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Introduction. Intense research has been focused on polymer
nanocomposites because of their potential to dramatically
enhance properties relative to neat polymer and to yield
multifunctional materials.1–36 Since their discovery in the early
1990s,37 carbon nanotubes (CNTs) have been extensively
studied as nanofillers1–26 because of their low density, high
aspect ratio, and excellent mechanical, electrical, and thermal
properties. However, major challenges remain in polymer/CNT
nanocomposites, especially related to CNT dispersion via
industrially scalable, environmentally friendly methods and
understanding the relationship between dispersion and optimal
properties. Several strategies have been studied to achieve well-
dispersed polymer/CNT nanocomposites, including melt mix-
ing,7–15 polymer/CNT blending in solvent (often with surface
functionalization and/or sonication pretreatment),16–21 and in situ
polymerization.22–24 Use of melt mixing alone often leads to
limited CNT dispersion in polymer. Blending polymer and
CNTs in solvent or in situ polymerization can lead to better
dispersion, but the former method is not environmentally
friendly and both methods have limited applicability and
scalability.

Here we employ a continuous, solventless, scalable process
called solid-state shear pulverization (SSSP)26,27,38–43 in con-
junction with melt mixing (MM) to produce well-dispersed
polymer/multiwall CNT (MWCNT) nanocomposites. With
SSSP, continuously generated deformation energy can be
partially stored in the solid-state material and then released by
creating new surfaces, resulting in dispersion. We have previ-
ously shown that SSSP with accompanying mechanochemical
effects can result in nanoscale mixing free from thermodynamic
limitations,43 immiscible blend compatibilization by in situ block
copolymer formation,39–41 and debundling/exfoliation of nano-
particles in nanocomposites.26,27 Limited, related effects have
been observed with batch, solid-state processing.25,32,44–46 In
particular, using a solventless, two-step SSSP-plus-MM process,
we show that heavily entangled, unmodified MWCNTs can be
well dispersed in polypropylene (PP). We achieve 50-57%
increases in Young’s modulus, the largest improvement in
Young’s modulus ever reported for unoriented, isotactic PP/
MWCNT nanocomposites.

Experimental Section. Polypropylene (Total Petrochemicals;
MI ) 2.0 g/10 min at 503 K and density of 0.905 g/cm3,
reported by supplier) and two types of MWCNT (Cheap Tubes;

CNT-1 and CNT-2 with 30-50 nm and <8 nm outer diameters
and 10-20 µm and 10-30 µm lengths, respectively, and 95+%
purity, reported by supplier) were used as received. Dry-blended
PP/CNT (1.0 wt %) mixtures were fed to a Berstorff ZE-25P
pulverizer with conditions (feed rate, screw speed, screw design,
∼273-290 K barrel temperature) selected to optimize CNT
dispersion for a range of conditions studied. References 40 and
43 provide details on SSSP processing and equipment. Melt
mixing of the SSSP product was done at 473 K in a cup-and-
rotor mixer (Atlas Electronic Devices MiniMAX molder) for
15 min at maximum rotor speed with three steel balls in the
cup.47,48 Hybrids made by SSSP or MM only used similar
conditions and CNT content.

Field-emission scanning electron microscopy (FE-SEM) and
tensile samples were prepared by compression molding at
493 K (see Supporting Information). Tensile properties (Sintech
20/G) were measured following ASTM D1708. Morphologies
of CNTs and cryo-fractured cross-sections were obtained via
FE-SEM (Hitachi S4800; 3 kV) after sputter coating (Cress-
ington 208HR) with gold/palladium. Isolated CNTs character-
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Figure 1. Field-emission scanning electron micrographs of carbon
nanotubes and nanocomposites: (a) as-received CNT-1 and (b) as-
received CNT-2, showing their highly entangled natures; (c) 99/1 wt
% PP/CNT-1 and (d) 99/1 wt % PP/CNT-2 made by SSSP only -
small white spots indicate ends of carbon nanotubes; (e) 99/1 wt %
PP/CNT-1 and (f) 99/1 wt % PP/CNT-2 made by SSSP followed by
melt mixingssmall white spots indicate ends of carbon nanotubes; low
magnification views of 99/1 wt % PP/CNT-1 indicating (g) the absence
of large agglomerates in samples made by SSSP followed by melt
mixing and (h) the presence of 10-100 µm agglomerates (whitish ovals
in the micrograph) in samples made by melt mixing only. (Note:
Micrographs c-h were taken on cryo-fractured surfaces. See Table 1
for exact CNT content in each nanocomposite or hybrid.)
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ized by FE-SEM were prepared by making a CNT suspension
in 50/50 w/w deionized water/2-propanol via low-level bath-
type sonication (Branson 1200) for 1.5 h with poly(sodium
4-styrenesulfonate) (Aldrich) as dispersant and casting on
plasma-treated Si wafers. Crystallization was measured at 411
K by differential scanning calorimetry (DSC; Mettler Toledo
822e) after annealing at 513 K for 5 min and quenching (50
K/min) to 411 K. The degradation temperature, Tdeg, and CNT
content49 were measured by thermogravimetric analysis (TGA;
Mettler Toledo 851e) in nitrogen atmosphere.

