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ABSTRACT: Carbon nanofibers (CNFs) were coated with
an ultrathin layer of poly(acrylic acid) (PAA) via plasma po-
lymerization. The effect of the plasma reactor parameters on
the extent of the CNF modification was studied. SEM micro-
graphs showed that surface roughness increased with the
plasma treatment. The thickness of the ultrathin PAA layer
deposited on the CNF was determined by STEM to be ca.
8 nm. Untreated and treated CNF were melt-mixed with
polyamide 6 (PA6) in a Brabender mixing chamber to obtain
PA6/CNF nanocomposites. The effect of the plasma treat-
ment on the dispersion and compatibility was examined
and found to improve markedly. Fractured tensile speci-
mens showed that the CNF seemed to be completely

embedded in the polymer matrix, indicating high compati-
bility between the PA6 and the PAA-coated CNF. Tensile
stress and tensile modulus of PA6 nanocomposites with
treated CNF were found to increase by 30 and 48%, respec-
tively, when compared with those with untreated CNF.
However, the increase in tensile stress and modulus with
respect to pure PA6 was 52 and 88%, respectively. Finally,
XRD showed that the CNF induce the formation of the
a (alpha)-crystalline phase in PA6. VVC 2009 Wiley Periodicals,
Inc. J Appl Polym Sci 112: 3510–3518, 2009

Key words: carbon nanofibers; polyamide 6 (nylon 6);
plasma polymerization; polymer nanocomposites

INTRODUCTION

The success of nanoparticles as reinforcing agents in
polymer composites is due to their intrinsic mechani-
cal properties. A requisite for these nanoparticles to be
effective is their compatibility toward the polymer ma-
trix. Nonetheless, incompatibility is the most common
issue when dealing with polymer–nanoparticle com-
posites. In this respect, a great effort has been dedi-
cated to study the effect of modifying with specific
functional groups, either the nanoparticles1–4 or the
polymer matrix5,6 to improve compatibility between
them. Another line of study is the use of a third sub-
stance, which would act as a compatibilizer.7–10

Also, compatibility, another important factor that
directly affects the properties of the polymeric nano-
composite is the degree of dispersion of the nanopar-
ticles. In this respect, the positive effect of shear

during mixing has been demonstrated in attaining op-
timum levels of dispersion.11

One of the methods that can be used to modify the
nanoparticles is the plasma technique. This is a rela-
tively simple, rapid, and dry method that has been
used to modify the surface of different substrates.
Although it was originally implemented to modify
the surface of polymeric substrates,12,13 this technique
has been successfully used during the last decade for
the surface modification of different filler particles,
such as zinc, iron, and aluminum oxide nanoparticles,
and carbon nanofibers (CNFs) and carbon nanotubes
(CNTs).4,14–18

The mechanism of plasma polymerization tends to
be a radical polymerization process,19,20 especially
when the plasma power is high. However, when the
plasma power is low, the reaction tends to go
through an ionic polymerization process.21

If the gas used during the plasma treatment is ox-
ygen, for example, the plasma treatment will tend to
generate oxygen-containing groups on the nanopar-
ticle surface. However, if the gas is a monomer, then
the plasma treatment will tend to deposit an ultra-
thin coating of the corresponding polymer onto the
nanoparticles surface.
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In this respect, Shi and He4 were among the first to
use this technique to treat carbon nanoparticles (CNT
and CNF) while studying PC/CNT nanocomposites.
Most recently, using the plasma polymerization tech-
nique on CNF, Ramos-deValle et al.14 reported an
increase of more than 100% on the tensile modulus of
PS/CNF nanocomposites. They showed excellent
adhesion obtained between the polymer and the CNF,
which produced a telescoping effect on the nanofib-
ers, when subjecting the nanocomposite to a tensile
stress, suggesting that the strength of the interfacial
adhesion was found to be superior to the forces that
maintain the CNF graphitic layers together.

Polyamide 6 (PA6), an important commercial semi-
crystalline polymer, is widely used in engineering
applications. Liu et al.22 reported its crystalline struc-
ture to consist of alpha (a)- and gamma (c)-phase
crystals, of which the a-phase constituted the more
stable phase. However, Phang et al.23 reported that
the favored formation of either the a- or c-crystalline
phase strongly depended on the cooling rate. Below
10�C/min, the a-crystalline phase would be favored,
whereas above 10�C/min, the c-crystalline phase
would be favored. Other studies had found that the
a-crystalline phase tended to be more rigid than the
c-phase.24

Concerning the use of nanoparticles, it has been
found that nanoclay promotes the growth of the
c-crystalline phase of PA6 for both the melt-mixed
and the in situ polymerized nanocomposites.22,23,25–29

The total crystallinity and the fraction of the a- and
c-phases strongly depend on the nanoclay content
and on the interactions between the PA6 and the
nanoclay.

