used; 0.5 K temperature modulation amplitude and

60 s heating period, while the cooling rate was varied from �0.5 to �4 K

min�1. See legend. [Color figure can be viewed in the online issue, which

is available at wileyonlinelibrary.com.]

Figure 8. The main crystallization and melting transition temperatures as

a function for neat iPP [cooling (n), heating (&)] and for 2 wt % iPP/

CNT sample [cooling (l), heating (*)]. Lines are guides to the eye.

[Color figure can be viewed in the online issue, which is available at

wileyonlinelibrary.com.]
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However, when sufficient time is given to allow for crystal melt-

ing, reorganization, and subsequent recrystallization of existing

crystal lamellae, the degree of crystal perfection can attain a level

comparable with that in neat iPP. Potentially important factors

capable of kinetically suppressing the recrystallization phenomena

under the conditions chosen are the occurrence of polymer-CNT

interactions, increases in viscosity, and effects related to geometri-

cal confinement. Even though van der Waals interactions between

iPP and CNTs are rather weak, they may affect the polymer crys-

tallization since it is known to be extremely sensitive to subtle

changes in the chain segment mobility. Therefore, even the weak-

est interactions might cause changes in the recrystallization

behavior, especially in view of the tremendous interfacial area

provided by the CNTs. Viscosity increases related to the forma-

tion of a percolating network of CNTs might equally affect the

recrystallization behavior. Finally, geometrical confinement needs

to be considered as the average distance between well dispersed

CNTs becomes much smaller than the typical radius of gyration

of the unperturbed polymer, hence also influencing its local seg-

mental mobility and potentially hampering recrystallization phe-

nomena. This was already noticed with respect to the nucleating

action of the CNTs as well as in relation to their effect on the

melting behavior of the matrix polymer. A key reason for their

accentuated influence on the polymer in the considered nano-

composites is the much higher surface area they provide at equal

mass fraction. Consequently, CNTs are also believed to more

strongly affect the recrystallization behavior of iPP upon heating,

as experimentally conformed at low heating rates shown in Fig-

ure 7. For higher heating rates, recrystallization is completely

suppressed in the presence of CNTs, resulting in a lower melting

temperature as compared to neat iPP.

In the CNT filled system, a slight shoulder at the low tempera-

ture end of the transition still accounts for some extent of

recrystallization, but the crystalline perfection still does not

reach that obtained in the neat material at the lowest rate. After

the fastest cooling rates in this study, neat iPP shows clear dou-

ble melting behavior for subsequent heating. Moreover, a slight

shoulder at the low temperature end of the melting transition

indicates that some of recrystallization even persists up to the

highest heating rate. The recrystallization might be fully sup-

pressed at even higher heating rates. For the first time, these

observations therefore unambiguously evidence some degree of

kinetic hindrance in CNT-filled iPP systems, because of altera-

tions in the local mobility of the matrix polymer, induced by

the surface of the CNTs. On the basis of the observation of an

altered crystallization, melting, and recrystallization behavior, it

is also anticipated that the presence of CNTs affects the local

morphology of the polymer matrix, resulting in a very specific

crystalline microstructure characteristic for the considered

nanocomposite materials. A summary of transition tempera-

tures, enthalpies on cooling and heating rates for neat and 2 wt

% iPP/CNT samples are given in Table II.

CONCLUSIONS

The CNTs act as a strong nucleating agent for crystal growth.

CNTs displayed nucleating effect comparable to that of

Figure 9. The total effective transition enthalpy as function of scan rate

for neat iPP [top panel: cooling (n) and heating (&)] and for the 2 wt

% iPP/CNT sample [bottom panel: cooling (l) and heating (*)]. Lines

are guides to the eye. [Color figure can be viewed in the online issue,

which is available at wileyonlinelibrary.com.]

Table II. Summary of the Crystallization and Melting Temperatures, Total Effective Transition Enthalpies, and DCp Peak Height (ht) for Neat iPP (top)

and 2 wt % iPP/CNT Sample (Bottom) as a Function of Baseline Temperature Scan Rates

/w (wt %) 6Rate (K min�1) TC (K) TM (K) DHC (J g�1) DHM (J g�1) ht (J g�1 K�1)

Neat (iPP) 0.5 400.08 6 0.20 436.96 6 1.89 96.16 6 0.80 98.03 6 0.90 21.91

1.0 397.89 6 1.60 436.70 6 1.90 96.42 6 0.85 100.81 6 0.85 21.41

2.0 395.13 6 1.80 435.32 6 1.70 96.80 6 0.90 99.50 6 0.75 18.56

4.0 390.90 6 1.90 434.94 6 1.65 96.27 6 0.87 106.20 6 0.80 13.55

2 wt % 0.5 407.82 6 0.21 436.96 6 1.00 142.76 6 2.60 112.66 6 2.10 25.48

1.0 404.97 6 1.62 438.89 6 1.50 140.67 6 2.50 106.20 6 2.12 26.07

2.0 402.12 6 1.80 438.66 6 1.40 127.27 6 2.80 112.50 6 2.40 21.64

4.0 398.90 6 1.92 434.30 6 1.30 121.00 6 2.90 108.35 6 2.20 15.89
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traditional nucleating agents. An increase in the melting temper-

ature after nonisothermal crystallization pointed at a higher

degree of crystalline perfection in the presence of CNTs. The

complex multiple melting behavior was interpreted in terms of

recrystallization phenomena occurring during heating. A

detailed MDSC study at varying cooling and heating rates

revealed the partial suppression of crystal thickening as a result

of reduced polymer mobility at fast cooling rates. In this article,

a widely used commercial polymer is studied to gain wide

applicability of the results. The CNTs used in this study are also

commercially available, which means that they can be easily

employed by the industry. The combination of these two impor-

tant materials has many practical applications that require a

deeper understanding of the thermo-physical properties and

their connection to the microscopic order.
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