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This  study  presents  the  effect  of  dodecylamine  (DDA)  functionalization  of carbon  nanotubes  (CNTs)  on
the  thermo-physical  and  mechanical  properties  of high-density  polyethylene  (HDPE)  based  composites.
Here,  we  showed  that the  functionalization  with  DDA  improved  the  dispersion  of  the  CNTs  as  well  as
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the  interfacial  adhesion  with  the  HDPE matrix  via  non-covalent  interactions.  The  better  dispersion  and
interaction  of CNT in  the HDPE  matrix  as a  function  of  the  surface  chemistry  was correlated  with  the
improved  thermo-physical  and  mechanical  properties.
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. Introduction

Over the past few years, the aerospace, aeronautical and auto-
otive industries have played a key role in the active development

f high-performance, low-weight and cost-effective composites
1,2]. In this context, research related to the development of materi-
ls, particularly nano-reinforced polymer composites (NRPCs), has
ncreased significantly [3–10]. A large market opportunity emerged
n the late 1990s with the introduction of NRPCs. The NRPC mar-
et is expected to grow to an estimated US$ 15 billion by 2020
11,12]. Among the several nano-reinforcements used in NRPCs,
arbon nanotubes (CNTs) play a key role.

CNTs are made exclusively of carbon atoms arranged in con-
ensed aromatic rings with dimensions of several microns in length
nd few nanometers in diameter [13]. Their structure was initially

escribed by Iijima in 1991 [14] and since then CNTs are one of the
ost studied materials due to their promising mechanical, elec-

rical and thermal properties [15]. CNTs have high aspect ratios
100–1000 and higher), an estimated Young modulus of 1 TPa

∗ Corresponding author at: Instituto Tecnológico de Aeronáutica, Praç a Marechal
duardo Gomes, 50, Vila das Acácias CEP 12228-900, São José dos Campos, SP, Brazil.

E-mail address: filipevargasf@gmail.com (F.V. Ferreira).
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169-4332/© 2017 Elsevier B.V. All rights reserved.
(the modulus of steel is approximately 0.2 TPa), 300 GPa in ten-
sile strength (0.25 GPa for steel), and thermal conductivity values
of up to 3000 Wm−1 K−1 (about seven times larger than that of cop-
per 385 Wm−1 K−1) [15–19]. Therefore, CNTs have been considered
one of the most attractive reinforcements for polymer, ceramic and
metal matrix composites [20–24].

Composites based on polyolefin matrices have been extensively
studied due to the high demand of chemically inert materials
[25,26]. These composites are fabricated by three main methods:
(i) in-situ polymerization, (ii) solution based blending and (iii)
melt mixing [27,28]. Melt mixing incorporates high shear forces
to promote dispersion and distribution of the nanoreinforcements
[27]. However, the high viscosity and the nonpolar chemical struc-
ture of thermoplastic matrices, such as polyethylene matrices,
have decreased the CNTs degree of dispersion and subsequently
the interfacial interaction between CNTs and polymer matrices
[15,27,29,30]. Two competitive forces contribute to the interaction
and dispersion of CNTs in polymer matrices: the van der Waals
forces among CNT units and the CNT chemical interactions with
polymer matrices [17,31]. These forces and the high viscosity of

the polymeric matrices lead to the formation of CNT aggregates,
resulting in poor CNT dispersion. Surface functionalization of CNTs
has proven to be an effective route to improve dispersion and
chemical interaction with the matrix, consequently improving the
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nterfacial adhesion and thermo-physical, mechanical and electri-
al properties [32–34]. In this context, the functionalization with
odecylamine (DDA) promotes the formation of alkyl group (non-
olar molecule) on the surface of CNTs. Addition of this nonpolar
olecule on the CNT walls could prevent agglomeration due to

teric factors while effectively promoting interactions between the
anotubes and the nonpolar polymeric matrix.

There are several reports in the literature that have proved
he positive effects of functionalization with DDA on the disper-
ion of nanomaterials in nonpolar solvents. Sobkowicz et al. [35]
tudied the solubility of carbon nanospheres (CNS) functional-
zed by DDA (CNS-DDA) in different solvents (water, chloroform
nd toluene). The results demonstrated that the CNS do not dis-
erse in nonpolar solvents prior to DDA functionalization, while
he DDA functionalized CNSs are effectively dispersed. The authors
oncluded that the dispersion of carbon nanospheres can be tai-
ored according to the choice of functional groups attached to their
urface. Ferreira et al. [36] studied the dispersion of DDA func-
ionalized CNTs in different solvents (acetone, ethanol, xylene and
ater). The CNTs were treated with a mixture of concentrated
2SO4/HNO3 and subsequently functionalized with dodecylamine.
he results demonstrated that the CNTs subjected to the oxida-
ion with the mixture of the acids forms aggregates in xylene
nonpolar solvent), resulting in a poor dispersion. On the other
and, the DDA functionalized CNTs are homogeneously dispersed