Results and Discussion. Figure 1 shows morphologies of as-
received CNT-1 and CNT-2 and the 99/1 wt % PP/CNT-149

and 99/1 wt % PP/CNT-249 hybrids after SSSP, after SSSP
followed by MM, and after MM only. As-received CNTs are
in ∼10 µm minimum-size agglomerates (see Supporting Infor-
mation). Parts a and b of Figure 1 illustrate the heavily entangled
nature of CNTs within these agglomerates, especially CNT-2.
In nanocomposites made by SSSP, the CNT agglomerates are
sharply reduced in size, forming loose structures interpenetrated
by PP (Figure 1, parts c and d). Subsequent MM yields finer
dispersion, with CNT-1 almost fully debundled into individual
tubes and CNT-2 as individual tubes or in sub-500 nm diameter,
loose agglomerates (Figure 1, parts e and f). These results
indicate that two-step SSSP-plus-MM processing yields disper-
sion that is a function of CNT dimensions and entanglements
in the as-received state. Thus, to achieve excellent dispersion,
the two-step process must be tailored to CNT characteristics.
In contrast, MM alone leads to little or no CNT dispersion. Parts
g and h of Figure 1 compare the absence of agglomerates in
PP/CNT-1 made by two-step processing with the presence of
10-100 µm agglomerates in PP/CNT-1 made via MM.

These conclusions are reinforced by PP crystallization kinet-
ics. Figure 2a shows that isothermal crystallization of PP/CNT-1
systems at 411 K occurs much more rapidly than in neat PP
because CNTs are nucleating agents for PP.9,11,19–21,25 Due to
poor dispersion, the melt-mixed hybrid exhibits the slowest
crystallization of the PP/CNT-1 systems. The nanocomposite
made by SSSP exhibits the broadest distribution of crystalliza-
tion times, with the first 10% of relative crystallization occurring
before 300 s and the last 5% occurring after 2200 s. This
distribution likely originates from the inhomogeneous structure
formed by SSSP, with loose CNT agglomerates interpenetrated
by PP leading to rapid, local crystallization and isolated regions
without CNTs to slow crystallization. In contrast, the nano-
composite made by two-step processing exhibits a symmetric,
sharp crystallization curve, reflecting its homogeneous disper-
sion. The fact that this nanocomposite exhibits less than 2.5%
relative crystallization at a 300 s crystallization time is consistent
with the absence of loose CNT agglomerates. These results also
indicate that characterization of isothermal crystallization half-
time (τ1/2) without consideration of the crystallization-time

distribution may lead to incorrect conclusions.50 With the
nanocomposite made by SSSP, τ1/2 ) 760 s; with the nano-
composite made by two-step processing, τ1/2 ) 820 s. Taken
alone, these data may suggest that SSSP yields superior
dispersion. However, the isothermal crystallization curves are
consistent with superior dispersion by two-step processing.50

Figure 2b shows that polymer thermal stability improves with
CNT dispersion. In neat PP, Tdeg ) 407 K. With PP/CNT-1,
Tdeg ) 422 K when made by SSSP and 434 K when made by
two-step processing. As shown in Table 1, higher Tdeg values
are obtained in PP/CNT-2, with the nanocomposite made by

Table 1. Mechanical Properties and Degradation Temperatures (Evaluated at 5% Mass Loss by TGA) for Neat PP and PP/CNT-149

and PP/CNT-249 Systems As a Function of Process Methoda

system processing

Young’s
modulus

(GPa)
yield strength

(MPa)
strain at

break (%)
stress at

break (MPa)
Tdeg

(°C)

none PP as obtained 1.03 ( 0.05 31.3 ( 0.8 790 ( 30 44.1 ( 2.2 407
PP/ CNT-1 MM only (1.0 wt %)b 1.26 ( 0.02 33.3 ( 0.0 283 ( 258 30.4 ( 5.0 424

SSSP only (0.93 wt %)b 1.40 ( 0.03 36.2 ( 0.2 841 ( 38 50.4 ( 2.0 422
SSSP/MM (0.93 wt %)b 1.54 ( 0.02 39.3 ( 0.7 663 ( 83 42.6 ( 3.7 434

