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Nanocomposites made from polypropylene and as-received graphite were prepared by solid-state shear
pulverization (SSSP) as a function of graphite loading (0.3e8.4 wt%). X-ray diffraction indicates that SSSP
employing harsh pulverization conditions yields substantial graphite exfoliation at 0.3e2.7 wt% graphite
content with less exfoliation being achieved at higher graphite content. With increasing graphite
content, thermal degradation temperature and non-isothermal onset crystallization temperature
increase substantially (by as much as 35 and 23 �C relative to neat polypropylene) while isothermal
crystallization half-time decreases dramatically. In contrast, Young’s modulus and tensile yield strength
exhibit maxima (w100% and w60% increases, respectively, relative to neat polypropylene) at 2.7 wt%
graphite content, with all nanocomposites retaining high elongation at break values except at the highest
filler loading. Electrical conductivity measurements indicate percolation of graphite at 2.7 wt% and
higher graphite content, consistent with rheology measurements showing the presence of a solid-like
response of melt-state shear storage modulus as a function of frequency. Significant tunability of graphite
exfoliation and property enhancements is demonstrated as a function of SSSP processing.

� 2010 Published by Elsevier Ltd.
1. Introduction

Polymer nanocomposites are ofmajor scientific and technological
interest because of the potential to achieve enhanced material
performance compared to neat polymer or conventional micro-
composites [1e55]. Ideally, with nanocomposites, a small quantity of
filler particles having a nano-length scale in at least one dimension is
dispersed in a polymer matrix. Under such circumstances, the
intrinsic properties of the nanofiller as well as the significant poly-
merenanofiller interfacial interactions altering the properties of the
polymer matrix [8e10] have the potential to result in outstanding
improvements in material properties, ranging from mechanical and
thermal robustness to thermal and electrical conductivity, depending
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on the choice of nanofiller. Many nanofillers can be considered for
nanocomposite fabrication and property enhancements, although
layered silicates [1e4,6,12e15], such as montmorillonite and
bentonite, naturally available as clay, and carbon nanotubes
[10,16e28,55], requiring chemical synthesis, have been among the
most heavily studied and reported. With both layered silicates and
carbon nanotubes, property enhancements are strong functions of
exfoliation and/or dispersion of the nanofiller. With few exceptions
[12], high levels of exfoliation and/or dispersion are generally very
difficult to achieve using industrially scalable approaches for mixing
unmodified polymer and unmodified nanofiller [56].

Over the past five years, there has been a renaissance in the
study of graphite, resulting in it becoming a nanomaterial of choice
for nanocomposite production. Bulk graphite [57,58] can be exfo-
liated into individual sp2-hybridized carbon layers (termed gra-
phene sheets) [59e65], which exhibit a combination of exceptional
physical properties, including Young’s modulus of w1 TPa [57] and
thermal conductivity of w5 � 103 W m�1 K�1 [64]. When appro-
priately incorporated into a polymer matrix, graphite has the
potential to be an excellent nanofiller, as the graphene chemical
structure is identical to that of carbon nanotubes and its stacked
sheet morphology is analogous to that of layered silicates.

mailto:j-torkelson@northwestern.edu
www.sciencedirect.com/science/journal/00323861
http://www.elsevier.com/locate/polymer
http://dx.doi.org/10.1016/j.polymer.2010.09.007
http://dx.doi.org/10.1016/j.polymer.2010.09.007
http://dx.doi.org/10.1016/j.polymer.2010.09.007


