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ABSTRACT: Single-walled carbon nanotubes were added
to two different grades of polypropylene to produce com-
posites. The composites were then melt-spun into fibers, and
the fibers were tested with both a conventional tensile pull
tester and dynamic mechanical analysis. The changes in
tensile properties were related to the grade of polypropylene
used. In addition to fibers being made from the mixes, coarse
extrudates (i.e., undrawn, gravity-spun filaments) were also
produced. Density measurements on these extrudates

showed that the addition of nanotubes increased the com-
posite density in a highly nonlinear manner, which sug-
gested interaction between the polypropylene and the car-
bon nanotubes. © 2004 Wiley Periodicals, Inc. J Appl Polym Sci 93:
2926–2933, 2004
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INTRODUCTION

The incorporation of carbon nanotubes (CNTs) into
polymer matrices is presently an active field of re-
search.1–6 The impressive physical, thermal, and electri-
cal properties of CNTs are believed to have the potential
to dramatically improve the properties of polymers. The
commercialization of CNT/polymer composites has al-
ready occurred;7 nanotubes are added to polymers to
improve their electrical properties rather than their me-
chanical or thermal properties. Many researchers have
tried to improve the mechanical properties of various
polymers through CNTs; however, the true potential of
the nanotubes has not yet been realized.8 Numerous
researchers have shown large improvements in the mod-
uli of CNT composites, but few researchers have shown
any improvement in their ultimate strength.

Melt-spinning is the most common method for pro-
ducing man-made fibers. Melt-spinning is quite rapid;
spinning speeds of 6000 m/min and greater are com-
mon.9 A similar process known as melt-blowing can
involve speeds of 30,000 m/min. Because of the econo-
mies involved with these high speeds, billions of dollars
worth of melt-spun fibers are produced every year.

Fiber strength is often a dominant factor in the use of
fibers. Presently, melt-spun fibers have maximum tensile
strengths of about 9 g/denier. This strength is quite
sufficient for tire cord, ropes, and many other uses. If
there is a need for higher strengths, solutions-spun ar-
amid fibers and gel-spun polyethylene fibers have

strengths of about 22 g/denier. Unfortunately, these fi-
bers are very expensive, and this expense is mainly due
to the fact that solution or gel-spinning are much more
expensive then conventional melt-spinning because the
former is slower and involves a solvent.

The goal of our research program is to add CNTs to
polypropylene (PP) to produce a composite material
that can be spun into fibers via straightforward melt-
spinning. If a large increase in strength can be
achieved with CNTs, the composite PP fibers could
potentially be used as a competitor for aramid and
other types of superstrong fibers that are produced
through much more complicated, and expensive, pro-
duction techniques.

Fibers are of particular interest in our research be-
cause the stresses applied during spinning can align
the nanotubes along the fiber axis.10 Because of the
high tensile strength and modulus of nanotubes, a
high degree of nanotube alignment in the axial direc-
tion can potentially produce a very strong polymer
fiber.

In this study, composites of PP fibers with nano-
tubes were produced with varying levels of CNTs. A
solution process that was developed previously8 was
used to disperse the nanotubes in the polymer matrix.
Of interest were both the increase in the fiber break
strength (tenacity) and the stiffness (modulus) of the
fibers.

EXPERIMENTAL

Material preparation

Carbolex AP-grade (as prepared grade) single-walled
CNTs were used in the experiments. Carbolex AP-
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grade nanotubes that contain about 50–70% single-
walled CNTs and are produced by a carbon arc pro-
cess; the material contains both carbon and metallic
impurities. The CNTs were used as received, with no
additional purification.

Two grades of isotactic PP, Fina 3960 and Fina
3860X, were used in this work. Fina 3960 is a very-
low-viscosity (melt-flow rate � 350–360 ) resin in-
tended for nonwoven fiber production. Fina 3860X is a
higher viscosity (melt-flow rate � 100) grade also
meant for fiber production. Throughout this article,
Fina 3960 is referred to as a high-melt-flow-rate
(HMFR) resin, and Fina 3860X is referred to as a
low-melt-flow-rate (LMFR) resin.

