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Petra Pötschke
Leibniz Institute of Polymer Research Dresden, Department of Polymer Reactions and Blends,
D-01069 Dresden, Germany

(Received 17 February 2010; accepted 2 March 2010)

We report the quasistatic tensile and impact penetration properties (falling dart test) of
injection-molded polycarbonate samples, as a function of multiwall carbon nanotube
(MWNT) concentration (0.0–2.5%). The MWNT were incorporated by dilution of a
commercial MWNT/polycarbonate masterbatch. The stiffness and quasistatic yield strength
of the composites increased approximately linearly with MWNT concentration in all
measurements. The energy absorbed in fracture was, however, a negative function of the
MWNT concentration, and exhibited different dependencies in quasistatic and impact tests.
Small-angle x-ray scattering (SAXS) showed that the dispersion of the MWNT was similar
at all concentrations. The negative effects on energy absorption are attributed to agglomerates
remaining in the samples, which were observed in optical microscopy and SAXS. Overall,
there was a good correspondence between static and dynamic energy absorption.

I. INTRODUCTION

Carbon nanotube composites are a topic of intense
interest, motivated by the potential for enhancements
of mechanical stiffness and strength,1,2 vibrational
damping,3–5 and other properties,6,7 in polymer matrices.
With respect to mechanical properties, attention has
primarily been focused on quasistatic characterization,
such as tensile,8–12 dynamical mechanical,5,12,13 or crack
toughness13 measurements. Here, we focus on the impact
response of polycarbonate (PC) nanocomposites.

The influence of carbon nanotubes (CNTs) on PC
impact properties has not been reported. PC itself is
well known for excellent impact energy absorption. Previ-
ous work has used Izod and Charpy tests,14–20 Taylor
impact,21,22 plate and drop impact,23 split Hopkinson pres-
sure bar (SHPB) in compression24,25 and tension,26 falling
dart,27 ballistic,27 and projectile penetration28 measure-
ments. The effects of nanofillers are less well studied.
Particles of polyhedral oligomeric silsesquioxanes (POSS)
were shown primarily to suppress the b-transition of poly-
carbonate in SHPB measurements, thereby decreasing the
high strain rate dependence of the yield stress.25

Many aspects of a falling dart (penetration) test can be
explained in terms of tensile response.29,30 This connec-
tion suggests that quasistatic tensile data should offer
insight into falling dart results. Given the extensive stud-
ies of quasistatic mechanical properties, it is important to
link these to impact studies.
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We compared the quasistatic tensile and impact me-
chanical properties of multiwall CNT (MWNT) compos-
ites of PC. We examined the effects of extrusion and of
MWNT concentration near the electric and rheological
percolation threshold of approximately 1–2%.13,31 Ten-
sile tests were used to characterize the quasistatic, and
falling dart tests the impact response. For the latter, we
used the concept of an impact modulus to compare elas-
tic properties.

We used optical microscopy and small-angle x-ray
scattering (SAXS) to characterize the MWNT morphol-
ogy and dispersion as a function of concentration.
The linking of these methods allows us to characterize
morphology over length scales from 1 nm to 1 mm. Of
particular interest is a new scanning SAXS analysis that
is used to investigate the effects of extrusion on the
dispersion of MWNT as a function of position in the
extrudate.

II. EXPERIMENTAL

A. Composite preparation

The composite materials were prepared by melt
mixing using a Micro 27 twin-screw extruder (Leistritz)
with a length-to-diameter (L/D) ratio of 36. A
masterbatch containing 15 wt% MWNTs in polycarbon-
ate, as provided by Hyperion Catalysis International
(Cambridge, MA), was diluted using polycarbonate
Lexan EXL6013 88225 (General Electric, now Sabic
Innovative Plastics Europe), which is commonly used in
high-impact applications, and contains a titania whiten-
ing agent. The nanotubes in this masterbatch are pro-
duced by chemical vapor deposition (CVD) and are
characterized by diameters between 10 and 15 nm and
pristine lengths between 1 and 10 mm. They were not
purified before mechanical mixing in the masterbatch,
so that small quantities of support and catalyst material
from the CVD process were present in the masterbatch.
Compounding was done using a screw speed of 200 rpm
and a throughput of 10 kg/h using a standard screw for
polycarbonate. The temperature profile ranged between
290 �C near the hopper to 270 �C at the die exit. The
materials were added as granular premixtures after dry-
ing at 120 �C for at least 4 h in vacuum. The strands were
extruded in a water bath and pelletized. Samples with
final MWNT concentrations of 1.5%, 2.0%, and 2.5%
were produced; for comparison, a sample of pure poly-
carbonate (designated 0.0%) was also extruded. The
0.0% samples were white and samples with MWNT
black in color, all being opaque.