K. Wakabayashi et al. / Polymer 51 (2010) 5525e55315526
However, as made evident by reports on polymer (nano-)
composites made with graphite or graphene [29e55], exfoliation
and dispersion of nanoscale graphite layers and graphene sheets in
polymers are extremely difficult to achieve using conventional,
industrially scalable processing techniques and unmodified mate-
rials. These challenges may be even greater than those present with
layered silicates, because the typical interlayer spacing in unmod-
ified clay isw1 nmwhile the interlayer spacing of graphene sheets
in unmodified graphite is 0.335 nm [58]. The vast majority of
previous reports of polymer-graphite nanocomposites exhibiting
some improvement in properties relative to neat polymer involve
graphite that has been pretreated by heat, acid and other inter-
calating chemicals, and/or sonication and microwave radiation,
resulting in modified fillers [29e40,42e44,46,47,49,51e55] termed
expandable/expanded graphite, exfoliated graphite, exfoliated
graphite nanoplatelets, exfoliated graphite/graphene oxide, or
functionalized graphite/graphene sheets. However, even with filler
pretreatment and/or interfacial compatibilization, nanocomposite
fabrication by conventional melt processing techniques often
leads to (re)-aggregated morphology and/or only modest property
improvement.

Recently, an industrially scalable processing method called
solid-state shear pulverization (SSSP) was shown to yield fine
nanoscale dispersion and substantial exfoliation of 2.5 wt%
unmodified, as-received graphite in polypropylene (PP) [50]. The
SSSP process, which has also been applied to achieve in situ com-
patibilization of immiscible polymer blends [66,67], nanoscale
blends [68], exfoliation of clay [69] and debundling and dispersion
of carbon nanotubes [24e26] in polymer nanocomposites, exposes
the materials being processed near room temperature to high shear
and compressive forces leading to absorption of energy. When
sufficient energy is absorbed, the material will fracture and frag-
ment at its weakest location, which may lead to delamination or
exfoliation of filler consisting of layered sheets such as clay or
graphite. Here we present the results of the first study of the effect
of graphite content on a broad range of properties, including
thermal, electrical, rheological and mechanical, exhibited by poly-
mer nanocomposites made by SSSP. We also demonstrate the
strong effect of SSSP process conditions on selected properties of
the resulting nanocomposites.

2. Experimental section

2.1. Materials

Polypropylene was obtained from Total Petrochemicals (Atofina
PP-3277, MFI ¼ 1.8 g/10 min at 230 �C) and used as received.
Unmodified, as-received graphite was provided by Asbury Carbon
(average flake diameter ¼ 2 mm, surface area ¼ 113 m2/g), and used
without pretreatment. No solvents, modifiers, compatibilizers, or
processing aids were used.

2.2. Preparation of nanocomposites by SSSP

Polypropylene pellets and varying amounts of graphite particles
(0, 0.3, 1.0, 3.0, 5.0, and 10.0 wt% nominal) were manually dry-
blended in a container prior to being co-fed by a K-Tron Soder S-60
feeder into the Berstorff ZE-25P SSSP instrument. The SSSP appa-
ratus is a modified twin-screw extruder with 25-mm diameter
barrels and length to diameter ratio of 26.5. Unlike a conventional
twin-screwmelt extruder, the process occurs within cooled barrels
maintained well below room temperature (by a �7 �C ethylene
glycol-water mixture as the cooling medium) and in two distinct
processing regions along the pulverizer screw. The mixing region
involving conventional bilobe screw elements causes intimate
mixing between the filler and the polymer and coarse-grinds the
material, while the subsequent pulverization region with trilobe
screw elements further imparts high levels of shear and compres-
sive stresses, resulting in repeated fragmentation and fusion of the
material. Refs. [66e68] and [70] provide details on the SSSP process
and equipment. For this study, nanocomposites were processed
with a screw design involving two forward, three neutral, and one
reverse mixing elements and three forward, two neutral and two
reverse pulverization elements; the pulverization zone was setup
with narrower, 23-mm diameter barrels. Unless otherwise noted,
the material was processed through the SSSP instrument five times
(5-pass), which is considered a harsh processing condition
compared to the 1-pass processing case. A material feed rate of
w100 g/h and a screw speed of 300 rpm were employed, which
resulted in fine, uniformly black, powder output.

