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Abstract The piezoresistive response of carbon nanotube
(CNT)-polyamide composites processed by extrusion has
been investigated as a function of CNT amount, polyamide
66 (PA66) / polyamide 6 (PA6) ratio, within the matrix and the
masterbatch used to incorporate the CNT into the composite
(PA66 masterbatch or PA6 masterbatch). The dispersion level
of CNT in PA66/PA6 matrix was evaluated and related with
the thermal, electrical and electromechanical properties. It is
concluded that the inclusion of the CNT in the PA6
masterbatch helps to improve dispersion leading to larger
values of the electrical conductivity in the composites pre-
pared with larger PA66 content. On the other hand, the Gauge
Factor (GF), which provides the sensitivity of a piezoresistive
sensor, is larger for composites prepared from the PA66
masterbatch. The increase of PA66 content improving also
the electromechanical response and GF reaches values up to 6.
This fact demonstrates the suitability of the materials for
sensor applications produced in an up-scaled production way.

Keywords Piezoresistive - Gauge factor - Carbon nanotubes
composites - Polyamides
Introduction

Most polymers are known for their excellent insulating prop-
erties. Nevertheless increasing number of applications
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demand from these materials dissipative or conductive char-
acteristics. In this way, intrinsic conductive polymers and
conductive composites based on conductive fillers such as
carbon nanotubes (CNTs) and polymer matrices have been
developed as functional components in the manufacture of
sensors, microelectrodes, electromagnetic shielding,
electroconductive rubbers and electrostatically paintable ma-
terials, among others [1].

Enhanced conductivity in polymers can be thus achieved
either using inherently conductive polymers or adding electri-
cal conductive fillers to the polymer matrix. Polyaniline,
polypyrrole or polythiophene are, among others, inherently
conductive polymers due to their conjugated 7t-electron sys-
tem [2]. With these materials, transparent electrical conductive
polymer films have been achieved, which are widely used, for
example, in organic solar cells [3]. The main drawbacks of
these materials are their high prices, the difficulties in melt
compounding due to nonmeltability combined with thermal
degradation, and their poor long-term stability.

In a second approach, electrical conductive fillers are in-
corporated in the polymer matrix. Above certain filler content,
the electrical percolation threshold is achieved at which the
conductive filler particles form electrical pathways through
the polymer matrix. As conductive fillers, metal powders and
carbon based additives are quite commonly used in industry
[4].

Within this family, carbon nanotubes (CNTs) are known to
produce composites with superior electrical and mechanical
properties when compared to other carbon allotropes such as
carbon black (CB) or carbon nanofibers (CNF) [5]. Strong
increases in electrical conductivity and mechanical properties
can be obtained in polymer nanocomposites with CNT con-
centrations below 5 wt.% [6-8].

Electrical, thermal and mechanical properties of the com-
posites are affected both by the characteristics of the CNT and
also by the processing technique used to prepare the polymer
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composite [9]. Effective use of the full potential of nanotubes
to enhance the electrical conductivity of polymer composites
depends primarily on the ability to disperse the nanotubes in
the polymer matrix. Due to intermolecular van der Waals
interactions and entanglement between the nanotubes, de-
struction of primary agglomerates is not easily obtained [10].

Several methods have been used to solve this problem and,
for example, in situ-polymerization is a method to generate
composites with well-dispersed nanotubes [11, 12].

However, this and similar approaches are not industrial-
scale technically feasible solutions. Instead, if the composites
are prepared using the melt mixing method, the results obtain-
ed can be easily scale up to an industrial level. In that case, the
number and size of primary agglomerates can be minimized
by appropriate application of shear during melt mixing
[13—15]. Thus, it has been proven for many systems such as
polycarbonate (PC) filled with multiwalled carbon nanotubes
(MWCNT) that the processing by extrusion or injection
moulding [16, 17], as well as the post mixing processing
(e.g., sample manufacture) [18, 19] strongly influences the
final properties of the composite, since the processing param-
eters influence the characteristics of the CNT network.