On the other hand, contrary to the effect of nano-
clays, it has been found that CNTs promote the forma-
tion of the a-crystalline phase of PA6, independently
of the rate of cooling.22,23,30 This preferred formation
of the a-phase could have an effect in producing a
slightly higher modulus nanocomposite.31–33

The purpose of this work is to study the effect of
plasma reactor parameters on the surface modifica-
tion (surface coating) of CNF via plasma polymer-
ization of acrylic acid and the effect of this
modification on the compatibility between PA6 and
CNF and on the properties of PA6/CNF composites.

EXPERIMENTAL

Materials

The polymer used was PA6 obtained from BASF
America, Florham Park, NJ, with the trade name
Ultramid B3, Mw of 60,000 and Mw/Mn of 2.4 and Tg

and Tf of 60 and 220�C, respectively. Before use,
PA6 was dried at 80�C for 20 h in a vacuum oven.

The CNFs were obtained from Applied Sciences,
Dayton, OH, and are designated as Pyrograf III; these
are 60–150 nm in diameter, 30–100 lm in length, and
have a density of 1.95 g/cm3 and a surface area of
55 m2/g.
The acrylic acid used to modify the CNF, i.e., to

produce an ultrathin poly(acrylic acid) (PAA) coat-
ing layer on the CNF, was obtained from Sigma-
Aldrich, St. Louis, MO.

Methodology

Coating of the CNF via plasma polymerization

The CNFs were coated with an ultrathin PAA layer
as acrylic acid monomer in the vapor phase was fed
into and polymerized in the plasma reactor and
deposited on the surface of the CNF.
Three different plasma polymerization conditions

were tested: 50 W for 30 min (90 kJ), 100 W for 30 min
(180 kJ), and 100 W for 60 min (360 kJ).
The plasma reactor consisted basically of a glass

flask with a copper wire coiled around it and con-
nected to a radio frequency generator. Details of this
reactor were presented in a previous article.14

The process of plasma polymerization and deposi-
tion of PAA onto the CNF was carried out as fol-
lows: 1.5 g of CNF was introduced in the glass flask
and put under vacuum. The initial system internal
pressure was 0.3 Pa. Then, the acrylic acid monomer
flow was fixed while the pressure was kept constant
at 2.5 Pa. This pressure gave a constant acrylic acid
gas flow, into the reactor, of 0.15 cm3/min or of
1.5135 � 10�10 mol/min.

Dispersion of the untreated and treated CNF

The unmodified and modified nanofibers were
tested for dispersion in water and ethanol as follows:
3 mg of the differently treated nanofibers were
immersed into 10 mL of solvent and then agitated.
After 10 min (which were designated as initially)
and after 24 h, photographs were taken, and then
the degree of dispersion, which indirectly indicates
the degree of the CNF modification, was assessed.

Preparation of nanocomposites

All nanocomposites were prepared via melt-mixing in
a Brabender torque rheometer mixing chamber, using
cam-type rotors, at 240�C and 85 rpm for 15 min. In
all cases, the 75-mL chamber was filled up to 93%, i.e.,
with 70 mL. The mixing procedure was as follows: the
PA6 was introduced into the mixing chamber and
the processing was started. Once the PA6 melted, the
CNF were introduced during a period of 2 min.
Thereafter, the mixing was continued for 13 more
minutes to complete the 15-min mixing time. Finally,

SURFACE MODIFICATION OF CARBON NANOFIBERS 3511

Journal of Applied Polymer Science DOI 10.1002/app



the nanocomposites were extracted, grounded, com-
pression molded at 230�C, and cooled down to room
temperature at ca. 40�C/min (as if mildly quenched)
to obtain 150 mm � 150 mm � 3 mm plates, from
which tensile test specimens (ASTM D-638) were
cutout.

Analysis of the nanocomposites (XRD, DSC, TGA,
SEM, and tensile)

X-ray diffraction analysis was performed in a Siemens
D5000 using Cu Ka X-ray radiation of 1.54 Å. The
X-ray samples were obtained from the aforemen-
tioned compression moldings. The XRD patterns
were scanned in the 2y range from 10� to 60� at a rate
of 0.6 y/min, with an interval of 0.02� between two
angle steps and an exposure time of 1 s for each step.
The data obtained was smoothed with the Origin 7.0
Scientific Graphing and Data Analysis Software,
obtained from OriginLab, Northhampton, England.

