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SYNTHESIS OF POLYESTER COMPOSITES WITH FUNCTIONALIZED CARBON
NANOTUBES BY OXIDATIVE REACTIONS AND CHEMICAL DEPOSITION
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The paper advances a functionalization method for multiwall carbon nanotubes. It was
assessed the acid functionalization with oxidizing agents, ammonia functionalization and
iron oxide (III) coating of multiwall carbon nanotubes (MWCNTs). These methods were
used in order to obtain polymer/MWCNT nanocomposite at different contents (0.05, 0.10,
0.15, 0.20 and 0.25 wt %). Percolation threshold of polyester nanocomposite was
estimated on the basis of viscosity measurement of the unsaturated polyester resin mixed
with MWCNTSs. The highest relative variation of viscosity was considered as criterion for
establishing the optimum content of carbon nanotubes into polyester nanocomposite. SEM
analysis of nanocomposite samples with functionalized carbon nanotubes reveals
dispersion efficiency in polyester matrix. The three-point bending test enables to identify
the suitable method of functionalization in order to obtain a good dispersion of carbon
nanotubes into unsaturated polyester matrix. It was noticed that carbon nanotubes added
into polymer matrix lead to a considerable increase in surface and volume electrical
conductivity.
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1. Introduction

Improvement of the mechanical and electrical properties of polymer composites can be
achieved by an increased MWCNTs — matrix interfacial bond [1,2,3,4,5,38]. This is one of the
most important aspects concerning the shear stress transfer to the reinforcement structure. Also,
the electrical properties are improved by better interface polymer-MWCNTs [6]. The use of
functionalization process in order to obtain better connection between matrix and nanotubes was
analyzed by Frankland et al. and also Duk et al. [7,8]. Therefore, nanotubes surface modification is
an important stage in the process of obtaining advanced nanocomposite materials [9].

Attaching functional groups to the carbon nanotube ends provides a fiber-linked matrix
[10,11]; thus mechanical and electrical behavior of the material are improved [4,12-18,39,40].
Attachment of functional groups can be achieved either by forming a covalent bond or by the
simple adsorption through noncovalent interactions (hydrophobic, « distribution) [19,20,21,22].

Concentrated acids HNOs and H,SO, mixed with HNO;, H,O, or KMnO, were often used
to attach the acid functionalities at nanotubes surface. First, the acid groups are attached to
MWCNTSs open ends [23]). It was highlighted that mechanical properties can be enhanced if less
than 1 wt% of carbon atoms from MWCNTs makes reactive bridges to the matrix (Desai and
Haque 2005 [24,25,26]. The MWCNTs chemical functionalization with multifunctional amines
was an important step in MWCNTs addition to polymer composites [10].
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An oxidative treatment on MWCNTSs was applied in order to obtain carboxylic groups
attached to their surfaces. The process of obtaining carboxylic group is combined with MWCNTs
ends opening.

This procedure would allow a direct link between the different ends of the nanotubes and
increased mechanical strength. In the next step, the carboxylic groups would react with the
multifunctional amines and would produce chemical links (ionic or covalent in this case) due to
reaction acid — base. Once the resin is added, the free amino functions on the surface of MWCNTs
would react with macromolecules and consequently would generate new links that improve the
interface matrix — nanotube .

In addition to the direct chemical functionalization, another method of polarity
assimilation of MWCNTs is the use of surfactants. The advantage of this procedure is the physical
adhesion which does not affect the structural quality of MWCNTSs . The covalent bonding of the
functional groups is always related to the structural modifications of the graphitic layers [27]. The
use of surfactants is a general method that represents the starting point of several licensed
procedures [8,12,13]. The surfactants can produce the dispersion of MWCNTs into the polymeric
matrix, so that the attraction forces between them are overcome. The dispersion mechanism is
achieved by the multiple interactions between surfactants and components of nanocomposite,
matrix and MWCNTs, respectively. Therefore, the chemical functionalization of MWCNTs
surface is a key approach for the development of composites based on MWCNTs and polymers.

