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Abstract
Carbon nanotubes and their treatments play an 
important role in fabrication and properties of 
the nanocomposites. In this study effects of acid 
functionalization and mechanical treatment of CNTs 
by ball milling on the chemical structure, weight 
loss and mechanical strength of a 1 weight % CNTs 
reinforced phenolic polymer has been investigated 
by using FTIR, XRD, TGA, electron microscopy and 
tensile tests. Results show that both chemical and 
mechanical treatment has considerable effects on 
properties of the composite. Maximum strength was 
obtained by chemical treatment followed by 2 hours 
of mechanical treatment, further milling treatment 
caused to decrease the strength of the composite.
Keywords: Carbon nanotubes, Nanocomposites, 
Functionalization, Ball milling, Mechanical properties

Introduction
Carbon nanotubes are widely used for fabrication of 
nanocomposites [1-4]. Multiwall carbon nanotubes 
present greater mechanical properties compared 
to the other carbon materials, in addition, they offer 
excellent specific strength and stiffness together 
with low weight and high specific area [2, 5]. Major 
difficulties in the use of carbon nanotubes in different 
areas are their hydrophobicity, surface chemistry, 
a tendency to clustering and building aggregate 
[6-8]. Functionalization methods are providing 
techniques for overcoming these barriers and 
increasing compatibility of carbon nanotubes with 
other materials. [9,10]. Properties of a composite 
reinforced with certain amount of CNTs is dependent 
on several factors such as degree of dispersion of 
the CNTs in the matrix [8,11], sort and density of 
the functional groups on the surface of the CNTs, 
which are controlling type and strength of the CNT/
matrix interfaces [12,13] and aspect ratio of the CNTs 
[14]. Chemical and mechanical functionalization 
are methods which can manage the degree of 
dispersion and CNT/matrix interface properties [15] 
while chemical functionalization methods are studied 
widely, less attention has been paid to the effects of 
mechanical functionalization on the properties of a 
composite reinforced with CNTs. Therefore the main 
aim of this study is to investigate effects of mechanical 
treatment with and without chemical functionalization 
on the mechanical behavior of a composite reinforced 
with CNTs.

Experimental Procedures
For reinforcement phase multiwall carbon nanotubes 
(MWCNT) with an average diameter of 15 nm, the 

diameter range of 9-21 nm and an average length of 
20 µm with 95% purity were purchased.
A thermoset novolac phenolic resin with a particle size 
of 60 µm with the hardener of hexamethylenetetramine 
(C6H12N4) was used as a matrix of the composite.
For chemical functionalization, the raw CNTs were 
poured into ethanol alcohol and sonicated for 4 
hours. Then 5 gr of the CNTs were added to 250 ml 
of 0.65 molar nitric acid and heated to 80 Cº stirred 
for 1.5 hours, then the mixture cooled to the room 
temperature. Next residual nitric acid was removed 
from the mixture and the CNTs were washed with 
distilled water for several times until their pH reached 
7. After filtration, The CNTs were dried at 70 Cº in a 
vacuum oven for 24 hours and FCNTs were formed. 
Mechanical functionalization was performed by 
mixing the raw CNTs or FCNTs with resin powders 
and milled with the ball mill for different duration of 
time ranging from 0 to 6 hours. For this propose a 
planetary ball mill with powder to ball ratio of 1 to 10, 
the speed of 50 rpm and ball diameter of 5 mm was 
used.
Nanocomposite specimens were fabricated by 
adding 1 wt % raw CNTs or FCNTs to the phenolic 
resin powders and milled for a designated time to 
obtain a uniform mixture of the CNTs into the resin. 
After separation balls, the mixture was poured into a 
metallic die and cured under pressure of 80 bar and 
temperature of 180 Cº for two hours.
For evaluation effects of chemical and mechanical 
functionalization, 5 specimens were fabricated from 
each FCNTs/phenolic and raw CNTs/phenolic with 0, 
1, 2, 4 and 6 hours of ball milling. 
Thermogravimetric analysis of the specimens was 
completed in the atmospheric environment by an 
STA-1500, Rheometric Scientific, USA. For chemical 
analysis, a Fourier transform infrared spectroscopy 
(FTIR) was performed by using Nicolet Magna-IR760 
FTIR spectrometer. A strength of the specimens was 
measured by flexural tests according to ASTM D-790 
test method on specimens with 2.8×11.2 mm cross-
section. Structure of the specimens was evaluated 
by X-ray diffraction method and electron microscopy. 

