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In this study, the addition of carbon nanotubes (MWCNT) and modified carbon
nanotubes (MWCNT-COOH) in the range of 0.5 wt. % to 5 wt. % in polyamide (PA)
obtained as a residue upon 3D printing, was investigated. PA and nanocomposite samples
were prepared by melt mixing. PA/MWCNT and PA/MWCNT-COOH nanocomposites
were characterized by differential scanning calorimetry (DSC), thermogravimetric analy-
sis (TGA), THB thermal conductivity determination method, electrochemical impedance
spectroscopy (EIS), and tensile test. Results of DSC analysis showed that both types of
carbon nanotubes (MWCNTs) acted as nucleation centres of PA matrix, but had no effect
on the order of the crystalline structure. Due to the polar nature of the surface and better
dispersion, MWCNT-COOH filler accelerated PA crystallization more significantly com-
pared to MWCNT. Due to the presence of nanofiller, the PA chains had limited motion
space, which interfered with the crystallization process of the matrix. The thermal stabil-
ity of the PA matrix increased with the addition of both MWCNT and MWCNT-COOH
fillers. Higher thermal conductivity was achieved with the addition of MWCNT-COOH
filler compared to the addition of MWCNT. The results of the tensile test showed that
with the addition of both types of MWCNT fillers in the PA matrix, the modulus of elas-
ticity and yield stress had reduced, but the yield strain increased. Results of the EIS
showed that MWCNT nanofiller had not changed the electrical conductivity regardless
of modification.
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Introduction

Over the last decades, polymer nanocomposites
have attracted the attention of many scientists due
to the ability to achieve improved and multifunc-
tional properties. Among the investigated nanocom-
posites is a group of nanodimensional carbon allo-
tropes such as graphene, fullerenes, and carbon
nanotubes. Some research on these high-perfor-
mance nanocomposites is focused on explaining
their mechanical properties using molecular dynam-
ics or dissipative particle dynamics'?, while others
are aimed at innovative methods of production®.

Unlike  single-walled carbon  nanotubes
(SWCNT), multi-walled carbon  nanotubes
(MWCNT) consist of two or more concentric cylin-
drical layers of graphene coaxially located around
the central cavity. Because of its nanometric dimen-
sions and structure, carbon nanotubes have specific
thermal, electrical, and mechanical properties that
depend on chirality, i.e., the way they are rolled.
Therefore, CNTs represent a group of nanofillers
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that can significantly improve polymer properties.
However, carbon nanotubes tend to aggregate,
which represents a problem in achieving uniform
distribution in the polymer matrix. Various carbon-
nanotube surface modifications enable the solution
to this issue®.

Polyamides are technically important polymers
of great significance for almost every industry. Po-
lar amide groups have the ability to link the macro-
molecules’ chains with strong hydrogen bonds.
Therefore, polyamides are crystalline plastomers
with high melting temperature, high thermal stabili-
ty, high strength and toughness, and good resistance
to various types of solvents that allow them exten-
sive application’.

Polyamide 12 has a significant place in selec-
tive laser sintering (SLS) that is an additive manu-
facturing technique®. Polymeric materials for SLS
are used in the form of a powder, and must meet a
number of requirements, including thermal and op-
tical properties, suitable viscosity and surface ten-
sion’. In addition, the shape and surface of the indi-
vidual particles as well as the powder particle-size
distribution are very important characteristics.
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Therefore, during the production of PA 12 for SLS,
the powder must be specially treated and adjusted
to meet the requirements. A necessary condition for
the SLS process is a sufficient sintering window
(temperature difference between melting and crys-
tallization) as well as a low zero viscosity and low
surface tension’. In order to satisfy these conditions,
the molecular structure and consequent properties
of PA12 powder for SLS are significantly different
from the conventional PA 12 for injection mould-
ing’. Unfortunately, during the SLS process, the
powder that is not an integral part of the printed 3D
object undergoes some changes and after several
printing cycles it becomes unusable for this pur-
pose®®. Thus, significant efforts have been made in
tailoring the structure and properties of materials
for SLS, as well as exploring the possibility of us-
ing the valuable waste powder for other applica-
tions®.