B. Injection molding

Injection molding was done using an Ergotech 100/
420-310 injection molding machine (Demag), for which

the melt temperature was 280 �C, the tool temperature
was set to 100 �C, and a medium injection velocity was
selected. The sample shapes were plates with dimensions
of 80 � 80 � 3 mm3 and 80 � 80 � 4 mm3 and were
injected by slits in pairs. An additional sample without
MWNT was molded without prior extrusion, and is des-
ignated “NE” (not extruded).

C. Optical micrographs

Sections with a thickness of 5 mm were cut from the
center of a 3-mm-thick plate of each composition using a
Leica 2055 microtome (Leica Mikrosysteme Vertrieb
GmbH, Bensheim, Germany) at room temperature and
were fixed with Aquatex on glass slides. The optical
microscopy investigations were performed using a BH2
microscope and a DP71 camera (Olympus Deutschland
GmbH, Hamburg, Germany) at various magnifications to
detect agglomerates.

D. Small-angle x-ray scattering

SAXS measurements in transmission were carried
out at beamline X12SA of the Swiss Light Source,32 with
3-mm-thick plates as samples. Each sample was mea-
sured at 80 � 76 matrix of points 1 mm apart, along and
perpendicular to the injection direction, respectively. The
sample was scanned continuously, at a wavelength of
1.000 Å, an exposure time of 0.1 s per point collected
during the sample motion, and a constant x-ray flux of
approximately 1012 s�1 focused onto a spot of approxi-
mately 24 � 8 mm2. A pilot study had shown that expo-
sures of ½ and 5 times the present levels produced no
detectable damage of the samples in SAXS or visually at
the sample surface, which was also found in the current
measurements; the agreement between those and the
present results is excellent. The variations in scattering
profile from position to position on the sample were
minor. The images of the 6080 resulting x-ray patterns
were each collected on a two-dimensional (2D) detector
and directly stored for analysis. The images were then
corrected for missing pixels by symmetry, and integrated
azimuthally to yield the scattering intensity as a function
of scattering vector and position on the sample. All anal-
ysis was carried out with MATLAB 7.3.0 for Windows.

Ultra-small-angle x-ray scattering (USAXS) was car-
ried out at the 32-ID-B beam line of the Advanced
Photon Source (APS), Argonne National Laboratory,
Argonne, IL. The USAXS instrument covers a much
larger range of scattering angles and also measures the
intensity on an absolute scale. The double-crystal instru-
ment produces slit-smeared data, which were desmeared
using APS routines. The x-ray wavelength was 1.00 Å.
An air blank was subtracted from all the USAXS scatter-
ing patterns.
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E. Tensile testing

Quasistatic tensile tests were performed according to
EN ISO 527-2 on a universal testing machine (Zwick
Z010, Ulm, Germany). A 10-kN load cell and a mechan-
ical extensometer with gauge a length of 25 mm were
used. The measurements were performed at a constant
crosshead speed of 2 mm/min under standard climate
[23 �C/50% relative humidity (RH)] after conditioning
for at least 24 h. The nominal specimen dimensions of
type 1BA were 55 mm free length and 4� 5.5 mm2 cross
section. To study the effects of tension parallel and per-
pendicular to the flow direction, five specimens were
machined out of each of two 4-mm-thick injected plates
for a given material preparation; they were 14.2 mm
wide at the ends and 80 mm in total length, and were
evenly distributed across the plates, separated by 2 mm.
The samples were numbered as follows: (i) in the parallel
direction, samples 1 and 5 were taken from the sample
edges and sample 3 from the middle, with 2 and 4
between; (ii) in the perpendicular direction, sample 1
was closest to the injection slit and 5 furthest away. The
yield stress smax is calculated at the first maximum in the
data, and the energy absorbed, or toughness, is the inte-
gral of the force–strain curve.

F. Falling dart measurements

Instrumented punch measurements were carried out
using falling dart equipment (FractoVis Driven Mass
falling dart: Ceast, Italy). The tests were performed
according to ISO 6603 Part 2, with a dart total weight of
8 kg, tip diameter 20 mm, and support diameter 40 mm.
The specimens were unclamped. Oil was not used on the
dart tip. The initial impact speed was 12 m/s, corre-
sponding to kinetic energies in the range of 580 J. The
nominal specimen dimensions were 80 � 80 � 3 mm3.
The load and displacement were recorded as a func-
tion of time and converted into load–displacement and
energy–displacement curves. Three specimens per com-
posite type were investigated.