CNT–PP composites were manufactured by an ul-
trasonic solution process. For each concentration of
CNTs, 75 mL of room-temperature decalin was
poured into a 250-mL beaker. Next, the appropriate
mass of CNTs was added. A Fisher Scientific (Pitts-
burgh, PA) model 550 sonic dismembrator was then
used to disperse the CNTs into the decalin. The sonic
mixer was operated for 1 h at power setting 4. Al-
though no external heat was applied, the mixing
heated up the beaker’s contents to approximately 45°C
over the course of the first hour of sonication. After the
first mixing was complete, 20 g of PP pellets (either
HMFR or LMFR) and an additional 25 mL of decalin
were added to the mixture. The sonic mixer was then
started for another hour, and a hotplate was used to
heat the beaker and help dissolve the PP. The final
temperature of the mixture reached approximately
140°C. When the mixing was complete, the beaker was
removed from the hotplate and allowed to cool to
room temperature. The resulting product was a soft,
solid mass that ranged from gray to black in color
(depending on the nanotube concentration). This solid
was allowed to dry at room temperature for 24 h
before the solid was subjected to vacuum drying.

The sample was placed in a vacuum oven set at 100°C
and with a vacuum of about 17 kPa (�2.5 psi); under
these conditions, the decalin was removed without the
melting of the polymer sample. The samples were dried
to a constant weight in a period of about 4 to 7 days. The
residual decalin content was well below 1%. During
drying, the samples were occasionally mixed and broken
up with a spatula to speed drying. The fully dried poly-
mer consisted of solid chunks that were easily broken
up; this friability aided the charging of the composite
into the spinning device.

Spinning

The spinning of the nanotube composites was done
with a ram extruder. The molten polymer was forced
through a spinneret with a constant speed drive. The
spinneret had a capillary with a 1.27 mm diameter and
a 50 mm length. Fiber take-up was accomplished with
an electrically driven take-up roll with a 15-cm (6-in.)
diameter. Spinning was conducted by the preheating
of the barrel and capillary to 190°C. The polymer
sample was then charged into the extruder barrel.
After charging, the samples were allowed to sit for a
few minutes to both allow the polymer to melt and
permit the air bubbles to surface. Then, the ram was
started, and the polymer was extruded through the
capillary. The fiber samples were collected upon the
spinning take-up roll. When these samples were not
subjected to any further processing, the samples were
called as-spun fibers. The typical diameter of our as-
spun fibers was about 50–60 �m. In a secondary spin-
ning experiment, the polymer was simply pushed
through the capillary with no wind-up roll below the
capillary. This procedure was used to produce thick
(diameter � 0.5–1.5 mm) extrudate for density mea-
surements. Extrudates were collected on an aluminum
plate that was held a few centimeters below the cap-
illary discharge. Because these extrudates were not
subjected to the stresses of spinning, the extrudates
showed the effect of CNTs in lightly stressed PP.

Postdrawing

Postdrawing is the process of stretching, in a con-
trolled manner, fibers in a separate step after initial
fiber production. In polymer fibers, postdrawing can
lead to increased orientation and crystallization and
an improvement in both strength and modulus. Post-
drawing in this study was accomplished with two
6.5-cm diameter rolls with independent speed con-
trols. Between the rolls was a small oven that the fiber
passed through as it was drawn. A schematic of the
process used is shown in Figure 1. The oven was 37 cm
(14.6 in.) long, constructed of stainless steel, and
heated with electric cartridge heaters placed in the top
and bottom of the oven. The fiber was fed though a
slot in one end of the oven and pulled out through a
similar slot on the other end. The temperature was
controlled with thermocouples placed in the oven air.
There was some variation in oven temperature, but all

Figure 1 Schematic of the postdrawing process.
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of the samples were drawn at temperatures between
105 and 115°C. We loaded the fiber into the drawing
device by threading the fiber from the feed roll to the
draw roll with the top of the oven open. After loading,
the oven top was closed, and the oven was allowed to
come to a steady temperature before the rolls were
started. At the start of the drawing process, the feed
roll was set to 1 m/min (surface speed) and the draw
roll was set to a higher value (usually about 3 m/min).
Once started at these slower speeds, the draw-roll
speed was then increased until the fiber was almost
broken. The postdraw ratio was the ratio of the draw-
roll speed to the feed-roll speed. This ratio was also
equal to the square of the initial (as-spun) fiber diam-
eter divided by the square of the final (drawn) fiber
diameter. Postdraw ratios of up to 9:1 were achieved
in this study, and the resulting final fiber diameters
were in the range 20–30 �m. In all cases, the addition
of CNTs reduced the maximum achievable postdraw
ratio. No fiber with CNTs could be postdrawn with a
ratio greater than 7:1.