PP/ CNT-2 MM only (1.1 wt %)b 1.34 ( 0.01 34.7 ( 0.3 38 ( 57 28.3 ( 8.9 428
SSSP only (0.92 wt %)b 1.44 ( 0.03 36.8 ( 0.6 793 ( 52 47.8 ( 2.5 434
SSSP/MM (0.92 wt %)b 1.62 ( 0.03 40.8 ( 0.9 673 ( 93 45.4 ( 5.2 446

a Note: Exact CNT content for each nanocomposite or hybrid was determined by TGA. b Exact values of CNT content in resulting nanocomposites and
hybrids as measured by thermogravimetric analysis.

Figure 2. (a) Isothermal crystallization curves at 411 K and (b)
thermogravimetric analysis data for neat PP and 99/1 wt % PP/CNT-1
nanocomposites as a function of process method. (Note: See Table 1
for exact CNT content in each nanocomposite or hybrid. Crystallinity
levels achieved in neat PP and nanocomposites are the same within
experimental error.)
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the two-step process yielding a 39 K increase in Tdeg relative to
neat PP. Thus, at equal CNT content, thermal stability is a
function of CNT dispersion and diameter.

Table 1 compares the tensile properties of the nanocomposites
with neat PP. The best property improvements are in nanocom-
posites made via two-step processing, with Young’s modulus
increasing by 50% and 57% and yield strength by 27% and
30% in PP/CNT-1 and PP/CNT-2, respectively. These increases
in Young’s modulus relative to neat PP are the largest reported
in unoriented, isotactic PP/MWCNT nanocomposite films.10,11,25

In contrast, hybrids made by MM exhibit much smaller
improvements in Young’s modulus and yield strength and major
deteriorations in strain at break. (Among the samples listed in
Table 1, differences in mechanical properties cannot be at-
tributed to the levels of PP crystallinity, which are identical
(46-49% via DSC) within experimental error.)

In order to compare the Young’s modulus in PP/CNT-1 made
by the two-step process to theoretical predictions for a nano-
composite with well-dispersed CNTs, we employed the Halpin-
Tsai model for short-fiber-reinforced composites.2,51 Micro-
graphs such as Figure 3a indicate that, before processing, the
CNT-1 lengths are 2-9 µm (smaller than the supplier-reported
10-20 µm),52 resulting in a representative aspect ratio of
∼140.53 This aspect ratio is represented by the vertical line in
Figure 3b. The intersection of this line in Figure 3b with the
Halpin-Tsai model curves51,54 assuming a CNT density of 1.3
g/cm3 (indicated as a minimum CNT density in ref 2) and CNT
moduli of 750 and 1000 GPa yields an estimated theoretical
upper bound of the modulus of PP/CNT-1 with homogeneously

dispersed CNTs. The intersection indicates that the upper bound
is ∼1.55 GPa, in excellent agreement with experiment (1.54
GPa). (Assumption of a CNT density exceeding 1.3 g/cm3 yields
a smaller predicted modulus from the Halpin-Tsai model,
meaning that our experimentally measured modulus is equal to
or greater than the value expected from the Halpin-Tsai model.)

Such quantitative agreement may reinforce conclusions that
PP/CNT-1 is well dispersed and that CNTs do not undergo
significant scission or shortening during SSSP. This agreement
may also be considered surprising, because wavy CNTs should
reduce the nanocomposite modulus in comparison to theory,55

which assumes straight, well-dispersed CNTs. A possible
explanation is related to the polymer-CNT interface. Ra-
manathan et al.16 used the presence of rigid interfaces in well-
dispersed poly(methyl methacrylate)/single-wall CNT nano-
composites to explain why the modulus exceeded the theoretically
predicted upper bound. Solid-state shear pulverization of PP/
CNT nanocomposites may lead to grafts of PP to the CNT,
originating from macroradical formation.41 Literature indicates
that after Soxhlet extraction of PP/MWCNT and natural rubber/
carbon black hybrids made by batch, solid-state processing,25,56

the fillers were coated with polymer, potentially consistent with
grafting polymer to filler. Any PP grafted to MWCNTs via SSSP
would facilitate stress transfer at nanocomposite interfaces,
enhancing Young’s modulus. Investigation of these issues and
studies as a function of CNT content, process conditions, and
use temperature are underway in PP and other polymer
nanocomposites, including polyethylene, poly(ethylene tereph-
thalate), and high-performance engineering polymers. Com-
parisons with well-exfoliated graphite nanocomposites made by
SSSP27 are also planned.
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