Usually, low electrical resistivity values of the composite
are related to a more perfect conductive filler network forma-
tion related to an appropriate dispersion of CNTs or CNT
clusters into the polymer matrix. A complete characterization
of this network is quite difficult. Large aggregates resulting
from non-dispersed primary agglomerates formed during in-
appropriate mixing can be observed by optical light micros-
copy (LM) [20] or scanning electron microscopy (SEM) [21].
Nevertheless, to properly examine CNT dispersion at the
submicron scale and polymer-CNT interface, transmission
electron microscopy (TEM) is commonly necessary, despite
the drawbacks of not allowing a complete visualization of the
complex three-dimensional structure of the individual nano-
tubes or their aggregates [10] by showing just a quite small
section of the composite.

In recent years, CNT/polymer composites are gaining atten-
tion for smart materials applications [22-24] and in particular for
the development for piezoresistive sensors for structural health
monitoring systems [22, 23, 25], among others [26]. Several
matrix such as thermoplastic poly(vinylidene fluoride) [27] and
polymethylmethacrylate (PMMA) [24], thermoplastic elasto-
mers such as silicone rubber or tri-block copolymer styrene-
butadiene-styrene (SBS) [26, 28] and epoxy resins [21], com-
posites with CNT or carbon nanofibers have been prepared using
laboratory methods and piezoresistive properties have been ob-
tained that indicate the suitability of the materials for strain and
pressure sensor applications. The gauge factor of these composite
samples strongly depend of matrix, carbon nanofiller type and
content [23, 26] reaching values up to 1.4 to 15.3 [1] for
thermoplastics, 0.6 to 2.2 for epoxy resins [29] and 1 to 6 for
some elastomers [1].
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Polyamides (PA) are semi-crystalline polymers particularly
interesting as composite matrices due to their versatility and
ease of processing [30]. Polyamides are tough and have ex-
cellent sliding and wear characteristics. Properties vary from
the hard and tough PA 66 to the soft and flexible PA 12.
Depending on the type, polyamides absorb different amounts
of moisture, which also affect the mechanical characteristics
and electrical response [31, 32].

The influence of MWCNT addition in PA6 or PA66 prop-
erties has been addressed. One part of these studies has been
focused on relationships among the processing parameters
used to prepare the nanocomposites (rotation speed, time
and mixing temperature) and electrical properties and
crystallization behaviour of the polymer composites [30] in
order to obtain lowest electrical volume resistivity. A
high mixing temperature, a low rotation speed, and a
high mixing time were found to be the best conditions.
Moreover, MWCNTs can modify the crystallization tem-
perature of the polyamide matrix and, consequently, its
crystalline degree [33, 34]. The effect of different reac-
tive couplings or modifiers on electrical, rheological and
morphological behavior of polyamide/CNT composites has
been also reported [35, 36].

Despite the wide bibliography with respect of carbon
nanotubes-polyamides composites both in PA66 and PAG6,
the study of blends with different ratios of these polyamides
and different CNT content has been scarcely explored, despite
the potential advantages in tailoring materials properties for
specific applications taken into account the different materials
characteristics.

Further, for upscaling processes and industrial applications
it is important where and how the nanofiller is incorporated
[35]. In the case of a polymer blend the fillers can be incor-
porated in either of the constituent masterbatches.

Therefore, this work reports on the dispersion level, ther-
mal behaviour, electrical conductivity and electromechanical
performance of polyamides/multi-wall carbon nanotubes
(PA66/PA6/MWCNT) composites processed by extrusion.
Different PA66/PAG6 ratios are investigated as well as different
CNT contents incorporated from PA66 or PA6 masterbatches,
respectively.

This work is relevant as it demonstrates the feasibility of
the polymer composites for the development of piezoresistive
sensors that can be processed with standard up-scalable poly-
mer processing techniques.

