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1. Introduction

Carbon nanotubes (CNTs) are widely studied materials, due to
their excellent thermal [1] and physical properties [2]. They are ex-
pected to give novel applications in electrochemical sensors [3,4],
or different types of composites or solutions [5,6].

The high aspect ratio of the CNTs results in strong van der Waals
attraction forces between individual nanotubes, as a result they ex-
ist mainly in bundles. Their full potential in property improvement
can be achieved only if they have a good adhesion to the polymer
matrix [7-9] of the composites leading to a well-dispersed rein-
forcing agent.

The reinforcement effect of CNTs in the composites depends not
only on their concentration within the hosting system but also on
the level of dispersion. Having individually dispersed CNTs in poly-
mer systems and reaching a strong interface between them is a
challenging task to obtain new light weight nanocomposite mate-
rials with improved mechanical properties [10], electrical or ther-
mal conductivity [11], while usually the polymer materials are
non-conductive. Improvements in thermal properties could have
applications in thermal coating systems for dissipating heat from
electronics. Mechanical properties improvement mechanism of
CNTs could be to bridge between the crack faces of the composite
to retard the crack propagation process allowing the materials to
be used in applications where reduced weight and increased
strength are needed such as in the aerospace industry [12].

* Corresponding author. Tel.: +40 214023922; fax: +40 213111796.
E-mail address: iovu@tsocm.pub.ro (H. lovu).

1359-8368/$ - see front matter © 2011 Elsevier Ltd. All rights reserved.
doi:10.1016/j.compositesb.2011.11.052

The CNT-polymer interface adhesion is generally improved
by a surface modification of the nanotubes trough functionaliza-
tion which may be either covalent [13-15] or non-covalent
methods [16,17]. A covalent surface functionalization is effective
in improving the adhesion and chemical properties of the com-
posites but it exhibits the disadvantage of disturbing to some
extent the graphitic structure of CNT walls [18,19]. Typical
non-covalent functionalization methods may improve both mod-
ulus and strength of the composites [20,21] while the nanotubes
graphitic structure and properties are maintained at the initial
values. The use of surfactant molecules to change the surface en-
ergy of the nanotubes avoids the aggressive chemical functional-
ization which may destroy the m electronic system of the
sidewall graphene structure. The hydrophobic part of the surfac-
tant is oriented towards the surface of the carbon nanotubes,
whereas the polar part interacts in the outer region with the sol-
vent molecules.

Different types of surfactants like sodium dodecyl sulfate (SDS),
polyethylene glycol sorbitan (Tween series) or hexadecyl trimethyl
ammonium bromide (CTAB) were studied as dispersion supports
for MWCNTSs by several research groups [21-25]. While the previ-
ously developed methods used relatively high concentration of
surfactants, our work focused on utilizing just the surfactant mol-
ecules absorbed at the MWCNTSs surface.

The goal of this work was to improve the dispersion of
MWCNTs within the epoxy polymer through non-covalent and
covalent functionalization of their graphitic sidewalls and to im-
prove the thermo-mechanical properties of the final epoxy
composites.
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2. Experimental
2.1. Materials

Multiwalled carbon nanotubes were supplied by Aldrich being
produced by Catalytic Chemical Vapor Deposition (CCVD) with
more than 90% carbon basis.

Three types of nonionic surfactants received from Aldrich were
used: octylphenoxypolyethoxyethanol (Triton X100) (HLB = 13.5),
alkyl polyethylene glycol (Triton SP-135) (HLB = 8), alkylphenyl-
polyethylene glycol (Tergitol NP-9) (HLB = 12.9).

The solvent used was acetone purchased from Aldrich.

2.2. Characterization

Thermogravimetric Analysis (TGA) curves were registered on a
Q500 TA Instruments equipment, under nitrogen atmosphere
using a heating rate of 10 °C/min from room temperature to 800 °C.

Raman Spectroscopy was done on a DXR Raman Microscope
from Thermo Scientific using a 633 nm laser with a maximum laser
power of 14 mW. The laser beam was focused with the 10x
objective.

The surface structures for different types of MWCNTs were
studied by X-ray Photoelectron Spectroscopy (XPS) using a K-Alpha
instrument from Thermo Scientific, with a monochromated Al K,
source (1486.6 eV), at a bass pressure of 2 x 10~° mbar. Charging
effects were compensated by a flood gun and binding energies
were calibrated by placing the C 1s peak at 284.6 eV as internal
standard. The pass energy for the survey spectra was 200 eV and
20 eV for high resolution. Deconvolutions of the C 1s, O 1s peaks
were performed after Shirley’s inelastic background subtraction
and were normalized for the measured transmission function of
the spectrometer.

