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Abstract

The effects of the aspect ratio of multi-walled carbon nanotubes (MWNTs) on the rheology and flammability of polystyrene/MWNT nano-
composites are studied using two MWNTs having average aspect ratios (length to outer diameter) of 49 and 150. Dynamic rheological experi-
ments show that the particles with the larger aspect ratio impart much higher storage moduli and complex viscosities to the nanocomposites
compared to equivalent mass loadings of particles with the smaller aspect ratio. Additionally, in flammability experiments, the larger aspect ratio
particles lead to a greater reduction in mass loss rate, i.e., they are more effective at reducing flammability. These results demonstrate that the
aspect ratio of MWNTs is a key parameter in controlling the rheology and flammability of polymer nanocomposites.
Published by Elsevier Ltd.

Keywords: Aspect ratio; Flammability; Nanocomposites
1. Introduction

Polymer nanocomposites have attracted a great deal of
interest due to their ability to improve physical properties of
polymers such as mechanical and thermal properties. In partic-
ular, polymerecarbon nanotube nanocomposites have been
extensively studied to explore their unique electronic, thermal,
optical, and mechanical properties [1e5], as summarized in
recent review articles [6,7]. Furthermore, an improvement in
the flammability properties of polymers has been achieved
with polymerecarbon nanotube nanocomposites, which could
provide an alternative to conventional flame retardants [8e15].
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The outstanding improvement of physical properties with
carbon nanotubes is in part attributed to their extremely high
aspect ratio (length to outer diameter ratio) of up to 1000. An
increase in the aspect ratio of single-walled carbon nanotube
(SWNT) increases Young’s modulus [16] and reduces critical
concentration for the formation of a percolation network [17].
Other evidence includes higher electric and thermal conductiv-
ities of epoxyecarbon nanotube nanocomposites with high as-
pect ratio of the tubes [18] and higher thermal conductivity of
poly a-olefin/multi-walled carbon nanotube nanocomposites
[19]. Furthermore, polymereclay nanocomposites with higher
aspect ratios (length to thickness ratio) of clay particles are
also found to have enhanced barrier [20,21] and mechanical
properties [22e24].

Although many studies have shown enhanced physical
properties of polymer nanocomposites with increasing aspect
ratio, only a limited study on the effects of aspect ratio
of nanoparticles on flammability properties of polymer
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nanocomposites has been reported. In particular, the measure-
ment has been limited to clay nanocomposites [25]. The objec-
tive of this study is to determine the effects of aspect ratio of
MWNT on the flammability properties of polystyrene. It has
been demonstrated that the formation of a jammed network
composed of carbon nanotubes in the initial composite sam-
ples is critical to significantly reduce the heat release rate of
the composites [15]. Therefore, dynamic measurement of stor-
age modulus of the samples is made at an elevated temperature
to determine the effects of aspect ratio of MWNT on network
formation in these materials.

2. Experimental

2.1. Materials

The matrix polymer used in this study was PS (Styron
666D, Dow Chemical, melt mass flow rate of 8.0 g/10 min
at 200 �C).1 Two different MWNTs were used; one was pur-
chased from Hyperion Catalyst International in the form of
a master batch with a mass concentration of 20% in PS. Other
MWNTs were made using xylene as a carbon source and
ferrocene as a catalyst at about 675 �C by a chemical vapor
deposition, CVD, method at the University of Kentucky [26].

2.2. Composites

Composites were prepared at the University of Kentucky by
melt blending the MWNTepolystyrene mixture in a Haake
PolyLab shear mixer. The mixture temperature was set at
180 �C and the polystyrene pellets were added to the mixer
running at a speed of 20 rpm. The pellets melted in about
3 min, and the MWNTs were added at this time and mixing
was continued for 40 min. For the Hyperion master batch, ap-
propriate amounts of the PS pellets and of the master batch
pellets were mixed and fed into a B & P Process Equipment
and Systems twin-screw extruder (co-rotating, intermeshing,
L:D equals 25:1) at NIST. Operating conditions were
400 rpm screw speed and 185 �C barrel temperature in all
zones except the last zone (195 �C). Samples with mass con-
centrations of 0.2%, 0.5%, 1%, 2%, and 4% MWNT were pre-
pared with the two MWNTs. All samples for measuring
flammability properties (discs of 75 mm diameter and 4 mm
thickness) were compression molded at 200 �C under a pres-
sure of about 1.4 MPa for a duration of 15 min.