2.3. Characterization

A Mettler-Toledo 851e thermogravimetric analyzer (TGA) and
an 822e differential scanning calorimeter (DSC) were used for
thermal characterization. A standard 10 �C/min heating ramp was
employed in the TGA to monitor thermal degradation behavior
under a nitrogen atomosphere and to determine the actual
graphite content of the nanocomposites. Using a non-isothermal
10 �C/min cooling ramp, the onset crystallization temperature was
measured via DSC. Isothermal DSC measurements were also made,
which involved maintaining the specimen at 148 �C for 180 min
after quenching from the melt state and recording the heat flow as
a function of time; the crystallization half-time was determined
from the integrated heat flow as a function of time. Percent PP
crystallinity was evaluated by dividing the integrated area under
the DSC 10 �C/min heating curve of a sample isothermally crys-
tallized at 148 �C for a minimum of 180 min by the PP mass
fraction to calculate the heat of fusion (DHf) of PP in the sample;
this value was subsequently divided by the theoretical DHo

f of
100% PP of 207.1 J/g [71].

For mechanical property measurements, extreme care was
taken in consistent preparation of test specimens, as thermal
history and/or inconsistent exposure to high temperature may
affect crystallinity and in turn physical properties of polyolefins.
Upon pressing the polymer or nanocomposite sample in a brass
compression mold set in a PHI hot press at 210 �C for 5 min, the
mold assembly was transferred to a PHI cold press at 16 �C and held
for 5 min. The cooled specimen was then removed and stored at
room temperature for 12 h prior to being tested. Tensile test
specimens were prepared according to ASTM D1708; films of
w0.5 mm in thickness were molded, and dumbbell-shaped speci-
mens were cut out using a calibrated Dewes-Gumbs die. An MTS
Sintech 20/G tensile tester, equipped with a 100 kN load cell, was
operated at a crosshead speed of 5 cm/min for Young’s modulus,
elongation at break, and yield strength measurements. Impact
strength was measured using Tinius-Olsen IT504 pendulum tester,
in an unnotched Izod setup according to ASTM D4812; molded
rectangular specimens of 60.1 mm in length, 12.6 mm inwidth, and
3.4 mm in height were used.

Rheological characterization was conducted using a TA Instru-
ments ARES rheometer with 25-mm parallel-plate fixtures. A
dynamic frequency sweep from 0.01 to 100 rad/s was employed
and the material was maintained in a nitrogen atmosphere at
200.0 �C.

Electrical conductivity was evaluated on broken impact test
specimens, where the measurements were made across the width
of the slab. Although conductivity measurements are typically
made across thin sheets, often with surfaces polished, sanded or
etched, we have found that thinly pressed samples exhibited



Fig. 1. X-ray diffraction of neat PP pellet, pure graphite powder, and PP-graphite
nanocomposite series. Intensities of nanocomposite samples have been normalized by
making the total area under all PP crystal peaks (most peaks not shown) equal.
(Crystallinity levels of the PP in the nanocomposites were identical at determined by
DSC measurements).
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substantial orientation of nanofillers which strongly impacted the
measured conductivity; in contrast, the as-molded impact bars
allowed for nanofillers to be more isotropically oriented and
reflected true conductivity and the percolation threshold in iso-
tropically oriented nanocomposites. Copper strips of 40 mm �
3.4 mm � 0.1 mm dimension were used as electrodes, and liquid
silver (PELCO Colloidal Silver) was applied between the specimen
and the electrodes to ensure full electrical contact. The sample
assembly, sandwiched between two PMMA slabs and held in place
by screws, was subjected to a room-temperature frequency sweep
from 10�2e107 Hz with 0.1 V AC in a Solartron 1260 impedance
spectrometer, from which conductivity values (k) were calculated
from the real component of measured impedance.

X-ray diffraction (XRD) was performed on a Rigaku ATX-G,
operating with a Cu Ka radiation at 50 kV and 240 mA, on 1.6 mm-
thick melt-molded disc specimens; the goniometer was set at the
rate of 1�/min and scan width of 0.05�.