Transmission Electron Microscopy (TEM) images were achieved
on a Tecnai G2 F30 S-TWIN equipment provided with a 200 kV
acceleration voltage emission gun. Ultra thin sections of compos-
ites having 50 nm thicknesses were cut with Leica Ultracut UCT
ultramicrotome equipped with a diamond knife.

Differential Scanning Calorimetry (DSC) curves were recorded
on a Netzsch DSC 204 F1 Phoenix equipment. The sample was
heated from RT to 300 °C using a heating rate of 10 °C/min under
nitrogen (20 mL/min flow rate).

Dynamic-Mechanical Analysis (DMA) tests were done on a TRI-
TEC 2000 B equipment. Samples were analyzed in single cantilever
bending mode at 1 Hz frequency. Data were collected from RT to
180 °C using a heating rate of 5 °C/min.

Mechanical Tests: compressive tests were performed on a Uni-
versal Testing Machine Instron 3382 with 100 kN load-cell at room
temperature. The cylinder type samples with 10-11 mm thickness
and 10-11 mm diameter were placed on the lower plate and com-
pressed by the upper plate at a constant compression rate of 5 mm/
min until fragmentation occurred. Measurements were done 5-6
times for each sample and the average value was reported.

Scanning electron microscopy (SEM) was done on a Quanta In-
spect F (FEI) instrument, with field emission electron gun, 1.2 nm
resolution and X-ray energy dispersive spectrometer having an
accelerating voltage of 30 kV. For a better contrast, the samples
were first fractured in liquid nitrogen and covered with a thin gold
layer.

2.3. MWCNTs functionalization

(a) non-covalent functionalization was done by using a 1 vol%.
solution of surfactant in acetone. The amounts of MWCNTSs
were calculated to obtain a suspension of 1.25 mg/mL con-

centration in acetone-surfactant solution. The mixture was
kept in the ultrasound bath at room temperature for 6 h in
order to disperse nanotubes individually and to obtain phys-
ically absorbed surfactant molecules on the MWCNTSs side-
walls as shown in Fig. 1. The suspension was filtered on a
PTFE membrane with 0.22 um pores and washed several
times with acetone to remove unattached molecules which
could affect the thermo-mechanical properties of the subse-
quent composites. The obtained functionalized CNTs were
dried under vacuum for 24 h at RT and further thermally
and structurally characterized.

(b) The second method to obtain functionalized CNTs was a two
step process consisting in oxidizing first the MWCNTs fol-
lowed by an esterification reaction according to an adapted
method described in the literature [26]. Thus 100 mg of
MWCNTs were oxidized with 3:1 vol. sulfuric and nitric acid
mixture by refluxing at 70 °C. This procedure creates carbox-
ylic defects in their graphitic structure [19]. The obtained
MWCNT-COOH were washed and dried in vacuum. Then
they react with the hydroxyl groups from the surfactants
in acid medium (pH = 2) as shown in Fig. 2.

2.4. Synthesis of the epoxy composites

Calculated amounts of unmodified and functionalized MWCNTs
(1 wt.%) were mixed with diglycidylether of bisphenol A (DGEBA).
The mixture was then sonicated using a Hielscher UP100H sonica-
tor for 2 h having 60% amplitude at room temperature. Then the
hardener was added to the mixture and vigorously stirred for
2 min. Air bubbles were removed by placing the mixture in an
ultrasound bath with degas function for 2 min. The bubble free
mixture was then cast into a mold and cured at 60 °C for 3 h fol-
lowed by 1 h postcuring process at 100 °C.

3. Results and discussion
3.1. Functionalized MWCNTSs characterization

Isolation of individual nanotubes from a bundle by surfactant
absorption was achieved by propagation of the spaces or gaps
formed at the bundle ends through sonication. The surfactant
absorption is preventing the re-agglomeration and is enlarging
the spaces between MWCNTs, ultimately separating the individual
nanotubes from the bundle. TGA curves of non-covalently func-
tionalized MWCNTs shown in Fig. 3a are the first indication that
surfactant molecules were absorbed on MWCNT surface. Thus
compared with unmodified MWCNTs one can observe that the
mass loss of functionalized MWCNTs increased due to the lower
stability of the organic modifier molecules. This process also de-
pends on the surfactant concentration attached onto the MWCNTSs
surface. The functionalized MWCNTs degradation occurs in two
steps: the first step in the range 200-500 °C being assigned to
the degradation of the molecules attached to MWCNT surface as
it is shown by the DTG curves (Fig. 3b), and the second step which
starts from 500 °C and goes to temperatures above 900 °C corre-
sponding to the thermal-oxidative degradation due to the thermal
decomposition of the disordered carbon. The unmodified MWCNTSs
show a plateau of the curve up to 500 °C, the temperature at which
the thermal-oxidative degradation starts.