To analyze the falling dart results in terms of sample
stiffness, we considered the nature of the deformation
process and the resulting curves. Nimmer29,30 showed
that the deformation behavior exhibits analogies to a
quasistatic tensile test, with primary qualitative differ-
ences attributable to the axisymmetric geometry and the
deformation across the dart head, and quantitative differ-
ences due to rate-dependent yield stresses. Figure 4 of
Ref. 33 illustrates a typical measurement with high-speed
photography linked to a force–time curve, and Fig. 5 of
Ref. 29 sketches the stretch states and distortions. Two
stages of deformation are relevant for the present goals.
(i) The dart, or striker, head initially deforms the portion
of the sample in the immediate vicinity of the contact,
inducing a 2D thinning and spreading of the material.

(ii) When the portion of the sample in contact with
the striker head strain hardens, an annular area around
it is distorted. These stages are reflected in the ob-
served material shapes after the measurement.30,33 The
response of the material is complex due to the contin-
uously changing geometry of the contact and surround-
ing sample, including relative motion. Nevertheless, the
initial stress–strain relationship is linear,29,30,33 and a
second linear portion can often be observed.29,30,33 In
keeping with this observation, one may assume that
much of the response is elastic, as found in simulations
of ABS.34 The second linear region of the force–defor-
mation curve can also be assumed to be largely elastic.29

We chose therefore to analyze the slopes of both portions
of the force–deformation data as measures of the elastic
modulus in the falling dart measurements.

III. RESULTS AND DISCUSSION

A. Optical micrographs

Because the present base polymer was of a different
grade than in previous studies31,35 and contained a whit-
ening agent, it was necessary to check the quality of
nanotube dispersion and distribution. Optical microscopy
investigations (see Fig. 1) revealed for the 0.0% sample
that the whitening agent does not lead to agglomeration
on that scale. Despite a seemingly good general disper-
sion and distribution of the nanotubes, however, some
remaining agglomerates are visible at all MWNT con-
centrations. These agglomerates increase in number and
size with concentration and can be up to 60 mm in diam-
eter. On the basis of previous experience with such
masterbatches,35 we assume these objects to be incom-
pletely dispersed masterbatch agglomerates. Thus, we
expect the nanotube concentration within the dark areas
to vary between 15 wt% (masterbatch concentration) and
the desired concentration. Obviously, the extrusion con-
ditions used for the present masterbatch dilution, which
were similar to those in Ref. 35, did not lead to perfect
agglomerate dissolution, an observation that is confirmed
by SAXS.

B. Small-angle x-ray scattering

Figure 2 displays the SAXS data summed over all
points on the sample. SAXS is sensitive to charge density
variations of the order of 2p/q. The scattering is not
affected by extrusion, since both curves for pure PC
(0.0% and NE) overlap almost perfectly. This level of
reproducibility is also found when comparing different
plates at the same concentration, suggesting a high
level of control in the sample preparation. We found
that the masterbatch-induced scattering, deduced by
subtracting the signal for the pure sample, is proportional
to masterbatch concentration. This observation implies
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that there are no qualitative differences in the MWNT
dispersion or in the MWNT-induced matrix structuring
among the concentrations studied at the scattering length
scales.

The USAXS data shown in Fig. 3 confirm that scatter-
ing below 0.01 Å�1 is dominated by the polycarbonate
matrix and are consistent in the range of overlap with
Fig. 2. In addition, all of these data show a Guinier
rollover around 0.001 Å�1. The low-q region of the
matrix material (0%, EXL6013) was analyzed first. The
data were fit to a unified function36 to extract the radius-
of-gyration and the power-law slope at high q. The radius
of gyration is 1960 Å, corresponding to a hard-sphere
radius of 0.25 mm, a reasonable size for titania whitening
agents.

Porod analysis37 was also carried out on the USAXS
data for the matrix material to extract the titania particle
interfacial area from the Porod constant, B, measured in
the power-law region where the intensity (I) follows
Porod’s law (I � B/q4) and the invariant (Qinv), which is

obtained from an integral over q2I(q). The derived interfa-
cial area per unit volume and equivalent hard-sphere radius
of the particles are then Sv ¼ pBf/Qinv ¼ 0.11 m2/cm3

and Rhard ¼ Qinv/pB ¼ 0.073 mm, respectively. The vol-
ume fraction, f, of the titania can be obtained from the
invariant and the contrast in the scattering length density,
Dr, which depends on the mass densities and composi-
tions of the titania and matrix phases. Assuming a density
of 4.22 g/cm3 for titania and 1.18 g/cm3 for the matrix
(C16H14O3), f ¼ 2p2Qinv Dr2 ¼ 0.0027. The particle
radius derived from the Porod constant is smaller than
that derived from the Guinier radius (Rhard ¼ 0.253 mm)
because of the broad size distribution of the titania parti-
cles; the former is sensitive to the small particles and the
latter is sensitive to the large particles.