3. Results and discussion

3.1. Nanocomposite composition and X-ray diffraction data

Table 1 lists the PP-graphite series under investigation, with
actual graphite contents determined at a common reference
temperature of 550 �C from TGA profiles. (Neat PP is fully degraded
and volatilized at 550 �C while graphite is fully stable at this
temperature). The actual filler percentages of the nanocomposites
obtained as SSSP output are slightly lower than the nominal values
related to SSSP input of graphite powder relative to PP pellet. This is
explained by the fact that small levels of the graphite powder stick
to the metallic surfaces of the hopper, screws, and barrels during
nanocomposite fabrication. For the remainder of the discussion, the
nanocomposite samples are denoted as “PP-xG” where x denotes
wact (actual graphite content) in wt%.

Fig. 1 shows XRD data of the PP-G series processed by SSSP
under harsh processing conditions as well as those of neat PP and
neat graphite. For neat polymer and all polymer nanocomposite
samples, the specimen preparation method was consistent to
ensure comparable specimen dimensions and filler orientation. The
linear-scale X-ray intensity for the PP-G samples was normalized by
making the total area under all PP crystal peaks in the nano-
composites equal. (Crystallinity levels in the PP-G samples were
identical within error as determined by DSC measurements). First-
order confirmation of normalized PP-G XRD curves (b)e(f) in Fig. 1
is the characteristic PP (060) crystalline peak at 2qz 25.3� being of
equivalent magnitude. The XRD curve of pure graphite powder, was
acquired using a conventional powder mount, and was scaled to fit
in the figure. The graphite characteristic peak occurs at 2q z 26.3�,
corresponding to the inter-graphene sheet spacing of 0.338 nm
according to Bragg’s law. These values are comparable to the
accepted value of 0.335 nm in graphite crystallography [58].
Table 1
Thermal Property Measurements in PP-Graphite Nanocomposite Samples.

Samples Actual Graphite
Content wact (wt%)

Non-isothermal
Onset Crystallization
Temperature Tc (

�
C)

Isotherm
Half-Tim
s1/2 (min

Neat PP, Pellet 0 117 – b

PP-0.3G 0.27 131 46
PP-0.8G 0.81 135 33
PP-2.7G 2.7 138 23
PP-3.6G 3.6 139 16
PP-8.4G 8.4 140 12

a Crystallinity was measured upon heating after 180 min of isothermal hold at 148 �C
b No crystallization was observed after 180 min.
Comparison of the XRD data as a function of graphite compo-
sition reveals a general trend of increasing graphene peak height
(and ratio of graphene peak height to PP (060) crystalline peak
height) with filler loading, which is expected simply because of the
absolute content of graphite particles. The low-loading samples
(PP-0.3G and PP-0.8G) show virtually no visible graphite peak at
2q z 26.3�. It should be noted that the most highly loaded PP-8.4G
sample shows a comparable ratio of the PP (060) crystalline peak
height to the graphene peak height as a melt-processed 2.8 wt%
graphite PP composite [50]. This result signifies that the extent of
graphite platelet layering in the SSSP-processed 8.4 wt% graphite
nanocomposite is comparable to that of melt-mixed 2.8 wt%
graphite composite, which had little to no graphite exfoliation.
These results indicate that SSSP processing can lead to significant
exfoliation of graphite nanoplatelets in PP for a wide range of
graphite loadings, albeit with a decrease in the fraction of graphite
being in the exfoliated state with increasing graphite content as
characterized by XRD.
3.2. Thermal properties

Exfoliated and dispersed graphite nanoplatelets in the PPmatrix
are expected to influence physical properties of the resulting
al Crystallization
e, at 148 �C
)

Percent PP
Crystallinitya

Xc (%)

Thermal Degradation Temperature,
at 5 wt% Loss of Total Mass
Tdeg (

�
C)

– b 403
50.3 416
50.7 418
50.8 430
50.3 435
50.8 438

.
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nanocomposites. Table 1 summarizes how graphite content affects
crystallization kinetics in the SSSP-processed samples. Compared
with neat PP, the non-isothermal crystallization onset temperature
(Tc), measured at a 10 �C/min cooling rate, is 14e23 �C higher in the
nanocomposites, with a monotonic increase in Tc observed with
graphite content. Fig. 2a compares the non-isothermal crystalliza-
tion curves as measured by DSC. An increase in graphite loading
leads to wider, shallower exothermic curves with higher onset and
end crystallization temperatures; this indicates that the dispersed
graphite nanoplatelets not only act as seeds for faster nucleation but
also as barriers to the formation of large polypropylene crystallites.