The thermal properties were evaluated in a
MDSC-2920 (TA Instruments) as follows: the sample
was first heated from 30 to 260�C at 10�C/min and
kept at 260�C for 5 min, and then cooled down to
30�C at 10�C/min.

The thermogravimetric analysis was carried out in
a MQ800 (TA Instruments) from 30 to 600�C at
10�C/min, under a nitrogen flow of 10 mL/min.

Fractured tensile specimens were studied through
a Jeol JSM7401F scanning electron microscope (SEM)
to assess the nanocomposite morphology and the
‘‘adhesion’’ between the CNF and the polymer ma-
trix. To determine the thickness of the ultrathin PAA
layer deposited on the CNF, the analysis was carried
out via the scanning-transmission electron micros-
copy mode (STEM).

Tensile properties were measured on a United
Tensile Tester 3M-10 machine, fitted with a 450 kg

load cell at an extension rate of 5 mm/min. All tests
were performed in accordance to ASTM D-638.

RESULTS AND DISCUSSION

Figure 1 shows two photographs of the vials con-
taining the untreated and the plasma-treated CNF
dispersed in water. It can clearly be observed that
the untreated nanofibers remain suspended and
agglomerated at the top, whereas the plasma-treated
ones (treated with 50 W-30 min, 100 W-30 min, and
100 W-60 min), respectively, readily disperse and
remain fairly dispersed after standing for 24 h. This
suggests a change on the nanofibers from hydropho-
bic to hydrophilic because of the presence of the car-
boxyl acid groups in the ultrathin layer of PAA
coating the nanofibers.
In addition, it is also observed that as the time of

treatment in the plasma reactor increases, the disper-
sion of the CNF seems to be better and more stable,
even after 24 h standing. The latter effect could be
because of the longer the time of treatment, the
more the CNF surface area is covered with PAA.
Figure 2 shows two photographs of the vials con-

taining the untreated and treated CNF dispersed in
ethanol. Similar effects as described earlier are
observed. The untreated nanofibers precipitate and
agglomerate at the bottom, whereas the plasma-
treated ones are readily dispersed and remain fairly
dispersed after standing for 24 h. Also, as the time
of treatment increases, the dispersion of the CNF
seems to be better and more stable, even after 24 h
standing. These dispersability tests do not give a
quantification of the degree of modification; how-
ever, they give a fair idea whether the modification
on the CNF was achieved or not.

Figure 1 Dispersion of CNF in water. From left to right: untreated CNF, and treated CNF with 50 W-30 min, 100 W-30
min, and 100 W-60 min, respectively. Initially and after standing for 24 h.
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Figure 3, from FTIR analysis, shows unequivocally
the formation of the PAA coating on the CNF sur-
face as a result of the plasma treatment. The charac-
teristic CAH, C¼¼O, and CAO bands present in the
PAA are observed.

Figure 4 shows the TGA results of pure and 50 W-
30 min treated CNF. It can be observed that the
weight loss of the treated CNF is greater than that of
the untreated ones.

The weight loss of the treated CNF is up to 20%
at 500�C, whereas the weight loss of the untreated
CNF at 500�C is negligible. Considering that the
PAA layer represents ca. 26% of the plasma-treated
and coated CNF total volume, as explained later
when discussing Figure 5, it is assumed that the
weight loss of the treated CNF is entirely due to the
decomposition of the PAA coating on the CNF.

Figure 5(A,B) shows the SEM micrographs of sur-
face textures of the untreated and treated CNF. It
can be observed that the untreated CNF present a
smooth surface, whereas those treated with 100 W
for 60 min present a rougher surface. This roughness
is assumed to be due to the PAA coating deposited
on the CNF after the plasma polymerization treat-
ment. It is worth mentioning that the plasma poly-
merization affects only the CNF surface as indicated
by some authors.34 In addition, Figure 5(C,D) shows
the micrographs obtained via STEM analysis of the
untreated and treated CNF. Figure 5(C) shows the
hollow structure of the CNF, and Figure 5(D) clearly
shows a coating layer of � 8 nm deposited on the
CNF surface as a result of the plasma treatment.
Also, from Figure 5(D), the internal and external
diameters of the CNF can be estimated as � 20 and
� 88 nm, respectively. Thus, considering the thick-
ness of the PAA layer and the CNF dimensions, it

Figure 2 Dispersion of CNF in ethanol. From left to right: untreated CNF, and treated CNF with 50 W-30 min, 100 W-30
min, and 100 W-60 min, respectively. Initially and after standing for 24 h.