FIG. 1. Optical micrographs of 5-mm-thick slices taken from the cen-

ter of 3-mm-thick plates of the indicated compositions (note the dif-

ferent scales left and right).

FIG. 2. SAXS data for the indicated samples. Note that the sample at

0.0% without extrusion (NE) strongly overlaps that of the extruded

sample at 0.0%, so that the latter is plotted with larger markers. (color

online)

FIG. 3. USAXS data for the same samples as in Fig. 2. The upturn at

small q is probably due to surface irregularities. This region is ignored

in the analysis. (color online)
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To study the effect of carbon, the 2.5% sample was
analyzed in detail (Fig. 4) by subtracting the 0% data and
fitting to various models for CNTs, ignoring the 18-Å
feature at high q. The low q cutoff was chosen to exclude
data for which the effects of surface and titania particle
scattering were important. Since the limiting slope at low
q is not �1, no rigid-rod or rigid-tube model can fit the
data. Because the arrangement of the CNTs can be com-
plex, we focused on deriving a general picture based on
simple, established models. To account for flexibility
and disorder in the MWNTs, we fit to fractal rod and
fractal tube models.38,39 These models assume rodlike
behavior for distances less than a persistence length and
random fractal character for length scales larger than the
persistence length. In both cases, however, the best fit is
achieved with the persistence length comparable to the
diameter of the rods in the model, which, within our
assumptions, implies there is no rodlike character at all.
The fractal rod model is shown in Fig. 4. The fact that we
can fit the data with reasonable parameters implies that
the scattering does arise from carbon. The nanotubes,
however, are highly defective and highly disordered.40

This behavior is often observed in systems where harsh
strategies are used to disperse the nanotubes. The
remaining feature at high q is associated with the master-
batch, but is probably not due to carbon. This 18-Å fea-
ture could be due to residual catalyst particles or some
other additive included by the masterbatch manufacturer.

Figure 5 displays the SAXS intensity as a function of
position on the sample collected at 1-mm intervals, as
described in Sec. II. D; the data were averaged over the
q-ranges shown. Since the results for the NE were similar
in all details to those of the 0.0% material, the former are
not shown. The polymer injection occurred from the
right in the perspective of the figure, which is apparent
in the data as a lower scattering intensity, consistent with
lower material density variations at the inflow point.
These patterns were highly reproducible for a given
material, with minor differences between members of a
given pair. The apparent contours roughly reflect the
filling front during injection molding, which was previ-
ously studied for polycarbonate-MWNT composites.41

The lowest q-range is shown in Fig. 5(a), correspond-
ing to the largest length scale of material density varia-
tions accessible in the scanning measurements, of the
order of 0.1 mm. These data are qualitatively similar
for all the materials, and confirm a high level of repro-
ducibility in the sample production. The data for the
0.0% material cover a larger intensity range. Since there
are almost negligible masterbatch-induced scattering

FIG. 4. The background-subtracted 2.5% data of Fig. 3 fit to a fractal

rod model. The high-q feature was ignored in the fit. Since the persis-

tence length is comparable to the rod diameter, no rodlike character is

present. The fractal dimension of 2.0 implies that the tubes are highly

disordered on lengths larger than the diameter. The matrix was

assumed to be C16H14O3 with a density of 1.18 g/cm3. A carbon

density of 1.54 g/cm3 was assumed. The fit is weakly dependent on

the details of the assumed composition.

FIG. 5. Position-resolved average SAXS intensity of the indicated

samples. The data in each column (a, b) represent the entire sample

divided into 1-mm-square regions, in each of which a SAXS scan was

acquired and averaged over the q-range indicated. Melt injection

occurred from the right. The color scale for each column is given in

counts. (color online)
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contributions in this q-range, the matrix polymer is sim-
ilarly distributed for all the samples.

As discussed in connection with Fig. 4, Fig. 5(b) cor-
responds to the q-range of the broad MWNT-induced
shoulder in the SAXS data. Immediately apparent is the
large increase in scattering in this range, which varies
monotonically with the concentration. The 2.0% and
2.5% materials yield qualitatively similar data, with the
1.5% sample exhibiting an intensity distribution with
elements in common with the 0.0% sample. All three
MWNT-containing samples show evidence of noticeably
higher scattering at particular spots, with more of these
for the 2.0% and 2.5% materials. This feature is a clear
footprint of an inhomogeneous distribution of the
MWNTs, i.e., agglomeration on a length scale smaller
than the collection interval of 1 mm, but at least of the
order of the x-ray beam diameter of about 10 mm, in
accordance with the more local analysis of Fig. 1. Thus,
site-dependent SAXS yields a global assessment of the
presence of agglomerates, which are found throughout
all MWNT-containing samples.