n xylene. The authors attributed this phenomenon to the nonpolar
haracter of the CNTs functionalized by dodecylamine, that is, the
onpolar chain of DDA attached to the surface of the nanotubes

ncreases the nonpolar character of the CNTs and consequently
mproves the nanotube dispersion in the nonpolar solvent. Other
uthors found improvement in the mechanical properties due to
he intensified interaction of the functional group attached to the
urface of nanofillers and the polymer structure. Morelli et al. [37]
repared poly(butyleneadipate-co-terephthalate)–PBAT compos-

tes containing modified cellulose nanocrystals by 4-phenylbutyl
socyanate. They observed an increase in the elastic modulus and
he tensile strength of the nanocomposites due the �-� inter-
ctions between the phenyl rings grafted onto the nanocrystals
olecules and the aromatic rings of the polymeric chain.

DDA functionalized carbon nanotubes are expected to also
mprove its dispersion within nonpolar polymeric matrices, such as
igh density polyethylene (HDPE). Furthermore, since the repeat-

ng unit of HDPE is formed by an aliphatic chain, the nonpolar
ong chain attached to the functionalized CNT should improve wet-
ing of the CNTs by the HDPE while providing superior interfacial
ompatibility given the numerous non-covalent interaction sites.
he enhanced interfacial interactions often lead to an efficient

oad transfer and consequently an improvement in the ultimate
hermo-physical and mechanical properties of the nanocompos-
te. These reasons prompted the study of DDA functionalized CNTs
s reinforcements for HDPE based composites. To the best of our
nowledge, the effects of CNT functionalization by dodecylamine
n the dispersion and interfacial interaction of nanotubes into
DPE have not yet been reported.

In this study we prepared dodecylamine-functionalized car-
on nanotube reinforced high density polyethylene composites by

 melt mixing procedure. For comparison, nanocomposites with
NTs oxidized with a mixture of concentrated acids and unmod-

fied CNTs were also prepared. Our results demonstrated that the
onpolar functional group attached to the functionalized CNT plays

 significant role in dispersion of CNTs in nonpolar polymer matri-

es and it is able to promote non-covalent interactions with HDPE,
hereby improving thermo-physical and mechanical properties of
anocomposites.
Science 410 (2017) 267–277

2. Experimental

2.1. Materials

High density polyethylene (HDPE) with a density of 0.956 g/cm3

and melt flow rate of 50 g/10 min  was purchased from Braskem.
Multi-walled carbon nanotube (CNT) samples were produced by
chemical vapor deposition method (pyrolysis of camphor mixed
with 16 wt% of ferrocene), as previously described elsewhere [50].

2.2. CNT surface modification

2.2.1. Functionalization with carboxylic groups
Pristine carbon nanotube (CNT-H) was treated with a 3:1 mix-

ture of concentrated sulfuric acid (H2SO4, Merck, 98%, 90 mL)  and
nitric acid (HNO3, Vetec, 70%, 30 mL), for 6 h at room temperature in
a 225 W ultrasonic bath. The modified CNT was subsequently vac-
uum filtered by using a cellulose nitrate filter membrane (0.45 �m
pore size). Then, CNTs were washed with deionized water until the
filtered water reached a neutral pH. Finally, the CNTs were dried at
40 ◦C for 16 h in a vacuum oven. This sample was  labeled as CNT-Ac.

2.2.2. Functionalization with alkyl group (DDA)
A mixture of CNT-Ac (0.2 g) and dodecylamine (DDA, C12H27N,

Sigma, 98%, 150 mL)  was  prepared by magnetically stirring the
components for four days at 100 ◦C. The sample was then filtrated
under vacuum using a polytetrafluorethylene (0.45 �m pore size)
filter. The CNTs were then washed with ethanol (Neon, 95%) to
remove any residual DDA. Finally, the CNTs were dried in a vac-
uum oven at 40 ◦C for 16 h. This sample was  labeled CNT-DDA. Fig. 1
shows a schematic representation of the process.

2.3. Methods

Carbon nanotubes were first dispersed in acetone in an ultra-
sonic bath for 30 min. Then, the HDPE pellets were added to the
previous solution and mixed under magnetic stirring for 30 min.
After that, the mixture was  dried at 80 ◦C for 4 days to remove the
acetone. Dry, solid HDPE pellets coated with CNTs were obtained.
These pellets (covered with 0.8 wt.% CNTs) were melted in a heating
mantle (Arsec AQ22B) at 205 ◦C. The melt was mechanically stirred
(IKA RW 20) at 200 rpm. Subsequently, the highly viscous melt was
poured into an aluminum mold and placed in a vacuum oven at
205 ◦C at an absolute pressure of 0.2 bar for 1 h to remove left over
air bubbles, followed by casting under compression (5 Kgf). Finally,
the NRPC was  left to cool at ambient temperature.