Results
Figure 1 displays a TEM micrograph obtained from 
the raw CNTs this figure shows that the CNTs have a 
large aspect ratio and made bundles with each other. 
FTIR spectrum of the raw and chemical functionalized 
multiwall carbon nanotubes are shown in Figure 2. 
The broad absorption peak at 3433 cm-1 is due to 
O-H stretching vibration bond [16], this peak can be 
generated by absorption hydroxyl (O=C-H and C-OH)
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groups due to reaction of acid with surface of the 
CNTs during chemical treatment in functionalization 
process, it may also be produced due to water 
absorption by the raw CNTs from environment. Higher 
absorption of FCNTs at 3433 cm-1 wavenumber 
compared to the raw CNTs is observed in Fig. 2 and 
exhibits formation of a hydroxyl group on the surface 
of the FCNTs.
The peaks at 1635 cm-1 are formed by vibrational 
stretching of C=C bond and peaks at 1367 cm-1 is due 
to C-C stretch [17, 18]. Both peaks showing higher 
absorption in the raw CNTs compared to the FCNTs 
these differences can be resulted from oxidation of 
carbon by acid during chemical functionalization 
process. It seems that introducing functionalities 
leads to partly distraction of the graphitic surface 
layer.
 Another difference between FTIR spectrum of 
the raw CNTs and FCNTs appears at 2360 cm-1 
which is showing higher absorption in the case of 
FCNTs, This peak formed by vibrational absorption 

of C-O-C bonds and confirming the success of the 
functionalization process. 
Small peaks around 1736 cm-1 which are only 
observed for FCNTs are due to carboxyl (COOH) 
groups. These peaks confirm attachment of carboxyl 
group to the surface of the CNTs. Peaks between 
1150 to 1050 cm-1which are observing stronger in 
the spectra of FCNTs are representing a stretch of 
C-O bond in the hydroxyl group

Figure 1. TEM micrograph obtained from raw CNTs.

Figure 2. FTIR spectrum from the raw and chemical functionalized CNTs.

FTIR spectra of the unreinforced (pure) phenolic resin 
presented in Figure3. Various oxygen arrangements 
in the structure of this resin including the vibration 
mode of epoxide (C-O-C) at 1235 cm-1, ester (C=O) 
at1600 cm-1, carboxyl (COOH) at 1729 cm-1, and 
hydroxyl vibrations at 3385 and 1051 cm-1  [19, 20] 

are observed. Oxygen-containing groups provide 
suitable bases for chemical bonding between CNTs 
and the polymer. FCNTs which are holding higher 
oxygen groups offer better situation for chemical 
bonding between the CNTs and polymer matrix.

Figure 3. FTIR spectra of unreinforced phenolic resin which is used as a matrix of the nanocomposite.
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Figure 4 shows the result of FTIR analysis of the 
composites containing carbon nanotubes; chemical 
functionalized or raw, and phenolic resin both after 
2 hours milling. Although the addition of CNTs to the 
polymer matrix and also mechanical milling have 
caused some changes in the spectrum of the resin, 
FCNTs and raw CNTs are demonstrating a similar 
spectrum. Few small differences are observed 
between spectra of FCNTs/phenolic and raw CNTs/

phenolic including higher absorption of FCNTs/
phenolic at 3400 and 1093 cm-1 wavenumbers 
(corresponding to O-H bounds) and also at 2923 cm-
1(corresponding to C-H bonds) and higher absorption 
of raw CNTs/phenolic at 1639 cm-1 (corresponding to 
C=C bonds). These results show that more oxidation 
has happened in the case of FCNT/phenolic 
composite, therefore more oxygen-containing groups 
are present in this nano-composite.

Figure 4. FTIR spectra of FCNTs/phenolic and raw CNT/phenolic composites after 2 hours milling.

FTIR spectrum of FCNTs/phenolic after 2 and 6 
hours milling is presented in the Figure5. Both 
composite show almost the same spectra, it appears 
that continuing ball milling of the composite more 

than 2 hours has no noticeable effect on the chemical 
structure of the composite. The same result has been 
obtained for raw CNTs/phenolic composite.

Figure 5. FTIR spectra of FCNTs/phenolic composite after 2 and 6 hours milling.

Figure 6 shows XRD pattern of carbon nanotubes 
under three different conditions; raw CNTs, FCNTs (0 
hours milling) and FCNTs after 2 hours milling together 
with phenolic powder, all tested specimens exhibited 
a similar pattern including (002), (100), (004) and 
(110) planes of the CNTs. Increased intensity of (002) 

peak in the FCNT pattern due to the purification of 
the CNTs during chemical functionalization and peak 
broadening in the case of FCNT 2 hrs milling due to 
mechanical functionalization are major differences 
between XRD pattern of the specimens.
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Figure 6. XRD pattern of carbon nanotubes under three conditions; raw CNTs, 
FCNTs 0 hours milling, and FCNTs after 2 hours milling.