The TGA curves for the covalently functionalized MWCNTSs are
compared with that of MWCNT-COOH in Fig. 4, showing a low in-
crease in the mass loss for SP135 and X100 but a significant in-
crease for the MWCNTs modified with NP9, this difference being
attributed to a higher number of surfactant molecules attached
to the nanotubes walls for the same surfactant concentration used.
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Fig. 3. TGA (a) and DTG (b) curves for non-covalent functionalized MWCNTs:

Comparing the TGA curves after covalent functionalization with
those registered after non-covalent procedure, one may observe
that the mass losses are always higher for covalent method

(1) MWCNT, (2) MWCNT-X100, (3) MWCNT-SP135, and (4) MWCNT-NP9.

because covalent functionalization is accompanied by non-
covalent attachment of surfactants molecules to some extent.
Moreover the DTG curves (Fig. 4b) show that especially for NP9
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Fig. 4. TGA (a) and DTG (b) curves for covalent functionalized MWCNTs: (1) MWCNT-COOH, (2) MWCNT-COO-X100, (3) MWCNT-COO-SP135, and (4) MWCNT-COO-NP9.

the temperature corresponding to the maximum degradation rate
is higher for the covalent method in comparison with the non-
covalent ones due to the stronger covalent bonds formed between
the NP9 molecules and MWCNTs surface.

The Raman spectra (Fig. 5) show two significant peaks, one at
1593 cm~! (the G band) assigned to MWCNTs tangential vibrations
and the other one at 1331 cm™! (the D band) corresponding to the
disorder mode introduced in the C sp? electronic structure by other
types of atoms [27]. The Ip/I; ratio between the intensities of the
two bands may give significant information about the non-cova-
lent/covalent functionalization of the MWCNTSs (Table 1). Thus it
can be observed that the Ip/I ratio increases after non-covalent
treatment, which is a proof that the attachment of surfactants mol-
ecules has really occurred.

Similar Raman spectra were recorded also for the covalently
functionalized MWCNTs. As it was expected by oxidation
(MWCNT-COOH) the Ip/l; ratio increases in comparison with
unmodified MWCNT, and this ratio further increased after covalent
treatment. By comparing the data from Table 1 one may notice that
the Ip/I¢ ratio is always higher for covalent treatment in compari-
son with the non-covalent procedure which may be explained by
the fact that in the case of the covalent treatment the non-covalent

MWCNT-NP9

Table 1
Raman data for D and G peaks of non-covalent functionalized MWCNTs.

Nanotubes type Ic Xc(em™)  Ip Xp (cm™1) I

G
MWCNT 259 1581.5 39.1 13193 1.51
MWCNT-SP135 24.8 1577.7 40.4 13193 1.63
MWCNT-X100 17.0 1581.5 28.1 1323.1 1.65
MWCNT-NP9 14.4 1593.1 25.1 13231 1.74
MWCNT-COOH 30.5 1589.2 49.4 1326.9 1.62
MWCNT-COO0-SP135 32.0 1573.8 54.7 13231 1.71
MWCNT-CO0-X100 63.7 1581.5 1115 13231 1.75
MWCNT-COO-NP9 40.6 1573.8 744 1319.3 1.83

attachment of surfactants molecules simultaneously occurs and
therefore the disorder in the MWCNTSs structures is increased.
The Raman data regarding the position of the two characteristic
peaks are in accordance with the functionalization degree obtained
from the Ip/Ig ratio [28]. Comparing the unmodified MWCNTSs with
the functionalized ones it can be noticed that the highest shift of
the D band occurred if NP9 was used as modifier both for the cova-
lent and non-covalent functionalization methods, the large num-
ber of NP9 molecules attached to the MWCNTs surface being
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Fig. 5. Raman spectra for non-covalent functionalized MWCNTs compared with pristine MWCNTSs.
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responsible for the modification of the MWCNTs electronic
structure.