Figure 3 FTIR diagram of 50 W-30 min treated CNF,
showing the characteristic bands due to the presence of
the PAA coating.

Figure 4 TGA results of pure and 50 W-30 min plasma-
treated CNF.
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can be estimated that the volume of the PAA layer
represents ca. 26% of the whole plasma-treated CNF.

Figure 6 represents the SEM micrographs of the
fractured surface of tensile specimens of PA6 and
PA6/CNF nanocomposites. First, it is observed that
pure PA6 [Fig. 6(A)] shows a ductile fracture, whereas
the PA6 nanocomposites [Fig. 6(B–D)] presents a pro-
file that appears to be more of a fragile fracture. With
respect to the nanocomposites with treated CNF [Fig.
6(C,D)], the nanofibers dispersion appears to be much
better and improved as the treatment goes from 50 W-
30 min to 100 W-30 min.

Furthermore, Figure 6(D) shows some nanofibers
that appear to be strongly adhered to the polymer ma-
trix, which seem to be as inverted cones, as if pulling
from above and forcing the nanofibers, strongly
adhered to the polymer matrix on the outer layer, to
tear and telescope in the inner layers. This result is
attributed to the improved compatibility between the
polymer matrix and the CNF because of the plasma
treatment on the CNF.

Figure 7 shows the strong adhesion between the
CNF and the polymer matrix. It appears that some

nanofibers teared or telescoped instead of simply
pulling out from the matrix because of the strong
adhesion between the nanofibers and the polymer
matrix.
Figure 8 shows the XRD patterns of PA6 and PA6/

CNF nanocomposites. It is observed that pure PA6
presents the signals associated to both the a- and
c-crystalline structures. This coincides with the results
reported by Phang et al.23 for pure PA6, where it is
shown that the favored formation of either the a- or
c-crystalline phase strongly depends on the cooling
rate; the more rapid the cooling rate, the more forma-
tion of the c-crystalline phase will be favored. In this
respect, as mentioned in the "Experimental" section,
the rate of cooling during the plates preparation via
compression molding was ca. 40�C/min (mild
quenching).
The XRD patterns of the PA6/CNF nanocomposites

present only the signals that correspond to a-crystal-
line structure. This also coincides with reported
results,23,26 where it is shown that independently of
the rate of cooling, the CNTs strongly favor the forma-
tion of the a-crystalline phase in PA6/CNT

Figure 5 SEM micrographs of (A) untreated CNF and (B) plasma-treated CNF with 100 W for 60 min. STEM micro-
graphs of (C) untreated CNF and (D) treated CNF with 50 W for 30 min.
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nanocomposites. This strongly suggests that CNF,
like CNT, acts as an efficient nucleating agent, pro-
moting the rapid formation of the a-crystalline phase.

The fusion thermograms, during heating of sam-
ples taken from the compression-molded plates, are
shown in Figure 9. It can be observed that all ther-
mograms are very similar among them. The fusion
peak around 222�C suggests the sole presence of the
a-crystalline phase in all samples, including the pure
PA6 sample. This may be explained as follows: dur-
ing heating at 10�C/min, the less stable c-crystalline
phase present in the pure PA6 sample, as observed
in the XRD patterns of Figure 8, transforms into the
more stable a-phase, so that only the fusion peak
corresponding to the a-phase is observed.

However, after a thorough observation of the ther-
mogram of the sample with treated CNF at 100 W-
60 min, a very weak peak can be observed at 214�C,
which indicates the presence of the c-crystalline
phase in very minute quantity.

Figure 6 SEM micrographs of fractured tensile specimens of PA6 and PA6 nanocomposites: (A) pure PA6; (B) PA6/
untreated CNF; (C) PA6/treated CNF 50 W-30 min; and (D) PA6/treated CNF 100 W-30 min. All micrographs are at
�10,000.

