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Plasma coating of carbon nanofibers for enhanced dispersion and
interfacial bonding in polymer composites
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Ultrathin films of polystyrene were deposited on the surfaces of carbon nanofibers using a plasma
polymerization treatment. A small percent by weight of these surface-coated nanofibers were
incorporated into polystyrene to form a polymer nanocomposite. The plasma coating greatly
enhanced the dispersion of the nanofibers in the polymer matrix. High-resolution
transmission-electron-microscopy images revealed an extremely thin film of the polymer layer
(;3 nm) at the interface between the nanofiber and matrix. Tensile test results showed considerably
increased strength in the coated nanofiber composite while an adverse effect was observed in the
uncoated composites; the former exhibited shear yielding due to enhanced interfacial bonding while
the latter fractured in a brittle fashion. The fracture mechanism in the nanofiber composite is also
discussed. ©2003 American Institute of Physics.@DOI: 10.1063/1.1636521#

While carbon nanotubes/nanofibers can potentially be
used in many applications because of their desirable bulk
properties,1–6 the surface of the nanotubes/nanofibers, unfor-
tunately, is often not ideal for particular applications. Re-
cently, it has been shown in laboratory scale tests that the
physical properties and performance of composite materials
can be significantly improved by the addition of small per-
centages of carbon nanotubes and nanofibers.7–10 However,
there have not been many successful large scale tests that
show the advantage of using nanofibers as fillers over tradi-
tional carbon fibers. This problem is associated with dispers-
ing the nanofibers and creating a strong interface between the
nanofiber and the polymer matrix.11,12 The strong interface
between the nanofiber and the polymer matrix is essential to
transfer the load from the matrix to the nanofibers and
thereby to enhance the mechanical properties of the compos-
ite. In addition, the as-produced nanofibers usually form as
aggregates that behave differently in response to a load as
compared to individual nanofibers.13,14 To maximize the ad-
vantage of nanofibers as reinforcing particles in high strength
composites, the aggregates need to be broken up and dis-
persed or crosslinked to prevent slippage.

A key aspect of being able to manipulate the properties

of the nanofibers is the surface treatment of the nanofibers
using various processing techniques. Plasma polymerization
is a method that has been used to deposit an extremely thin
film on the surfaces of nanofibers and nanoparticles.15–17 In
our previous studies we demonstrated the plasma deposition
of a thin polymer film on the surfaces of carbon nanotubes.18

In this letter, we present results on the microstructure, dis-
persion, and mechanical properties of a polymer composite
impregnated with coated carbon nanofibers. The fracture
morphology of both coated and uncoated nanofibers compos-
ites have been identified by scanning electron microscopy
~SEM! observation using a Philips XL30 FEG SEM. High-
resolution transmission electron microscopy~HRTEM! im-
ages were acquired using a JEOL 2010F TEM to show the
interface structures that are responsible for the improved
properties. TEM samples of coated nanofibers were prepared
by dispersing the nanofibers directly on carbon films sup-
ported with Cu grids. TEM samples of the composite
samples were prepared by ultramicrotomy with a cutting
thickness of 60 nm.

In this experiment, we used commercial Pyrograf III car-
bon nanofibers as substrates.18 The Pyrograf III nanofibers
are 70–200 nm in diameter, 50–100mm long.19 The plasma
reactor used for thin film deposition on the nanofibers and
the associated processing conditions have been introduceda!Electronic mail: shid@email.uc.edu
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previously.20–22 Polystyrene is used as the monomer for the
plasma polymerization in the present letter. An ultrathin film
showing amorphous features can be clearly seen covering
both the inner and outer surfaces of the nanofibers after
plasma treatment@Fig. 1~b!#. The thin film is uniform on
both surfaces, however, with a larger thickness on the outer
wall ~7 nm! than on the inner wall (1 – 3 nm) surface. The
thickness of ultrathin film is approximately 2–7 nm com-
pletely surrounding the nanofiber surfaces.

