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Multiwall carbon nanotubes (MWCNT) with two different (L/D) aspect ratios (7±2
μm/140±30 nm and 0.5–2 μm/8–15 nm) were surface treated using nitric acid (HNO3) and
polyethyleneimine (PEI) prior to their deposition on carbon fibers (CF). Before the hierarchical reinforcement with CF-MWCNT, the CFs were treated with 3-glycidoxypropyltrimethoxysilane, a coupling agent (Z6040) and with poly(amidoamine) (PAMAM) a dendrimer
containing an ethylenediamine core and amine surface groups. The MWCNT were deposited
on the CF using two methods, by electrostatic attraction and by chemical reactions. The
changes in the CF surface morphology after the MWCNT deposition were analyzed using
SEM, which revealed a higher density and uniform coverage for the PAMAM-treated CF
and the short MWCNTs. The interfacial adhesion of the composite materials was evaluated
using the single fiber fragmentation technique. The results indicated an improvement in the
interfacial shear strength with the addition of the short-MWCNTs treated with acid solutions
and grafted onto the surface of the CF fiber using electrostatic attraction.
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Carbon fiber (CF) is a material frequently used as reinforcement in polymeric matrices for
specific applications [1] because of its excellent mechanical properties, which include high
elastic modulus and tensile strength and resistance to corrosion and temperature [2]. It has
been shown that the fibers provide substantial improvements in the composite’s properties.
However, in some demanding applications, they suffer from problems such as low interfacial
adhesion and delamination [3,4].
In the last few decades, the nanotechnology era opened a new avenue of research,
where CFs could be used as reinforcements at nanometric scales [5]. Among the many
choices of new materials developed for use in high performance applications, multiscale hybrid materials are particularly interesting, because exploit the properties of different types of reinforcements, each representing a particular scale. These hybrids include composites of CFs coated with carbon nanotubes (CNTs), embedded in an epoxy
matrix (CF/CNT-epoxy resin). Such materials are designed to take advantage of the
excellent mechanical properties of the CNTs, as well as the excellent mechanical properties of CFs along their length.
Grafting of the CNTs onto the surface of the CF is usually performed by conventional
techniques such as chemical vapor deposition. That method enables an almost radial orienta-
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tion of the CNTs on the CF surface.
Typically, the CNT are grafted onto the CF surface with the
objective of improving the out of plane behavior of the traditional CF-reinforced laminates. Extensive research has been
conducted to estimate the mechanical behavior of these hybrid
materials. An increase in interfacial shear strength (IFSS) resulting from the incorporation of CNTs, as determined by the single
fiber fragmentation technique, was recently reported, however,
the measured shear stress levels were not as high as expected
[6-8].
The use of high performance composite materials has increased the demand for hierarchical reinforcements [9], and they
are of great interest for applications in the fields of aeronautics,
aerospace, automobiles and sports industries.
Since CNTs were discovered in 1991 by Iijima et al. [10],
they have been the focus of attention because of their excellent mechanical properties. They have been compared with and
proven to exceed the properties of steel, with an elastic modulus of approximately 1 TPa and a strength greater than 50 GPa.
They are also electrically conductive, have low density and thermal stability [5, 8].
In the last two decades, CNTs have been used as reinforcements in different polymer matrix systems, however, in spite of
their outstanding properties, when they are included in a particular resin system, the composites fail to exhibit the substantial
benefit of these properties. This could be due to the weak interfacial bond between the matrix and CNTs, resulting in a poor
transfer of matrix-reinforcement stresses. Such results have led
numerous researchers to study multi-walled carbon nanotubes
(MWCNTs) and CF-MWCNT reinforcements, and to investigate the reinforcement-matrix interactions. The goal is to develop reinforcements that offer an improvement in IFSS, toughness
and interlaminar properties [10].
Treatment of the CNTs surface by chemical functionalization using HNO3 creates functional groups containing oxygen,
resulting in the creation of active sites which can react with the
matrix. However, this process is limited because, depending on
the reaction times, it can damage the walls of the CNTs, and
shortened lengths may result [11].
There are also less aggressive treatments for CNTs, such as
the one reported by Drzal [16], which involved coating the nanotubes with cationic polymers, like polyethyleneimine (PEI). In
that study, the CNT were first oxidized using ultraviolet (UV)
radiation and then coated, producing carboxyl type and hydroxyl surface functional groups on the MWCNT. Mei et al. [15]
used CF functionalized with the dendrimer poly(amidoamine)
(PAMAM), and later deposited MWCNTs, demonstrating that
it was an efficient technique for achieving an optimal graft, because the PAMAM provides many active sites on the surface
of the fiber which act like bridges to generate bonds with the
MWCNT. Drzal [16] developed a new method for obtaining CF
coated with MWCNT, and reported that with the PEI, they obtained a uniform coating of the CF surface and an improvement
in interfacial shear resistance.
In this work, functionalized CNTs were deposited on surface
treated CFs, to study the effect on interfacial shear resistance
when CNTs with different L/D were incorporated on superficially treated CFs, using two deposition techniques.