Figure 7 SEM micrograph of a fractured tensile specimen
of PA6/treated CNF 100 W-30 min nanocomposite. The
micrograph is at �5000.
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On the other hand, Figure 10 shows the crystalli-
zation thermograms of the same samples. The nucle-
ating effect of the CNF can clearly be established.
The crystallization peak of pure PA6 occurs at
175�C, whereas that of the nanocomposites occurs at
185–188�C. It is important to note that the crystalli-
zation peak goes from 188�C down to 185�C as the
energy employed during the plasma treatment of
the CNF goes from zero (untreated) to 360 kJ (100
W-60 min). It appears that the CNFs, at 3 wt %,
increase the crystallization temperature of PA6 by
13�C, which demonstrates the efficiency of the CNF
as nucleating agents. In fact, it has been reported
that the CNF act slightly better as nucleating agents
in PP than the CNT.35

In addition, it is observed that the crystallization
peak goes from narrow to a bit wider as the energy

employed during the plasma treatment of the CNF
goes from 0 (untreated) to 360 kJ (100 W-60 min).
Nonetheless, the crystallization peak is much wider
for the pure PA6. These effects correspond to those
produced by a good nucleating agent, which will
produce smaller, more homogeneous crystalline
phases, resulting in a narrower range of tempera-
tures for crystallization.
Figure 11 shows the variation of tensile stress

with deformation for PA6 and PA6 composites with
3 wt % of untreated and treated CNF.
It is observed that the addition of 3 wt % of CNF

reduces the elongation at break, but increases the
tensile stress of the nanocomposite. Also, it is
observed that the elongation at break decreases and
the modulus and tensile stress increase as the energy
employed during the plasma treatment of the CNF

Figure 9 DSC fusion thermograms of PA6 and PA6/CNF
nanocomposites. Heating at 10�C/min.

Figure 10 DSC crystallization thermograms of PA6 and
PA6/CNF nanocomposites. Cooling at 10�C/min.

Figure 11 Tensile stress versus tensile strain of PA6 and
PA6/CNF nanocomposites; all with 3 wt % CNF.

Figure 8 XRD patterns of pure PA6 and PA6/CNF
nanocomposites.
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increases from 0 (untreated) to 360 kJ (100 W-
60 min), that is, as the amount of the PAA layer de-
posited on the CNF increases. In this respect, it has
been amply reported36 that if there is adhesion (com-
patibility) between filler and polymer, there will be
a restriction for the ‘‘stretching’’ of the sample due
to the bonding between the polymer molecules and
the rigid filler particles, that is, the tensile strength
will increase, but the elongation will decrease. On
the other hand, if there is no adhesion (no compati-
bility), there will be no restriction for the stretching,
and the polymer molecules will slip and pass each
other, that is, the tensile strength will decrease, but
the elongation will also decrease (when compared
with the pure polymer), although to a lesser extent.

In fact, as shown in Figure 12, the tensile stress
increases by 30%, from 48 MPa (Sample B) to 62 MPa
(Sample E), and the modulus increases by 48%, from
1140 MPa (Sample B) to 1680 MPa (Sample E), as the
energy employed during the plasma treatment of the
CNF increases from 0 (untreated) to 360 kJ (100 W-
60 min). However, the increase in tensile stress and
tensile modulus with respect to the pure PA6 (Sample
E vs. Sample A) was 52 and 88%, respectively.

In this respect, the CNF may breakdown during
processing that will decrease the CNF aspect ratio
by about 20–80%. However, considering that the
original CNF have an aspect ratio of 200–1000, this
processing will diminish the aspect ratio down to
40–200, which anyhow, is enough to produce a rein-
forcing effect on the nanostructured polymer
composite.

These results are clearly due to the improved com-
patibility and adhesion between the PAA-coated
CNF and the polymer matrix, which permit the load
transfer from the matrix to the nanofibers to occur
more readily.

CONCLUSIONS

The ultrathin PAA coating deposited onto the CNF
via plasma polymerization changed the distinct
hydrophobic character of the CNF into hydrophilic.
This plasma treatment clearly helped to increase

the compatibility and affinity of the CNF toward the
PA6 polymer. The compatibility was exemplified in
the SEM micrographs of the fractured nanocompo-
site tensile specimens, where the treated CNF
appeared totally embedded in the PA6 matrix.
As a result of using untreated and treated CNF, the

tensile stress and the tensile modulus increased by 30
and 48%, respectively. However, the increase in ten-
sile stress and modulus with respect to pure PA6 was
52 and 88%, respectively.
Treated CNF markedly increased tensile properties.
Treated CNF also acted as a nucleating agent, spe-

cifically in promoting the formation of the a-crystal-
line phase, shifting the crystallization temperature of
PA6 by 13�C from 175 to 188�C.
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