The electrical conductivity of the composites with filler shows a nonlinear increase versus
concentration, passing through the percolation threshold [28]. At lower additive concentrations,
the conductive particles are separated from one another and electrical properties of composites are
dominated by the matrix properties. At increasing concentration of additive, cluster formation
process occurs. Near percolation threshold, the clusters form a network throughout the matrix, and
an increase in electrical conductivity is expected [29]. The electrical properties of MWCNT
composites are influenced by thermal and surface treatments.

The oxidative treatment yields an increased percolation threshold and lower conductivity,
favoring the interaction with the polymer and a higher contact resistance [30]. The
functionalization of carbon nanotubes produces an enhanced dispersion into the polymer matrix by
reducing of the forces Van der Waals that occur near the MWCNTs, due to their nano size [40].
After the application of the dispersion process, the increase in mechanical and electrical properties
of nanocomposites could occur. Similarly, the mechanical properties of the nanocomposites
polymer-MWCNT are influenced by reaching the percolation threshold, highlighting a substantial
increase in different mechanical characteristics, such as ultimate strength, bending modulus,
transverse breaking effort [31].

The paper proposes treatment methods to make carbon nanotubes compatible with
unsaturated polyester matrix, in order to obtain the nanocomposite polymer-MWCNT with raised
mechanical and electrical properties.

2. Experimental
2.1 Materials
The unsaturated polyester matrix AROPOLTM M105 TPB Ashland, added with 1% wt.

catalyst 2-ethyl-cobalt hexanoat was used, in order to obtain polymer composite. Initial catalyst
was methyl-ethyl ketone peroxide 2% wt.
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Fig. 1 TEM micrograph of MWCNTs with diameter 8 — 15 nm, length 10 — 50 wm and purity
over 95% wt. (reproduced by courtesy of CheapTubes Inc)

Fig. 2 SEM micrograph (x80000) of as-received MWCNTs, with the following characteristics:
diameter 8 — 15 nm, length 10 — 50 um and purity over 95% wt.

Cheap Tubes Inc. delivered multiwall carbon nanotubes (MWCNTs) with the following
characteristics: diameter 8 — 15 nm, length 10 — 50 um and purity over 95% wt. TEM and SEM
micrographs exhibit high aspect ratio of MWCNTs (Figure 1 and Figure 2). In order to obtain
carbon nanotubes functionalization, the following chemical reagents (from Sigma-Aldrich) were
used: sulphuric acide (98% wt.), nitric acide (70% wt.), ammonia hydroxide solution (30% wt.),
hydrogen peroxide (30% wt.), ethanol absolute, sodium dodecyl sulfate (>98.5% wt.), iron (III)
chloride (97% wt.).

2.2 Equipment

Rheotest 2 apparatus was used to measure the viscosity of polymer-MWCNTs precursor.
Images of scanning electron microscopy of the nanocomposites samples were performed using the
Vega Tescan apparatus. Mechanical testing was carried out using the M350 materials testing
machine (TESTOMETRIC). The electrical properties of polymer - MWCNT nanocomposite, such
as volume and surface electrical conductivity, were assessed using the device DIGITAL LCR
METER 9216.

2.3 Methods
The MWCNTs surface functionalization is developed through a controlled oxidative

attack, followed by a coupling process of the chemical compatible groups with the polymer matrix.
A coating method with a thin layer of iron (III) oxide obtained after crystallization process from
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saturated solution was used. The modified nanotubes are further efficiently dispersed into the
polymeric matrix by a mechanical and ultrasonic stirring.

The oxidative method was applied using chemical agents such as HNO3, H2S0O4, H202
and NH3 solutions, in order to break the C-C bonds from the multiwall carbon nanotubes surfaces
and to rise new functional groups with covalent bonds. Three functionalization methods of the
multiwall carbon nanotubes surfaces were used.

i) The first surface functionalization method makes use of a mixture of acids HNO3:
H2S04 = 1:3 (HNO3 70% wt. and H2S04 98% wt.), for 24 hours, at 295K. It follows a step-by-
step washing process of the functionalized nanotubes with redistilled water until pH = 1; above
this pH value, carbon nanotubes free sedimentation could not be efficiently achieved and another
separation technique would be required.