Experimental

Materials

The polymers used in this work were polyamide PA66 (PA66
Dinalon of Repol) and PA6 (Zytel of DuPont) with a density
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of 1.13 g/cm® and 1.14 g/cm® and a melt flow rate of 68 and
95 g/10 min (290 °C, 2.16 kg), respectively. A masterbatch of
15 wt.% MWCNT dispersed in PA66 and another one of
15 wt.% MWCNT dispersed in PA6 were supplied by
Nanocyl, Sambrevile, Belgium, in pellets form. The polyam-
ides used in masterbatchs are similar to the polyamides added
in the extruder blends. The CNTs are characterized according
to the supplier by an average diameter of 9.5 nm, an average
length of 1.5 um, a carbon purity of 90 % and a surface area of
250-300 m*/g.

Preparation of composites

Previous to the blending, the masterbatches and the two
polyamides were dried in an oven at 110 °C for 6 h. To prepare
the different formulations, the corresponding masterbatch was
diluted with different contents of PA66 and PA6 to reach the
desired ratio between the polyamides and the different
MWCNT contents. Then, composites with different con-
tents of MWCNTs and different ratios of polyamides
were prepared using a co-rotating twin-screw extruder
(Brabender DSE 20) operating at 20 rpm, with a barrel
temperature of 255-270 °C and a die temperature of
260 °C. All the components (virgin polyamides and
masterbatch) were premixed by tumbling and fed simul-
taneously into the extruder. The obtained pellets were com-
pression moulded into 2 mm plaques at 285 °C applying a
pressure of 40 bar for 10 min. Finally, the plaques were cooled
down by circulating water within the press plates under a
pressure of 25 bar for 5 min.

Table 1 shows the composite formulations and the
MWCNT content with respect to the overall polyamide
content.

Morphological analysis by scanning electron microscopy

The composite morphology was analysed by scanning elec-
tron microscopy (SEM). For SEM analysis, some specimens

Table 1 Prepared composites of PA66/PA6 with different contents of
CNT, in weight. MB indicates the matrix from which the nanotubes were
dispersed in each sample

PAG6/PAG/CNT ~ PAG6 (Wt.%) PAG (Wt.%) CNT (wt.%)
50/50 (MB)/1 49.50 4950 1

50/50 (MB)/3 48.50 48.50 3

50/50 (MB)/5 47.50 47.50 5

50/50 (MB)/7.5 46.25 46.25 75

75 (MB)/25/3 7275 2425 3

25 (MB)/75/3 24.25 7275 3

75/25 (MB)/3 7275 2425 3

25/75 (MB)/3 2425 7275 3

were cryo-fractured in liquid nitrogen and the fracture surfaces
examined using a JEOL JSM-6400 scanning electron
microscope (SEM) at an accelerating voltage of 20 kV.
The samples were previously sputter-coated with a thin
layer of gold.

Thermal analysis

Thermal measurements were carried out with a differ-
ential scanning calorimeter (DSC-7, Perkin-Elmer) un-
der nitrogen atmosphere. The samples (6—10 mg) were
heated from 10 °C to 280 °C at a heating rate of
10 °C.min .

Heating-cooling-heating cycles were performed for the
different samples. The first heating scan was used to deter-
mine the melting temperature (7,,) and the heat of melting
(AH,,). To allow comparison between samples with different
MWCNT contents, the melting enthalpies (AH,,) were nor-
malized to the polyamide fraction, further, a deconvolution
procedure was applied to the melting thermograms to better
understand the effects of nanotubes on the crystalline phase of
each polyamide type. The degree of crystallinity (X.) was
calculated with Eq. 1:

Xe = AH,*¥100/ AHo*w, (1)

where AH,, is the melting enthalpy of sample, w,, weigh
fraction of the corresponding polyamide, assuming AH ;=
230 J/g for 100 % crystalline PA6 [37] and AH y= 190 J/g for
100 % crystalline PA66 [38].