C. Tensile tests

Figure 6 shows the raw tensile data, differentiating
between samples taken parallel and perpendicular to the
injection direction. The sample numbering increases
away from the injection point for those taken perpendic-
ular, and from one (arbitrary) side to the other for those
taken parallel. Polycarbonate under quasistatic strain typ-
ically exhibits yielding behavior with necking, and strain

hardening at larger strains before breaking.26,42 This be-
havior is observed for many of the samples. Small varia-
tions are apparent in both the initial linear portion and the
yield stress, and larger variations in terms of strain-at-
break and strain hardening. Overall, the variation from
position to position for a given MWNT concentration
and tensile orientation varies more strongly at higher
concentrations, and strain-to-break for the samples taken
parallel to the injection direction is lower. Since the
plateaus are similar, these data already give an impres-
sion of the ductility, or energy absorption. Samples
containing 2.5% MWNT are the most brittle in the pre-
sent series, whereas the difference between 1.5% and
2.0% is smaller.

One effect of sample extraction direction is the differ-
ence in the initial yielding behavior for the NE and 0.0%
samples. In the parallel direction, the decrease from the
initial maximum to the plateau occurs more rapidly,
being complete on average at a strain of 0.07, whereas
this decrease occurs at strains well over 0.10 in the per-
pendicular direction. Similar effects have been exhibited
by polyethylene and polypropylene.43

The variation in strain-at-break for these samples is
not easy to explain. The starting polymer (EXL6013)
contains titanium oxide particles. Similar oxide particles
have been shown to affect the mechanical properties of
polycarbonate,14 but not greatly at low concentrations.
This behavior is confirmed here in that the yield stress is
in all cases similar to that found in other studies of pure
polycarbonate (see, e.g., Refs. 26 and 44) and titania-free
grades of this polymer (see manufacturer data for Lexan

FIG. 6. Quasistatic tensile data of all samples, with the direction of the tension with respect to the injection direction shown. The position (1–5) of

the sample in the original plate, as described in Sec. II. E, is also indicated. (color online)
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EXL 1413T or 1810T). Furthermore, the largest values
of strain-at-break found here for masterbatch-free sam-
ples are similar to the titania-free grades, which exhibit
values of 1.2 to 1.3. This similarity indicates that the
whitening agent in the matrix polymer had at most a
minor influence on the mechanical properties. Hence,
effects of the injection-molding process must be consid-
ered. Strong effects on the nm-scale structure, distributed
throughout the sample, are apparent in Fig. 5. A role for
processing as a source of tensile property reduction is
suggested in the consistently low performance of posi-
tion 1 in the perpendicular direction (for samples NE,
0.0% and 1.5%), which is also where the largest scatter-
ing intensity variations are observed. We discuss this
issue below.

Figure 7 summarizes the engineering yield stress and
Young’s modulus results. Both properties increase with
MWNT concentration. The injection direction plays a
slight role as well, affecting the stiffness for some sam-
ples and increasing the variability of the yield stress,
though not significantly affecting the average value for
a given concentration. No average effect of extrusion is
evident in the modulus, though the variability increases;
the average increases almost linearly with concentra-
tion, with saturation for the perpendicularly cut samples
at 2.5%. The yield stress data also show a saturation
effect near 2.0% for both sample directions, and a sig-
nificant difference between NE and 0.0% in the parallel
direction.

The modulus data for the parallel samples in Fig. 7
follow E(GPa) ¼ 2.28(1 þ 0.0377 � wt%) as shown;
expressed in terms of volume fraction, f, with an assumed
MWNT density of 1.5 g/cm3, E(GPa) ¼ 2.28(1 þ 2.51f).
The linear trend can be analyzed using a flexible-rod
model [Eq. (15) of Ref. 39], which assumes that defects
limit the effective length of the MWNT to shorter sections.
In general, defects, which are intrinsic or due to proc-
essing, lower the potential for MWNT to reinforce the
polymer matrix. This reduced reinforcement potential has
so far not been apparent, e.g., in essential work of fracture
studies on polycarbonate using the same masterbatch.13 In
addition, the matrix-MWNT adhesion is good for cases of
MWNT/polycarbonate composites reported so far,31,45