A temperature of 148 �C was selected to allow for precise
determination of isothermal crystallization half-times (s1/2) in the
PP nanocomposites. Fig. 2b shows the DSC traces associated with
these measurements, with the resulting s1/2 values listed in Table 1.
At this temperature, s1/2 ranges from 46 min for PP-0.3G to 12 min
for the PP-8.4G. The extent to which the graphite nanoplatelets
serve as effective nucleation sites for crystallization is made clear
by the fact that neat PP exhibits no crystallization after 180 min at
148 �C. Isothermal crystallization measurements on neat PP con-
ducted at a much lower temperature of 135 �C result in a s1/2 of
59 min, which is larger than any of the s1/2 values measured in the
PP-graphite nanocomposites at 148 �C. These results demonstrate
that the graphite nanoplatelets serve as tremendously effective
nucleating agents for the crystallization of PP.

It is also noteworthy that the shapes of the isothermal crystal-
lization curves in Fig. 2b differ between lower and higher graphite
content nanocomposites. The samples with 0.3 and 0.8 wt%
graphite content exhibit highly symmetric, somewhat S-shaped
crystallization curves. In contrast, the samples with higher graphite
content rise more sharply at low crystallinity levels but have lower
slopes at higher crystallinity levels. These results are consistent
with the non-isothermal crystallization behavior and the fact that
Fig. 2. (a) Non-isothermal (10 �C/min) and (b) isothermal crystallization (148 �C)
curves for neat PP pellet and PP-graphite nanocomposites. Note that the isothermal
curve for neat PP pellet is not available because the sample did not develop any
significant level of crystallinity.
graphite nanoplatelets serve both as highly effective nucleation
sites and as barriers for growth of crystals.

The level of PP crystallinity in the nanocomposites, as measured
upon heating through the melt transition following the 148 �C
isothermal crystallization, was 50e51%, independent of graphite
content. (See Table 1). This crystallinity level is only slightly higher
than that obtained for neat PP (45%, measured upon heating for
a sample that had been cooled to room temperature). Similar
behavior has been reported in other semicrystalline polymer-based
hybrids [14,24] in which the neat polymer is highly crystallizable.

Fig. 3 compares thermogravimetric analysis data of neat PP, neat
graphite, and the PP nanocomposites as a function of graphite
content. The normalized sample mass is based on the original mass
at room temperature and thus is slightly less than 1.00 at 360 �C
(even for neat graphite) because of the loss of moisture and organic
impurities in the specimens. Graphite is shown to be extremely
thermally stable over a temperature range of 360e460 �C. In
contrast, neat PP exhibits a greater than 15% mass degradation and
volatilization upon heating in a nitrogen atmosphere over the
temperature range of 360e430 �C. The thermal degradation curves
of the nanocomposite series fall between those of neat PP and pure
graphite, with the curves gradually shifting outward from the neat
PP curve with increasing graphite content.

Table 1 reports thermal degradation temperature (Tdeg), which is
defined here as temperature at 5 wt% loss, for the PP-graphite series.
There are large increases of Tdegwith increasing graphite contentdby
27 �C with 2.7 wt% graphite and 35 �C with 8.4 wt% graphite. This
general behavior originates from the filler particles acting as thermal
and transport barriers in the polymer matrix. We note that care
should be taken in drawing comparisons of the increases inTdeg with
those reported in other studies of PP nanocomposites. This arises
from three factors: (1) the different temperature ramp rates that are
employed, (2) the different manners in which Tdeg may be defined
based on mass loss, and (3) the fact that Tdeg is usually a function of
any organic modification of the nanofiller.

