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Nano-carbon materials, such as carbon nanotubes and carbon nanofibers, are being thought to be used as 
multifunctional reinforcement in composites. The growing of carbon nanofiber at the carbon fiber/epoxy interface 
results in composites having better electrical properties than conventional carbon fiber/epoxy composites. In this 
work, carbon nanofibers were grown in situ over the surface of a carbon fiber fabric by chemical vapor deposition. 
Specimens of carbon fiber/nanofiber/epoxy (CF/CNF/epoxy) composites were molded and electrical conductivity 
was measured. Also, the CF/CNF/epoxy composites were tested under flexure and interlaminar shear. The results 
showed an overall reduction in mechanical properties as a function of added nanofiber, although electrical 
conductivity increased up to 74% with the addition of nanofibers. Thus CF/CNF/epoxy composites can be used 
as electrical dissipation discharge materials.
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1. Introduction

Many research efforts have been directed towards producing 
polymer composites reinforced with carbon nanotubes for functional 
and structural applications1. However, despite their intrinsic high 
mechanical and thermal properties, even after two decades of 
research, the full potential of employing carbon nanotubes (CNT) 
as reinforcements has been severely limited. This was because 
of the difficulties associated with dispersion of entangled carbon 
nanotubes during processing and poor interfacial interaction between 
nanofilaments and polymer matrix1-3. Some of the studies suggests, for 
instance, that carbon nanotube materials increase the shear strength 
of the composite at the fiber/matrix interface4,5.

Presently, there are two main routes ways for adding carbon nano-
filler into conventional fiber-reinforced polymeric materials. The 
first one is by dispersing carbon nanofilaments entirely throughout 
the polymeric matrix which afterwards is layered with reinforcing 
fibers. The second route concerns the direct attachment of nano-fillers 
onto primary reinforcing fibers. These two approaches have been 
discussed by Qian et al.6 regarding the influence of dispersing CNT 
to the polymeric matrix or directly attaching onto the fiber surface 
and their influence on mechanical, electrical and thermal properties.

In order to assure that CNT are effective reinforcements 
in polymer nanocomposites, proper dispersion and appropriate 
interfacial adhesion between the nanofilaments and polymer matrix 
have to be guaranteed. Several techniques have been developed 
to disperse the CNT in the polymer matrix, such as high speed 
shear mixing, calendering, ultrasonication, ball milling, stirring, 
extrusion use of solvent and surfactant1. The appropriate choice of 

an incorporation method or a combination of them, of CNT into 
a nanocomposite, as well as their processing conditions has to be 
based on the desired properties. Also, depending on the incorporation 
method damage of the CNT can occur on different extent and 
performance of the nanocomposite can be put in threat7.

Functionalization of carbon nano-filles is a key issue on composite 
properties. In order to improve compatibility between nano-fillers and 
polymeric matrices modification of their surfaces through chemical or 
physical techniques to produce optimized polymer nanocomposites 
has been the issue. In this way, adequate dispersion as well as strong 
interface bond to polymeric matrices can be achieved for a given 
polymer or application. In CNT, for instance, functionalization 
can be accomplished by chemical or physical methods. Chemical 
functionalization is based on the covalent linkage of functional entities 
onto carbon scaffold of CNT, while physical functionalization is 
based on using covalent method which can provide useful functional 
groups onto the CNT surface7-10. Despite much work has been 
done on CNT for composite reinforcement mainly on two phase 
nanocomposite systems (CNT/epoxy) in order to understand their 
potential as a single reinforcement, little work has been reported 
on three phase nanocomposite systems (CNT/carbon fiber fabric/
epoxy)11-14.

Despite carbon nanofibers (CNF) have been known for a long 
time in the nanoparticle reinforcement scenario only recently works 
have addressed their usage as reinforcement for composites15-18. Their 
chemical similarity to CNT and their unique structure make them 
an attractive alternative to the existing nano fillers for composite 
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Polarity of the current was inverted in order to account for and subtract 
effects of the electromotive force due to electrical contacts.