The washing step was performed with 500 ml redistilled water, followed by a freely
settling and then removing of clear solution. This operation was repeated for 3 times, until pH = 1.

In this case, it takes about 10 minutes to wash off the solution from the nanotubes. The fair
liquid is then separated. It follows another washing of the functionalized nanotubes, with 100 ml
of redistilled water for 10 times, until pH = 6. In these pH conditions, separation of nanotubes
from the solution is efficiently performed by a 6000 rpm centrifugation process. In order to obtain
a suitable drying, a last washing of the functionalized nanotubes is applied, with ethyl alcohol
absolute. A solution based on water and absolute ethyl alcohol which is an azeotrope (95.57% wt.)
with boiling point at 351.30 K, has been used to separate water from carbon nanotubes.

An oven drying, for 8 hours, at 378K, and the dry milling process end the
functionalization, yielding MWCNT-F1 additive.

ii) The second method involves carbon nanotubes functionalization by using a mixture of
H202: NH3 = 1:4 (H202 30% wt. and NH3 30% wt.), for 48 hours, at 295K, followed by washing
of the functionalized nanotubes with redistilled water untill pH = 8.

A washing with water was applied three times with 500 ml redistilled water, followed by
freely settling suspension and then removing the clear solution, until pH = 8.

It follows the nanotubes separation from the solution, lasting about 15 minutes, an
washing of functionalized nanotubes with 100 ml of redistilled water for 10 times, until pH=7, and
nanotubes centrifugation from the solution at 6000 rpm. The further washing of the functionalized
carbon nanotubes, using ethyl alcohol absolute, contributes to the fast drying process, finished by
an oven drying for 8 hours, at 378K. Finally, the resulting powder was dry milled, rising
MWCNT-F2 additive.

iii) The third method of modifying carbon nanotubes surface for a proper compatibility
with the polymeric matrix consists in a coating technique with a thin layer of iron (III) oxide. The
first step of this method is the dispersion of carbon nanotubes using a solution of sodium dodecyl
sulfate (1% wt. ) as surfactant agent, followed by a 10 minutes ultrasonication, with BANDELIN
HD3200 device, at 40% amplitude. Subsequently, 10 ml FeCl3 (1mol/L) is quantitatively added
under a 5 minutes magnetic stirring and the resulted solution is ultrasonicated for 10 minutes.
Then, a solution of NH3 (1mol/L) is quantitatively added until pH = 8.5, followed by
ultrasonication for another 10 minutes. The final stage consists of an washing process of the
nanotubes covered by a thin layer of iron (III) oxide, using double distilled water up to pH=5.5,
followed by centrifugation at 6000 rpm.

The final washing is done by ethyl alcohol absolute. The oven drying lasts 8 hours, at
443K, followed by a dry milling that ends the functionalization, yielding MWCNT-F3 additive.
The crystallization water from iron oxide (III) is removed at 443K.

These three types of functionalized MWCNTs (MWCNT-F1, MWCNT-F2, MWCNT-F3)
are further used in the technology of obtaining polymeric nanocomposites, as previously discussed
[32]. In order to reach an optimum content of carbon nanotubes in polyester matrix, as-received
and functionalized MWCNTs at different concentrations were considered.
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3. Results and discussions
3.1 Rheological analysis of precursor polymer-MWCNT

Increased viscosity of precursor solution of a nanocomposite is explained by strong
interactions between nanoparticles when decisive factors like nanoparticles concentration and
dispersion degree allow the percolation stage [33]. Over the percolation threshold, the properties of
nanocomposite remain almost stable.

In order to identify a suitable weight ratio of functionalized MWCNTs in polymer matrix,
rheological behavior of the mixture was studied at different concentrations of carbon nanotubes
(0.05 wt%, 0.10 wt%, 0.15 wt%, 0.20 wt% and 0.25 wt%). The working temperature was provided
by a thermosetting process at constant value of 313 K. A thin layer of resin was interposed
between two mobile cylinders of the device and the friction coefficient was measured, for all
working rotational speeds (from 0.5 to 30 rpm). An optimal concentration, based on viscosity
measurements, can be establish through a comparative study of relative viscosity variation (Table
1). Relative viscosity variation, An/y, was calculated as follows:

AT] _ T'lpolymer/MWCNT B T]polymer

1
n n polymer M

Based on the errors of viscosity variation for all polymer-MWCNTs precursors, including pure and
ultrasonicated polymer, an optimum working speed was determined.