3.3. Electrical conductivity and rheology

In contrast to many nanofillers, carbon-based nanofillers such as
graphite have the potential to yield an electrically conductive
Fig. 3. TGA curves of neat PP, pure graphite powder, and PP-graphite nanocomposites
in the region of onset thermal degradation (nitrogen atmosphere with a heating rate of
10 �C/min).



Fig. 5. Storage modulus as a function of angular frequency for a series of PP-graphite
nanocomposites (at 200 �C): (>) PP-2.7G via mild SSSP condition (1-pass); and (-)
neat PP after SSSP, (C) PP-0.3G, (:) PP-0.8G, (A) PP-2.7G, and (+) PP-8.4G via harsh
SSSP condition (5-pass).
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nanocomposite. Electrical conductivity correlates with the “connec-
tivity” of the carbon-based filler particles, which is necessary to
provide a pathway for electrical conduction across the samples. At
low nanofiller content, a potential prerequisite for achieving elec-
trical conduction is exfoliation and dispersion of the graphite nano-
platelets, with an additional prerequisite being that the dispersion
allows for the presence of a network-like structure of the nanofiller
across the sample. Electrical conductivity data of the nano-
composites, as determined by impedance spectroscopy measure-
ments, are presented in Fig. 4. Neat PPand PP-0.3G exhibited virtually
zero conductivity, and thus their data points are missing from Fig. 4.
In contrast, PP-0.8G exhibited an electrical conductivity on the order
of 10�9 S/cm while the higher graphite content nanocomposites
exhibited electrical conductivity on the order of 10�4 to 10�3 S/cm.
These results indicate that a percolation threshold is achieved in
these SSSP-processed samples between 0.8 and 2.7 wt% (0.3 and
1.1 vol%) graphite content. This is the lowest percolation threshold
achieved in polymer nanocomposites with unmodified, as-received
graphite. The relatively modest level of electrical conductivity ach-
ieved in the percolated samples is likely associated with the fact that
the as-received graphite used in this study has a reported neat-state
electrical conductivity of 6e7 S/cm. If graphite with higher electrical
conductivity was employed, it is likely that the achievable electrical
conductivity in the SSSP-processed samples would scale with the
electrical conductivity of the graphite.

Like electrical conductivity, melt-state shear storage modulus
(G0) is a property that is highly sensitive to the formation
a network-like structure in polymer nanocomposites [72]. Fig. 5 is
a logelog plot of storage modulus as a function of angular
frequency. Samples include not only the PP-0.3G, PP-0.8G, PP-2.7G,
and PP-8.4G processed under harsh SSSP conditions, but also two
others: neat PP that had been subjected to harsh SSSP processing
and a PP-2.7G sample processed under mild SSSP conditions. The
SSSP-processed neat PP sample was used for rheological charac-
terization to ensure impartial comparison with the SSSP-processed
PP-G series because moderate chain scission of the polymer can
occur during SSSP [73,74]. In particular, the SSSP-processed PP
exhibited lower G0 values than the original, non-processed pellet PP
(e.g., G0(10 rad/s, 200 �C) ¼ 25900 Pa for the non-processed PP vs.
8500 Pa for SSSP-processed PP).

Incorporating increasing amounts of graphite nanofillers
substantially increases G0, especially at low angular frequency.
However, the most dramatic effect is observed when the graphite
nanofiller content is increased from 0.8 to 2.7 wt% in the samples
made by harsh SSSP processing. Not only is there a major increase
in G0 with this increase in graphite content, but the slopes of the
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Fig. 4. Electrical conductivity of PP-graphite nanocomposites as a function of graphite
content. Note that neat PP and PP-0.3G samples were found to be non-conductive and
thus are not included in the plot.
curves at low frequency are very different. The neat PP, PP-0.3G and
PP-0.8G curves all exhibit slopes ofw2 at low frequency, indicating
that the nanocomposite melt behaves like a viscous liquid [75].
However, in the PP-2.7G and PP-8.4G samples made by harsh SSSP
processing, the rheological response changes dramatically to an
elastic solid-like behavior, with only a very limited reduction in G0

with decreasing angular frequency. This elastic solid-like response
is consistent with the development of a network-like structure
associated with nanofiller. Thus, the rheological data are in accor-
dance with the electrical conductivity data, indicating a percolation
limit in the nanocomposites made by harsh SSSP conditions of
between 0.8 and 2.7 wt% graphite.