2.4. Characterization

Fourier transform infrared (FT-IR) analysis was  conducted in
a Spectrum One FT-IR spectrometer (PerkinElmer) (resolution
4 cm−1, 40 scans) utilizing the KBr pellet technique (0.2:400 mg),
in the 4000–400 cm−1 range. X-ray photoelectron spectroscopy
(XPS) analysis of the carbon nanotube samples was performed on
a commercial spectrometer (UNI-SPECS UHV), with Mg  K� line
(h� = 1253.6 eV) and a pass energy set at 10 eV. The composition
of the surface layer was  determined from the ratio of the relative
peak areas corrected by the Scofield sensitivity factors for the cor-
responding elements. The width at half maximum (FWHM) varied
between 1.2 and 2.1 eV and the accuracy of the peak positions was
±0.1. The microstructure of the carbon nanotubes was character-

ized using a transmission electron microscope (TEM), FEI-TECNAI
G2 with an accelerating voltage of 200 kV.

The dispersion behavior of carbon nanotubes in solvents was
analyzed based on visual observations. CNTs were dispersed in
water and xylene at concentrations of 0.1 mg.mL−1. The solution
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Fig. 2. FT-IR spectra of CNT-H, CNT-Ac and CNT-DDA.

Table 1
Surface composition of CNTs at different stages determined by XPS deconvolution.

Chemical bond Peak (eV) CNT-H CNT-Ac CNT-DDA

C C sp2 284.4 70.1 63.7 36.5
C  C sp3 285.2 14.5 14.2 42.1
Fig. 1. Schematic representati

as sonicated (Branson 2210,125 W)  for 30 min  and the images
ere taken 24 h after sonication. The dispersion states were clas-

ified in two groups: dispersed and sedimented. Samples were
abeled as “dispersed state” if the nanotube/solvent mixture formed

 dark solution with no visual aggregation and precipitation after
4 h, while the “sedimented state” was related to samples where
he nanotubes precipitated after 24 h.

The morphology of CNT/HDPE composites was examined using
 field emission gun-scanning electron microscope (Philips FEG-
EM). Cross sections of the samples were prepared by fracturing the
amples under cryogenic conditions. Dynamic mechanical analysis
DMA) measurements were carried out by using a DMA  Q 800 (TA
nstrumental Company); samples were analyzed under a constant
requency of 1 Hz from room temperature to 220 ◦C at a heating
ate of 3 ◦C/min. The sample dimensions were (60 × 12 × 3) mm3.
t least three samples were analyzed to ensure sample repro-
ucibility. Calorimetry studies were performed using a Pyris DSC
Perkin-Elmer) Model with aluminum pans. All samples (around

 mg)  were heated from room temperature to 220 ◦C with a heat-
ng rate of 5 ◦C/min and kept at 220 ◦C for 2 min. Then, samples

ere cooled to 30 ◦C with cooling rates of 10 ◦C/min under nitro-
en atmosphere. Thermogravimetric analysis (TGA) was carried out
sing a TGA 7HT Perkin Elmer, samples were analyzed from 25 to
00 ◦C, at 10 ◦C/min in air. Hardness testing was conducted using

oads of 0.5 N and applied for 30 s. Studies were conducted in a Dia-
ond Vickers indenter Tester FM-700. Thirty two well-separated

ndents were made on each surface (keeping the appropriate dis-
ance from sample edges and between indentation marks) and
andom regions were selected to verify data consistency. The hard-
ess value HV (in GPa) was calculated from the indentation load
nd the diagonal of the Vickers imprint. The HV data set was statis-
ically analyzed (confidence interval of 95%) using the R program
statistical computational and graphical environment).

. Results and discussion

.1. Fourier Transform Infrared (FT-IR) spectroscopy

FT-IR spectroscopy (Fig. 2) was used to qualitatively evalu-
te the changes produced by functional groups on the surface
f CNTs. All spectra showed bands at approximately 3445 and
630 cm−1, which correspond to the O H and C C stretching vibra-
ions, respectively [32,38]. Additionally, all FT-IR spectra showed
ands at 2920 and 2850 cm−1 corresponding to asymmetric (�a
H2) and symmetric (�s CH2) stretching vibrations of the methy-

ene group, which are usually assigned to defects in rings of
NTs [38–40]. FT-IR spectrum of CNT-Ac showed the appearance
f a band at 1726 cm−1, which is associated with the carbonyl
tretch of the carboxylic acid group [33,38,41]. Further confirma-
ion of the oxidation process comes from the intense double band

t 2920 and 2850 cm−1. According to a previous study [42], the
resence of carboxylated CNT increases the intensity of this dou-
le band. This increase is due to the presence of hydroxyl and
arboxyl groups covalently attached to the CNT during the sur-
ace modification with H2SO4/HNO3. This covalent linkage induces
C  O, C O, O C O 286.3–289.2 11.4 18.7 13.6
C  N 285.8 – – 7.3
�–�* 291.0 4.0 3.4 0.5

defects in the nanotube structure, changing sp2 hybridized C C
to sp3 hybridized C C bonds [43]. After functionalization with
alkyl groups, bands at approximately 1580 and 1470 cm−1 were
observed in the spectrum, which may  be assigned to N H and C N
stretching, respectively [38]. Furthermore, the band at 1726 cm−1

almost disappeared and a new band at 1650 cm−1 appeared, sug-
gesting the formation of amide functional groups ( (C O)  NH )
on CNT-DDA [33,38]. As reported by Rahimpour et al. [42] and Ma
et al. [44], the coupling reaction of the amine functional groups
occurs between the DDA and the carboxylic groups of the carboxy-
lated CNTs, forming amide and H2O. Thus, the FT-IR spectrum of
CNT-DDA confirms that the surface of CNT-Ac was successfully
modified by the amine functional groups.