Electrical conductivity measurement

Direct current (DC) electrical surface resistance measurements
at room temperature were performed in rectangular samples
with the dimensions 70%10x2 mm with a 4 prove method
with a Keithley 487 picoammeter/voltage source. Previously,
two parallel rectangular gold electrodes of 6x1 mm were
deposited by magnetron sputtering. Copper wires were at-
tached to the electrodes with silver paste to ensure good
electrical contact. The surface resistivity ps (€2/sq) was calcu-
lated from:

R,
Ps = de

(2)
where R is the surface resistance in €2, 1., is the electrode length
and d. is the distance between electrodes.
Electro-mechanical characterization

The sensitivity of a piezoresistive sensor can be quantified
through the gauge factor (GF), which is defined as the relative
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change in electrical resistance due to an applied mechanical
deformation:

dR/R
GF = —— 3
dljl (3)
where R is the electrical resistance of the material without
deformation and dR is the resistance change caused by the
change dl in length (1) [39]. In the surface sensing mode, the
GF can be written as:

dR/R 4
el el

GF +v (4)

where dl/[=¢; and v is the Poisson modulus of the material.
Equation (3) shows that two effects contribute to the gauge
factor: an intrinsic piezoresistive effect ((dp/p)/e;) and a geo-
metric effect (1+v) [39].

Electro-mechanical experiments were performed under 4-
point-bending mechanical solicitation (Fig. 1) using a
universal mechanical tests Shimadzu-AG-IS while si-
multaneously recording the electrical resistance variation
of the samples with a Agilent 34401 A multimeter. The
electromechanical measures of samples were calculated
using Eq. (2).

The strain, calculated from the theory of pure bending of a
plate to a cylindrical surface, valid between the inner loading
points (Fig. 1), is given by [40]:

5:3—dz (5)

5a?

Four loading and unloading cycles were performed for
each sample at different z-displacements between 0.3 and
1 mm, deformation speeds between 1 and 50 mm/min and
temperatures from 25 to 100 °C. The GF value was calculated
for each cycle, from the z-displacement and the electrical
resistance curves, by linear regression. Finally, the average
value of the GF was calculated for each sample. The calculat-
ed value of the GF for the up or down mechanical cycles was
the same, unless specifically specified.

&—m

! - —=7
d—T 7

-
| ;

Fig. 1 Schematic representation of the 4-point bending tests: z is the
vertical displacement of the piston, d is the thickness of the sample, a is
the distance between the first and the second bending points (15 mm) and
[ the distance between the lower supports (45 mm)
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Results and discussion

In the following, the main results are presented and discussed
in terms of the influence of masterbatch type, filler content and
polyamide ratio on the microscopic characteristics, thermal
behavior and electrical and electromechanical response of the
samples.

Morphological characteristics

Figure 2 shows the SEM images of composites with two
different masterbatches (PA6 and PA66), different polyamide
ratio but with the same concentration of filler (3 wt.% CNT).
A similar dispersion level of carbon nanotubes is obtained for
all composite samples. In this way, for 50/50 (MB) and
different filler contents (1 % to 7.5 %), Fig. 1a, b and ¢ show
that the carbon nanotubes are disperse homogeneously. In a
similar way, for PA66 masterbatch and different PA66/PA6
ratios and 3 % filler content, Fig. le and f do not show
agglomerates and the nanotubes are well distributed in the
composite samples.

Differences are nevertheless obtained when comparing
composites with different PA66/PA6 ratios with 3 wt.%
CNT, a better dispersion of fillers being reached with higher
content of PA66 and using PA6 masterbatch (75/25(MB)/3)
(Fig. 1d). This fact is attributed to the higher melting viscosity
of PA66 when compared to PA6, as it has been proven that the
most effective dispersion and distribution of primary
MWCNT agglomerates was obtained when using high viscos-
ity matrices albeit this could also result in increased nanotube
shortening as compared to the use of lower viscosity matrices
[10]. In the present case, the pre-dispersion of MWCNT in a
low viscosity matrix as PA6, avoids this drawback, as the
applied shear strength is reduced during the melt mixing.