The average viscosity error [%] represents the weighted average of the errors recorded for
all polymer-MWCNTs precursor systems (0.05, 0.10, 0.15, 0.20 and 0.25% wt.) at the same
working speed (0.5, 1.0, 2.0, 3.0, 5.0, 10, 16 and 30 rpm).

Figure 3 shows that the minimum error for the measurements of viscosity variation, on
Rheotest device, is found at the working speed of 5.0 rpm. Considering the working speed of 5.0
rpm, it was also determined the viscosity variation for other precursor systems with functionalized
carbon nanotubes (Figure 4).

Table 1: Relative viscosity variation (4n/ n) of the nanocomposite precursor

Working rotational speed @ [rpm]

0.5 1.0 2.0 3.0 5.0 10 16 30

Relative viscosity variation Ay/ 7

0.0 -0.24 -0.01 0.00 0.00 +0.00  0.05 +0.01  +0.07
5% +0.013 +0.012 +0.011 +0.008 +0.007 £0.008 £0.010 £0.012
wt 0 1 7 4 7 0 8 5

0.1 +0.34 +0.33  +0.29 +0.24  0.19 +0.19  +0.19  +0.22
0% +£0.012 +0.012 +0.011 +0.008 +0.007 +0.009 £0.010 =£0.012
wt 3 9 8 8 3 3 4 8

0.1 +0.62 +0.54 +0.57 +050 +0.39  +045 +042  +0.41
5% £0.014 +£0.013 +0.011 £0.008 £0.007 +£0.009 +0.011 £0.014

0% +£0.014 +0.012 +0.011 +0.009 +0.007 +0.009 +0.012 £0.013
wt 4 6 7 4 6 0 3 7

02 +1.19 +1.17 +1.14 +1.12 +0.80 +0.98 +0.75  +0.68
5% £0.013 +£0.012 +0.011 £0.008 £0.007 +£0.008 +0.011 =£0.013
wt 1 7 9 5 9 5 1 4
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Fig. 3 Errors of viscosity variation for polymer-MWCNTs nanocomposite precursor
at different working rotational speed

We noticed a continuous viscosity increase for both systems polymer-MWCNTs and
polymer-MWCNT-F3 until 0.20 %wt. concentration of carbon nanotubes. The increase in relative
viscosity variation at a concentration up to 0.20 %wt. is explained by the increasing interactions
between polymer matrix and carbon nanotubes. Over 0.2 %wt. MWCNT the viscosity remains
almost stable (Figure 4). We are entitled to think that above this concentration, it is a possible to
occur clusters of carbon nanotubes, that leads to quasi-constant viscosity.

In the case of precursors polymer-MWCNT-F1 and polymer-MWCNT-F2, the continuous
viscosity increase occurs until 0.15 %wt. concentration of carbon nanotubes.

In other words, adding pure and functionalized carbon nanotubes at low concentration into
polyester matrix, the optimum value was identified in Table 1, between 0.15% and 0.20% wt.,
based on viscosity variation. It can be seen that for greater concentration of carbon nanotubes, the
increase of viscosity was much slowly.