2.3. Sample characterization

The morphologies of the nanotubes in the melt blended
samples were evaluated using a laser confocal microscope
(Model LSM510, Carl Zeiss Inc.) to image the MWNTs in
the PS matrix. The confocal microscope utilizes coherent laser

1 Certain commercial equipment, instruments, materials, services or compa-

nies are identified in this paper in order to specify adequately the experimental

procedure. This in no way implies endorsement or recommendation by NIST.
light and collects reflected light exclusively from a single
plane with a thickness of 100 nm (a pinhole sits conjugated
to the focal plane and rejects light out of the focal plane).
A red laser (l¼ 633 nm) was used as the coherent light and
images were taken at 100� magnification with an Epiplan-
Neofluar 100�/1.30 oil-pool objective. An LP385 (Rapp
Opto Electronic) filter was used to limit the lower spectra of
reflected light. One hundred two-dimensional images (optical
slices with 512 pixels� 512 pixels), with scan size
92.1� 92.1 mm, were taken at a spacing of 100 nm by moving
the focal plane.

The aspect ratio of the MWNTs was evaluated using scan-
ning and transmission electron microscopies (SEM and TEM).
The SEM, Phillips ESEM e E3, was operated at a voltage of
30 kV. The TEM, Hitachi H-600, was operated at a voltage of
100 kV. MWNTs were isolated from the nanocomposite by ex-
traction of polystyrene in tetrahydrofuran, THF. The MWNTs
were then dried and redispersed at very low concentrations
(w0.01 mg/mL) in THF by stirring. Ultrasonication was
avoided since it is known to modify nanotube length. Drops
of the MWNT dispersion in THF were dried onto the freshly
cleaved mica surfaces for evaluation using SEM. Nitrogen
was blown on the drops to vaporize the THF quickly and pre-
vent substantial tube aggregation. For evaluation using TEM,
drops of the dispersion were dried onto a copper grid covered
with carbon film (Ted Pella, Redding, CA).

Rheological experiments were performed on an RDAIII
strain-controlled rheometer (TA Instruments) equipped with
a convection oven. A parallel plate geometry (25 mm diame-
ter) was used with a gap of 0.9 mm. Samples were prepared
by melt-pressing nanocomposite pellets at 150 �C and a pres-
sure of about 0.93 MPa. All rheological experiments were
performed at 200 �C and in a nitrogen atmosphere to avoid
oxidative degradation of polystyrene. The gap reference was
set at 200 �C. Dynamic rheological experiments were con-
ducted to measure the storage and loss moduli as a function
of frequency (0.01e100 rad/s) at a constant strain of 0.5%
(this value of strain was verified to be in the linear viscoelastic
regime of the sample). Thermogravimetric analysis (TGA)
was conducted using a TA Instruments TGA Q500 at a heating
rate of 5 �C/min from 90 �C to 500 �C in nitrogen (flow rate of
60 cm3/min) for the original nanocomposite samples (about
5 mg) in a platinum pan.

2.4. Flammability property measurement

A cone calorimeter built by NIST was used to measure
ignition characteristics, heat release rate, and sample mass
loss rate according to ASME E1354/ISO 5660. An external
radiant heat flux of 50 kW/m2 was applied. All of the samples
were measured in the horizontal position and wrapped with
a thin aluminum foil except for the irradiated sample surface.
The standard uncertainty of the measured heat release rate was
�10%.

A radiant gasification apparatus, somewhat similar to
a cone calorimeter, was designed and constructed at NIST to
study the gasification processes of samples by measuring
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mass loss rate and temperatures of the sample exposed to
a fire-like heat flux in a nitrogen atmosphere (no burning).
The apparatus consists of a stainless-steel cylindrical chamber
that is 1.70 m tall and 0.61 m in diameter. In order to maintain
a negligible background heat flux, the interior walls of the
chamber are painted black and the chamber walls are water-
cooled to 25 �C. All experiments were conducted at 50 kW/
m2. The unique nature of this device is threefold: (1) observa-
tion and results obtained from it are only based on the con-
densed phase processes due to the absence of any gas phase
oxidation reactions and processes; (2) it enables visual obser-
vations of gasification behavior of a sample using a video cam-
era under a radiant flux similar to that of a fire without any
interference from a flame; (3) the external flux to the sample
surface is well-defined and nearly constant over the duration
of an entire experiment (and over the spatial extent of the sam-
ple surface) due to the absence of heat feedback from a flame.
A more detailed discussion of the apparatus is given in a
previous study [27]; the standard relative uncertainty of the
measured mass loss rate is �10%.