Previous research has shown that the addition
of carbon nanotubes can improve thermal, mechan-
ical, and electrical properties of different polyam-
ides, as well as their thermal stability®'8. The aim of
this study was to investigate the influence of the
addition of multi-walled carbon nanotubes
(MWCNT) and their modification (MWCNT-
COOH) on thermal, electrical, and mechanical
properties, and thermal stability of PA 2200. Taking
into account the structural differences between PA
12 for SLS and other types of PA previously inves-
tigated, in this study, the polyamide 2200 (polyam-
ide 12) obtained as a residue upon SLS was used.
Therefore, the option of adding MWCNT nanofill-
ers was investigated in order to explore the possibil-
ity of using the PA 2200 residue for other purposes.

Materials and methods

Materials

The materials used for the preparation of the
nanocomposites were nanofillers: multi-walled car-
bon nanotubes (MWCNT) and oxidized multi-
walled carbon nanotubes (MWCNT-COOH), manu-
factured by Chengdu Organic Chemicals Co. Ltd.,
China. Polyamide PA 2200, a type of PA 12 used as
material for SLS, produced by EOS GmbH — Elec-
tro Optical Systems, is a fine polyamide powder
with average grain size 56 pm and melting point
172 — 180 °C. In this paper, the SLS PA 2200 waste
powder supplied by Klex d.o.0., Croatia, was used
as a matrix.

Preparation of PA/MWCNT nanocomposites

The samples of the PA nanocomposites were
prepared by a melting process. A certain amount of
nanofillers and polyamide for each sample was

weighed, and two different systems were prepared:
PA/MWCNT and PA/MWCNT-COOH with 0.5 %,
1 %, 2 %, 3 %, 4 %, and 5 % mass fraction of the
filler. The nanocomposite samples were mixed in a
Brabender mixer for 3 min at a temperature of 200
°C and speed of 20 rpm. They were then homoge-
nized for another 5 min at 60 rpm to ensure good
dispersion of the filler. The samples were extracted
individually from the mixer and manually trimmed.
Chilled and chopped samples were pressed in a
mould on a laboratory hydraulic press. The pressing
was carried out in cycles: preheating for about 5
minutes, pressing for 7 minutes at 200 °C and 25
bars, and cooling with water to 120 °C. The dimen-
sions of the obtained samples were 100 x 100 x 1
mm.

Scanning electron microscopy

Dispersion of MWCNT and MWCNT-COOH
fillers in PA matrix was investigated with scanning
electron microscope (SEM), Tescan VEGA 3. Ob-
servations were made for PA composites with 5 %
of MWCNT and MWCNT-COOH fillers on the
area where a fracture occurred during the testing of
mechanical properties.

Differential scanning calorimetry (DSC)

Thermal properties of the polyamide matrix
(PA), PA/MWCNT, and PA/MWCNT-COOH nano-
composites were determined by differential scan-
ning calorimetry under non-isothermal conditions.
The tests were carried out on the Mettler Toledo
DSC 823e instrument in a temperature range of 0
°C to 200 °C in a constant nitrogen flow of 50 mL
min! according to the following regime. Samples
were firstly cooled from room temperature to 0 °C
at a rate of 10 °C min'. The samples were then iso-
thermally stabilized at 0 °C for 3 minutes, followed
by heating from 0 °C to 200 °C in order to clear the
thermal history of the samples. After isothermal sta-
bilization at 200 °C for 3 minutes, the samples were
cooled from 200 °C to 0 °C at a rate of 10 °C min™,
and the crystallization of the samples was moni-
tored. Upon isothermal stabilization of the system
at 0 °C for 3 minutes, the samples were again heat-
ed from 0 °C to 200 °C at a rate of 10 °C min™', and
the melting process of the crystalline phase was
monitored.

Thermogravimetric analysis (TGA)

The thermal stability of the PA matrix and the
PA/MWCNT and PA/MWCNT-COOH nanocom-
posites was determined by thermogravimetric anal-
ysis (TGA) on TA Instruments Q 500. Measure-
ments were carried out under non-isothermal
conditions by heating from room temperature to
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700 °C at a rate of 10 °C min™! in a constant nitro-
gen flow of 60 mL min™'. The change in sample
mass was monitored as the temperature increased.