2. Experimental
2.1. Materials
The CF of 12,000 filaments used in this study was high
yield IM7 from HexTow® Hexcel Corporation (USA), based
on polyacrylonitrile (PAN) as an intermediate modulus precursor. Two types of MWCNTs with different aspect ratios (L/D)
were used: type 1 MWCNT/L (long), 7±2 μm/140±30 nm
with a purity >90% from MER Corporation (USA); and type 2
MWCNT/S (short), 0.5–2 μm/8–15 nm with a purity of +95%
from MKnano (Canada). Additionally nitric acid with 70% purity was obtained from Fermont (Mexico), Methyl-ethyl-ketone
of Sigma-Aldrich, Mexico with a concentration ≥99%, molecular weight 72.11 g/mol, Silane Z6040 (3-glycidoxypropyltrimethoxysilane) from Dow Corning® (Mexico), PAMAM from
Sigma-Aldrich, N-[(dimethylamino)-1H-1,2,3-triazolo[4,5-b]
pyridin-1-ylmethylene]-N-methylmethanaminium hexafluorosphosphate N-oxide (HATU) from GL Biochem Ltd (China), PEI
from Aldrich, with a density of 1.08 g/mL at 25°C. Epoxy resin
DER 331, from Dow Company was chosen as the matrix material and the resin curing agent used was ethylenediamine from
Sigma-Aldrich.

2.2. Surface treatment of carbon fibers
Treatment of the CFs was initiated by removing the commercial sizing by immersing them in Methyl-ethyl-ketone, for 12 h
at 80°C with mechanical agitation (CF-Raw). This process was
performed in a Kettle reactor under reflux conditions. The CFs
were washed with distilled water and then dried in a convection
oven for 24 h at 100°C. Next, they were immersed in HNO3
(70% purity) for 6 h at 100°C under refluxing conditions, and
finally they were washed with distilled water to neutral pH and
dried at 100°C for 6 h. For the silanization of the CF (CFsi), they
were first oxidized with HNO3 and then treated with the silane
Z6040 coupling agent. Five hundred milliliters of a solution of
50/50 v/v methanol-water was prepared in a beaker, 1% of the
silane (by weight of the fiber) was added, and then, the pH was
adjusted to 3.5–4.5, and stirred continuously for 30 min. The
CF were then added and stirred for 1 h at room temperature and
dried in an oven for 6 h at 100°C.
To apply the PAMAM (CFp), the CFs were first oxidized
using nitric acid (CF-HNO3). Thirty milliliters of a solution
of dimethylformamide (DMF), and 77.5 μL of PAMAM and 5
mg HATU were prepared, mixing for 15 min with an ultrasonic
probe at 50 W. Next, the CF-HNO3 fibers were immersed in the
DMF solution for 4 h at room temperature and then washed in
distilled water and dried overnight in vacuum at 100°C.

2.3. Characterization of carbon fibers
The surface morphology of the CFs was observed by scanning electron microscopy (SEM), JEOL JSM-636OLV (Japan);
the samples were aligned on aluminum specimen holders and
were coated with gold. To analyze the surface chemistry of each
CF sample, X-ray photoelectron spectroscopy (XPS) was performed on a K-Alpha XPS Thermo Scientific, with a base pres-
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sure of 1×10–9 mbar. The sample was excited with X-rays, with
a line of monochromatic aluminum Kα.
To determine their mechanical properties, the untreated
carbon fibers (CF-Raw), the silane treated fibers (CFsi) and
the PAMAM surface treated fibers (CFp) were randomly selected, then were individually bonded on thin paper frames
with rectangular holes of different diameters (25.4, 19.0, 12.7
and 6.35 mm). Tensile tests were performed using a micro
tensile system, equipped with a 250 g load cell and Newport
actuator, model PMC 200OP, at a constant speed of 0.2 mm/
min.