3. Results

3.1. Aspect ratio and morphology of the MWNTs in PS

TEM images of the two types of MWNTs studied here
(from Kentucky and Hyperion, respectively) are shown in
Fig. 1. In order to determine the aspect ratio for both types
of MWNTs, it is important to extract the MWNTs from com-
pounded PS/MWNT samples because particle sizes might be
modified during extrusion. A minimum of 140 measurements
of diameter and of 200 measurements of length was conducted
for both types of MWNTs. Histograms of MWNT length and
diameter are shown in Fig. 2 for the extracted Kentucky
MWNTs and in Fig. 3 for the Hyperion MWNTs. The average
diameter and length of the Kentucky MWNTs were obtained
by SEM (images not shown) and they are 75� 54 nm and
11.3� 5.6 mm, respectively. The dimensions of the Hyperion
MWNTs were determined by using TEM and they are
7.1� 2.5 nm and 351� 195 nm, respectively. The large stan-
dard deviation was mainly due to a few large or extremely
long and large tubes, as shown in Figs. 2 and 3. The average
aspect ratio obtained by dividing the average length by the av-
erage diameter is 150 for the Kentucky MWNTs and 49 for the
Hyperion MWNTs. Henceforth, the Kentucky MWNTs will be
designated as MWNT-150 and the Hyperion MWNTs as
MWNT-49.

Since a good dispersion of the nanotubes in the polymer
matrix is crucial for the reduction in flammability [14,28],
the distribution of the tubes in the PS/MWNT samples was ex-
amined by confocal microscopy to globally observe the disper-
sion of the MWNTs, as shown in Fig. 4. Each MWNT-150
tube can be seen in the figure and these tubes are well dis-
persed in PS without forming many agglomerates. However,
the confocal microscopy has barely enough spatial resolution
to see each MWNT-49 tube due to its much smaller size
than MWNT-150. All images show no formation of agglomer-
ates except some possibility in the image of Fig. 4(b). From
these images and others (not shown), we consider that both
tubes were reasonably well dispersed in PS.

3.2. Thermal stability

Thermogravimetric analysis was conducted in nitrogen at
a heating rate of 5 �C/min. Although previous studies did
not conclusively exclude the effects of oxygen in surrounding
air on thermal degradation of polymeric materials during burn-
ing of polymers, oxidation reactions of the polymers appear to
be insignificant (oxygen is mainly consumed by gas phase re-
actions, i.e., the flame). An exception is the case in which the
flame does not cover the entire burning surface or the burning/
pyrolysis rate is extremely low [29,30]. Addition of either
MWNT-150 or MWNT-49 to PS does not show significant
effects on thermal stability of PS even with significant mass
concentration of MWNTs, as shown in Fig. 5.

3.3. Viscoelastic properties

We previously found that nanocomposites based on carbon
nanotubes are capable of forming a continuous network-struc-
tured protective layer that mainly consists of the tubes without
the formation of any opening/cracks [14,15]. (Vigorous
Fig. 1. TEM images of the MWNTs extracted from the composites, left is MWNTs in PS/MWNT prepared at University of Kentucky and right is MWNTs in

PS/MWNT compounded with the Hyperion master batch.
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Fig. 2. Histogram plots of the dimension of MWNT, prepared at the University of Kentucky, extracted from the compounded PS/MWNT: (a) tube length and (b)

tube diameter.
bubbling through any opening/cracks supplies evolved com-
bustible degradation products to a flame, which compromises
the flame retardant effectiveness.) This results in a significant
reduction in heat release rate (a flammability measure related
to the intensity/size of fire; the lower the heat release rate, the
smaller the size of fire) with a carbon nanotube mass concen-
tration as low as 0.5% [15]. Since the network is formed in the
initial composite samples, flame retardant effectiveness could
be estimated from the measurement of storage modulus of the
initial samples. The storage modulus G0 provides a measure of
nanocomposites’ ‘stiffness’ and its frequency dependence
characterizes whether the material is liquid-like or solid-like.