Thermal conductivity

Thermal conductivity of the PA matrix and the
PA nanocomposites was measured by the Linseis
Transient Hot Bridge (THB) device. Calibration of
the device was carried out by a standard, poly
(methyl-methacrylate) (PMMA). A sensor B10706
was used in the range of 0.02 — 100 W m* K. The
standard deviation was + 2 %. The solid sensor was
placed between two samples with dimensions of 3 x
5 ecm. The measurements were carried out at room
temperature. The measurement time was 1 minute
for each sample, whereby six values of thermal con-
ductivity of each sample were obtained, and the
arithmetic mean of the last three measurements was
taken into account.

Electrochemical impedance spectroscopy (EIS)

Electrochemical impedance spectroscopy (EIS)
was used in order to determine the electrical con-
ductivity of the PA matrix and PA nanocomposites.
The measurements were carried out on an apparatus
consisting of a voltmeter connected to a computer,
two flat electrodes in between which the samples
were exchanged, and the appropriate electrode ca-
bles that linked the voltmeter and the three-elec-
trode system located in the protective cage. The
three-electrode system consisted of a working elec-
trode, i.e., the samples of dimensions 50 x 50 x 1
mm, a reference saturated calomel clectrode, and a
counter-electrode. The basic principle of the mea-
surement was based on the application of an exci-
tation signal of a sinusoidal shape and a small am-
plitude of 50 mV between the reference and working
electrode. The current response of the system, i.e.,
the current between the working and the count-
er-electrode was monitored. The measurements
were performed in the frequency range from 100
Hz to 0.001 Hz.

Tensile test

The mechanical properties of the PA and PA
nanocomposites were carried out on a universal
testing machine Zwick 1445. From the samples ob-
tained by pressing, new samples of 100 mm length
and 10 mm width were made. The thickness of the
samples was measured via micrometer at three dif-
ferent points, after which the mean thickness of the
samples was calculated. The data consisting of
room temperature, air humidity, sample size, and
test type were entered into a computer program that
manages the testing machine. The samples were
placed in between the sample holding jaw at a dis-

tance of 50 mm, and subjected to unaxial elongation
at a rate of 100 mm min' until the samples broke.
Measurements were carried out at a room tempera-
ture of 25 °C. The results for each sample were pre-
sented as the average values of five measurements.

Results and discussion

Dispersion of filler in PA

In order to investigate the differences in disper-
sion of fillers caused by the modification of
MWCNT with —COOH groups, the fracture surface
of the PA composites with 5 % of both fillers, re-
spectively, was analysed. SEM micrographs are
shown in Fig. 1. On the fracture surface of nano-
composite with MWCNT filler, the areas with filler
aggregates are visible, while on the micrographs of
the composite with MWCNT-COOH filler, there are
no visible aggregates. Modification of MWCNT
with —COOH groups causes a reduction in the cohe-
sive interactions between MWCNT, and improves
adhesion interactions between the more polar
MWCNT-COOH and PA matrices, and consequent-
ly allows better dispersion in the polar PA matrix.

Crystallization and melting behaviour of
PA/MWCNT nanocomposites

Thermal properties of the PA matrix and PA/
MWCNT nanocomposites were determined by dif-
ferential scanning calorimetry (DSC) under non-
isothermal conditions. Fig. 2 shows the thermo-
grams of the cooling cycle, and the first and second
heating cycles of the polyamide matrix.

In the cooling cycle, an exothermic peak was
observed at a temperature around 150 °C showing
the crystallization of PA. The complete crystalliza-
tion of PA occured because the rate of crystalliza-
tion was higher than the cooling rate, and the mate-
rial had enough time to form the crystalline
structure.

In the first and second heating cycles, an endo-
thermic melting peak was observed at 179 °C with
several smaller peaks at lower temperatures. Multi-
ple peaks were also observed in MWCNT nano-
composites with PA1010 matrix, and were explained
by considering the melting-recrystallization mecha-
nism'. As the temperature increased, the small and
imperfect crystals melted and recrystallized into
larger and more stable crystals. Melting of the sta-
ble recrystallized structures is visible as the main
endothermic peak.