end of the mold. First, 50 mL of MWCNT-PEI aqueous solution was prepared and 0.1 mM NaCl added, dispersed with
an ultrasonic probe for 15 min at 50 W. Second the aqueous
solution of MWCNT-PEI/ NaCl was poured into the mold and
subjected to an electric field of 25 W for 10 min, to achieve
the deposition of the nanotubes on the fiber. Next, the fibers
were placed in a convection oven at 120°C for 2 h to remove
excess solution.
2.6.2. Grafting by chemical reactions
A solution of 50 mL of acetone was prepared, 50 mg of MWCNT-HNO3 (long or short) and 5 mg of HATU were added, then,
the reaction was mixed using an ultrasonic probe at 50 W for 10
min. To carry out the deposition of the nanotubes, the CFp fibers
were immersed in an acetone-MWCNT-HNO3 solution for 4 h
at room temperature, then they were washed with acetone to remove residual unreacted solution, and the fibers were dried in a
convection oven at 100°C overnight.

2.4. Functionalization of carbon nanotubes
Both the short and long MWCNTs received two types of surface treatment to generate active groups on the surface of the
CNTs: by acid solution, and by treatment with UV-polyelectrolyte radiation.

2.7. Development of hybrid composite material

2.4.1. Nitric acid treatment
For the chemical oxidation, 25 mL of an aqueous HNO3 solution was prepared using a flat bottom round flask. Then 0.3 g of
MWCNTs were added, under reflux conditions, and left under
mechanical stirring for 48 h at room temperature. Subsequently
the MWCNTs were washed with distilled water until the MWCNT-HNO3 showed a neutral pH, then filtered with Millipore
filter (0.22-mm pore), and dried in an oven at 40°C equipped
with a vacuum pump.

Bone-shaped specimens were prepared to measure the fibermatrix IFSS using open silicone molds with 8-cavities. Epoxy
resin (DER 331) and the catalyst Ethylenediamine at a ratio of
1:1.75 was used. Table 1 shows the different fiber-matrix combinations and a description of the different CF and MWCT surface
treatments.
Individual CFs carefully separated from the fiber tow were
placed in each of the cavities of the mold, securing them with
glue at their ends on the sprue. Next, the epoxy resin, previously degassed, was carefully poured to fill the mold cavities.
Care when pouring the resin was necessary to avoid disturbing the fibers and the formation of air bubbles. To cure the
epoxy resin, the temperature was increased from 50 to 120°C
in 1 h and then increased to 150°C and kept for 3 h in a Felisa
convection oven.

2.4.2. Polyethyleneimine treatment
The MWCNTs were exposed to UV irradiation with a
wavelength of 254 nm for 120 min. The distance between the
UV lamp and the sample was 20 mm. Next, 50 mL of an aqueous 0.10 wt% sodium chloride (NaCl) solution, with 0.014 of
PEI wt% and 0.070 wt% of the MWCNTs, was prepared in
a beaker. The solution MWCNT-PEI was mixed for 2 h with
the aid of an ultrasonic probe (100 W) and re-dispersed for 15
min in 50 mL of H2O at a power of 20 W. Then, it was filtered
and re-dispersion was repeated until a homogeneous solution
was obtained.

2.8. Characterization of carbon fibers with
MWCNTs deposited on their surface
The analysis of the dispersion and orientation of the CNTs
on the CF of the different hierarchical composites described in
Table 1 was performed using a SEM. To study the surface chemistry of the fiber samples with the deposits of CNTs, an energydispersive X-ray spectroscope, Oxford Inca Energy 200 coupled
to the SEM was used.

2.5. Characterization of CNTs
The thermal stability of the samples was investigated by thermogravimetric analysis (TGA), using a Perkin-Elmer TGA-7.
The temperature was increased from 30 to 700°C with a heating
rate of 10°C/min under a nitrogen atmosphere. The analysis of
the surface chemistry of the carbon nanotube samples was carried out using XPS.