Fiber diameter measurement

The fibers diameters were measured with a Nikon
LaboPhot2-Pol polarizing microscope equipped with
an objective micrometer. Calibration was accom-
plished with a gradated micrometer slide. To measure
the diameter of a fiber, a short length of fiber was
placed onto a slide. The slide was then covered with a
cover glass and loaded onto the microscope stage. At

an overall magnification at 400�, the objective micro-
meter was able to measure the diameter of the fiber
with 0.25-� resolution. The examination of the fibers
under light microscopy also provided us with a
chance to qualitatively inspect the dispersion of nano-
tubes within the fibers. Generally, if the dispersion
was poor, the final properties were also poor. How-
ever, good dispersion did not ensure good properties.

Polymer density measurement

The densities of both the extrudate and the as-spun
fiber were measured with a Techne (Princeton, NJ)
DC-4 glass density gradient column. After the column
was filled with a gradient of ethanol and deionized
water, four calibrated glass floats were carefully
added to the column; these floats were used to scale
the gradient over the range of interest. The column
was kept at ambient temperature (�22°C) throughout
the measurements. Up to three samples at once were
placed in the column; samples were identified via
length and diameter. At least three replicate samples
were tested for each set of operating conditions, and at
least three readings were done for each individual
sample. To calculate the densities, the positions of the
glass floats were plotted on the abscissa of a graph,
whereas the known float densities were plotted on the
ordinate. A least-squares line was fitted through the
points. The densities of the fiber samples were then
determined from this line on the graph.

Figure 2 Representative stress–strain curves for postdrawn LMFR PP fibers with different CNT concentrations.
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Tensile strength measurements

Stress–strain curves for all of the samples were mea-
sured with an Instron (Canton, MA) model TT-B-L
testing machine equipped with a type BT load cell.
The gauge length used was 2.29 cm (0.902 in.), and the
crosshead speed was 2.54 cm/min (1 in./min). The
fibers were held by an Instron model 2714 pneumatic
grips. Data were recorded with a PC equipped with
custom data-acquisition software. The outputs from
the tester were the load on the fiber in grams and the
time elapsed since the start. These data were con-
verted to graphs of tenacity (g/denier) versus elonga-
tion (%). Tenacity was related to the stress on the fiber
and the fiber density via the following equation:

T � 7.82 � 10�5
�

�
(1)

where � is the stress on the fiber (psi), � is the density
of fiber (g/cm3), and T is the tenacity (g/denier).

Dynamic mechanical analysis (DMA)

The fiber samples were also tested via DMA. DMA
permitted the measurement of the linear viscoelastic
properties across a wide temperature range. The tests
were conducted with a Rheometric Scientific (Piscat-
away, NJ) model RSA II. Each sample was loaded with
monofilament grips, and the sample was subjected to
a preload of 1 g. The storage modulus (E�) and loss
modulus (E�) were measured at a fixed frequency of 10

rad/s (1.59 Hz) over a temperature range of �100°C to
the melting of the fiber near 160°C. To more closely
examine the effect of CNTs in the glass-transition re-
gion, the scans were run at a higher temperature res-
olution in the range �25 to 10°C.

RESULTS AND DISCUSSION

Tensile strength measurements: as-spun fibers

The as-spun fibers from both grades of PP showed
typical behavior for neat material. Stress–strain curves
showed that the fibers had a high initial modulus then
a sharp yield and then exhibited stretching to very
large elongations at break. The addition of CNTs to
the fibers did not change this behavior qualitatively;

Figure 3 Representative stress–strain curves for as-spun LMFR PP fibers with different CNT concentrations.