The opposite behaviour is observed in the 25(MB)/75/3
composite (Fig. 1e). In this case, the nanotubes mixed from a
PA66 masterbatch during extrusion are more difficultly dis-
persed in the polymer matrix. The higher content of PA6, with
a lower melt viscosity, is not able to generate shear enough to
disperse uniformly the nanotubes during the extrusion.

Comparing 1b and 1d SEM images the only and exclusive-
ly influence of PA66 content could be analysed since the
masterbatch type and CNT amount is the same in the two
composites. In this case, a better dispersion in the sample with
a higher content of PA66 was obtained. On the other hand, if
composites with the same ratio of polyamides (75/25) and the
same CNT amount, such as 1d and 1f images, are compared,
the influence of masterbatch could be analysed and the better
dispersion has been got when MWCNT are initially pre-
dispersed in the low viscosity matrix.

The micrographs 1b and 1f show an intermediate behav-
iour. It is thus concluded that a higher content of PA66
improves the CNT dispersion, but if nanotubes are pre
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50/50 (MB)/1

50/50 (MB)/3

Fig. 2 SEM images for several PA66/PA6 (25/75, 50/50 and 75/25) blends and CNT content (1, 3 and 7.5 %)

dispersed in a masterbatch of low viscosity, the effect can be
further improved.

In conclusion, two important factors with a clear influence
on observed CNT dispersion and distribution have appeared:
on one side the content of PA66, the matrix with higher
viscosity in the composites and on the other hand the nano-
tubes must be included originally in a lower viscosity matrix.
Keeping in mind the obtained electrical results detailed in
section 3.3, we could suspect which one between these two
aspects is more important for achieve the best conductivity
values.

Thermal properties

Both polyamides are miscible in the amorphous state within
the range of processing temperatures [41]. However, during
cooling, polyamides are able to form different crystalline
structures, which could be modified by the presence of CNT
[33]. In order to evaluate these aspects and their influence in
the electrical and electromechanical behavior of the compos-
ites, the DSC analysis was limited to the first heating scan on
samples processed in similar conditions as the ones to be used
for the different characterization tests and thus with the same
thermal history.

As observed in the DSC thermograms (Fig. 3) and the
corresponding data of Table 2 the crystallization of both
polyamides depends on their ratio in the composite.

Whereas for 50/50 and 25/75 ratios both polyamides form
two separated melting peaks during sample cooling, for the
75/25 ratio the PA6 crystallization is inhibited by the larger
proportion of PA66. A single melting peak, corresponding to
the PA66 melt is shown in this sample. On the other hand, the
degree of crystallization of both polyamides decreases when
they are blended, the drop being more important in PA6. This
fact can be attributed to the low viscosity of this polyamide,
together with the miscibility with PA66 that, for certain rela-
tive concentrations of the polymers, encourages the diffusion
of PA6 molecules within the PA66 matrix in the amorphous
state, inhibiting the crystal formation [42].

For composites with equal quantity of the two polymers,
the melting temperatures of both polyamides and the degree of
crystallinity, Xc, of PA66 decreases as a function of CNT
content. The drop is more significant at low loadings.
Although, it has been reported the nucleating effect of CNTs
in polyamide matrices which can lead to an increase of the
degree of crystallinity, in the present case this does not hap-
pen. With the combination of two polyamides with CNTs, the
polymers are less able to diffuse in order to form crystalline
structures. The decrease in the melting temperatures and crys-
talline degree with filler addition suggests that the crystalliza-
tion of both polyamides is heterogeneous and the crystals
formed are thinner [43].