2.9. Evaluation of the IFSS using the singlefiber fragmentation technique

2.6. MWCNT grafting on the carbon fibers

To evaluate the interfacial properties of the composite materials, consisting of epoxy resin reinforced with CFs, described
in Table 1, single fiber fragmentation tests were used. A tensile
force was applied to the specimen until fiber fragment saturation
was observed. The birefringence of the material was observed
and the lengths of the fiber fragments were measured using an
optical caliper. The IFSS was estimated using the approach proposed by Drzal et al. [16], who studied the statistical distribution
of the fragments’ length, and found that it fits well into a two

The deposition of the surface treated MWCNTs on the CFs
was carried out by two different techniques.
2.6.1. Deposit by electrostatic attraction
To achieve the deposition of the PEI-treated MWCNTs on
the CFs a rectangular mold with electrodes was used to apply
an electric field. The CFs were attached to the cathode at one
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Table 1. Nomenclature and description of the different surface treatments applied to the carbon fiber and to the MWCNTs used to form the single
fiber composites

Nomenclature

Description

Micrometric reinforcements
CF-Raw

Carbon fibers as received from the manufacturer washed with Methyl-ethyl-ketone and treated with HNO3

CFsi

Carbon fibers as received from the manufacturer washed with Methyl-ethyl-ketone and treated with HNO3+silane
Z6040 coupling agent.

CFp

Carbon fibers as received from the manufacturer washed with Methyl-ethyl-ketone and treated with
HNO3+PAMAM+HATU

Hierarchical reinforcements
CFsi-MWCNT-PEI/S

Carbon fibers as received from the manufacturer washed with Methyl-ethyl-ketone and treated with HNO3+silane
Z6040 coupling agent and short MWCNTs treated with UV+PEI, deposited on their surface

CFsi-MWCNT-PEI/L

Carbon fibers as received from the manufacturer washed with Methyl-ethyl-ketone and treated with HNO3+silane
Z6040 coupling agent and long MWCNTs treated with UV+PEI deposited on their surface

CFp-MWCNT-HNO3/S

Carbon fibers as received from the manufacturer washed with Methyl-ethyl-ketone and treated with
HNO3+PAMAM+HATU and short MWCNTs treated with HNO3

CFp-MWCNT-HNO3/L

Carbon fibers as received from the manufacturer washed with Methyl-ethyl-ketone and treated with
HNO3+PAMAM+HATU and long MWCNTs treated with HNO3

MWCNT, multiwall carbon nanotubes; CF, carbon fiber; PAMAM, poly(amidoamine); PEI, polyethyleneimine; UV, ultraviolet.

parameter Weibull distribution, given by:
(2)
where d is the fiber diameter and σf is the fiber tensile
strength, α and β are the shape and scale parameters of the
Weibull distribution of (Lc/D), and Γ is the gamma function.
This test was performed using a MINIMAT test machine at a
strain rate of 0.02 mm/min, equipped with a 100 N load cell,
and fitted under an optical microscope with polarized light,
and an optical caliper.

3. Results and Discussion
3.1. Carbon fibers

Fig. 1. SEM micrographs of untreated and surface treated carbon fiber

The SEM micrographs of the CF surfaces, shown in Fig.
1, were used to assess possible changes on the surface of the
fiber, as follows: Fig. 1a corresponds to the untreated fibers
(CF-Raw) and a smooth surface is observed without any visible imperfections. In Fig. 1b and c, the CFs treated with the
silane Z6040 (CFsi) and those treated with PAMAM (CFp)
respectively, some roughness on their surface is appreciated;
in the silanized samples a rougher surface is visible, which
could be due to being subjected to a more severe treatment
with the nitric acid.
Fibers treated with the PAMAM reagent show a rough surface, similar to that treated with silane, which means that the
PAMAM does not provide a significant change in the surface
of the fiber. The roughness can be attributed to the oxidation
process with the nitric acid.
XPS analysis of the fibers corresponding to CF-Raw, CFsi
and CFp was performed by X-ray photoelectron emission to de-

(CF): (a) CF-Raw, (b) CFsi, and (c) CFp. SEM, scanning electron microscopy.