XPS was used to examine the nature of surface species from the
MWCNT before and after the functionalization. The asymmetric
C1s spectra (Fig. 6) of pristine and non-covalent functionalized
MWCNTs were deconvoluted using Gaussian-Lorentzian function
centered at 284.6 eV corresponding to the C—C binding energy
from internal reference and adding other symmetric Gaussian
peaks, in accordance with the contributions from graphite-like
walls and the carbon atoms from the attached molecules. The peak
at approximately 285.5 eV is assigned to sp> C atoms from struc-
tural defects. For the pristine MWCNTs it can be observed the peak
at 287.6 eV assigned to C=0 species formed through the synthesis
of MWCNTs. Also the usually peak at 291.0 eV assigned to m-mt*
electronic transition is shown in all spectra of the unmodified/
modified MWCNTSs. The peaks at about 286.4 eV can be assigned
to —C—0— (alcohol, ether) species from the attached molecules.
A rough evaluation of the ratio of peak areas leads to the conclu-
sion that almost 20% of the carbon atoms from the analyzed sur-
face were linked to oxygen atoms which is in good agreement
with the optimal functionalization degree reported in the literature
[29]. These results prove that MWCNTs can be modified by non-
covalent attachment of surfactant molecules based on their van

Cl=s Scan

( a) 265\% ev

HPS Intensity (a.u.)

29108V
=7

der Waals attraction forces, the oxygenous groups being detected
on the side-walls, even after vigorous washing.

The comparison between the XPS spectra for the C 1s core levels
of covalently functionalized MWCNTs and the XPS spectrum for
the C 1s core level of MWCNT-COOH (Fig. 7) shows that the ester-
ification reaction took place. Thus the C1s core level of the oxidized
MW(CNTs (Fig. 7a) could be deconvoluted to four fractional peaks
with the binding energies at 284.6, 285.5, 289 and 291.9 eV. The
main peak at 284.6 eV was attributed to sp? graphite-like C atoms,
whereas the peak at 285.5 eV was assigned to sp> C atoms from the
defects introduced by oxidation which is in good agreement with
other data reported [30]. The peak at 289 eV corresponds to C
atoms bonded to two O atoms (e.g., ester, carboxylic acid)
[31,32]. Finally, the electronic m—m* transition peak was detected
at approximately 291.9 eV [30]. The C 1s core level XPS spectra
of MWCNT-COOH and modified MWCNTs show the presence of
these four peaks, however in the case of modified MWCNTs with
surfactants a new peak at ~286.7 eV was detected which was as-
signed to C atoms from C—0—C groups. This is a supplementary
proof that the esterification really took place at the COOH groups
from the MWCNT surface.

TEM images show the morphology of the functionalized
MWCNTs compared with the pristine ones (Fig. 8). Thus it can be
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Fig. 6. XPS high resolution C1s spectra for: (a) MWCNT, (b) MWCNT-SP135, (c) MWCNT-X100, and (d) MWCNT-NP9.
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Fig. 7. XPS high resolution spectra of: (a) MWCNT-COOH, (b) MWCNT-COO-SP135, (¢) MWCNT-COO-X100, and (d) MWCNT-COO-NP9.

Fig. 8. TEM images for: (a) MWCNT and (b) MWCNT-SP135.

noticed that the pristine MWCNTs exhibit sharp edges, crystalline
walls and smaller diameters compared with MWCNT-SP135 which
show an amorphous layer surrounding the graphitic walls formed
by the surfactants molecules. This layer will help to reduce the
interfacial tension between the MWCNTSs and the polymer matrix
in a polymer-based composite material.

3.2. Epoxy composites characterization

From TGA data showed in Table 2 one can notice a lower ther-
mostability of the composites reinforced with 1% pristine
MWCNTs, probably caused by a low compatibility between the
polymer matrix (DGEBA) and MWCNT, the latter forming aggre-

gates within the polymer matrix. The incorporation of non-cova-
lently functionalized MWCNTs has increased the thermostability
by 7-9°C, the functionalized MWCNTs being better dispersed.
The highest values for the thermostability of the composites rein-
forced with both non-covalent and covalent functionalized
MWCNTs were noticed in the case of SP135 surfactant although
the functionalization degree calculated from Raman data was high-
er for the NP9. This is probably due to the longer aliphatic chain of
SP135 which being more flexible may easily form hydrogen bonds
with the DGEBA matrix.