For composites with 75/25 and 25/75 ratios, the crystalli-
zation of the polyamide in lower proportion is inhibited by the
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Fig.3 DSC scans of composites samples for a PA66/PA6 (50/50) for CNT content up to 7.5 %, and b PA66/6 for 25/75, 50/50 and 75/25 ratios with 3 % CNT

presence of the fillers. The melting thermograms show thus a
single peak corresponding to the polyamide in the larger
quantity (Fig. 3). This behaviour seems to be related to the
crystallization kinetic [43]. The low nanotube content
(3 wt.%) encourages the crystals growth in the dominant
polyamide. On the other hand, the crystallization of the other
polyamide would be more difficult since it is diluted on the
whole material as a secondary phase.

When the polyamide ratio is 50/50, the growth of crystals
of both polyamides is affected by the presence of crystals of
the other one. The growth of one limiting the growth of the
other one. Because of this, the degree of crystallinity and the
melting temperatures are lower than when one or the other
polyamide is dominant in the composite. This effect is more
important for PA6 as it crystallizes at lower temperatures,
when PA66 is already crystallized.

Finally, the observed behaviour appears to be independent
of the masterbatch used to disperse the nanotubes. The only
difference was observed in the 25/75(MB)/3 sample, which
displays a double peak when the CNTs are mixed from a PA6
masterbatch with respect to its twin sample (25(MB)/75/3),
using a PA66 masterbatch. Again, differences in viscosity of
the matrices and sample morphology (as discussed earlier) are
at the origin of the different species of crystals formed in this
sample.

For pure polyamides and all composites, the melting prop-
erties are summarized in Table 2.

Electrical properties

The composites with masterbatch PA6 with different PA66/
PA6 ratios and CNT contents are shown in Fig. 4a. The

Table 2 Melting properties of

PAG6 and Pa66 for the different PA66/PAG/CNT  Tm pag AHppas XCpas  Tm pacs AHppags  Xcpags R

composites samples. R? is the re- O (J/g pac) (%) (°O) (J/g pacs) (%)

gression coefficient obtained for

the fitting PA6 217.6 75.9 33.0 - - - -
PA66 - - - 2589 91.5 48.2 -
50/50 206.8 14.6 6.3 252.0 101.2 533 0.961
50/50(MB)/1 202.0 254 11.0 247.5 87.7 46.2 0.930
50/50(MB)/3 195.3 15.5 6.7 237.9 (240.9) 68.4 36.0 0.932
50/50(MB)/5 196.2 274 11.9 240.6 66.3 349 0.982
50/50(MB)/7.5 198.5 21.8 9.5 2419 65.5 34.5 0.931
75/25 207.1 80.8 35.1 253.8 77.2 40.6 0.898
75(MB)/25/3 - - - 248.6 82.1 432 0.908
75/25(MB)/3 - - - 252.7 84.5 44.5 0912
25/75 218.2 335 14.6 2479 83.2 43.8 0.938
25(MB)/75/3 214.1 75.5 32.8 - - - 0.957
25/75(MB)/3 210.5 (229.7)*  105.2 45.7 - - - 0.983

2PA6 shoulder
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Fig. 4 Electrical conductivity for composite samples with CNT up to 7.5 % and polyamide ratios 75/25, 50/50 and 25/75 in masterbatch PA6 (a) and

PAG66 (b). The lines are for guiding the eyes

electrical conductivity increases with CNT content for the
three PA ratios, 75/25, 50/50 and 25/75 and the conductivity
values also increase with increasing PA66 content in the
composites. The presence of PA66 also decreases percolation
threshold in the composites samples from 3 wt.% CNT for the
25/75 ratio composites to 2 % CNT in the composites with 75/
25 ratio.

Figure 4b shows the electrical behaviour for the CNT
composites obtained from PA66 masterbatch. The trend in
conductivity with different PA66/PA6 ratios is similar to the
one obtained for the PA6 masterbatch, but comparing the
same CNT quantities; the values of the electrical conductivity
are lower.