The percentage of impregnated catalyst was measured by Atomic 
Absorption (PerkinElmer Analyst 300). The amount of nanofibers 
grown onto the surface of the carbon fiber fabric was estimated by 
thermogravimetry (TA Instruments SDT Q600) and the morphology 

reinforcement for composites. The basic difference between CNF 
and CNT is their exposed surface and their high aspect ratio. Carbon 
nanotubes have basal planes in their surface whilst carbon nanofibers 
have been shown to have prismatic planes which may increase 
mechanical interlocking19, 20.

This work deals with the direct in situ growth of carbon nanofibers 
onto a carbon fiber fabric surface by using chemical vapor deposition 
(CVD) and the investigation of the influence of the deposition process 
on the mechanical property and electrical properties of nanocomposite 
thereof. The experimental results showed so far that for the CNF/
carbon fiber fabric/epoxy nanocomposite, having different amounts 
of CNF, no improvements were achieved on mechanical properties 
although the electrical properties could be enhanced in relation to 
the pristine nanocomposite.

2. Materials and Methods

2.1. Growing carbon nanofibers

The carbon fiber fabric used was a plain weave 3000 filaments 
per tow, from Hexcel Co. The carbon fiber had a 7.5 µm diameter. 
The material was cut in 110 × 50 mm pieces and heat treated at 
400 °C for 1 hour under argon atmosphere to remove the sizing of 
the carbon fibers. Composites made with unsized carbon fiber fabric 
was named unsized. The material was then impregnated with an 
alcoholic solution (50% ethanol) of NiNO3.6H2O (from Acrōs) using 
the incipient method. Carbon fiber fabric containing 0.6 and 1.4% Ni 
by weight were dried at 110 °C for 12 hours. The impregnated carbon 
fiber fabric was fit in a quartz tube reactor and the temperature was 
set at 670 °C (10 °C/min) under argon flow. At 670 °C, the argon 
flow was replaced by the reaction mixture which had hydrogen and 
ethane at a 4:1 ratio. The nanofibers were grown onto the surface of 
carbon fiber fabric for 15 and 30 minutes. 

2.2. Specimen preparation

The composites were prepared by stacking five plies of nanofiber 
deposited carbon fiber fabric. The epoxy resin system was based on 
Araldite MY750/Aradur HY951. The stacked impregnated plies were 
hot pressed for 24 hours at a pressure of 5.5 MPa. The composites 
exhibited 26% carbon fiber by volume. The CF/CNF/epoxy composite 
was trimmed into specimens having appropriate dimensions to 
characterize mechanical properties. Table 1 shows the experimental 
set up used in this work. Molded composites using commercial carbon 
fiber were named as-received.

2.3. Characterization of composites

The composite specimens were characterized by 3-point flexure 
testing (ASTM D790 -10) using a test speed of, and interlaminar shear 
(ASTM D2344-10) using a test speed of 1.5 mm/min, using an Instron 
1113 universal testing machine. The full scale load cell was 4900 N.

Electrical resistivity was measured using the 4-point methodology. 
Measurements were taken using a Keithley 6517A Electrometer. 
Current was applied between zero and 3 mA at room temperature. 

Table 1. Nickel percentage, reaction time and resulted CNF percentage.

Experiment % Ni Reaction time (minutes) % CNF

1 0.6 15 0.2
2 0.6 30 1.0
3 1.4 15 0.5
4 1.4 30 2.0

Figure 1. SEM images of CNF grown over the surface of carbon fibers: 
a) 0.6% Ni/carbon fiber after 15 minutes reaction, b) 1.4% Ni/carbon fiber 
after 15 minutes reaction, c) 1.4% Ni/carbon fiber after 30 minutes reaction.
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sizing removal is necessary to avoid interference of polymeric vapor 
decomposition in carbon nanofiber growth while the temperature 
rose to 670 °C.

Figure 2a also shows that composites made with unsized carbon 
fiber fabric and less than 1%/weight of nanofiber increases the flexural 
strength to 17%. The increase in the percentage of catalyst also causes 
loss of flexural strength. Thus, lower amounts of Ni catalyst and 
higher deposition times favor the growth of carbon nanofibers. The 
flexural modulus measured for all composites was 31.5 GPa, which 
means that deposition of nanofibers over the surface of carbon fiber 
fabrics has no influence on the flexural modulus.