The procedure to form the nanocomposite is described
next. Two grams of polystyrene powder was weighed and
then mixed mechanically with coated or uncoated nanofibers
in appropriate proportions, i.e., 0, 1, 3, and 5 wt %. A solvent
~50 ml toluene! was then added to the premixed powers and
the powder was thoroughly dispersed ultrasonically. The so-
lution was evaporated until its volume reduced to;20 ml
~the ultrasonic vibration was kept on during this process! and
then poured into an 80 mm360 mm36.5 mm aluminum
mold. The mold and the solution were kept at room tempera-
ture and dried for 7 days. After the sample was completely
dried, it was sectioned into 50 mm36 mm30.4 mm samples
for tensile testing according to the ASTM D 822-97: ‘‘Stan-
dard Test Method for Tensile Properties of Thin Plastic
Sheeting.’’

An Instron mechanical testing machine, model 2525-
818, with a 1 mm/min crosshead speed was used for the
tensile test. Figure 2~a! shows the strength as a function of
nanofiber concentration for both coated and uncoated nanofi-
ber composites. For the uncoated nanofiber composite, the

strength of the composite decreases gradually as the nanofi-
ber concentration increases; while the coated counterpart
showed a significant increase in strength. The maximum
strength of the coated nanofiber composite takes place at 3
wt % and then gradually decreases up to 5 wt %. The modu-
lus value is shown for both composites in Fig. 2~b!. A similar
trend is seen, which is consistent with the strength values
@Fig. 2~a!#. The decrease in properties above 3 wt % loading
may be due to the nanofibers not being initially as well dis-
persed, and due to later agglomeration of the nanofibers in
the matrix. It is anticipated that the composite properties will
monotonically increase with the weight percent loading of
nanofibers if the dispersion can be improved and maintained.

Figure 3 shows the fracture surfaces of the 3 wt % un-
coated sample. The nanofibers are highly clustered in the
matrix with approximately a;10mm diameter@Fig. 3~a!#,
as indicated by the arrows. These clusters appear to be
densely distributed with a small spacing of;25mm @Fig.
3~b!#. Another important characteristic of the uncoated
nanofibers composite is the rather flat fracture surface@Fig.
3~c!# indicating the nature of brittle fracture. At these fracture
surfaces severe pullouts of nanofibers are also observed, as
shown in Fig. 3~d!. In sharp contrast, the dispersion is greatly
improved in the coated nanofibers composite. Figure 4 shows
the fracture surfaces of the 3 wt % coated nanofiber compos-
ite. The coated nanofibers are well dispersed@Fig. 4~a!# in
the matrix with a wavy type of fracture surface morphology
@Fig. 4~b!#. The interface structure between the CNTs and
polymer matrix was studied by HRTEM for both coated@Fig.
5~a!# and uncoated nanofiber@Fig. 5~b!# composite samples.
The contrast in Fig. 5~a! clearly shows the coating layer be-
tween the carbon nanofiber and the matrix, whereas the un-

FIG. 1. Bright-field TEM images of the~a! original uncoated carbon nanofi-
bers and~b! plasma-coated films on both outer and inner surfaces of nanofi-
bers.

FIG. 2. ~a! Strength vs concentration and~b! modulus vs concentration for
both coated and uncoated nanofiber composite at the concentration indi-
cated.
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FIG. 3. SEM micrographs showing~a! uncoated nanofiber clusters;~b! nanofiber clusters at lower magnification;~c! flat, brittle type fracture surface; and~d!
severe pullouts.

FIG. 4. SEM micrographs showing~a! well dispersed coated nanofibers in
the polymer matrix and~b! wavy type fracture surface indicating shear
yielding.

FIG. 5. HRTEM images of~a! interface of coated nanofibers with matrix
and ~b! interface of uncoated nanofiber with matrix.
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coated carbon nanofiber surface is in direct contact with the
matrix as shown in Fig. 5~b!.