Fig. 5 also compares G0 values for the PP-2.7G nanocomposite as
a function of SSSP processing. When subjected to mild SSSP pro-
cessing, the PP-2.7G nanocomposite exhibits behavior that is only
slightly more stiff than that of the PP-0.8G sample made by harsh
SSSP processing and that is consistent with a viscous liquid rather
than an elastic solid. This behavior indicates that the extent of SSSP
processing plays a key role in the exfoliation and dispersion of the
graphite nanofiller. In order to achieve a network-like structure of
nanofiller throughout the 2.7 wt% graphite hybrid, the pulveriza-
tion needs to be sufficiently harsh to yield high enough levels of
exfoliation and dispersion.

3.4. Mechanical properties

Table 2 summarizes the effect of graphite content onmechanical
properties of PP nanocomposites made by harsh SSSP processing.
Relative to neat PP, addition of 0.3 wt% graphite results in a w50%
increase in Young’s modulus and aw45% increase in yield strength
with little reduction in elongation at break or impact strength.
Young’s modulus and yield strength exhibit maximum values at
2.7 wt% graphite content,w100% andw60% above those of neat PP,
respectively. Although the modulus and strength decrease with
increasing graphite content above 2.7 wt%, they nevertheless
remain well above those of neat PP even at 8.4 wt% graphite
content. All nanocomposites maintain good ductility and high
elongation at break values except the sample with the highest



Table 2
Mechanical Property Enhancements in PP-Graphite Nanocomposites.

Samples Young’s
Modulus
E (MPa)

Yield
Strength
sy (MPa)

Elongation
at Break
3B (%)

Impact
Strengtha

W (J/cm)

Neat PP,
Pellet

910 þ/� 30 27 þ/� 1 810 þ/� 40 3.1 þ/� 0.5

PP-0.3G 1360 þ/� 250 39 þ/� 2 690 þ/� 100 2.4 þ/� 0.5
PP-0.8G 1480 þ/� 280 40 þ/� 2 740 þ/� 90 1.5 þ/� 0.5
PP-2.7G 1830 þ/� 140 43 þ/� 2 560 þ/� 60 1.2 þ/� 0.2
PP-3.6G 1270 þ/� 80 34 þ/� 2 380 þ/� 180 0.7 þ/� 0.7
PP-8.4G 1370 þ/� 70 33 þ/� 3 15 þ/� 4 0.6 þ/� 0.7

a Measured as absorbed impact energy per thickness.

Fig. 6. X-ray diffraction of ( ) PP-2.7G prepared by harsh SSSP processing and (eee)
PP-2.7G prepared by mild SSSP processing.

Table 3
Effect of Different Fabrication Methods upon the Thermal Properties for PP-Graphite
Nanocomposites at Two Filler Loadings.

Samples Fabrication
Method

Actual
Graphite
Content
wact (wt%)

Thermal Degradation
Temperature, at 5 wt%
loss of total mass
Tdeg (

�
C)

Isothermal
Crystallization
Half-Time,
at 148 �C
s1/2 (min)

PP-2.7G SSSP, harsh
(5-pass)

2.7 429 23

PP-2.7G-mild SSSP, mild
(1-pass)

2.7 420 42

PP-3.6G SSSP, harsh
(5-pass)

3.6 435 16

PP-3.6G-mild SSSP, mild
(1-pass)

3.6 422 31
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graphite content, PP-8.4G, which exhibits brittle behavior. Unsur-
prisingly, impact strength decreases substantially with increasing
graphite content.