Figure 2b shows results for interlaminar shear strength. It can be 
seen that interlaminar shear strength tends to decrease as the amount 
of carbon nanofiber increases in the composite. A reduction in the 
interlaminar shear of composites prepared with carbon nanofiber 
could be related to the fiber/matrix interaction. Some authors claim 
that carbon nanofiber can act as a bridge between fibers and matrix 
in the composite, hindering crack propagation and increasing 
interlaminar shear. In the present work, pores were formed at the fiber/

of the composite was observed by Scanning Electron Microscopy 
(SEM LEO 440).

3. Results and Discussion

The reaction time had a great influence on the growth of carbon 
nanofibers than the percentage of catalyst impregnated in the carbon 
fiber fabric. The increase in the percentage of Ni did not improve 
CNF distribution over the surface of the carbon fiber fabric, as can 
be seen in Figure 1a, b. Comparing Figures 1b, c, it can be seen that 
reaction time (growing of CNF) favored the distribution of CNF 
over the surface of the carbon fiber fabric due to the tip growth type 
mechanism15. 

A lower percentage of catalyst tends to reduce the dispersion of Ni 
metal, giving rise to more metal particles over the carbon fiber fabric 
surface which leads to carbon nanofiber entanglements (Figure 1b).

Figure 2 shows results of flexural strength for the composites 
prepared according to Table 1. Composite were prepared with 
as-received carbon fiber fabrics and with unsized carbon fiber 
fabrics (heat treated for sizing removing), for comparison purposes. 
The heat treatment removes the sizing, leading to composites with 
lower flexural strength in relation to the pristine ones. However, 

Figure 2. a) Flexural strength for CF/CNF fiber composite using different 
manufacturing cycles. b) Interlaminar shear strength for CF/CNF composite 
using different manufacturing cycles.

Figure 3. SEM image of pore formation at the CNF/carbon fiber composite 
interface.

Figure 4. Voltage as a function of electric current for several CNF percentages 
in the composite.
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matrix interphase (Figure 3) and they were due to the low wettability 
of the epoxy resin matrix over the CF/CNF fabric. Moreover, the 
epoxy matrix exhibited low interdiffusion in the carbon nanofiber 
agglomerates, leading to the formation of pores. These pores have an 
adverse influence on mechanical properties of composites as a whole. 

On the other hand, composites made with CF/CNF have unique 
electrical behavior. Figure 4 shows results for voltage as a function 
of current for composites prepared according to Table 1. The results 
show that composites made with the as-received carbon fiber have the 
highest electrical resistance at room temperature. On the other hand, 
the higher the content of carbon nanofiber in the composite, the lower 
is the electrical resistance of the material is. Electrical conductivity 
of the composite can be enhanced fourfold in relation to the pristine 
carbon fiber composite just by adding only 1%/weitght of CNF to it. 

Moreover, data from Figure 4 converted to surface electrical 
resistivity (sheet resistance) can result in values of 0.035 Ω for 
composite specimens having 1% CNF/weight. Amounts higher than 
1% CNF/weight do not have a significant cost/benefit ratio and can 
lead to losses in composite mechanical properties.

4. Conclusions

Composite materials can be made from carbon nanofibers (CNF) 
by in situ incorporation of over carbon fiber fabrics through the CVD 
method, by controlling the percentage of impregnated catalyst and 
reaction time. 

Up to 1% CNF/weight can enhance flexural strength of the 
composite by 17% when CNF is deposited over non-sized carbon 
fiber fabric. However, incorporation of CNF on composites made 
of carbon fiber/epoxy can reduce the interlaminar shear. In general, 
mechanical properties of composites containing CNF can be 
influenced by micropore formation at the fiber/matrix interface due 
to the low diffusion of epoxy resin in the CNF agglomerate network. 
Matrix to fiber interaction is a key factor for composite performance 
and this issue has to be addressed for future works.

In situ incorporation of CNF over carbon fiber fabric increases the 
electrical conductivity of composite material made with up to fourfold 
in relation to the pristine carbon fiber composite, which suggests 
application of this material for electrical discharge dissipation.
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