3.2. X-ray photoelectron spectroscopy (XPS)

XPS analysis was performed in order to quantitatively investi-
gate the surface of the CNTs. The survey spectra in Fig. 3a confirm
the presence of C1s and O1s peaks in all samples, while N1s exists

only in the dodecylamine-modified CNTs sample. The C1s XPS peak
of each sample was  deconvoluted to better reveal the functionaliza-
tion process. The deconvolution results are shown in Table 1. C C
species (sp2 hybridized carbon atoms) decreased after each step of
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Fig. 3. (a) XPS survey spectra of CNTs

he surface treatment, which is related to the presence of strong
xidants used in the surface modifications. As discussed above,
he covalent functionalization attained during the H2SO4/HNO3
reatment occurs by a change in the carbon hybridization with
imultaneous loss of the local conjugation. This observation has
lso been concluded in other reports where other reagents have
een reported to damage the CNT walls breaking the C C double
onds and consequently decreasing the sp2 C C contents. Soares
t al. [41] investigated carbon black functionalized by alkyl group
sing dodecylamine. The XPS results of this work showed that the
eak at 284.1 eV (sp2 C C) decreased in intensity from 76.02 to
8.45% after surface modification with DDA.

The oxygen content increased from 11.4 to 18.7%, when CNT-Ac
as compared to the CNT-H samples. This indicates that oxygen-

ontaining functional groups were successfully introduced onto the
urface of the CNTs after oxidation with H2SO4/HNO3. Additionally,
he sp3 C H species slightly decreased (from 14.5 to 14.2%), sug-
esting that the acid treatment removes some amorphous carbon
rom the nanotube walls. Early studies [45–47] have reported that
wo competitive processes occur during the surface modification
ith strong oxidizers: (i) the oxidation induces some defects due

o the anchorage of functional groups on the CNT walls and (ii)
he treatment removes the defects (amorphous carbon and metal
atalysts) of the CNTs. Thus, the slight decrease of sp3 C H here
bserved derives from the “ii” processes (removal of amorphous
arbon of the nanotube walls). On the other hand, the oxygen con-
ent decreased after the surface modification by dodecylamine. This
ehavior is related to the H2O formation due to the coupling reac-
ion between DDA and carboxylic groups on the surface of CNT, as

entioned above in the FT-IR analysis. Simultaneously, the sp3 C H
pecies increased due to the long carbon chain contained in dodecy-
amine molecules attached to the surface of the nanotube after DDA
unctionalization [41]. Moreover, the XPS spectrum of the CNT-DDA
howed a new peak corresponding to the N1s (around 400.0 eV),
hich is due to the nitrogenated functional group incorporated on

he CNT-DDA surface [31,44]. Similar behavior was also observed
y other researchers [48] when working with alkane-modified CNT.
hey reported that the oxygen content decreased about 1.9% after
odecylamine functionalization, while the N content of function-
lized CNT sample increased 0.9%. The authors attributed these
hanges to the coupling reaction between the amine and carboxylic

roups on the surface of CNTs. Therefore, the XPS results confirm
he covalent modification of the CNT surface, which supported the
esults obtained by FT-IR analysis.
) deconvoluted of C1s XPS spectrum.

3.3. Transmission electron microscope (TEM)

Fig. 4 shows TEM images of CNT-H, CNT-Ac and CNT-DDA. Fig. 4a
shows the presence of black spots within the structure of the CNT-H
sample, these are attributed to metal impurities (CNTs were pro-
duced with camphor/ferrocene). The micrograph of the unmodified
CNTs shows poor dispersion, carbon nanotubes have large sur-
face area, which enhances its tendency to aggregate [38]. After
the functionalization process (Fig. 4c and e), the presence of black
spots decreases. Moreover, the introduction of functional groups
(carboxyl and alkane groups) on the surface of the CNTs creates
electrostatic charges which decrease the strong self-interaction of
carbon nanotubes, less entanglement is observed and results in an
enhanced dispersion and distribution of the nanotubes [31,45,46].