including the present masterbatch, so that poor MWNT-
matrix adhesion does not seem to be important in the
present case. Thus, the present model appears to be a
reasonable approach to assess the role of defects. It sug-
gests that the observed loading dependence corresponds to
an aspect ratio of 6.3, much lower than the native aspect
ratio of the MWNT. This result is consistent with the
USAXS data analyzed previously. Thus, we suggest that,
because of disorder induced by processing, the individual
MWNT are not effective modulus enhancers in the present
samples.39 This observation provides the motivation to
examine the energy absorption, which could conceivably
be less compromised by disorder.
Figure 8 displays the energy absorption dependence

on MWNT concentration. It is apparent that energy

FIG. 7. Boxplots of the tensile (a) modulus and (b) yield stress as a function of MWNT concentration, including all samples. The sample

orientation with respect to the injection direction is indicated. The NE material is represented by the points at the concentration 0.0% furthest to

the left, and the 0.0% material to their right. The line and corresponding equation in (a) are a fit to the data for the parallel samples and are

discussed in the text. (A boxplot is often used when there are few observations and it is unclear if the data are normally distributed. The central

horizontal line in each box is the median, the upper and lower box edges represent the first upper and lower quartiles, respectively, and the

whiskers ending in horizontal bars mark the second upper and lower quartiles. Outliers are indicated with “þ” symbols.)
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absorption decreases with loading. The lowering of the
energy absorption is mainly caused by the reduction in
elongation at break, since the modulus and strength are
constant or slightly increased with CNT addition.
Increasing MWNT concentration is associated on aver-
age with lower energy absorption, as also observed for
nanosilicate-PC nanocomposites.46 The sample orienta-
tion plays a visible role in this regard as well, when the
MWNT concentration reaches 2.0% or above. A more
localized shift with MWNT concentration is suggested
in the individual values as a function of position.

For the perpendicularly extracted samples, sample 1
(closest to the injection-molding gate) exhibits values
less than half of the other samples for materials NE
and 0.0%, whereas at 1.5% sample 1 displays a value
approaching that of the others. For higher concentrations,
sample 1 achieves one of the highest values for the mate-
rial. Sample 5 (farthest from the gate) generally exhibits
one of the highest values at all concentrations. The good
reproducibility of these observations for the two samples
NE and 0.0% suggest that the pure samples may be
compared to other work. Notably, the gross differences
in energy absorption exhibited by the positions closest to
and farthest from the gate were also observed for injec-
tion-molded polyethylene.43 Although polyethylene is
semicrystalline and polycarbonate amorphous, one can
assume that injection molding of such thermoplastic
polymers could induce analogous variations in the global
structure and alignment of the material.

For parallel extraction sample 2 exhibits the highest
absorbed energy for material NE, and moves steadily
toward lower values with MWNT concentration. Simi-
larly, samples 1 and 4 consistently show among the
highest values for materials NE, 0.0% and 1.5%, and
then dropping strongly for materials 2.0% and 2.5%.
The consistency of these observations suggests that
sample-to-sample variability is not a dominant factor.
An apparent deviation from the polyethylene results is
observed when comparing perpendicular to parallel,
for which a sample position equivalent to the present
sample 3 showed notably higher energy absorption than
all perpendicular samples.43 Similar results were found
for polypropylene samples in nonessential work of frac-
ture measurements,47 giving consistently higher values
for samples obtained parallel to the injection direction,
with or without MWNT. Hence, the effect of sample
extraction with respect to the injection-molding direction
on the mechanical properties is qualitatively different in
this work compared to previous work on semicrystalline
polymers, but qualitatively similar with respect to posi-
tion in the plates for the perpendicular case. Note that the
electrical conductivity of such samples may vary
strongly throughout the plate as well,35 which could be
attributed to local effects of agglomeration and/or poly-
mer flow during injection.

Here, we attempt to correlate the observed differences
among the samples containing different MWNT concen-
trations. In Fig. 5(b), a region of lower intensity scatter-
ing in the injection region is obvious for the 0.0%
sample, less for the 1.5% sample, and essentially absent
for the 2.0% and 2.5% samples. In Fig. 7(b), the approx-
imately linear increase of yield strength with MWNT
concentration ceases at 2.0% for samples of both orien-
tations. Finally, Fig. 8 shows that the median energy
absorption for parallel orientation diverges strongly from
the perpendicular median value at 2.0%. This concentra-
tion range is that identified as encompassing the percola-
tion threshold for similar samples using different matrix
PC grades13,31 and has been linked to a tough-to-brittle
transition above 2% in a study of crack strength using the
same masterbatch material.13 As already noted, the slight
inhomogeneities evident in Fig. 5(b) are stronger and
qualitatively similar for concentrations above 1.5%.
Hence, in addition to MWNT network formation, the
density of agglomerates in our samples must be consid-
ered as an explanation for the observed trends in the
mechanical behavior. These alternatives have both been
discussed previously to explain a similar evolution of the
mechanical properties with nanoparticle concentra-
tion.14,46,48,49 It is striking that other studies of PC rein-
forcement also showed maxima in selected mechanical
properties at concentrations of a few percent of carbon
nanotubes12,50–52 or nanofibers.8 In most of these studies,
difficulties in achieving uniform dispersion of the