Rheological analysis of precursors with increasing concentrations of both pure and
functionalized carbon nanotubes underlines the percolation threshold, which is related to the
maximum value of relative viscosity variation. The strong interactions between nanoparticles
having a suitable concentration and dispersion degree allow for the occurrence of percolation
stage.
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Fig. 4 Variation of relative viscosity (4An/ n) for different polymer-MWCNTs precursors, using
functionalized carbon nanotubes in three versions, at different concentrations,
for the working speed of 5.0 rpm
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3.2 Investigation of polyester-MWCNTSs nanocomposites

SEM analysis. SEM analysis of polyester-MWCNTs nanocomposites provides
information on surface structures, from a qualitative point of view. Such analysis correlated to
mechanical and electrical properties gives an overview on the dispersion degree of nanoparticles
into polyester matrix. SEM analysis was performed on the four nanocomposite systems: polymer-
MWCNT (pure, F1, F2 and F3) at three concentrations (0.10, 0.15 si 0.20 % wt.). SEM
micrographs at 0.10% and 0.15% wt., did not revealed major changes of carbon nanotubes
distribution into the polyester matrix. An obvious improvement of nanotubes distribution was
noticed for 0.20% wt carbon nanotubes. Therefore, SEM images were discussed for different types
of MWCNT (pure, F1, F2 and F3) in case of 0.20% wt carbon nanotubes into polyester matrix of
polymer-MWCNT nanocomposites.

In the case of polymer-MWCNT nanocomposite (0.20% wt. MWCNT), despite the
dispersion method used for mixing the nanotubes with polyester resin, the formation of
nanoparticles clusters can be noticed after polymerization, due to the rise of cohesion energy of
closer nanotubes. Anyway, this happens because of increasing number of interactions van der
Waals that occurs in the nanotubes proximity (Figure 5). However, the SEM micrograph shows a
lower uniformity of the particles dispersion, and large polymer portions without MWCNTs.

Functionalization of carbon nanotubes allows chemical bonds formation between
functional groups of the nanotubes and reactive groups of the matrix, during reticulation process.

Considering the case of polymer-MWCNT-F1 nanocomposites (0.20 wt % MWCNT-F1),
it can be seen an improved distribution of functionalized nanotubes, which is related to stronger
chemical interactions between matrix and MWCNTs (Figure 6). This fact can be explained by the
reaction between carboxyl groups of carbon nanotubes and reactive groups of unsaturated resin,
through reticulation process.

As regards the nanocomposite polymer-MWCNT-F2 (0.20 wt% MWCNT-F2), instead of
carboxyl group from MWCNT-F1, there is an amino group that exhibits a great reactivity with the
unsaturated polyester resin, during reticulation process. This aspect explains the suitable
compatibility between functionalized carbon nanotubes and polyester matrix. Accordingly, the
distribution of functionalized carbon nanotubes in polyester matrix is better than of received ones
(Figure 7). As for the nanocomposite polyester-MWCNT-F3 (0.20 wt % MWCNT-F3), a better
distribution of MWCNT-F3 was noticed in comparison with previous nanocomposites analysed,
i.e. polyester-0.20 wt % MWCNTs, polyester-0.20 wt % MWCNT-Fland polyester-0.20 wt %
MWCNT-F2 (Figure 5, 6 and 7). This fact might be explained by the wedge effect of oxidic layer
chemically deposited on the carbon nanotubes surface (Figure 8).

Fig. 5 SEM micrograph of polymer-MWCNTs Fig. 6 SEM micrograph of polymer-MWCNT-F'1
nanocomposite (0.20 wt % MWCNTs) nanocomposite (0.20 wt % MWCNT-F1)
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Fig. 7 SEM micrograph of polymer-MWCNT-F2 Fig. 8 SEM micrograph of polymer-MWCNT-F3
nanocomposite (0.20 wt % MWCNT-F2) nanocomposite (0.20 wt % MWCNT-F3)

Mechanical tests. Most polymers exhibit poor mechanical properties which may be

improved by adding different kind of materials [34]. Using iron oxide nanopowder a better
mechanical behavior can be obtained even for small content of additive [35, 36]. Polyester-
MWCNTs nanocomposite with carbon nanotubes and functionalized MWCNT-F1, MWCNT-F2
and MWCNT-F3, at different contents (0.10 wt%, 0.15 wt%, 0.20 wt%) were submitted to three-
point bending test. The following characteristics are measured: o; - bending strength at break, and
E - bending modulus.
Based on experimental data, the influence of carbon nanotubes concentration was assessed by
relative variation of specified parameters from three-point bending test. Relative variation (4x/x;)
of the characteristics measured for polyester-MWCNTSs nanocomposite samples are calculated by
the following equation:

AX _ X=X 199 @)
X. X.