TABLE I
Comparison of As-Spun CNT/PP Fibers

Nanotube composition
(wt %)

Tenacity
(g/denier)

Elongation at break
(%)

LMFR PP
0 (neat) 1.19 615
0.5 1.11 710
1.0 1.55 818
2.0 1.48 870

HMFR PP
0 (neat) 1.02 1320
0.5 0.51 1081
1.0 0.27 11
1.5 0.57 6
2.0 Not spinable
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however, the elongations at break were lower in the
composite samples. Figures 2 and 3 show representa-
tive stress–strain curves for both LMFR and HMFR
as-spun samples. From the figures, two important
points become clear. First, the addition of CNTs had
different effects on the two different grade of PP. In

the LMFR samples, the addition of CNTs led to an
increase in the tensile strength of the fiber. In the
HMFR PP samples, the addition of nanotubes had the
opposite effect. Another remarkable result was that
the addition of 1.5% nanotubes to the HMFR resin led
to an as-spun fiber with an elongation at break of only

Figure 4 Representative stress–strain curves for postdrawn LMFR PP fibers with different CNT concentrations.

Figure 5 Representative stress–strain curves for postdrawn HMFR PP fibers with different CNT concentrations.
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6%, in stark contrast to the neat material that stretches
as high as 1300% before breaking. This behavior was
apparent during fiber spinning: the fibers were brittle
and snapped frequently during spinning. Table I gives
comparisons of both tenacity and elongation at break
for the as-spun fibers.

Tensile strength measurements: postdrawn fibers

For postdrawn fibers from LMFR PP, additions of 0.5
and 1.0% CNTs increased the strength of the fibers.
Figure 4 shows the stress–strain curves for postdrawn
fibers for 0% (neat), 0.5%, and 1.0% CNTs. The addi-
tion of CNTs significantly increased the strength and
slightly reduced the elongation at break. Individual
fibers containing 1% CNTs showed strengths of up to
14.5 g/denier with an average strength of approxi-
mately 13 g/denier. This was a nearly 45% increase in
the ultimate strength of the fiber at this low addition
level. The addition of CNTs in concentrations of 1.5
and 2.0% resulted in decreases in strength and elon-

gation compared to the neat fiber (see Fig. 4). The
fibers with higher CNT concentrations were more brit-
tle and more difficult to postdraw. Although a neat or
low-concentration fiber could be drawn with post-
draw ratios of up to 9:1, higher concentration fibers
often had maximum postdraw ratios of 6:1 or lower.

Postdrawn HMFR PP fibers showed significantly
different behavior than the LMFR fibers. For the
HMFR fibers, the addition of CNT decreased the ulti-
mate strength of all of the fibers produced. However,
the average strength of the 1.0% fibers was higher than
that of the 0.5% fibers, as shown in Figure 5. It was not
possible to test fibers with higher concentrations be-
cause, with higher concentrations, the as-spun fibers
were far too brittle to be postdrawn successfully. Table
II shows the average elongation at break and tenacity
of both HMFR and LMFR postdrawn fibers.

DMA

DMA results followed the same trends as those dis-
cussed previously for conventional tensile testing. Ta-
ble III shows the averaged results for neat and 1.0%
nanotube fibers, both as-spun and postdrawn.

E� could be increased through the addition of CNTs.
However, there were temperature limits to this in-
crease. At higher temperatures, E� of the postdrawn
fibers actually decreased with the addition of CNTs.
As-spun fibers showed the greatest increases in E�
with the addition of 1% CNTs. Consistent with the
tensile tests, postdrawing yielded a far stiffer fiber,
with or without CNTs. Also, when compared with the
tensile tests, the fibers showing the largest increase in
E� also showed the greatest ultimate strength.

The imaginary modulus (E�) showed little in the
way of a trend. Both substantial increases and de-
creases in E� were measured with no discernable trend

TABLE II
Comparison of Postdrawn CNT/PP Fibers

Nanotube composition
(wt %)

Tenacity
(g/denier)

Elongation at break
(%)

LMFR PP
0 (neat) 9.0 27.1
0.5 10.6 19.1
1.0 13.0 26.7
1.5 9.36 23.3
2.0 7.85 23.0

HMFR PP
0 (neat) 6.88 36.8
0.5 3.06 42.1
1.0 4.03 54
1.5 Not drawable
2.0 Not spinable

TABLE III
DMA Results: Properties of Different LMFR and HMFR-PP Fibers with and Without CNTs

E� (109 dyn/cm2) E� (109 dyn/cm2)