The area below the exothermic peak represents
the enthalpy of crystallization, which is 69.9 J g!,
while the area underneath the multiple endothermic
peaks represents the melting enthalpy with the value
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Fig. 1 — SEM micrographs of fracture surface of a) PA/IMWCNT 5 % wt., and b) PA/
MWCNT-COOH 5 % wt
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Fig. 2 — DSC thermogram of polyamide under non-isothermal conditions
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Fig. 3 — Crystallization temperature of PA/IMWCNT and PA/
MWCNT-COOH nanocomposites

—&—PA/MWCNT
70 —&— PA/MWCNT-COOH
theor.

mass fraction of the filler / %
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Fig. 5— Melting enthalpy of PA/MWCNT and PA/MWCNT-
COOH nanocomposites

of 63.9 J g'!. It is evident that the values of enthalpy
differ significantly due to the simultaneous melting
and recrystallization process when increasing the
temperature.

In order to analyse the influence of the
MWCNT and MWCNT-COOH fillers on the crys-
tallization of PA matrix, temperatures and enthalp-
ies of crystallization and melting peaks of nano-

composites were analysed. The peak temperature of
the crystallization determined from the DSC curve
of the investigated nanocomposite systems depend-
ing on the mass fraction of the filler is shown in
Fig. 3. The results showed that the addition of both
fillers increased crystallization temperature to high-
er values in relation to PA, meaning that the fillers
accelerated the crystallization of the PA matrix. The
MWCNT-COOH filler accelerated the crystalliza-
tion of PA more significantly compared to MWCNT
fillers. Previous research also indicates an increase
in the crystallization temperature by adding modi-
fied or unmodified MWCNTs into other types of PA
matrices’!! or polystyrene® as well as by adding
nanosilica’' or graphene® in PA 12.

In conclusion, carbon nanotubes act as nucle-
ation centres and accelerate the crystallization of
the PA matrix. In addition, the functionalized polar
filler MWCNT-COOH creates stronger interactions
with the polar PA matrix compared to the non-polar
MWCNT fillers, therefore the particles are better
dispersed in the matrix as the nucleation centres.

The analysis of the melting temperature showed
a negligible change in the melting temperature com-
pared to PA, since values for all nanocomposite sys-
tems were in range of 179 £ 0.4 °C (figure not
shown). Consequentlyy, MWCNT and MWCNT-
COOH fillers do not affect the order or size of the
PA crystallites.

The characteristic values of the crystallization
enthalpy depending on the mass fraction of the fill-
ers are shown in Fig. 4. Since the experimental val-
ues of the crystallization enthalpy for both nano-
composite systems are lower than the theoretical
ones, excluding the filler fraction that does not crys-
tallise, it can be concluded that both fillers reduce
the amount of PA that can crystallise.

The possible explanation for this behaviour is
that the carbon nanotubes have a nucleation effect
and they accelerate crystallization of the PA 2200
matrix, however, due to their presence, the PA
chains have limited motion space, therefore they in-
terfere with the crystallization process similarly as
in other types of PA matrix'>!3,

The values of the melting enthalpy depending
on the mass fraction of the fillers are shown in Fig.
5. Almost all the values of melting enthalpy of the
nanocomposites are above theoretical values, mean-
ing that the fillers MWCNT and MWCNT-COOH
enhance the crystallization of the PA matrix. There-
fore, the possible explanation is that, when heated,
the PA chains become mobile, which allows crystal
growth. However, due to the simultaneous melting
and recrystallization processes during heating, the
melting enthalpy results should not be taken into
consideration as an effect on the crystallization pro-
cess.
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Thermal stability of PA/MWCNT
nanocomposites

Thermogravimetric analysis (TGA) was used
in order to analyse the influence of MWCNT on the
thermal stability of the PA matrix. Fig. 6 shows the
TGA and DTG curves of PA. It is apparent from the
shown curves, that the thermal decomposition of PA
takes place in a temperature range of 300 °C to 500
°C in one step. The maximal point of the DTG
curve that corresponds to the highest decomposition
rate for the PA matrix is 433 °C.