1 1

where, x; is the characteristic measured through the three-point bending test (o, = bending
strength at break, £ = bending modulus of polymer-MWCNTSs sample). The subscript i is related
to the concentrations (0.10 wt%, 0.15 wt%, 0. 20 wt%) of carbon nanotubes and x, is the
characteristic measured from three-point bending test of the polyester matrix.

Table 2 contains results concerning the relative variation of bending strength at break and relative
variation of bending modulus for polyester-MWCNT nanocomposites, using different types of
MWCNTs (pure and functionalized, MWCNT-F1, MWCNT-F2 and MWCNT-F3), depending on
concentration of carbon nanotubes.
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Table 2: Relative variation of bending strength at break and bending modulus

MWCNTs content

0.20%wt
0.10%wt 0.15%wt 0.10%wt  0.15%wt  0.20%wt
Mechanical properties [%o]
Ao,/o, AE/E,
Polyestet/MWCNT 5.228 7.290 9.874 0.673 2.395 4.968
Polyester/MWCNT- 7.185 10.046 11.845 4.493 8.166 10.486
Fl
Polyester/MWCNT- 7.166 10.153 12.709 1.324 8.481 12.557
F2
Polyeste/MWCNT-  13.432 14.746 18.598 7.499 10.442 16.268
F4

The results for bending strength at break (Ac,/c;) are shown in the first three columns of the Table
2, where it can be observed the upward trend with concentration of MWCNTs. The values of
bending modulus highlight the same increasing tendency (last three columns of table 2, AE/E,).

It is noticed that through the functionalization of carbon nanotubes, the mechanical
characteristics of the nanocomposites have increased. In the case of the first and the second type of
functionalization (polyester-MWCNT-F1 and polyester-MWCNT-F2), it can be seen a rising
aspect of the relative variation of mechanical characteristics, taking closer values. This is attributed
to similar improved dispersion of functionalized carbon nanotubes into the polyester matrix.

Moreover, for nanocomposite polyester-MWCNT-F3, the relative variation of bending
strength at break is almost double than that of nanocomposite polyester -MWCNTs, due to better
dispersion of carbon nanotubes coated with iron oxide (III). Mechanical testing revealed clearly
the best behavior that was obtained for the nanocomposite polyester-MWCNT-F3.

Electrical conductivity. As regards electrical behavior, it is proved that filling polymers
with small content of certain nanopowders it is possible to change the electrical conductivity of the
composite matrix [37]. The electrical conductivity of pure MWCNTs, is greater than 1 S/m
(according to the specification of the supplier). As for the polyester used in our research, the
electrical conductivity measured was about 2 x 107 S/m.

Accordingly, once carbon nanotubes were introduced into polyester matrix, the electrical
conductivity of resulted nanocomposite exhibits an obvious increase in comparison with that of the
polyester. Therefore, we examined the effect of carbon nanotubes content on electrical
conductivity of nanocomposites polyester-MWCNT, depending on different types of
functionalization (pure, F1, F2 and F3).

The samples of all types of nanocomposites were investigated: polymer-MWCNTSs
nanocomposite at three different concentrations (0.10% wt., 0.15% wt., 0.20% wt.), using as-
received and functionalized carbon nanotubes (MWCNTs, MWCNT-F1, MWCNT-F2, MWCNT-
F3). Working frequency of electrical measurements was 100 kHz, and the results have been
summarized in Table 3.

Two types of measurements were performed, on the surface and into the volume of the
material under test. Surface conductivity is calculated on the basis of resistivity measurement
when the electrodes are in contact with the same side of the composite sample.