The structural integrity of the nanotubes was  also analyzed
by TEM. CNT-H (Fig. 4b) showed relatively smooth and homo-
geneous sidewalls, while samples functionalized with carboxylic
groups (Fig. 4d) showed thicker sidewalls. The alkane-modified CNT
(Fig. 4f) also exhibited a rougher surface as well as an increase in
wall defects (dark area in the walls) compared to the CNT-Ac sam-
ples. Moreover, Fig. 4f shows that the CNT-DDA sample displays
an additional outer layer which lacks the characteristic lines of
concentric CNTs. This outer layer is related to the dodecylamine
molecules attached to the surface of the nanotube. The structural
damage observed on the surface of the carbon nanotubes after each
step of the surface treatment is related to the significant effect of
the strong oxidizing agents on the graphitic surface of the material.
This assumption was  confirmed by the decrease of sp2-hybridized
carbon atoms observed in the XPS results. Changes on the struc-
tural integrity of the nanotubes after surface modification have
been observed by a number of groups [31,46]. Yang et al. [31] have
prepared CNT functionalized with H2SO4/HNO3, followed by tri-
ethylenetetramine (TETA) reaction with the carboxylic acid groups.
Their TEM observations showed that the surface of the carbon nano-
tubes becomes rough after surface modification, which is attributed
to a TETA thin layer formed on the nanotube wall. In additional, the
authors reported that this thin layer plays an important role in order
to prevent the agglomeration of the CNT and may  serve to establish
stronger interactions between the CNTs and the polymeric matrix.
3.4. Dispersion analysis

Fig 5 shows the dispersion states of unmodified and modi-
fied CNTs in water and xylene. Unmodified CNTs were completely
non-dispersible in both solvents, and the dispersion state was eval-
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Fig. 4. Transmission electron micrographs of (a a

ated as sedimented. This behavior is related to self-interactions
f carbon nanotubes due to van der Waals attraction [38]. On the
ther hand, the dispersibility of carbon nanotubes in water was
emarkably changed after the oxidation with H2SO4/HNO3 and
he dispersion state was classified as dispersed. The reasons for
hese occurrences are the polar groups (carboxylic groups) cova-
ently attached on the CNT walls during surface modification with
cid. These groups not only decrease the self-interaction of car-

on nanotube, but they also increase the polar character of the
anotubes, improving interaction between CNT-Ac and polar sol-
ents by chemical similarity [36]. After the functionalization with
odecylamine, the dispersion state of CNT-DDA in water was clas-
ified as sedimented, while the dispersion in xylene was classified
CNT-H, (c and d) CNT-Ac and (e and f) CNT-DDA.

as dispersed. This behavior is related to an enhanced nonpolar
character of the CNTs due to the nonpolar chain of DDA attached
to the nanotube surface. Some studies have shown that the dis-
persibility of carbon nanomaterials can be tailored according to
the groups grafted onto their surface. Vukovicı́ et al. [38] stud-
ied the dispersibility of CNTs in water. In this work, the CNTs
were oxidized by a mixture of concentrated H2SO4 and HNO3,
and then functionalized by four different amines: diethylenetri-

amine (DETA); triethylenetetramine (TETA); 1,6-hexanediamine
(HDA) and 1,4-phenylenediamine (PDA). The study revealed that
oxidation introduces polar groups on the surface of CNTs, creating
the electrostatic stability required for a stable dispersion in water.
However, the same dispersion behavior was not observed for the
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Table 2
Variation of E’ and E” of HDPE and CNT/HDPE composites.

Sample E′ at 27 ◦C (MPa) E” at 27 ◦C (MPa) tan �

HDPE 1278 ± 4.8 115 ± 4.3 0.090 ± 0.0002
ig. 5. Dispersion states of unmodified and modified CNTs in water and xylene at a
oncentration of 1 mg  mL−1.

mino-functionalized CNTs. The authors reported that the disper-
ion of functionalized nanotubes is dependent on the structure of
he amine presented onto the CNT surface, as well as the solvent
sed. In another study [35], carbon nanospheres (CNS) were func-
ionalized with a 12-chain alkylamine (dodecylamine). The results
emonstrated that the CNSs were completely undispersable in non-
olar solvents such as toluene. However, after covalent surface
rafting of dodecylamine, the toluene solubility of alkane-modified
NS was remarkably improved. Based on this prior knowledge, a
tronger interaction among the dodecylamine-modified CNTs and
onpolar polymeric matrices is expected. It may  open the path
o simplify CNT manipulation and processing of composites with
onpolar polymeric matrix.

.5. Scanning electron microscopy (SEM)

Dispersion of CNTs in the polyethylene matrix was analyzed

y scanning electron microscopy of cryogenically fractured cross
ections. Fig. 6 shows SEM micrographs of CNT reinforced HDPE
omposites. Carbon nanotube can be clearly identified in the
rea marked with a red square in the SEM micrographs of the
nmodified CNT/polyethylene composite (Fig. 6a) and the forma-
CNT-H/HDPE 1319 ± 1.0 124 ± 1.4 0.094 ± 0.0001
CNT-Ac/HDPE 1398 ± 2.3 131 ± 1.6 0.094 ± 0.0004
CNT-DDA/HDPE 1465 ± 2.3 137 ± 0.6 0.094 ± 0.0001