Fig. 6 plots G0 for PS/MWNT composites made from the
MWNTs of two different aspect ratios. At 200 �C, the G0 curve
of PS shows the typical response of a viscous liquid with
G0 w u2 at low frequencies u. At a 1% MWNT loading, the
G0 of PS/MWNT-49 is slightly higher than that of PS, while
the G0 of PS/MWNT-150 is even higher. At higher mass con-
centrations of MWNTs, the liquid-like low-frequency scaling
of G0 disappears and G0 becomes nearly constant at low fre-
quencies. We term the composition at which this rheological
state is achieved as the ‘gel concentration’, 4g. We define 4g

as the concentration at which G0 becomes independent of 4

for an extended low-frequency range. The 4g of the compos-
ites with MWNT-150 is between 1% and 2% compared to
about 4% with MWNT-49.

Fig. 7 plots the storage modulus measured at a frequency of
0.5 rad/s for PS/MWNT-150 and PS/MWNT-49 as a function
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Fig. 3. Histogram plots of the dimension of MWNT in PS/MWNT compounded with the Hyperion master batch: (a) tube length and (b) tube diameter.
of MWNT concentration. This data reiterate that the G0 for
MWNT-150 composites is significantly larger than that for
MWNT-49 at all mass concentrations studied. Note that at
a mass concentration of 0.1% with MWNT-150 and 0.1%
and 0.2% with MWNT-49 the G0 of the composites are less
than that of pristine PS. This reduction in G0 is due to a small
reduction in molecular weight of PS during compounding, and
similar reduction in G0 has been observed for extruded poly-
mereclay composites at low clay concentrations [31,32]. If
we define a percolation concentration of MWNT, 4c, as the
concentration when the intertube interactions dominate over
polymer chain interactions, 4c for PS/MWNT-150 is about
0.35% and that for PS/MWNT-49 is 0.62%. It has been known
that a bulk ‘stiffness’ G0 of the composites varies phenomeno-
logically with mass concentration according to a power law
[17,33]

G0=G0PSw½ð4�4cÞ=4c�
b

The inset in Fig. 7 shows that the above relationship ade-
quately describes the G0 data for both PS/MWNT-150 and
PS/MWNT-49, with the value of b¼ 2 for the former and
2.3 for the latter. Indeed, b¼ 2 is a typical experimental value
for networks of stiff fibers [35].

We now consider the effects of aspect ratio and mass con-
centration of MWNT on complex viscosity at 200 �C (Fig. 8).
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Fig. 4. Confocal microscopic images with a scale bar of 20 mm : (a) PS/MWNT-150 (1%), (b) PS/MWNT-150 (2%), (c) PS/MWNT-150 (4%), (d) PS/MWNT-49

(1%), (e) PS/MWNT-49 (2%), and (f) PS/MWNT-49 (4%).
Since suppression of bubbling caused by the nucleation of
degradation products in the polymer melt [34] is required
for effective flame retardant performance, the melt viscosity
of the composites at elevated temperatures might play an im-
portant role in this process. The data in Fig. 8 show an increase
by about two orders of magnitude in the complex viscosity at
low frequencies upon addition of 4% MWNTs. This signifi-
cant increase in complex viscosity indicates an increasing im-
portance of tubeetube interactions in dictating the rheological
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response [35,36]. Fig. 8 also shows that the complex viscosi-
ties of the composites with MWNT-150 are higher than those
with MWNT-49 at the same mass concentration (similar to the
trend in Figs. 6 and 7 for G0). These results suggest that the
PS/MWNT-150 samples should be less flammable than those
of PS/MWNT-49 at the same MWNT concentration.
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3.4. Flammability properties