The volume conductivity is determined on the basis of resistivity measurement when the
electrodes are in contact with opposite sides of the material under test and it is considered for the
assessment of electrical properties of polymer composites after enrichment with nanoparticles.
Electrical conductivity, resulted from measurement into the volume of the sample, for polymer-
MWCNTs (0.10% wt.) has a maximum value of 2.43 x 10™* S/m and the minimum was for the
polymer-MWCNT-F1 (1.49 x 10 S/m) at the same concentration. Otherwise, for the polymer-
MWCNT-F2 and the polymer-MWCNT-F3, electrical conductivity takes closer values (2.14 x 10™
S/m and 2.13 x 10 S/m). As for surface conductivity, we noticed that the type of functionalization
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has a great influence, and it takes a minimum of 1.52 x 10” S/m for polymer-MWCNT-F2 (0.10%
wt.) and a maximum of 2.50 x 10> S/m for polymer-MWCNT-F3 (0.10% wt.).

Table 3: Electrical conductivity of nanocomposite samples for 100 kHz

Electrical conductivity [S/m]

Composite sample Type of MWCNT content
measurement  0.10% wt 0.15% wt 0.20% wt
Polymer -MWCNT Volume 2.43E-04 4.35E-04 9.64E-04
Surface 1.85E-03 2.38E-03 5.73E-03
Polymer -MWCNT-F1  Volume 1.49E-04 1.65E-04 1.71E-04
Surface 1.84E-03 1.44E-03 1.47E-03
Polymer -MWCNT-F2  Volume 2.14E-04 3.60E-04 3.62E-04
Surface 1.52E-03 2.01E-03 2.01E-03
Polymer -MWCNT-F3  Volume 2.13E-04 3.25E-04 6.34E-04
Surface 2.50E-03 2.07E-03 4.32E-03

The results for the nanocomposites with 0.15% wt. MWCNTs with different types of
functionalization are shown in the second column of Table 3.

From this table, it can be noticed a maximum volume conductivity of 4.35 x 10* S/m for
the polymer-MWCNTSs, and a minimum of 1.65 x 10™* S/m for the polymer-MWCNT-F1, in the
case of a concentration of 0.15% wt. carbon nanotubes. On the other hand, for the same
concentration of carbon nanotubes, the surface conductivity records a minimum value of 1.44 x
107 S/m for polymer-MWCNT-F1 system and a maximum value of 2.38 x 10~ S/m for polymer-
MWCNT system.

Measurements performed during the electrical tests for nanocomposites with polymer-
MWCNTs (0.2 wt%) are shown in the third column of the Table 3. We noticed a quite large range
for volume electrical conductivity, with a minimum of 1.71 x 10* S/m (polymer-MWCNT-F1)
and a maximum of 9.64 x 10 S/m (polymer-MWCNTs). Surface electrical conductivity exhibits
a maximum value of 5.73 x 10° S/m (polymer-MWCNTSs) and a minimum of 1.47 x 10° S/m
(polymer-MWCNT-F1).

It can be seen that the volume electrical conductivity features an rising tendency with
increasing MWCNTs concentration. The nanocomposite with MWCNT-F3 provides the best value
for surface electrical conductivity, 4.32 x 10° S/m, even if this is under the value for the polymer-
MWCNTs, 5.73 x 107 S/m. It was clearly proved that surface conductivity takes greater values as
compared to those of volume conductivity. Anyway, the samples of nanocomposites obtained in
this research, feature an electrical conductivity with several orders of magnitude over the polymer
matrix which is definitely insulator.

As regards the nanocomposites with pure and functionalized MWCNTs, at a concentration
of 0.10% wt., it was difficult to establish a rule for surface electrical conductivity tendency. This is
in agreement with viscosity measurements and SEM analysis, showing that MWCNTs dispersion
for this concentration, is inadequate due to formation of agglomerations. When the concentration
increases at 0.20 wt%, the agglomeration phenomenon is diminished.

In the case of nanocomposites containing as-received MWCNTs and MWCNT-F3, it can
be seen that the volume and surface electrical conductivity tend to increase with rising
concentration (except for polymer-MWCNT-F3, surface measurement).

In this case, for a 0.05% wt. increase of the concentration, from 0.1 % wt. to 0.15 % wt.,
the electrical conductivity increases almost two times. For example, for the nanocomposite
polymer-MWCNTs, the volume electrical conductivity increases from 2.43E-04 S/m (0.10 % wt.)
to 4.35E-04 S/m (0.15 % wt.) and finally reaches 9.64E-04 S/m (0.20 % wt.).