termine the presence of surface elements (Fig. 2). The binding
energies of the carbon emission peaks (284.47 eV) and nitrogen
(399.93 eV), which are characteristic of the chemical structure
of the CF, are presented in the graphs.
The oxygen binding energy (532.06 eV) shows that it is present on the surface of the fiber. The variations in peak intensities
are attributed to the different treatments applied to the CF. The
increase in the oxygen intensity (O1s) in the fibers subjected to
the superficial treatments indicates the generation and addition
of functional groups with oxygen content, and confirms that oxidation of the fiber was achieved. For the silanized fiber, a new
peak corresponding to silicon with a binding energy of 102.12
eV was observed, indicating that the silane was present. It was
also noticed that the nitrogen peak decreased as the surface treat-
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Fig. 3. Tensile strength vs length of CF: CF-Raw, CFsi, and CFp.
Fig. 2. XPS spectra for three different carbon fiber surface conditions:
CF-Raw, CFsi and CFp. XPS, X-ray photoelectron spectroscopy.

ment of the fiber increased.
However, for the fibers treated with the PAMAM, there
was an increase in the intensity of the nitrogen energy peak
relative to the one treated with nitric acid, which is attributed
to the deposit of amine groups on the fiber surface. Table 2
shows the atomic percentages, which indicate that the acid
treated fiber had a lower carbon concentration than the untreated. This may reflect the binding of oxygen on the surface
of the fiber [3, 4].
3.1.1. Mechanical properties of the carbon fiber
Figs. 3 and 4 show the mechanical properties of the CF with
and without any surface treatment. A decrease is observed in
the tensile strength of the CF with increasing gage length. The
tensile strength is strongly influenced by flaws, so it increases
with decreasing test (gage) length. However, no statistically appreciable differences were found between the three fiber surface
treatments.
The elastic modulus was determined separately for each set of
samples, and no stiffness variations were observed. The elastic
modulus of the CF is highly dependent on the graphitic planes
along the fiber axis. The oxidation resistance of the CFs increases with the degree of graphitization.

Fig. 4.

Comparison of elastic modulus vs length of surface treated carbon fibers.

The purpose of the treatment was to incorporate polar
functional groups with oxygen content. Some investigations
have mentioned the possibility that the treatment produces
a decrease in weight and a superficial softening of the fiber,
which would imply the tensile strength increases based on
the concentration of the acid and the times of the treatment.

Table 2. Binding energies and atomic percentages for the untreated and surface treated fibers
Element

CF-Raw

CF HNO3

CF silane (CFsi)

CF PAMAM (CFp)

BE (eV)

% Atomic

BE (eV)

% Atomic

BE (eV)

% Atomic

BE (eV)

% Atomic

C1s

284.47

86.48

284.45

39.38

284.98

72.04

285.1

77.75

O1s

532.06

8.31

531.37

40.12

532.02

22.65

532

19.42

N1s

399.93

5.21

399.44

4.09

400.09

2.9

399.92

2.83

Si2p

-

-

-

-

102.12

2.4

-

-

CF, carbon fiber; BE, Binding Energy
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Severe oxidation causes CFs to lose weight due to the evolution of CO or CO2 gases. However, slight oxidation, such as
that produced in this work, may cause CFs to slightly gain
weight, due to the formation of chemical bonds with the various oxygen-containing functional groups on the surface of
the fibers [23, 24].

TGA of the MWCNT-L and MWCNT-S was carried out to
confirm the degradation of the materials. From the thermogravimetric curve (Fig. 5), it was determined that the thermal
degradation occurs in several stages. The first stage comprises the interval from 0 to 150°C, where the evaporation
of absorbed water (which mostly occurs from the oxidized
nanotubes, since they are highly hydrophilic) is observed.
The second stage occurs from 150 to 350°C and it can be
attributed to the decarboxylation of the carboxylic groups

present on the surfaces of the tubes. The greatest mass loss
(stage 3) occurs at temperatures between 350 and 550°C, and
corresponds to the elimination of the functionalities of the
hydroxyls, as well as to the removal of impurities and amorphous carbon.
In Fig. 5a, a higher loss percentage is observed for the
MWCNT-PEI, and this may be attributed to the fact that the
treatment with the UV is less aggressive than the treatment
with the nitric acid solution, which was used for the short
MWCNT-HNO3, and eliminates impurities with more effectiveness. Also, the short MWCNT have greater purity percent, unlike the long ones, which show a greater loss of the
mass (Fig. 5b). They also exhibit a greater amount of hydroxyl groups and structural defects on their surface as a result of
the oxidation treatment.
At temperatures above 550°C, a significant mass loss occurs, which corresponds to the thermal oxidation of the residual disordered carbon [14]. To determine the chemical com-

Fig. 5. Thermogravimetric curves for: (a) long multi-walled carbon

Fig. 6.