In order to analyze the influence of the
MWCNT and MWCNT-COOH fillers on the ther-
mal stability of PA in the individual decomposition
phases, the temperatures corresponding to 10 %
(T,), 50 % (T,,), and 90 % (T,,) of the mass loss
were determined from the TGA curves of PA and
PA nanocomposites.

The temperature corresponding to 10 % of the
mass loss was defined as the start of sample decom-
position (7,)). Fig. 7 shows an increase in tempera-
ture 7,, by adding only 1 % of MWCNT filler, and
then 7, decreases with a further increase in filler
fraction. It is also apparent that PA/MWCNT nano-
composites have higher temperature values than
PA/MWCNT-COOH. The start of thermal decom-
position of the PA/MWCNT and PA/MWCNT-
COOH nanocomposites varies slightly and is within
the range of 406 + 5 °C.

Temperatures corresponding to 50 % of the
initial mass loss (7)) are defined as indicators of
the thermal stability at later stages of the decompo-
sition. Obtained values indicate a minor change in
the T, of the PA nanocomposite in the range of 436
+ 5 °C (figure not shown).

Fig. 8 shows the temperature (7' ) at the end of
the degradation process. A significant increase in
temperature 7' is observed by adding only 1 % of
both types of fillers. By further increasing the frac-
tion of the fillers, T slightly increases. The addi-
tion of MWCNT increases T, up to 12 °C, and the
addition of MWCNT-COOH up to 9 °C. Therefore,
it is apparent that the MWCNT filler in the final
decomposition phase increases the thermal stability
of the PA matrix more than the modified MWCNT-
COOH filler.

In this paper, the results of the TGA analysis
show that the addition of carbon nanotubes
(MWCNT) increases the thermal stability of the PA
matrix. Earlier investigations showed the improved
thermal stability of other types of polyamide matri-
ces by addition of MWCNT"""® or graphene in PA
12 matrix?. This effect can be attributed to good
thermal conductivity of MWCNT. The carbon nano-
tubes take on the heat that is brought during the
heating, and thus slow down the degradation of the
polymer matrix.
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It is apparent from previous investigations'3¢
that the increase in thermal stability of the polymer
matrix depends on the modification and the amount
of MWCNT added. In this paper, by increasing the
fraction of MWCNT, the thermal stability of the PA
matrix had generally increased. The addition of un-
modified carbon nanotubes (MWCNT) increased



zZ/Q

14

S. Luci¢ Blagojevi¢ et al., Influence of Carbon Nanotubes on Polyamide Properties, Chem. Biochem. Eng. Q., 33 (3) 337-346 (2019)

343

0.33
0.32 4 ——PA/MWCNT

031 { —e—PA/MWCNT-COOH
0.30 -

- 029

=

% 0.28 -

3 0.27 -

~ 0.26 -
0.25
0.24 -

0.23 T T T T

0 2 2 3
mass fraction of the filler / %

Fig. 9 — Influence of mass fraction of filler on thermal con-
ductivity for PA/MWCNT and PA/MWCNT-COOH nanocom-
posites

1010

10° 4

10° 5
.3 —A—PA/3%MWCNT

% 4o PA/5%MWCNT

10°4 —&—PA/3 % MWCNT-COOH

1w —* PA/5%MWCNT-COOH
.1 —=—PLA

1'% = PLA/4%MWCNT

10° 4

102 :HWWﬂII,IIl,.llIIIIIIIIIIIIIIFII”'I,.‘

T T
10" 10° 10
f/Hz

Fig. 10 — Impedance spectrum of an absolute impedance

logarithm |Z| of the PA and PLA matrices, and PA/MWCNT and
PLA/MWCNT nanocomposites versus the logarithm of the ap-

plied frequency f

10°

the matrix stability more than the modified ones
(MWCNT-COOH). The possible explanation is that
—COOH groups on the carbon nanotubes adsorb
water due to their polarity, and water accelerates the
hydrolytic degradation of polyamide at higher tem-
peratures'*. Therefore, the thermal stability of the
PA matrix, in this study, is increased more by the
addition of non-polar MWCNTs rather than by the
addition of polar MWCNT-COOH filler.