For the covalently functionalized MWCNTs the TGA data from
Table 2 shows a slight improvement of the 3% decomposition tem-
perature of the corresponding epoxy nanocomposites. As it was ex-
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Table 2
TGA data for the composite reinforced with non-covalently and covalently function-
alized MWCNTs.

3513

Table 3
DSC data for the composites reinforced with NP9 functionalized MWCNTs by both
methods.

Composite sample Reinforcing Tazx Tasy
agent (%) (°C) (°C)
DGEBA_PXDED 1] 327.0 337.9
DGEBA_MWCNT_PXDED 1 3259 3339
DGEBA_MWCNT-SP135_PXDED 1 3355 3425
DGEBA_MWCNT-X100_PXDED 1 333.0 341.6
DGEBA_MW(CNT-NP9_PXDED 1 329.3 3373
DGEBA_MWCNT-COOH_PXDED 1 3334 340.9
DGEBA_MWCNT-COO-SP135_PXDED 1 339.3 346.2
DGEBA_MWCNT-COO-X100_PXDED 1 3339 342.9
DGEBA_MW(CNT-COO-NP9_PXDED 1 333.1 341.5

pected the increase of Tq3% and Tysy values is much significant for
the covalently functionalized MWCNTSs than for the non-covalent
ones which means that the covalent bonding of surfactant mole-
cules onto the MWCNT surface leads to an increased dispersibility
within the polymer matrix.

The DSC curves recorded for the curing reaction of epoxy-based
composites reinforced with covalently functionalized MWCNTs
(Fig. 9) show a slight shift of the maximum curing temperature
to higher values, meaning that there are still some aggregated
MWCNTs which hinder the curing agent molecules to reach the
epoxy groups of the polymer matrix.

For both composites with non-covalently or covalently func-
tionalized MWCNTs the maximum curing temperature is almost
the same but the corresponding enthalpies are different as it can
be seen from Table 3. Thus higher enthalpies are assigned to the
curing process of polymer-based composites with covalently
functionalized MWCNTs meaning that the covalently bonded sur-
factant molecules help more to improve the dispersibility of
MWCNTSs within the polymer matrix, this being in good agreement
with TGA data.

The values of glass transition temperature (T) were determined
from tan § versus temperature curves and shown in Table 4. It may
be observed that the T, values are quite the same for the DGEBA
based composite and for those reinforced with unmodified
MWCNTSs and X100-functionalized MWCNTSs regardless of the type
of functionalization, covalent or non-covalent. An increased T va-
lue was obtained for DGEBA-based composites reinforced with
functionalized MWCNTs with SP135 and NP9 surfactants. This is

S
40 60 80

180

ST EN T B O ST T
100 120 140 160 200

Temperature, °C

Samples AH (J[g) Timax (°C)
DGEBA_PXDED 405 103
DGEBA_MWCNT(1%)_PXDED 411 107
DGEBA_MWCNT-NP9(1%)_PXDED 428 106
DGEBA_MWCNT-COOH(1%)_PXDED 420 106
DGEBA_MWCNT-COO-NP9(1%)_PXDED 433 105

Table 4
The T, values of the composites with non-covalent and covalent functionalized
MW(CNTSs.

Composite sample Reinforcing agent (%) T, °Cat 1Hz
DGEBA_PXDED 0 119.9
DGEBA_MWCNT_PXDED 1 119.2
DGEBA_MWCNT-SP135_PXDED 1 121.5
DGEBA_MWCNT-X100_PXDED 1 119.9
DGEBA_MWCNT-NP9_PXDED 1 123.4
DGEBA_MWCNT-COOH_PXDED 1 127.8
DGEBA_MWCNT-COO-SP135_PXDED 1 122.6
DGEBA_MWCNT-COO-X100_PXDED 1 1193
DGEBA_MWCNT-COO-NP9_PXDED 1 123.6

due to the higher flexibility of SP135 chains which leads to a high
number of hydrogen bonds with the polymer matrix. In the case of
NP9 the higher functionalization degree as showed by Raman spec-
tra is the key factor to obtain a better dispersibility of the MWCNTSs
and thus an increased interface area between the polymer matrix
and the functionalized MWCNTs.