3.2. Carbon nanotubes

XPS spectra for (a) high L/D ratio MWCNT/L untreated and surface treated, (b) low L/D ratio MWCNT/S untreated and surface treated.

nanotubes (MWCNTs) and (b) short MWCNTs.
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3.3. Carbon fiber with MWCNT

position and chemical groups present on the surface of the
tubes, a wide spectrum of the MWCNT samples are shown
in Fig. 6. Fig. 6a corresponds to the tubes with higher L/D,
and it is possible to see the binding energies of the emission
peaks of the C at 284.47 eV, O at 532.06 eV and N at 399.93
eV. There are no significant changes in the surfaces of the
tubes that were surface treated [10, 15, 16]. The oxygen content of 1.69% to 4.52% indicates there was an increase in the
number of groups with oxygen content on the surface of the
nanotubes.
Fig. 6b shows that the small L/D MWCNTs exhibited
peaks at 284.34, 532.81 and 400.4 eV of C, O and N, respectively. These peaks were taken as reference for the spectral
analysis [10,15]. In the MWCNT/S-HNO3 and MWCT/SPEI, the oxygen content increased from 1.94 to 4.24% for
the long nanotubes and from 2 to 5.8% for the short ones.
The decrease in C was greater for the nanotubes treated with
PEI than the sample treated with HNO3 because of the reaction with amines. This is consistent with the increase in
the N peak from 0.74 (which is considered insignificant and
the result of impurities) to 2.86% for the long nanotubes and
from 0.5 to 2.86 for the short ones. This is attributed to the
carboxyl and hydroxyl groups that reacted with the nitrogen
of the PEI molecule to form amides.

Micrographs of the surfaces of the CF with the different
MWCNT deposits are shown in Fig. 7. CFsi-MWCNT-PEI/L
and CFp-MWCNT-HNO3/L are shown in micrographs Fig. 7a
and b, which demonstrate that the deposition was achieved
by both methods. However, a higher density of the nanotubes can be observed for the silanized CF, scattered along
the length of the fiber. It can also be noticed that there are
areas where the MWCNTs are not present, which suggests
that their size is an important factor affecting their deposition
on the surface of the CF, and may even introduce physical
impediments because of their larger inertias. In the case of
the CFp-MWCNT-HNO3/L, there is a higher density of nanotubes on the fiber. It can also be observed that some CNTs
are oriented in a direction perpendicular to the fiber axis, and
this can be attributed to the electric field to which they were
subjected during the grafting process.
CFsi-MWCNT-PEI/S and CFp-MWCNT-HNO3/S are shown
in the images in Fig. 7c and d. A greater quantity and a better distribution of nanotubes are observed, and total coating of the CF
has occurred. This may be due to the size of the nanotubes, because they have a greater surface area and a greater area, resulting in a greater probability of reacting, thus promoting a greater
deposit of the CNTs on the fibers.
The results of the XPS analyses of the fibers with the carbon
nanotube deposits (short and long) are presented in Fig. 8 and
in Table 3. Fig. 8a shows the broad spectra of the CF corresponding to: (a) deposition by electrostatic attraction, and (b) by
chemical reactions.
For the CFp-MWCNT-HNO3/S, there was an increase of
0.72% and 2.14% in the O and N content, respectively, denoting
a higher density of nanotubes as compared to the samples with
the long ones. The bond energy equal to 286.32–286 eV, corresponding to OH groups, and 287.90–287.95 eV corresponding
to amides groups (N-C=O), present on CFp-MWCNT-HNO3/S,
indicates the existence of COOH and NH2 groups corresponding to amides. The energy at 288 eV exhibited an increase unlike the other fiber treatments, indicating the functionalization
of the MWCNT with COOH groups. The peak at 285.66 eV
decreased significantly because of the conversion of amine to
amide groups [9, 17, 18].

Fig. 7. SEM micrographs of the carbon fibers with MWCNT deposits (a)
CFsi-MWCNT-PEI/L, (b) CFp-MWCNT-HNO3/L, (c) CFsi-MWCNT-PEI/S and (d)
CFp-MWCNT-HNO3/S. PEI, polyethyleneimine.