Thermal conductivity of PA/MWCNT
nanocomposites

In order to determine the influence of multi-
walled carbon nanotubes (MWCNT) on the thermal
conductivity of the PA matrix, the Transient Hot
Bridge (THB) method was used. Fig. 9 shows that
the thermal conductivity (1) of PA/MWCNT and
PA/MWCNT-COOH nanocomposites is slightly

1
10?

changed by the addition of smaller filler amounts,
while at higher values of the added fillers, the ther-
mal conductivity increases considerably.

Previous studies'*!'” have shown that carbon
nanotubes (MWCNT) increase thermal conductivity
of other types of PA matrices as well, which is in
line with the results obtained in this paper. Im-
proved thermal conductivity of the polyamide ma-
trix is attributed to good thermal conductivity of
MWCNT of more than 3000 W m™ K™ '7. It has
also been proved that the increase in thermal con-
ductivity is dependent on the modification and the
amount of MWCNT added'®.

By increasing the fraction of the MWCNT add-
ed to the PA matrix, its thermal conductivity in-
creases due to the increased number of contacts be-
tween the carbon nanotubes that create the
conductive pathways. Higher conductivity is
achieved by adding MWCNT-COOH filler com-
pared to the MWCNT addition, which can be ex-
plained by stronger interactions on the filler/matrix
interface and better dispersion of the filler in the
matrix. Namely, MWCNT modified with the polar
—COOH groups enable stronger interactions with
the polar PA matrix, and thus contribute to better
dispersion of carbon nanotubes in the matrix'?.

Electrical conductivity of PA/MWCNT
nanocomposites

In order to determine the influence of MWCNT
and MWCNT-COOH fillers on the electrical con-
ductivity of the PA matrix, the electrochemical im-
pedance spectroscopy (EIS) was used. The imped-
ance value |Z| and phase shift (¢) for each applied
frequency (f) of each test sample were obtained, and
some are presented in the Bode’s diagram (Fig. 10).
In order for a better interpretation of the impedance
of the PA/MWCNT nanocomposites, measurements
were also made on the polylactide matrix (PLA)
and the PLA/MWCNT nanocomposite.

It is apparent from the Bode’s diagram (Fig.
10) that, by decreasing the frequency, the imped-
ance is continuously increasing in all samples, ex-
cept in the PLA/MWCNT nanocomposite. The
highest critical impendence, shown on the y axis at
which Z has the constant value, is visible at the PLA
(~1.57 - 10" Q) and PA (~1.07 - 10!' Q) matrices,
which is in line with expectations, since the poly-
mers PLA and PA are non-conductive materials.
However, by adding both types of the fillers,
MWCNT and MWCNT-COOH, to the PA matrix,
the impendence value Z changes insignificantly and
remains at high value. Consequently, the reciprocal
value of impedance, the admittance, which rep-
resents the conductivity of the system, also changes
insignificantly, therefore no electrical conductivity
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has been achieved in the PA/MWCNT system. If
compared to the PLA/MWCNT nanocomposite sys-
tem, it is apparent that the impedance of the PLA/
MWCNT nanocomposite (~194.6 Q) is reduced by
almost 11 orders compared to the impedance of a
non-conductive PLA matrix. Thus, by adding the
MWCNT fillers to the PLA matrix, the electrical
conductivity of the system is achieved.

The results obtained in this paper are inconsis-
tent with the previous studies'>?*** where significant
PA conductivity was achieved by the addition of
MWCNT fillers. The possible explanation for the
non-conductive PA/MWCNT system is the influ-
ence of the high crystallinity of the PA matrix,
which prevents close contact of the conductive
MWCNTs in the polyamide that is the necessary re-
quirement for achieving polymer conductivity.

Mechanical properties of PA/MWCNT
nanocomposites

The mechanical properties of the PA matrix,
PA/MWCNT and PA/MWCNT-COOH nanocom-
posites were tested by uniaxial elongation to deter-
mine the influence of carbon nanotubes on the
nanocomposite properties. The characteristic values
of the modulus of elasticity (£), yield stress (0,) and
yield strain (¢ ) were determined from the obtained
stress (o) — strain (&) curves.