tion of agglomerates is observed. These agglomerates weaken the
composite, decreasing their mechanical properties. Acid oxida-
tion promoted a better dispersion, as can be observed in Fig. 6b.
However, the interface between CNT-Ac and polyethylene is weak
(poor wetting), as many CNTs pulled out of the matrix. The
poor wetting occurs due to the difference in polarity between
polar groups on the CNT-Ac surface interacting with the non-
polar HDPE matrix. CNT-DDA/HDPE composites (Fig. 6c) shows
improved separation of nanotube bundles and improved interfa-
cial interaction among the carbon nanotube with the polymeric
matrix, CNT-DDA are breaking rather than being pulled-out. This
behavior relates to the improved compatibility between the CNT-
DDA and the nonpolar polymeric matrix. The dispersion and
interaction of nanofillers in polymeric matrices as a function of
functional group attached to nanofillers surface and the polymer
structure have also been previously demonstrated. Pang et al.
[49] prepared functionalized graphene oxide with octadecylamine
(ODA-GO) and fabricated ODA-GO/CNT/HDPE/UHMWPE compos-
ites by solution mixing and high-speed mechanical mixing. The
results showed that the presence of the long octadecyl chains
promotes homogeneous dispersion of the ODA-GO in the poly-
meric matrix. Furthermore, octadecyl chains intensify the adhesive
interaction between the ODA-GO and the polyethylene chains,
contributing to the reinforcement effect. Morelli et al. [37] pre-
pared poly(butyleneadipate-co-terephthalate)–PBAT composites
containing cellulose nanocrystals (CNC) through solvent casting.
The surface of the CNCs was  modified by 4-phenylbutyl isocyanate
to improve dispersion and compatibility with the polymer matrix.
The authors attributed the improved mechanical properties of the
composite with modified cellulose nanocrystals to the �-� inter-
actions between the phenyl rings grafted onto the CNC molecules
and the aromatic rings of the polymeric chain. Furthermore, other
features can be listed as playing an important role to improve the
interfacial interaction, such as the surface structure of carbon nano-
tubes. Barber et al. [51] realized some pullout experiments and
concluded that the damaged CNT can interact with the surround-
ing polymer matrix through defects in the nanotube structure, since
the unmodified nanotubes are atomically smooth.

We  can therefore infer that the good dispersion and superior
interfacial compatibility between the CNT-DDA and the nonpolar
polymeric matrix may  be related to non-covalent bonding between
the nonpolar long chain attached to the CNT surface functional-
ized by DDA and the aliphatic chain of HDPE. The rougher surface
of CNT-DDA observed in TEM micrographs (Fig. 4f) may  have also
contributed to strengthen the interface. This combination resulted
in an enhanced load transfer effect to the nanotube network.

3.6. Dynamic mechanical analysis (DMA)

The viscoelastic properties of the neat polyethylene and com-
posites filled with different carbon nanotubes were characterized
by dynamic mechanical analysis. The variation of the dynamic stor-

′ ′′
age modulus (E ), loss modulus (E ) and the damping factor (tan �)
of the samples is presented in Fig. 7. The values of E′ and E′′ at 27 ◦C
are summarized in Table 2. The increase of the storage modulus of
CNT-H/HDPE composites of about 3% compared with pure HDPE,
indicated an effective reinforcement of the carbon nanotubes. Fur-
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Fig. 6. SEM microphotographs of the samples (a) CNT-H/HDPE, (b) CNT-Ac/HDPE and (c) CNT-DDA/HDPE.
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Fig. 7. (a) Storage modulus, (b) loss modulus

hermore, E′ of the composites gradually increase after each step
f the surface modification, especially at lower temperatures. At
7 ◦C, the storage modulus of CNT-Ac/HDPE increased about 6%
rom values observed for the CNT-H/HDPE, while CNT-DDA rein-
orced polyethylene composites show the largest improvement,
bout 4.8% when compared to the CNT-Ac/HDPE sample, and about
4.6% when compared to the HDPE sample. Similar behavior was
lso observed by other researchers when analyzing the effects of
he incorporation of carbon nanotube on the mechanical behavior
f polypropylene [52]. They prepared single-walled carbon nano-
ubes (SWNTs)/polypropylene (PP) nanocomposites through shear

ixing and found that the modulus of the composites with 0.75 wt%
WNTs increased from 855 to 1187 MPa  when compared to pure
olymer.

Fig. 7b shows that the loss modulus behavior is similar to that
ne observed for the storage modulus: CNT-DDA > CNT-Ac > CNT-
. This behavior is also directly related to the improved carbon

anotube dispersion throughout the HDPE matrix. The addition of
arbon nanotube to the HDPE matrix leads to a mesophase forma-
ion between the CNT and matrix [53]. This mesophase contributes
o dissipate energy from external stresses by frictions between
article–particle and particle-polymer interaction. The improved
b) tan � of HDPE and CNT/HDPE composites.

dispersion of CNTs and enhanced interfacial interactions with the
polyethylene contribute to the dissipation of energy throughout
the matrix, giving rise to both dynamic modulus [54,55].