Table 3. Comparison of the XPS spectra values of several CF with different MWCNT surface treatments, in atomic percentage
Type of fiber and treatment

C1s (eV)

%C1s

O1s (eV)

%O1s

N1s (eV)

%N1s

C/O

CFsi

284.98

72.04

532.02

22.65

400.09

2.9

3.18

CFsi-MWCNT-PEI/L

285.13

76.18

532.24

21.41

399.57

2.41

3.55

CFsi-MWCNT-PEI/S

285.03

80.45

532.28

16.07

400.13

3.49

5

CFp

285.1

77.75

532

19.42

399.92

2.83

4

CFp-MWCNT-HNO3/L

285.11

78.11

532.26

16.96

400.38

4.93

4.60

CFp-MWCNT-HNO3/S

285.37

71.55

532.28

19.56

400.27

8.89

-

XPS, X-ray photoelectron spectroscopy; CF, carbon fiber; MWCNT, multiwall carbon nanotubes; PEI, polyethyleneimine.
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3.4. Determination of IFSS using the single fiber fragmentation test
The results of the IFSS for the different composites are shown
in Fig. 9, and the tensile and shear properties are listed in Table
4. The values of critical length determined for the CFsi and
showed reduction as well as an increase of the IFSS, indicating there was better adhesion between the phases as compared
to CF-Raw. This improvement is attributed to the activation of
functional groups, the silane treatment [19] and the PAMAM
treatment, resulting in a greater interaction with the epoxy matrix [20,21].
CFsi-MWCNT-PEI/L and CFsi-MWCNT-PEI/S exhibited an
increase of 10% and 9% in the IFSS, respectively [11]. This is
attributed to the weakness of the van der Waals bonds formed by
the carboxylic acids and hydroxyls on the F and the MWCNTs
functionalized with the cationic polymer.
The results for CFp-MWCNT-HNO3/L and CFp-MWCNTHNO3/S show that the IFSS improved by 26% and a 43%, re-

Fig. 8. XPS spectra of: (a) deposition by electrostatic attraction, and (b)

Fig. 9.

Interfacial shear strength for different CF/MWCNT/epoxy matrix
single fiber composite material.

by chemical reactions.

Table 4. Interfacial shear strength for the hybrid composite material
Composite material

Lc (mm)

σf (MPa)

SD

τ (MPa)

SD

CF-Raw

0.4588

4642.48

0.41

31.07

0.48

CFsi

0.4223

4859.00

0.99

34.54

2.47

CFp

0.3839

4143.30

0.45

32.59

0.92

CFsi-MWCNT-PEI/L

0.3854

4859.79

0.98

38.05

3.03

CFsi-MWCNT-PEI/S

0.3876

4860.36

0.74

37.71

1.77

CFp-MWCNT-HNO3/L

0.3157

4144.98

0.42

39.33

1.07

CFp-MWCNT-HNO3/S

0.2789

4145.53

0.40

44.57

0.57

CF, carbon fiber; MWCNT, multiwall carbon nanotubes; PEI, polyethyleneimine.
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spectively, as compared to the untreated CF, because of the formation of covalent bonds between active sites of the CFp, which
acted as bridges, bonded to the MWCNT-HNO3 [12,18].
However, it should be noted that CFp-MWCNT-HNO3/S resulted in effective interfacial adhesion, because the dendrimer
on the CF surface and the dendrimer structure itself generated
a greater activation of the CF surface [22]. This made it more
likely to interact with the carboxylic and hydroxyl groups on the
short MWCNTs, because they have a larger surface area than
the long MWCNTs. As a result, there was greater interaction
between the functional groups, promoting total coating of the
CF, and at the same time a better interaction with the polymeric
matrix [25].