MWCNTs act as effective nanosize reinforcing agents if there are
no aggregates with size higher than 5 pim in the final nanocompos-
ite materials, otherwise the voids that are created would act as
crack initiation sites [33]. Therefore the particles should be homo-
geneously distributed within the polymer matrix. It is important
for the particles to debond in order to assume the strain applied
on the polymer matrix. The data of compressive stress test of the
composites reinforced with non-covalently modified MWCNTSs
are shown in Fig. 10. An improvement of the compressive stress
at failure with 22% was observed if 1% of MWCNT-NP9 was used
as reinforcing agent showing that the higher functionalization de-
gree influences the final mechanical properties of composites by

'
o O [=]
N o N

PR IR |

.
O‘
[+1]

A

Heat Flow, mW/mg
& & &

...\

ke ket

o e v o
TP T

T L T 4 T ' T k T T T T T X T iy 1
40 60 80 100 120 140 160 180 200

Temperature, °C

Fig. 9. DSC curves for the neat DGEBA (1) the composites with 1% MWCNT (2), MWCNT-NP9 (3) in a and the composites with MWCNT-COOH (4), MWCNT-COO-NP9 (5) in b.



3514 CM. Damian et al./ Composites: Part B 43 (2012) 3507-3515

E=

116 326

8
3

286

¥ 8
o o

—= N
m 9
o o

-
o
o

Compressive stress, MPa

(4,
o

=]

1 2 3 4 5
Composite sample

Fig. 10. Compression data for the neat DGEBA (1) and the composites reinforced
with 1% MWCNT (2), MWCNT-SP135 (3), MWCNT-X100 (4) and MWCNT-NP9 (5).

creating an anisotropic material with individual CNTs in all direc-
tions which take over the load from the polymeric matrix as men-
tioned also by Sahoo et al. [34].

The fractured surfaces of the MWCNT/epoxy composites show a
good dispersion of the functionalized MWCNTs with NP9
surfactant within the epoxy matrix and also a good adhesion of
the polymer matrix to NP9-functionalized MWCNT surface
compared with MWCNT-SP135 and especially MWCNT-X100
which have been pulled out from the matrix during the preparing
method by fracturing of composites (Fig. 11). A large number of
broken ends of the nanotubes can be seen on the fracture surface
revealing that the dispersion of functionalized MWCNTs within
the epoxy matrix was improved trough functionalization with
surfactants.

As it can be observed from Fig. 12a-c, all the surfactant func-
tionalized MWCNTSs exhibit a good dispersibility in the epoxy ma-
trix and therefore a high dispersion degree within the epoxy

matrix was achieved by sonication with very few agglomerates still
remained. This is due to the increased compatibility of the
MW(CNTs with the polymer matrix given by the functional groups
and the possible hydrogen bonding of their hydroxyl groups with
the ones from epoxy resin. Fig. 12c shows a very good polymer
adhesion to the MWCNT-NP9. Some of the imaged MWCNTSs are
coming out of the prepared films plane. These MWCNTs have not
been cut by the diamond blade but pulled out. However the
MWCNTs are coated by an epoxy layer which indicates a very
strong polymer adhesion.

4. Conclusions

The functionalization of MWCNTs with three types of surfac-
tants based on aromatic and aliphatic polyglycols was done either
covalently or non-covalently. It was successfully proved by TGA
and FT-IR data and confirmed by Raman spectra showing that
the highest functionalization degree was achieved using NP9 as
modifier agent probably due to a higher compatibility between
the structure of NP9 and the MWCNTs.

The XPS data also showed that the functionalization occurred
considering the new deconvoluted peaks assigned to C—0—C
groups from the surfactants in the case of non-covalent modifica-
tion or those attributed to —COO— groups formed by the esterifica-
tion reaction between the MWCNT-COOH and the surfactant in the
case of covalent modification.

The covalently functionalized MWCNTs lead to a higher ther-
mostability of the epoxy-based composites especially in the case
of using SP135 surfactant which may easily form hydrogen bonds
with the polymer matrix. Also the covalent modified MWCNTs in-
crease the dispersibility within the polymer matrix.

The values of T, and compressive stresses at failure for epoxy-
based composites reinforced with various modified MWCNTSs
showed that there are two main factors which strongly influence
the final properties of these materials. The first one is the ability
of the surfactant used to functionalize the MWCNTSs to ensure their

Fig. 12. TEM images for epoxy composites reinforced with 1 wt.%: (a) MWCNT-SP135, (b) MWCNT-X100, and (c) MWCNT-NP9.
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good dispersion within the polymer matrix and the second one is
the capacity of the surfactant to form eventually bonds with the
polymer itself. A positive combination of these two factors, like
in the case of SP135 surfactant leads to composites with improved
properties.
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