The explanation for this behavior is related with the differ-
ences in CNT dispersion observed (Fig. 2). As previously
stated, the nanocomposite with 75/25 polyamide ratio using
PA6 masterbatch, results in the best dispersion of CNT in the
polyamide matrix, due to the combination of higher quantity
of PA66 (with high melt viscosity) and CNT pre-dispersed in
PA6 masterbatch (with lower melt viscosity), and this better
dispersion of the CNT improves the electrical conductivity.

As previously mentioned, there are two factors which have
a clear influence on nanotube dispersion and distribution: on
one side the content of PA66, the matrix with higher viscosity,
in the composites and, on the other hand, the fact of the
nanotubes are originally included in a lower viscosity matrix.
In view of the result obtained, in this case, the fact of
MWCNT are predispersed in a matrix with lower viscosity
is more decisive for achieve the best conductivity values.

Piezoresistive properties
The piezoresistive properties of the composites are measured

in 4-point bending tests, studying the influence of the different
masterbatch, polyamide ratio, and filler content.

Typical experiments with 4 loading-unloading mechanical
cycles with simultaneous measurements of the electrical re-
sistance variation are shown in Fig. 5a. For each loading and
unloading electromechanical tests a linear fit was performed
for obtaining the value of the GF, as shown in Fig. 5b. As
observed in Fig. 5, proper linearity between mechanical
strains and electrical resistance variation is obtained, indicat-
ing the suitability of the materials for sensor applications.

The behavior of the GF for the different composites sam-
ples is presented in Fig. 6.

For the composites prepared from the PA66 masterbatch
the GF is higher for 75(MB)/25 samples, with a maximum
value of GF ~ 6, for 3 % and 5 % CNT (Fig. 6a). For equal
amounts of polyamides (50/50) (Fig. 6a) the GF is less than 2
for low CNT contents and increase to a maximum of ~3 with
higher CNT loading. For the samples prepared from the PA6
masterbatch (Fig. 6b), the GF is in general lower and less
dependent both on the relative polyamide and filler contents
than in the case of the PA66 masterbatch. It is thus concluded
that the preparation of the composites from the PA66
masterbatch and the increase of PA66 content in these samples
improves the electromechanical response of the composites.
This fact is in contrast to the fact that the best values of the
electrical conductivity are obtained for the PA6 masterbatch
with large PA66 content. The explanation for this behavior is
again related to the differences in CNT dispersion (Fig. 2).
Samples prepared from the PA6 masterbatch, show best dis-
persion of CNT in the polyamide matrix, which lead to better
values of the conductivity but less variation of the conductive
paths when the material is under mechanical deformation, the
latter being at the basis of the electromechanical response and
being the reason why the larger GF are typically obtained
close to the percolation threshold [20, 27].

In the present case, due to the complex topology of the
polymer microstructure, related to the different masterbatches
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Fig.5 a Variation of relative electrical resistance and mechanical strain over time for 75(MB)/25/3 composites during 4 loading and unloading cycles. b
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and the different polymer characteristics (e.g. mechanical and
crystalline characteristics of each phase within the blend), no
specific trend is obtained (Fig. 6). In any case, two important
conclusions are drawn: first, the presence of PA66 improves the
electromechanical response leading to large GF compatible with
the upscale production of piezoresistive sensors, as the observed
GF are among the largest obtained in the literature for thermo-
plastic composites due to a larger contribution of intrinsic
piezoresistive response [44-47]; second, that the GF is not as
strongly dependent on CNT concentration as in similar thermo-
plastic composites [47] and that the larger values of the GF are
not related to the percolation threshold, indicating a complex
blend topology and therefore CNT network characteristics.

Gauge Factor

—8—75 (MB)/25
0 —8—50 (MB)/50
— T T T T T T T T T T 1

0 1 2 3 4 5 6 7 8
CNT (%)

To assess the application potential of the composites, the
75(MB)/25/3 sample was analyzed by performing electrome-
chanical tests as a function of temperature, from room tem-
perature to 100 °C, for deformation speeds up to until 50 mm/
min and different maximum strains.