The mass of a sample was continuously measured under an
external radiant flux of 50 kW/m2 in a slow flowing nitrogen
atmosphere and mass loss rate was calculated by taking the
time derivative of the measured weight change. The results
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with PS/MWNT-150 and with PS/MWNT-49 at various mass
concentrations of the MWNT are shown in Fig. 9(a) and (b),
respectively. At low mass concentrations of both MWNTs,
the reduction in mass loss rate was relatively small. The nano-
composites behaved like a liquid with numerous bubbles
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during the test and no char was left in the container. Also, sam-
ples with low mass concentrations of either of the MWNTs be-
haved like a viscous liquid with accompanying formation and
bursting of many large bubbles and formation of many small
black islands. Such islands were left at the end of the test as
can be seen in the images shown in Fig. 10. The number
and size of the islands increased with an increase in mass con-
centration of MWNTs. With 1% of MWNT-150, the sample
behaved almost like a solid with a wavy surface contour;
PS/MWNT-150 (2%) and PS/MWNT-150 (4%) also behaved
like a solid forming a uniform protective layer with a smooth
surface without any openings. This protective layer has a ran-
domly interlaced network structure mainly consisting of the
MWNTs [10,14]. PS/MWNT-150 (2%) has the lowest mass
loss rate as shown in Fig. 11. However, PS/MWNT-150
(4%) has higher peak mass loss rate than that of PS/MWNT-
150 (2%). The measured transmitted heat flux through the res-
idue of PS/MWNT-150 (4%) collected after the gasification
test was about 15 kW/m2 compared to about 12.5 kW/m2 for
the residue of PS/MWNT (2%). This higher transmitted heat
flux for the residue of PS/MWNT-150 (4%) is due to an in-
crease in thermal conductivity of the sample at high MWNT
mass concentration [10]. The sample with higher thermal con-
ductivity tends to slow the increase in initial mass loss rate but
to increase it later after accumulation of energy in the sample.
The mass loss rate of PS/MWNT-49 decreases with an in-
crease in mass concentration of the tubes, but the peak mass
loss rate tends to be higher than that of PS/MWNT-150 at
the same mass concentration of tubes. It appears that true per-
colation-like behavior is not responsible for the reduction in
mass loss rate of PS/MWNT-49. The residue even at 4%
mass concentration consisted of numerous granular, coarse
particles, as shown in Fig. 10, instead of a uniform protective
layer. Bubbling in the space between the particles could be
seen during the test.

It has been demonstrated that the flame retardant perfor-
mance of polymerecarbon nanotube nanocomposites is
mainly due to the physical process of heat shielding by the for-
mation of a network-structured protective layer in the con-
densed phase [10,14,15]. Therefore, it is expected that the
heat release rate curves of these samples would be similar to
the mass loss rate curves shown in Fig. 9. Observed heat
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release rate curves with the two different MWNTs at various
mass concentrations of the tubes are shown in Fig. 12. The
observed trends are very similar to those observed in Fig. 9,
including lower peak heat release rates for PS/MWNT-150 as
compared to those of PS/MWNT-49 at the same tube mass
concentration. Furthermore, the peak heat release rate of PS/
MWNT-150 (4%) is higher than that of PS/MWNT-150
(2%) as observed in Fig. 9 due to an increase in thermal con-
ductivity for PS/MWNT-150 (4%) as described above.

4. Discussion

The above results clearly show the importance of aspect
ratio of MWNT on viscoelastic properties and flammability
properties of PS/MWNT nanocomposites. Since the sizes of
the two MWNTs are quite different, it is interesting to explore
the significant effects of the aspect ratio. We estimate the dif-
ference in the total number of MWNTs in PS/MWNT-150 (av-
erage length of 11 mm and average outer diameter of 97 nm)
and PS/MWNT-49 (average length of 347 nm and average di-
ameter of 7.1 nm) at the same mass concentration of MWNT.
With the assumptions that the outer diameter is much larger
than the inner diameter of both tubes and that both the densi-
ties of the two MWNTs are the same, the total number of
MWNT-49 is roughly 6000 times more than that of MWNT-
150 in the same volume of PS/MWNT. Furthermore, the total
outer surface area of MWNT-49 in PS/MWNT-49 is about 14
times greater than that of MWNT-150 in PS/MWNT-150.
However, the results show that the effects of aspect ratio of
MWNT are more dominant than the total number of nanotubes
or their total surface area. Then, if two MWNT types having
the same outer diameter but different aspect ratios (different
lengths of tube) were used, it is possible that the effects of
aspect ratio on flammability properties might be larger than
those observed in this study.