�50°C 0°C 25°C 75°C �50°C 0°C 25°C 75°C

LMFR PP
As-spun neat 58.2 16.2 9.13 3.88 2.87 2.45 1.01 .698
As-spun 1% CNT 73.8 40.0 20.9 7.47 2.70 4.04 1.78 1.00
Change with CNT (%) 26.8 147 129 92.5 �5.93 64.9 76.2 43.3
Postdrawn neat 150 123 101 63.2 6.37 4.12 4.43 5.38
Postdrawn 1% CNT 213 141 109 56.2 8.57 8.21 4.33 5.98
Change with CNT (%) 42.0 14.6 7.92 �10.8 34.5 99.3 �2.3 11.2

HMFR PP
As-spun neat 42.4 22.3 14.7 5.55 2.79 2.08 1.24 .797
As-spun 1% CNT 69.5 50.8 33.5 9.97 1.43 1.87 1.85 1.24
Change with CNT (%) 63.9 127 127 79.6 �48.7 �10.1 52.9 55.6
Postdrawn neat 131 104 88.6 54.2 6.15 4.27 3.52 5.08
Postdrawn 1% CNT 146 109 86.9 41.4 6.37 4.12 4.43 5.05
Change with CNT (%) 11.5 4.8 �1.9 �23.6 3.58 �3.51 25.9 �0.05
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or relationship related to either polymer grade or
nanotube loading.

Composite density

Density measurements of the CNT/PP extrudate
showed strong nonlinear behavior that was indicative
of polymer–nanotube interactions. As shown in Figure
6, the addition of even minute quantities of CNTs to
PP had a relatively large effect on the overall density.
As a first approximation, it was assumed that the
following mixing rule applied to the density of the
nanotube-reinforced polymer fibers:

�Theoretical � ���CNT � (1 � �)��PP (2)

where � is the mass fraction of CNTs; �Theoretical is the
theoretical density of the composite; �CNT is the den-
sity of bulk CNTs, assumed to be 1.40 g/cm3;11 and
�PP is the density of neat PP.

Equation (2) assumes that the density of the com-
posite is linearly related to the mass fraction of each
component. [Kearns and Shambaugh8 assumed that a
mixing rule similar to eq. (2) could by applied to fiber
tenacity.] For 100% CNTs, it was assumed that the
bulk density was 1.40 g/cm3.11 Equation (2) is a linear
simplification of a complex phenomenon. For exam-
ple, the equation does not consider any positive, syn-
ergistic effects (or any negative effects either) that the
nanotubes may have on polymer crystallization or

orientation. However, as a first attempt, the equation
is useful.

Equation (2) assumes that the density of the com-
posite is linearly related to the mass fraction of each
component, which in turn, assumes that nanotubes do
not effect either polymer crystallization or densifica-
tion effects due to orientation. Clearly, eq. (2) under-
predicts the composite fiber densities. The most likely
explanation for this nonlinear behavior is the nucle-
ation of crystallization in the PP by the CNTs, as
shown by Grady et al.12 If nucleation leads to higher
crystallinities, crystallization is probably limited by
the cooling rate of the material; that is, the cooling rate
is fast enough so that the material does not have time
to crystallize. The nonlinearity of the density plots
seemed unrelated to the grade of PP studied. Both the
LMFR and HMFR samples showed the same basic
nonlinear shape. The graphs of these two materials
had slightly different starting densities because of the
different fractional crystallinities of the neat materials.

CONCLUSIONS

Conventional tensile testing showed that different
grades of PP responded differently to the addition of
CNTs. The neat, higher viscosity grade (LMFR) mate-
rial yielded an as-spun fiber with a tenacity of approx-
imately 1.5 g/denier and a postdrawn strength of over
9 g/denier. The neat, lower viscosity grade (HMFR)
PP gave as-spun and postdrawn strengths of 0.9 and 7

Figure 6 Density of PP extrudates at room temperature as a function of CNT concentration. The linear mixing rule was used
with an assumed CNT density of 1.40 g/cc.
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g/denier, respectively. The LMFR material showed
increases in strength in the postdrawn fibers with com-
positions as high as 1% CNTs. However, the HMFR
showed decreases in strength at all concentrations.

For both HMFR and LMFR materials at lower tem-
peratures, E� increased with the addition of CNTs. For
both HMFR and LMFR materials, E� was not a signif-
icant function of nanotube concentration.

Fiber density was a nonlinear function of nanotube
concentration. For both LMFR and HMFR materials,
the density increases exceeded the densities predicted
from a simple linear model.
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