[4] Romhány G, Szebényi G. Interlaminar fatigue crack growth behavior of MWCNT/carbon fiber reinforced hybrid composites monitored via newly developed acoustic emission method. eXPRESS
Polym Lett, 6, 572 (2012). https://doi.org/10.3144/expresspolymlett.2012.60.
[5] Dzenis Y. Structural nanocomposites. Science, 319, 419 (2008).
https://doi.org/10.1126/science.1151434.
[6] Popov VN. Carbon nanotubes: properties and application. Mater Sci Eng R Rep, 43, 61 (2004). https://doi.org/10.1016/j.
mser.2003.10.001.
[7] Ruoff RS, Lorents DC. Mechanical and thermal properties of carbon
nanotubes. Carbon, 33, 925 (1995). https://doi.org/10.1016/00086223(95)00021-5.
[8] Salvetat JP, Bonard JM, Thomson NH, Kulik AJ, Forró L, Benoit
W, Zuppiroli L. Mechanical properties of carbon nanotubes. Appl
Phys A, 69, 255 (1999). https://doi.org/10.1007/s003390050999.
[9] Chou TW, Gao L, Thostenson ET, Zhang Z, Byun JH. An assessment of the science and technology of carbon nanotube-based fibers and composites. Compos Sci Technol, 70, 1 (2010). https://
doi.org/10.1016/j.compscitech.2009.10.004.
[10] Iijima S. Helical microtubules of graphitic carbon. Nature, 354, 56
(1991).
[11] Qian H, Bismarck A, Greenhalgh ES, Shaffer MSP. Carbon nanotube grafted carbon fibres: a study of wetting and fibre fragmentation. Compos Part A Appl Sci Manuf, 41, 1107 (2010). https://doi.
org/10.1016/j.compositesa.2010.04.004.
[12] Peng Q, He X, Li Y, Wang C, Wang R, Hu PA, Yan Y, Sritharan T.
Chemically and uniformly grafting carbon nanotubes onto carbon
fibers by poly(amidoamine) for enhancing interfacial strength in
carbon fiber composites. J Mater Chem, 22, 5928 (2012). https://
doi.org/10.1039/C2JM16723A.
[13] Mazov I, Kuznetsov VL, Simonova IA, Stadnichenko AI, Ishchenko AV, Romanenko AI, Tkachev EN, Anikeeva OB. Oxidation
behavior of multiwall carbon nanotubes with different diameters
and morphology. Appl Surf Sci, 258, 6272 (2012). https://doi.
org/10.1016/j.apsusc.2012.03.021.
[14] Kamae T, Drzal LT. Carbon fiber/epoxy composite property enhancement through incorporation of carbon nanotubes at the fibermatrix interphase–Part I: The development of carbon nanotube
coated carbon fibers and the evaluation of their adhesion. Compos
Part A Appl Sci Manuf, 43, 1569 (2012). https://doi.org/10.1016/j.
compositesa.2012.02.016.
[15] Mei L, He X, Li Y, Wang R, Wang C, Peng Q. Grafting carbon
nanotubes onto carbon fiber by use of dendrimers. Mater Lett, 64,
2505 (2010). https://doi.org/10.1016/j.matlet.2010.07.056.
[16] Drzal LT. The effect of polymeric matrix mechanical properties on
the fiber-matrix interfacial shear strength. Mater Sci Eng A, 126,
289 (1990). https://doi.org/10.1016/0921-5093(90)90135-P.
[17] Avilés F, Cauich-Rodríguez JV, Moo-Tah L, May-Pat A, VargasCoronado R. Evaluation of mild acid oxidation treatments for
MWCNT functionalization. Carbon, 47, 2970 (2009). https://doi.
org/10.1016/j.carbon.2009.06.044.
[18] Datsyuk V, Kalyva M, Papagelis K, Parthenios J, Tasis D, Siokoua
A, Kallitsis I, Galiotis C. Chemical oxidation of multiwalled carbon nanotubes. Carbon, 46, 833 (2008). https://doi.org/10.1016/j.
carbon.2008.02.012.
[19] Lee S, Oda T, Shin PK, Lee BJ. Chemical modification of carbon nanotube for improvement of field emission property. Microelectron Eng, 86, 2110 (2009). https://doi.org/10.1016/j.

4. Conclusions
The effect of incorporating two different aspect ratios of
MWCNT with epoxy matrix, and their deposition onto CFs after treatment with silane and PAMAM, was investigated in this
study. SEM verified that the process resulted in a uniform coating of short MWCNTs on the surface of the CF. The deposition of MWCNTs on the CFs also resulted in an improvement
in the quality of the interfacial region and the corresponding
IFSS between the CF and the epoxy matrix. This improvement
should enhance the performance of the composite. The use of
MWCNT/S and PAMAM resulted in a higher IFSS. This was
due to the formation of covalent bonds, promoted by the use of
the dendrimer, with amine groups that reacted with the oxygen
containing groups on the MWCNT to form amides.
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