The same trend can be seen for the nanocomposite polymer-MWCNT-F3, when the
volume electrical conductivity increases from 2.13E-04 S/m (0.10 % wt.) to 3.25E-04 S/m (0.15 %
wt.) and reaches 6.34E-04 S/m (0.20 % wt.).



663

The nanocomposite polymer-MWCNT-F1 does not exhibit upward trend. We can
conclude that in the case of nanocomposites polymer-MWCNTs and polymer-MWCNT-F3, the
graphite structure of carbon nanotubes does not changes [33].

As regards nanocomposites polymer-MWCNT-F1 and polymer-MWCNT-F2, graphite
structure of carbon nanotubes is affected by the opening of their ends as well as by the grafting of
functional groups resulted from the oxidative reaction.

4. Conclusions

Rheological analysis reveals the increasing interactions of carbon nanotubes with
polyester matrix. This is proved by an increase in viscosity. In the case of reaching a maximum
rate of interactions due to percolation process, the viscosity undergoes the highest variation.

The highest viscosity values were found at different concentrations, depending on the type
of functionalization, as follows: 0.15 % wt. for polymer-MWCNT-F1 and polyester-MWCNT-F2
nanocomposite respectively, and 0.20 % wt. for polyester-MWCNT-F3 nanocomposite.
Therefore, it is expected to exist an optimum value of MWCNTs content in a range between 0.15
% wt. and 0.20 % wt.

SEM analysis underlines the dispersion degree of carbon nanotubes into polyester matrix
at 0.20% wt. for different types of carbon nanotubes functionalization. It was observed that
functionalization process assures a better dispersion of carbon nanotubes into resin. This is in
agreement with the fact that functional groups are responsible for the development of strong bonds
with esteric groups from polyester resin.

The iron (III) oxide layer deposited on the surface of carbon nanotubes determines the
breaking of MWCNTs agglomerates through the wedge effect.

The attractive forces van der Waals, acting among the carbon nanotubes, are diminished
by wedge effect, that means an easier separation of the carbon nanotubes.

Mechanical testing of the nanocomposites, enhanced with functionalized MWCNTs,
shows increasing values related to the increasing concentration of the carbon nanotubes. In case of
the first and second type of nanocomposites (MWCNT-F1 and MWCNT-F2) the relative variation
of mechanical parameters (bending strength at break, bending modulus) increases taking closer
values, due to a comparable level of the dispersion provided by the functionalizations F1 and F2.

The results demonstrate that polyester-MWCNT-F3 nanocomposite, exhibits the best
mechanical behavior, and justifies the beneficial effect of the functionalization F3 on the
dispersion of the carbon nanotubes.

Electrical conductivity of the polyester matrix increases with three or four orders of
magnitude, when adding a small amount of carbon nanotubes. Electrical conductivity of
nanocomposite with functionalized carbon nanotubes (polyester-MWCNT-F1 and polyester-
MWCNT-F2) is lower than that of nanocomposites with pure carbon nanotubes.

This aspect is explained by the modification of graphite structure of carbon nanotubes as a
result of oxidative functionalization. As for polyester-MWCNT-F3 nanocomposite, its electrical
behavior is closer to that of polyester-MWCNT nanocomposite. This is due to the fact that
chemical deposition of the iron (III) oxide does not change the structure of carbon nanotubes.

The best mechanical results were obtained in the case of nanocomposite with 0.20% wt.
MWCNT-F3. As well, electrical tests, revealed good values of conductivity for polyester with
0.20% wt. MWCNT-F3, over the values obtained for MWCNT-F1 and MWCNT-F2
nanocomposites, and very closer to those of polyester-MWCNT.

This means there was obtained an adequate distribution of MWCNT-F3 into polyester
matrix, that was confirmed by SEM analysis.

Finally, taking into account all tests and results discussed herein, we can conclude that by
adding to polyester matrix a small amount of MWCNT-F3 it is possible to obtain improved
properties of polyester composite.
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