Fig. 11 shows that, by addition of both types of
MWCNT fillers, the value of the modulus of elas-
ticity generally decreases compared to PA. It is also
apparent that the nanocomposites with MWCNT
fillers have higher module values than the nano-
composites with the MWCNT-COOH fillers.

The results of the influence of MWCNT and
MWCNT-COOH fillers on yield stress (o) and
yleld strain (8) of the polyamide matrix are shown
in Figs. 12 and 13. From the experimental data, it is
apparent that the addition of the MWCNT filler
slightly increases the stress values compared to the
PA values, while the MWCNT-COOH fillers reduce
the stress values. The yield strain value is increased
in comparison to PA by the addition of smaller frac-
tions of both fillers such as 0.5 %. Morcover, the
strain values do not change considerably until the
addition of 5 % of the fillers where the strain in-
creases again.

In this paper, the results showed that by adding
both types of MWCNT fillers in the PA 2200 ma-
trix, the modulus of elasticity and the yield stress
are reduced, but the yield strain increases, which is
contrary to the results of the previous investiga-
tions*'*!*25_ This behavior can be attributed to the
effect of MWCNT fillers on the matrix crystallinity
degree, which then affects the mechanical proper-
ties of the nanocomposites. In the section on the

1050

—— PA/MWCNT

1000 —e— PA/MWCNT-COOH

950 +

9200

E/Nmm?2

850

800
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mass fraction of the filler / %

Fig. 11 — Influence of mass fraction of filler on modulus of
PA/MWCNT and PA/MWCNT-COOH nanocom-
posites

——PA/MWCNT

—&— PA/MWCNT-COOH
42 T T T T T

0 1 2 3 4 5 6
mass fraction of the filler / %

Fig. 12 — Influence of mass fraction of filler on yield stress
of PA/MWCNT and PA/MWCNT-COOH nanocom-
posites

13 —m—PA/MWCNT
—8— PA/MWCNT-COOH
11 + T T T T T
0 1 2 3 4 5 6

mass fraction of the filler / %

Fig. 13 — Influence of mass fraction of filler on yield strain
of PA/MWCNT and PA/MWCNT-COOH nanocom-
posites

thermal properties of the PA/MWCNT nanocom-
posites, the obtained value of the crystallization en-
thalpy of the nanocomposite systems, which rep-
resents the crystal phase fraction, is lower than the
enthalpy of the PA matrix. Thus, both types of
nanofillers act by reducing the part of the matrix
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that can crystallize. In conclusion, the reduced crys-
tal fraction affects the reduction of the modulus and
yield stress, and increases the deformability of
nanocomposite systems, making them tougher than
the PA matrix.

Conclusions

In this paper, the addition of carbon nanotubes
(MWCNT) and modified carbon nanotubes
(MWCNT-COOH) in the range of 0.5 wt. % to 5
wt. % in the polyamide (PA) waste powder was in-
vestigated. The results showed that carbon nano-
tubes (MWCNTSs) acted as nucleation centres. Al-
though the carbon nanotubes have a nucleation
effect, due to their presence the PA chains have lim-
ited motion space, which interferes with the crystal-
lization process of the matrix. The nanocomposites
with MWCNT-COOH fillers more significantly ac-
celerate the PA crystallization and exhibit higher
thermal conductivity, which is due to the polar na-
ture of the surface and the better dispersion. The
thermal stability of the PA matrix increases with the
addition of both MWCNT and MWCNT-COOH
fillers. The higher thermal conductivity is achieved
with the addition of MWCNT-COOH filler com-
pared to the addition of MWCNT. The results imply
that addition of MWCNT do not change the electri-
cal conductivity of the nanocomposites regardless
of filler modification. The results of the tensile test
showed that by adding both types of MWCNT fill-
ers in the PA matrix, the modulus of elasticity and
the yield stress are reduced, but the yield strain in-
creases. In conclusion, the addition of MWCNT
fillers represents a useful approach towards the re-
use of PA waste powder obtained upon SLS pro-
cess.
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