The importance of aspect ratio of nanoparticles on the for-
mation of the network-structured layer and flammability prop-
erties was also demonstrated in our previous study with plate
shaped nanoparticles of clay [25]. In that study three different
types of clays were used in polypropylene/polypropylene-g-
maleic anhydrate (PP/PP-g-MA): synthetic mica (aspect ratio
of about 1200 [37]), montmorillonite (MMT) (about 200
[37]) and synthetic hectorite (about 50 [37]). The sample was
a 10 cm� 10 cm� 0.3 cm thick plate and it was tested in nitro-
gen at 50 kW/m2. The lowest mass loss rate was observed for
the sample with synthetic mica, which generated a significantly
lower mass loss rate than with MMT and synthetic hectorite, as
shown in Fig. 13. The figure shows pictures of the residues of
the four samples collected after the tests. The surface of the res-
idue of the sample with synthetic mica is relatively smooth
without any large cracks. However, the two samples with the
other two clays show large cracks (in particular, with synthetic
hectorite). Melting and vigorous bubbling were observed in the
cracks during the test. It has demonstrated that the addition of
carbon nanotubes or clay having a large aspect ratio into
polymers tends to generate residues having a smooth surface
without any openings/cracks and to reduce significantly the
flammability properties of the polymers.

In Fig. 6, the storage modulus of PS/MWNT-49 (4%) is
seen to be nearly independent of frequency at low frequencies,
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which indicates the formation of network structure and such
nanocomposite samples having a relatively high complex vis-
cosity formed a protective heat shield layer covering the sample
surface without any cracks [10,12,15]. However, it appears that
the residue of PS/MWNT-49 (4%) collected after the gasifica-
tion test in nitrogen at 50 kW/m2 is made of a collection of nu-
merous discrete agglomerates, as shown in Fig. 10j. Vigorous
bubbling was observed around the agglomerates during the
test and the mass loss rate of this sample is not as low as that
of PS/MWNT-150 (2%) which did form a smooth, network-
structured protective layer, as shown in Fig. 10d. In our previous
study, the formation of the network-structured protective layer
was observed with poly(methyl methacrylate)/single-walled
carbon nanotube (PMMA/SWNT) nanocomposite at a mass
concentration of 0.5% [15]. The aspect ratio of the bundled
SWNT was about 45 based on the average diameter of about
7 nm and average length of 310 nm. Since these SWNT bundles
and MWNT-49 are about the same size, the size of MWNT-49 is
not the reason why PS/MWNT-49 does not form the protective
layer. If the dispersion of MWNT-49 in PS/MWNT-49 (4%) is
much worse than that of MWNT-150 in PS/MWNT-150 (this
does not appear in Fig. 4), the storage modulus of PS/MWNT-
49 (4%) should not be so high as shown in Fig. 6. At present,
it is not clear why a fully effective protective layer was not
formed for PS/MWNT-49.

5. Conclusions

The effects of the aspect ratio of MWNT on viscoelastic
properties and flammability properties of PS/MWNT nano-
composites were studied with two different MWNTs in the
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50 kW/m2.
mass concentration from 0.1% to 4%. The samples were pre-
pared using twin-screw extruders. The average aspect ratios of
the two MWNTs, 49 and 150, were determined by analyzing
the images of the tubes extracted from the compounded nano-
composites, which were taken by SEM and TEM. No signifi-
cant effects of aspect ratio on thermal stability of PS/MWNT
nanocomposites were observed. However, storage modulus
and complex viscosity of PS/MWNT-150 are larger than those
of PS/MWNT-49 at the same mass concentration of MWNT.
PS/MWNT-150 samples with 2% and 4% mass concentration
of MWNT-150 form solid-like network structures but only PS/
MWNT-49 (4%) forms this structure. The mass loss rate of PS
is more reduced with PS/MWNT-150 and the lowest mass loss
rate is observed with PS/MWNT-150 (2%). Slightly higher
mass loss rate of PS/MWNT-150 (4%) is probably due to an
increase in thermal conductivity. With increasing concentra-
tion of MWNT-150, the residue of PS/MWNT-150 changes
from the formation of discrete islands to a smooth surface
layer without any openings, which is generated at concentra-
tions of 2% and 4%. All PS/MWNT-49 samples used in this
study did not generate such residues. These results show that
the addition of MWNT with large aspect ratios significantly
reduces the flammability of polymers.
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