TG curve of the composites and the unreinforced 
polymer is displayed in Figure 7. This graph shows 
three distinct areas in the behavior of the tested 
specimens, in the primary area which is between room 
temperature to 450 Cº specimens lose less than 10 % 
of their weight and all of them exhibit same behavior in 
losing weight , this action is assigned to losing water, 
in the second area which is between 450 Cº and 680 
Cº the specimens lose weight with a similar trend, in 
this area FCNTs/phenolic with 2 hours milling shows 
more residual weight and smaller slop in the weight 
loss, at the same condition FCNT/phenolic with 6 
hours milling and unreinforced polymer shows less 
residual weight and greater slope in the weight loss 
this action is related to decomposition of the polymer. 

In the tertiary area from 680 Cº up to 800 Cº while 
the composite specimens continuing their behavior 
from the previous area, unreinforced polymer shows 
higher residual weight and lower slope of weight loss 
this behavior is due to decomposition of the polymer 
and oxidation of the CNTs. Since the unreinforced 
polymer is free of the CNTs it is losing weight only 
by polymer decomposition, therefore, it loses less 
weight compared to composite materials. It may 
be concluded that among the composites FCNTs/
phenolic with 2 hours milling shows more stable 
behavior and FCNT/phenolic with 6 hours milling 
performs less stability, the stability of FCNT/phenolic 
with 1 hours milling is between those two specimens.

Figure 7. TG curve of the composites and unreinforced specimens.
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Figure 8 shows the flexural strength of the FCNTs/
phenolic and raw CNTs/phenolic composites. These 
results show that strength of the specimens which are 
made from chemical functionalized CNTs are higher 
than the strength of the composites made from raw 
CNTs regardless of the milling time. This behavior may 

be attributed to improvement in CNT/matrix interface 
of the composites by chemical functionalization. On 
the other hand, both groups of the composites show 
an increase in strength with increasing milling time up 
to 2 hours, a small decrease in strength is observed 
with further milling.

Figure 8. The flexural strength of the FCNTs/phenolic and raw CNTs/phenolic 
composites as a function of milling time.

Dissection 
For the raw CNTs with a low concentration of 
oxygen-containing groups is difficult to react properly 
with the polymer matrix and produce strong CNT/
matrix interface. During loading the material weak 
interfaces lead to create microvoids and crack at 
the CNT/matrix interfaces and reduces load caring 
capacity and strength of the composite [21, 22 ]. 
Chemical functionalization changes the chemical 
structure of the surface of the CNTs and improves 
CNT/matrix interface by facilitation chemical reaction 
between CNTs and polymer matrix. The result of the 
thermogravimetric test shows higher residual weight 
of FCNT 2 hours milling composites compare to 
raw CNT 2 hours milling composites and provides 
further evidence for improving bonding of CNTs to 
the polymer matrix
On the other hand, due to high surface areas CNTs 
tend to create clusters, these clustering affects the 
mechanical property of the composites [8 ]  another 
role of chemical functionalization is assisting better 
dispersion of the CNTs into the matrix [2 ].
The higher strength of a composite is obtained by 
a homogeneous distribution of a reinforcement into 
a matrix [2,5], mechanical functionalization through 
ball milling enhance distribution of the CNTs into 
the polymer matrix and increases contact between 
CNTs and polymer matrix lead to rising chemical 
bonding between them. Increase in milling period 
up to certain time improves mixing of the CNTs 
with the matrix, in the same time milling treatment, 
introduces damages into the CNTs and breaks 
them into the smaller parts. Increasing milling time 
increases damages and decreases aspect ratio 
of the CNTs and causes decrease in the strength 
of the composite [14]. A decrease in the crystallite 
size of CNTS by milling leads to peak broadening 
in XRD analysis which is observing in figure 6, in 
addition, damaged and broken CNTs tend to faster 
and easier oxidation and show lower stability in the 

thermogravimetric test. Figure 7 shows lower residual 
weight for FCNT/phenolic 6 hours milling than FCNT/
phenolic 2 hours milling. Results show that in the first 
stage, mechanical treatment improves CNTs/matrix 
interfaces and CNTs distribution as a result strength 
of the composite increases, in contrast, effect of long 
milling time (more than 2 hours) on the CNTs/matrix 
interfaces and CNT distribution is small, but its effect 
on damages and reducing aspect ratio of the CNTs 
is high and causes decrease in the strength of the 
composite.

Conclusions
Acid chemical functionalization introduces chemical 
changes into the surface structure of the CNTs and 
increases the concentration of the oxygen-containing 
groups. These chemical changes improve CNTs/
matrix interface and raise the composite’s strength.
Mechanical functionalization by ball milling improves 
CNTs distribution into the matrix and presents some 
changes in the surface structure of the CNTs and 
modifies the strength of the composite. 
Mechanical milling creates damages on the CNTs 
and reduces the aspect ratio of the CNTs, therefore 
prolonging milling time decrease strength of the 
composite.
In the tested composite highest strength is obtained 
by chemical functionalization followed by 2 hours 
mechanical milling.
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