The damping factor (tan�) is a measure of the contributions of
the viscous and elastic components of a viscoelastic material and
can be determined by the ratio of loss modulus to storage modu-
lus (E′′/E′) [54,55]. The results of tan� are plotted in Fig. 7c, which
shows an increase in the damping peak for the composites when
compared to the neat HDPE. Assuming that the damping peak is
directly related to the degree of crystallinity of the polyethylene
[56,57], it can be observed that the addition of CNT in HDPE may
have influenced the polymer crystallinity, as discussed below.

3.7. Differential scanning calorimetry (DSC)
Thermal analysis of the composites was performed in order to
assess the influence of carbon nanotube on the crystallinity of the
polyethylene matrix. The DSC curves are presented in Fig. 8. From
the DSC curves, the enthalpy of fusion (�Hm), the crystallization
temperature (Tc) and crystallization enthalpy (�Hc) were obtained
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Fig. 8. DSC thermograms of CNT/HDPE composites with cooling rates of 10 ◦C/min
under nitrogen atmosphere.

Table 3
Values of �Hm, Tc, �Hc and Xc of HDPE and CNT/HDPE nanocomposites.

Sample �Hm (J/g) Tc (◦C) �Hc (J/g) Xc (%)

HDPE 179.6 ± 2.3 115.1 ± 0.2 150.4 ± 2.2 61.8
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Table 4
TGA results of HDPE and composites CNT/HDPE under air.

Sample TONSET (◦C) TMAX (◦C)

HDPE 350.1 435.1

the poor wetting of the filler by the matrix hinders an efficient load
CNT-H/HDPE 192.1 ± 3.9 118.0 ± 0.2 159.2 ± 3.3 66.1
CNT-Ac/HDPE 188.8 ± 1.1 117.1 ± 0.1 159.1 ± 0.1 65.0
CNT-DDA/HDPE 191.6 ± 1.3 118.0 ± 0.1 159.7 ± 1.4 66.0

nd reported in Table 3. The crystallinity (Xc) is calculated according
o the following equation:

c = �Hm
293fc

, (1)

here �Hm is the measured enthalpy of fusion (J/g), 293 J/g is the
nthalpy of fusion for 100% pure crystalline HDPE [58] and fc is the
eight fraction of the polymer [59].

The crystallization temperature (Tc) of the composites was
hifted to a temperature slightly higher than that of pure HDPE,
ndicating that there are interactions between the filler and
he matrix. Since the increase in Tc is directly related to an
ncreased number of heterogeneous nuclei for crystallization
52], the results demonstrated that carbon nanotubes act as
ucleating agents (nucleation sites). This nucleating activity was
lso reported in a previous study of CNT/HDPE composites [58]
nd CNT/polypropylene composites [60]. In addition, �Hc also
ncreased together with Xc. This increase in crystallinity is related
o the enhanced interfacial interaction among CNT and the matrix
58]. There are many studies related to the interface of polymer-
NT composites, but the morphology and properties of the polymer
t the interface is not fully understood. Coleman et al. [61] and
arber et al. [62] reported that the morphology and properties
f the polymer at the interface immediately surrounded by CNTs
re different from those of the bulk. Assouline et al. [60] reported
hat the insertion of CNTs affects the overall morphology of the
olypropylene. Accordingly, the polymer appears to crystallize in a
brillar structure in the nanocomposite, while the spherical struc-

ure is observed in the pure polymer. In another work, Coleman
t al. [63] were able to link the morphology and properties of the
olymer to the formation of a high strength crystalline coating at
he interface. Keeping the same principles in mind, the insertion of
NT should have affected the HDPE morphology at the interface,

ncreasing the crystalline content. However, it should be pointed

ut that spherulitic morphology is very specific to each polymer.
hus, more work is needed to understand the mechanism that leads
o such morphology and their relationship with the crystallinity of
he polymer.
CNT-H/HDPE 352.9 436.3
CNT-Ac/HDPE 359.6 437.5
CNT-DDA/HDPE 363.2 439.1

Although there is much discussion regarding the nature of the
polymer at the interface, it is clear that the interfacial interaction
of the CNT/polymer at the interface depends on the properties
of the matrix and filler, but more importantly on their interac-
tion. Moreover, this interaction plays an important role in the
mechanical reinforcement process [61]. Accordingly, as the inter-
facial order increases, the total binding energy of the CNT-polymer
also increases, resulting in an improved interfacial stress transfer
[58]. Thus, the addition of CNT, in particular alkane-modified CNT,
positively affects the mechanical properties of the composites.