3.5. Exfoliation and dispersion e effects of properties and tunability
by processing

A comparison of the thermal, electrical, rheological and
mechanical properties of the nanocomposites made by SSSP indi-
cate substantially different responses as a function of graphite
content. Crystallization temperature and half-time and thermal
stability change monotonically with graphite content, with the
greatest effect obtained at very low nanofiller content. Electrical
conductivity and rheological response also change monotonically
with graphite content, but with the most dramatic change occur-
ring at a graphite composition reflecting the percolation threshold.
Like thermal properties, tensile modulus and strength also exhibit
the most significant increases as low graphite content. But
unlike thermal properties, electrical conductivity and rheological
response, the tensile properties exhibit maxima at a composition of
2.7 wt% graphite. Thus, a number of different optimal graphite
compositions are possible depending on the intended (multifunc-
tional) use of the nanocomposites and the graphite exfoliation/
dispersion levels achieved during processing. When high levels of
exfoliation are achieved via SSSP [50] or chemical functionalization
of graphite oxide [64], many of the resulting graphite nanoplatelets
contain only a small number of individual graphene sheets, and
therefore are less mechanically robust cross-plane compared to in-
plane. Such nanoplatelets may not be embedded in the matrix in
a fully extended sheet form, but rather in more wrinkled forms
[39,50,60]. Such states of graphite nanoplatelets are not expected to
provide optimum mechanical reinforcement [76], which may
explain in part why the Young’s modulus value at 2.7 wt% graphite
loading is a factor of 3 below what is predicted by the upper bound
of a micromechanical model for this composite with appropriate
filler shape, content and orientation [42,50]. However, a part of this
difference between experiment and model predictions is surely
related to the extent of exfoliation in the nanocomposites, which,
based on the XRD data shown in Fig. 1, is known to be substantial
but imperfect in the 2.7 wt% graphite nanocomposite.

In order to address this issue further, we compared the effects of
SSSP process conditions on the exfoliation levels achieved in
selected PP-graphite nanocomposites and on several of their
resulting properties. Fig. 6 compares XRD data for nanocomposites
of identical graphite content, with normalization of data done
identically to those shown in Fig.1. The PP-2.7G samples weremade
by harsh SSSP processing and mild SSSP processing. The graphite
XRD peak height is substantially reduced by harsh SSSP processing
(by w30% relative to the sample made by mild SSSP processing),
indicating achievement of greater exfoliation. Consistent with this
determination are the rheology data shown in Fig. 5, inwhich the G0
data for the PP-2.7G sample made by mild SSSP processing are not
only substantially below those for the PP-2.7G sample made by
harsh SSSP processing, but also exhibit a liquid-like response rather
than a solid-like response at low frequency. Thermal character-
ization results presented in Table 3 show that the s1/2 reductions
and Tdeg enhancements are substantially greater in the harsh SSSP
samples for both sets of graphite loadings (2.7 wt% and 3.6 wt%).
Therefore, the degree of nanoplatelet exfoliation and the relevant
property enhancements can be easily tuned by controlling the
harshness of the SSSP process.

Lastly, our property characterization results draw attention to
the independent nature of exfoliation and dispersion of graphite
nanoplatelets in the polymer matrix. Previous work on PP-multi-
wall carbon nanotube composites has shown that the SSSP pro-
cessing can partially debundle the nanotube aggregates, with
subsequent melt mixing leading to further dispersion and debun-
dling of the nanotubes [24]. In a preliminary experiment, a 3.6 wt%
graphite nanocomposite was made by mild SSSP processing fol-
lowed by melt mixing at 240 �C in a bench-top batch mixer. This
combination of mild SSSP processing and melt mixing is adequate
to promote faster crystallization kinetics (s1/2 ¼ 13 min at 148 �C)
and higher degradation stability (Tdeg ¼ 448 �C) than those
obtained in PP-3.6G sample made by harsh SSSP processing alone.
We postulate that this even greater achievement of property
enhancement by the two-step processing route is caused by partial
exfoliation of the graphite nanoplatelets bymild SSSP, including the
presence of agglomerates of graphite interpenetrated by PP, and
subsequent relatively homogeneous distribution and dispersion of
the exfoliated particles by the melt-mixing process. Further
investigation is warranted and underway.
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