The central focus of this study is on the enhanced inter-
facial bonding due to plasma coated thin films on nanofibers.
The nature of strengthening in nanofiber-reinforced compos-
ites is dependent on the stress transfer between the matrix
and nanofiber. For polymers, tensile loading can produce ma-
trix cracking, nanofiber bridging, nanofiber rupture, nanofi-
ber pullout, and debonding. In this experiment, pullouts of
nanofibers were observed in the uncoated nanofiber compos-
ite as indicated in Fig. 3~d!, especially within the cluster
regions. As the nanofibers are clustered, the interface area
between the matrix and nanofiber is greatly reduced leading
to significantly lowered strength. Furthermore, these clusters
act as large voids that are responsible for decreasing the
strength of the composite as the nanofiber concentration in-
creases~Fig. 2!.

As the nanofiber surfaces are modified by plasma coat-
ing, the surface energy can be significantly lowered, which
can enhance dispersion in the polymer matrix. The well-
dispersed nanofibers in the matrix appear to have few clus-
ters and pullouts. In addition, the adhesive film on the
nanofiber surface, as shown in Fig. 5~a!, can provide en-
hanced bonding, and therefore contribute to a considerably
increased strength in the coated-nanofiber composite. The
efficiency of stress transfer is strongly dependent on the
maximum value of the shear stress acting at the interface.
This stress is also characterized as the interfacial shear
strength that depends on the nature of bonding at the inter-
face. As indicated by the interface HRTEM, there is clearly
an interfacial adhesion layer due to the coated polymer film
on the nanofiber surface. Although a quantitative
measure23,24 of the interfacial shear strength has not been
conducted, the effect of enhanced bonding is evident from
the increased composite strength and fracture surface mor-
phology.

Although polystyrene is brittle, a number of studies25,26

showed that polystyrene can be macroscopically toughened
and manipulated to deform via shear yielding by controlling
the microstructure. The improvement of toughness of hetero-
geneous polystyrene systems is mainly contributed by en-
hancing the strength of craze and thus the craze resistance; or
decreasing the concentrated stress. In the coated nanofiber
composite, the improved interfacial bond strength between
the nanofiber and matrix due to an adhesive thin film on
nanofiber surfaces could increase the strength of the craze.
Furthermore, the increase of the interfacial adhesion may
suppress the production of voids or flaws in the polymer
matrix, which might grow into cracks. Thus, the fracture
surface of the coated nanofiber composite exhibits typical
shear yielding behavior. In contrast, in the uncoated
nanofiber-polymer composite, a rather flat brittle type of
fracture surface occurs@Fig. 3~c!#, similar to the fracture sur-
face of pure polystyrene. This behavior suggests that the
highly clustered nanofibers in the matrix do not contribute to
shear yielding, and the uncoated nanofiber composite shows
a brittle fracture feature. Additionally, the uncoated nanofi-
bers may cause the formation of voids~due to nanofiber pull-
outs! and defects. This could lower the stress required for
craze initiation and thus decrease the craze resistance, con-

sistent with the observation that the strength of the uncoated
nanofiber-composite decreases with the increasing percent-
age of nanofibers~Fig. 2!.

In summary, a unique approach has been developed to
enhance the dispersion and interfacial bonding of nanofibers
in polymer composites. As a result of plasma coating, carbon
nanofibers can be well dispersed in a polymer matrix. Both
the fracture behavior and tensile strength data indicate that
the well-dispersed nanofibers have contributed to enhanced
interfacial shear strength, and therefore have increased the
overall strength of the material. It is believed that the
strength of the nanofiber composite will also be enhanced
based on the identification of the bonding mechanisms be-
tween the nanofiber and coating, and the coating and the
matrix material.

The TEM and SEM analyses were conducted at the Elec-
tron Microbeam Analysis Laboratory at the University of
Michigan. This research was supported in part by Air Force
Contract No. F33615-01-D-5802.
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