3.8. Thermogravimetric analysis (TGA)

The thermal stability of HDPE and the CNT/HDPE composites
was analyzed under an air atmosphere using thermogravimetric
analysis. The onset temperature (TONSET; temperature at which 5%
weight loss occurs) and degradation temperature (TMAX; peak of the
derivative TGA curve) were chosen to describe the thermal stability
of the samples [64]. Usually, an increase in TONSET and TMAX suggests
an improvement in thermal stability. The values are summarized
in Table 4. TONSET and TMAX increased with the addition of car-
bon nanotube in the polyethylene. In addition, the CNT-DDA/HDPE
composite exhibited the highest value in both temperatures, sug-
gesting a greater thermal stability of the nanocomposite. The
enhanced thermal stability of the CNT-DDA/HDPE nanocomposite
may  be attributed to the uniform dispersion and improved interfa-
cial interaction between the CNT-DDA and polyethylene. Shi et al.
[64] reported that the difference in thermal stability between the
unmodified-CNT/HDPE and modified-CNT/HDPE composite may  be
related to the structural difference of the CNTs and the pyrolysis
mechanism of each composite. Kiula et al. [65] reported that the
homogeneous dispersion of the filler can act as a barrier to the
oxygen supply during thermal degradation on the surfaces of the
nanocomposites, enhancing thermal stability of the nanocompos-
ites. Other authors observed that the dispersion and interaction
between the filler and the matrix are strongly associated with gas
permeation properties, since the good dispersion and improved
interfacial interaction promote a “tortuous path” to the molecules
of the oxidizing gas that permeates through the nanocomposites
materials [65–67].

3.9. Hardness test

Fig. 9 shows the results obtained from Vickers hardness testing.
The measured hardness for the pure HDPE matrix was 5.1 HV and it
increased to 7.5 HV with the addition of CNT-H. An increase of about
47% is obtained when compared to the HDPE samples. Hardness
values for the CNT-Ac/HDPE (7.4 HV) are similar to those of CNT-
H (7.5 HV) (Fig. 9b and c). As mentioned above, steric hindrance
contributions resulted in enhanced dispersibility of the acid func-
tionalized carbon nanotubes. However, the molecular interactions
between CNT-Ac and nonpolar polymers are low. Consequently,
transfer effect given the poorly developed interface. The highest
hardness value (7.7 HV) was  observed for CNT-DDA based com-
posites. An increase of about 50% is obtained when compared to
the HDPE sample and an increase of about 4% when compared
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ig. 9. Vickers hardness of the samples (a) HDPE, (b) CNT-H/HDPE, (c) CNT-Ac/HDPE
nd  (d) CNT-DDA/HDPE.

o the CNT-Ac/HDPE sample, dodecylamine-modified CNTs show
tronger interactions with the HDPE than the CNT-Ac.

Some authors working with amine-modified CNT and other
olymeric matrices, especially epoxy resins, have observed higher

ncrements in the thermo-mechanical properties of the nanocom-
osites [68]. The amino group attached on the modified CNT bonds
ovalently to epoxy resins, whereas in the case of the CNT-DDA
amples, the prevalent bonding occurs by non-covalent interac-
ions (van der Waals interactions) with HDPE. This conclusion is
upported by computer simulation work [69,70], in which the inter-
acial strength of a CNT/polyethylene system predicted that using
he covalent bonding is an order of magnitude greater (50 times)
han those using the van der Waals interactions.

The obtained results allow us to conclude that the overall
mprovements are from a synergistic effect of the improved dis-
ersion of CNTs-DDA in the matrix and the non-covalent interfaces
btained by van der Waals interactions among the nonpolar chain
f DDA and the polyethylene matrix.

Nanocomposites based on CNT and thermoplastic matrices are
ighter than their metal counterparts and offer enhanced geometric
onformability when compared with CNC-based thermoset matrix
71]. They are currently of great interest for use in a wide variety of
otential applications, such as materials to shield electromagnetic

nterference and as electronic devices, transducers and sensors
chemical and pressure) [72,73]. Despite this wide applicability,
here are still many challenges and opportunities waiting to be sur-

ounted and seized in this field. While in situ polymerization, high
ower ultrasonic mixers, and functionalization of CNTs have been a
onvenient route to produce CNT-based polymer nanocomposites,
hese techniques may  be not commercially viable and environ-

entally friendly [27,59,74]. In additional, some of the intrinsic
roperties of CNTs, such as thermal conductivity and Young modu-

us, could be altered given the presence of the functional groups and
efects created by the chemical functionalization routes [75,76].
herefore, further understanding of the surface modification of CNT
nd the manufacturing of CNT-based polymer nanocomposites is
eeded in order to develop materials that meet durability, perfor-
ance, weight, and cost required to meet commercial needs. More

esearch in this field is thus expected.

. Conclusions

The carbon nanotube functionalization decreases their graphitic

ature. The oxidation with concentrated acids enables the disper-
ion of the CNTs in polar solvent, while the functionalization with
DA enables the dispersion of CNTs in nonpolar solvent. Addi-

ionally, both surface modification leads to the good dispersion
f the CNTs within the HDPE matrix, whereas only the dodecy-

[
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lamine modification enhances the interfacial bonding between the
CNTs and HDPE matrix through van der Waals interactions, thereby
improving the mechanical and thermal properties of the nanocom-
posites. The study here presented promotes further understanding
of CNT functionalization mechanisms and its effect on the overall
properties of polymeric composites.
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