FIG. 8. Boxplot of the tensile energy absorbed as a function of

MWNT concentration, including all samples. The direction of tension

with respect to the injection direction is indicated. The NE material is

represented by the points at the concentration 0.0% furthest to the left,

and the 0.0% material to their right. See the caption of Fig. 7 for a

description of boxplots.
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nanoparticles at higher concentrations were identified as
the cause of the associated mechanical degradation.
Hence, we must conclude that both nanotube networking
and aggregation may contribute to the presently observed
changes around a concentration of 2%.

Figure 9 shows that the MWNT-containing samples
exhibit much more structured tensile fracture surfaces.
These surfaces are generally characterized by a number
of small holes and/or funnel-shaped deformations origi-
nating at a structure less than a few tenths of a millimeter
in diameter. We have not attempted to investigate these
defects in detail, but attribute them to the presence of the
masterbatch-induced defects deduced from optical
microscopy and SAXS. There is, however, no clear in-
crease in defect density with masterbatch concentration.

Considering other work on energy absorption in
nanocomposites, polyethylene modified by clay showed
significant decreases at a filler concentration of 5%,53

with no information on intermediate concentrations.
Polyamide-12 exhibited decreases in modulus and
strength, as well as stress- and strain-at-break for layered
silicate concentrations above 1%, which was attributed to
the development of a percolation network.54 These works
support that general assertion55 that nanofillers in poly-
mers decrease energy absorption in fracture.

D. Falling dart

Figure 10 shows the results of the falling dart mea-
surements. The reproducibility is high except near the
maximum force (Fmax). The oscillations in the curve are
also well reproduced from measurement to measurement.
Fmax and energy absorption of the material decreased on
incorporation of MWNT. At the same time, the penetra-

tion behavior is modified, with longer distance needed
after initial penetration until the striker is unloaded
(F ¼ 0). The absorbed energy values, calculated by inte-
gration of the exerted force up to the zero crossing, are
shown in Fig. 11.
During the initial phase of the load–displacement

curve, oscillations are observed due to the vibrations of
the striker after contact. It is nevertheless possible to
apply a linear fit to this part of the curve, as well as to a
second portion above 5-mm displacement, as discussed

FIG. 9. Optical images (20�) of fracture surfaces of sample 1 in the

parallel orientation for the indicated materials, which are representa-

tive for all cases. The surfaces are of the order of 5 � 3 mm2 in area.

All MWNT-containing samples are in reality the same black color,

and the NE sample is white; in optimizing the contrast, an apparent

discoloration took place.

FIG. 10. Summary of the falling dart measurements. The lines indi-

cate the results of fitting straight lines to the initial increase of the

force and a secondary linear hardening, as described in the text. The

fits are projected to higher deformations to better visualize their ranges

of validity.

FIG. 11. Penetration energy for the indicated samples with standard

deviations.
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in Sec. II. F. The green lines in Fig. 10 show the results
of this analysis. The data were fitted over the ranges
0–3.5 and 4.7–8.2 mm; the fits are shown over greater
ranges to illustrate where the data deviate from linearity.
The slopes cannot be converted to true elastic moduli
without a more detailed understanding of the polymer
deformation, therefore in what follows we consider
only their relative variations as a function of sample
preparation.

Figure 12 summarizes all mechanical measurements
reported here; the tensile data were averaged over both
extraction directions. The effective impact moduli, des-
ignated E1 and E2 for the initial and secondary linear
stress regions vary more or less in parallel, justifying
our deduction previously that they measure similar
quasielastic moduli. The fact that the impact moduli
yield a trend comparable to the standard modulus deter-
mined in quasistatic tension indicates that changes in
elastic properties, as measured here, are not a strong
function of the deformation rate. The variation of the
stiffness is approximately linear with the concentration,
though with large fluctuations.