With respect to the temperature behavior (Fig. 7) the GF
strongly decreases from the room temperature value above 5
to ~3.5 at 40 °C remaining this value stable until 100 °C. The
large GF values, in the temperature range from room temper-
ature to 100 °C, prove the suitability of the material for
applications. The decrease of the GF around 40 °C is not
related to any temperature induced transition of the polymer
and thus can only be attributed to an annealing effect leading

b
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Fig. 6 Gauge Factor values for composites samples: a) SO(MB)/50 and 75(MB)/25 and b) 25/75(MB), 50/50(MB) and 75/25(MB) for several CNT

contents
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Fig.7 Temperature dependence of Gauge Factor for composite 75(MB)/
25/3. The line is for guiding the eyes

the filler network to a most favourable energy configuration
and therefore less sensitive to mechanical variations.

The influence of the mechanical deformation speed on the
GF is shown in Fig. 8. The GF is larger for low speeds (GF~=
6), decreasing abruptly for deformations speeds above 5 mm/
min. After these deformation the GF is practically independent
of deformation speed up to deformations of 50 mm/min, the
GF remaining in the rage 3.3 < GF < 4.7. This behaviour is
directly related to the time response of the semicrystalline
polymer [27].

The maximum deformation of the composite sample also
influences the piezoresistive response, the value of the GF
increasing with increasing strain. For low strains the GF value
is around zero and reaches values up to 6 at 1 mm displace-
ment, indicative of the larger variations of resistance and
therefore of sensor sensitivity for increasing mechanical de-
formations [27, 47].
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Conclusions

In this work, the electrical, thermal and electromechanical
behaviour of different CNT/polyamide composites were stud-
ied as function as their composition. The aim was to investi-
gate the effect of matrix viscosity in the CNT dispersion and
consequently, in the macroscopic properties of nanocompos-
ites. The experimental data lead to the following conclusions:

* The PA66/PAG ratio and the fact of the CNTs were orig-
inally pre-dispersed in a PA66 masterbatch or in a PA6
masterbatch are two factors which clearly influence the
nanotube dispersion into the polyamide matrix.

* The morphologic study displays the best dispersion of
MWCNTs was obtained when the polyamide ratio is rich
in PA66 (the higher viscosity matrix) and the nanotubes
are included from the lower viscosity masterbatch (PA6
MB).

* These nanocomposites with the best dispersion also
achieved the best conductivity values.

* Respect to the thermal behaviour, the data show that in
the case of composites with 75/25 and 25/75 polyamide
ratios, the crystallization of the polyamide in lower
proportion is inhibited by the presence of the fillers
whereas if the polyamide ratio is 50/50, the crystalliza-
tion of both polyamides is affected by the presence of
the other one.

* The piezoresistive response of CNTs/PA composites de-
pends on filler content and PA type concentration, being
larger for composites with larger PA66 content.

* Regarding processing point of view, the inclusion of the
CNT in the PA6 masterbatch helps to improve dispersion
leading to larger values of the electrical conductivity when
the polyamide ratio is rich in PA66.

Gauge Factor

T
0,2 04 0.6 0.8 Lo

Strain (mm)

Fig.8 a Mechanical deformation speed (fixed strain of 1 mm) and b strain (fixed speed of 1 mm/min) dependence of Gauge Factor for the 75(MB)/25/3

composite. The lines are for guiding the eyes
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*  On the other hand, Gauge Factors are better for the com-
posites prepared from the PA66 masterbatch, besides the
increase of PA66 content improving also the electrome-
chanical response.

+  Composite 75(MB)/25/3 reaches a GF value above 6
which indicates a main contribution from intrinsic
piezoresistive effect and demonstrates the suitability of
the materials for sensor applications.
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