The energy absorption data also show qualitatively
similar effects, with a decrease on extrusion, and a much
larger decrease as a function of MWNT concentration. In
the quasistatic case, the effect of MWNT concentration
appears to be strongly nonlinear, requiring an exponen-
tial function to achieve a curve passing through the ori-
gin. This nonlinearity is most strongly determined by the
data from samples taken parallel to the injection direc-
tion. The falling dart energy absorption data are approx-
imately a linear function of concentration, but with an
intercept far below the observed value. This observation
makes it clear that the methods study different aspects of
the material behavior. A phenomenological rationaliza-
tion is the complex 2D stretching of the material in the
falling dart test.29,30 Not only does this stretching mix all
possible extraction directions in an undetermined fash-
ion, but apparently reduces the sensitivity to material
defects. Microscopic examination of the falling dart frac-
ture surfaces does not show the same dramatic differ-
ences between pristine and filled polymer, though the
surfaces are somewhat more structured in the latter case,
consistent with Fig. 9. This smaller difference is also in
line with the greater consistency among the stress–strain
curves observed.

The force Fmax decreases on addition of MWNT,
whereas the tensile yield strength smax increases. We
attribute this difference to the different mechanisms
involved. Fmax as given in the standard falling dart anal-
ysis corresponds to strength-at-break. To estimate fall-
ing-dart-test yield strengths, we analyzed the point of
departure from linearity corresponding to the determina-
tions of E1 and of E2. This point was found to occur
closely at the same level of penetration in a given region
(1 or 2), regardless of MWNT concentration. Taking this
point as an approximate yield point and evaluating the
force (from the data or using E1 or E2) shows a similar
trend as for smax.

In summary, similar trends emerge in both the
quasistatic and the impact measurements—the elastic
quantities (stiffness, yield strength) increase with MWNT
concentration and are relatively insensitive to extrusion
effects. Energy absorption decreases slightly with extru-
sion and strongly with MWNT concentration. Qualita-
tively, however, there are differences between the impact
and quasistatic measurements. For energy absorption
the quasistatic results are more sensitive to both mate-
rial history and MWNT concentration. Nevertheless, the
impact tests indicate greater brittleness on inclusion of
MWNT.55,56 Agglomerates associated with the MWNT-
masterbatch have been observed directly in this work
over micro- and macroscopic regions of the samples,
and appear to be origins for fracture processes in the
quasistatic tensile tests.

To place the present results in context, Table I offers
a selection of data from the literature, in which the

FIG. 12. Summary of the changes in mechanical properties relative to

the extruded, 0.0% sample, for the indicated properties and samples. E
designates Young’s modulus in quasistatic tension, smax the maxi-

mum stress in quasistatic tension, Toughness-T the energy absorbed

in quasistatic tension, Fmax-FD the maximum force in falling dart

measurements, Toughness-FD the energy absorbed in the falling dart

measurements, E1 the initial elastic slope and E2 the secondary elastic

slope in the falling dart measurements. (color online)
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effects of nanofillers on quasistatic tensile and on
impact parameters are compared. ABS is a well-known
impact-resistant copolymer. Polypropylene (PP) has
been studied often and has shown results qualitatively
similar to PC in tensile tests, motivating its presence in
the table. Impact modulus and energy absorption were
not available in any of these publications. ABS shows
strong similarities to the present results, with small
changes in quasistatic modulus and strength, but large
decreases in quasistatic tensile energy absorption and
impact strength. Nanoclay and MWNT in PP exhibit
similar behavior. Given the differences in morphology
and dispersion methods and the difficulties in obtaining
a good dispersion in most of these cases,56–58 agglom-
erates must be assumed to be present in those works, as
well. In any case, the present results are comparable to
those of similar recent studies on nanoparticle-polymer
composite mechanical properties.

IV. CONCLUSIONS

Falling dart tests of MWNT-filled polycarbonate
reveal an embrittlement of the composites with MWNT
content. We attribute at least some of this mechanical
degradation to the presence of remaining masterbatch-
induced agglomerates, as seen in optical microscopy and
position-resolved SAXS investigations. MWNT network
percolation may also contribute to the observed brittle-
ness. We have further shown that it is possible to extract

information about the stiffness of the composite under
impact conditions from a falling dart test. Quasistatic
tensile tests correlate well with the impact data for elastic
parameters, but are much more sensitive to sample prep-
aration for energy absorption. Small-angle x-ray scatter-
ing has been shown to be useful in scanning mode to
derive information on local filler concentrations on a
global scale.
To elucidate the relative roles of aggregates and per-

colation in the observed trends, samples with near-
perfect filler dispersion would be required, which are
presently difficult to obtain by melt mixing on the neces-
sary kilogram scale. The analytical developments illus-
trated here (falling dart modulus, global filler
concentration fluctuations in SAXS) could be further
exploited. For nanocomposites, the latter would appear
to be a particularly powerful approach, especially if the
x-ray beam can be focused to length scales comparable
to those of typical agglomerates, so that a combination of
long-range and short-range scans could map the particle
distributions in greater detail.
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