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Abstract
We investigated the crystalline properties of injection molded polyamide 6 matrix
composites containing carbon nanotubes and microfibers (basalt and carbon). We showed with
differential scanning calorimetry (DSC) tests that microfibers affect crystalline properties
differently. Basalt fibers do not have a nucleating effect, while carbon fibers do, to a small
extent. Carbon nanotubes acted as nucleating agents themselves but in composites reinforced
with microfibers they increased the crystallinity even more. Due to the nucleating effect of the
nanotubes, crystallization started at a higher temperature in each composite. We observed
synergistic effects concerning nucleation in hybrid composites. We decomposed the crystalline
melting curves to determine the characteristics of the crystallite types and proved that the
presence of nanotubes facilitated the formation of α-type crystallites. We showed that
nanotubes have a double effect: they have a nucleating effect regarding crystallinity, and they
inhibit the movement of polyamide molecules relative to each other, which decreases the
tendency to crystallize. Therefore, nanotube content has an optimum concerning crystallization.
This is in accordance with tensile mechanic properties.
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Introduction
Modern technology heavily depends on polymers and polymer matrix composites. More
and more fiber-reinforced polymer composites are used in engineering applications each year.
As in other areas, miniaturization is gaining ground in the development of composites as well:
the use of nanoparticles as reinforcement of polymer composites is one of the most researched
areas [1-4].
Nanoparticles have come to the forefront because they have an exceptionally high specific
surface area, therefore they show higher fill fraction in composites than other, conventional
reinforcing materials. If they are uniformly dispersed, the interface between the nanoparticles
and the matrix is so large that the weak interactions on the interface can considerably affect the
properties of the composite [5, 6]. Of nanosized reinforcements, various carbon-based
nanoparticles, especially carbon nanotubes, are especially important; they are among the
highest strength materials that can be manufactured [7-10].
The greatest challenge in the case of nanocomposites is how to disperse them uniformly.
For the sake of better matrix-reinforcement connection and more even dispersion, often
functional groups are grafted on nanoparticles, but this chemical procedure results in defects in
the structure of the particle and it can impair various properties. Another problem is that
functionalization typically involves the use of strong acids and alkalis – this makes the use of
such materials difficult on an industrial scale [11-15]. A novel method to evenly disperse
nanotubes, even in an industrial environment, may be the use of nanotubes in thermoplastic
hybrid composites which also have fiber reinforcement, because the high shear in the matrix
during processing can break up the aggregates [16].
Such hybrid composites can only be processed with high-productivity industrial
technologies effectively if fiber reinforcement consists of short fibers. Short carbon fibers are
extremely popular reinforcements of injection molded polymer composites, due to their high
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tensile strength and modulus, but basalt fibers are also gaining in popularity, owing to their
lower price and good mechanical properties [17, 18]. In short fiber-reinforced hybrid
composites, microfibers are responsible for high strength and modulus, and the uniform
dispersion of nanotubes, while nanoparticles change the functional properties of the matrix
material (conductivity, flame retardancy etc.), but they can also effectively change strength and
affect the crystallization properties of the matrix. This latter area has been little researched so
far, at least in hybrid composites [19, 20].
Hybrid composites containing fiber reinforcement can only be manufactured with high
productivity, industrial technologies if the matrix is thermoplastic. Various polyamides are
popular matrix materials of high-performance composites, due to their excellent mechanical
properties. These outstanding mechanical properties are partly the result of their semicrystalline
structure [21]. Carbon nanotubes in nanocomposites can affect the crystalline structure of the
polyamide, as nanoparticles often act as nucleating agents in semicrystalline polymers. This is
because in polymers, a general way of the forming of nuclei is heterogeneous nucleation, that
is, crystallization is started by an inhomogeneity in the melt. In nanocomposites, the
inhomogeneities are the nanoparticles, which can therefore initiate crystallization [22, 23]. This
means that, for example, with carbon nanotubes, a higher crystalline fraction can be achieved
and the structure is finer as the average size of crystallites is smaller. Both phenomena affect
mechanical properties, for example, as crystallinity grows, strength also grows [24, 25].
Nanotubes are inside the crystallites (as they are heterogeneous nucleating agents); therefore
they have a strong connection with the crystallite and can effectively affect properties [7, 26,
11, 27-29]. It, however, always depends on the system whether a given nanoparticle in a given
matrix increases or decreases crystallinity. [30-32]. Zhou et al [33] observed that in PA 6 matrix,
carbon nanotube-reinforced composites, an increase in nanotube content caused an increase in
crystallinity, and a second crystallization peak appeared on the DSC curve, which shifted to
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higher temperatures as nanotube content increased. This suggests that evenly distributed CNT
in the PA6 matrix acted as a heterogeneous nucleating agent. The degree of the nucleating effect
of carbon nanotubes largely depends on how uniformly nanotubes are dispersed in the matrix—
if the nanotubes form aggregates, they may even inhibit crystallization [34]. In fiber-reinforced
composites, short fibers can also act as nucleating agents, similarly to nanoparticles, but at a
high volume fraction they can hinder crystallization [35, 36]. Therefore, in hybrid composites,
both carbon nanotubes and carbon or basalt fibers can be initiators of crystallization, and by
increasing the crystalline fraction, they can also improve the mechanical properties of the
composite indirectly.
Well-distributed particles can not only serve as reinforcement in the matrix, but due to
their size, they can also considerably change the morphology of the matrix around them; by
increasing crystallinity, they can improve the mechanical properties of the matrix indirectly. As
mentioned before, carbon nanotubes and various short fibers can act as nucleating agents and
can increase the thermal conductivity of the composite, which facilitates overcooling. It
promotes crystallization and can result in more homogeneous temperature distribution during
cooling. Faster cooling, however, impairs crystal growth, which can decrease crystallinity [37].
The crystallites in polyamide 6 can be α-type and γ-type stable crystallites. In the α-type
crystallite structure, the molecular chains of the polyamide 6 are stretched, are in anti-parallel
relative positions and form a monoclinic crystal structure consisting of plates, while in the γtype structure, the chains are twisted, are in parallel relative positions, and as a result, the angle
of the H-bonds between the chains changes to approximately 60°. In the α-type crystallites, the
stretched polyamide chains are not only more stable thermodynamically but also have higher
tensile strength and modulus. The greater stability of the α-type structure is also represented in
its higher crystalline melting temperature of ~223°C, while in the case of the γ-type structure,
it is ~215°C. Crystallization at a higher temperature (above 190°C) results in the formation of
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the α-type crystallite structure, while the γ-type crystal typically forms at lower temperatures
(under 140°C); between these two temperatures, both crystallite types can be expected in
different amounts. Carbon nanotubes cause crystallization to start at a higher temperature. This
promotes the formation of  crystals, which results in better strength properties [19, 20, 38].
We published the effect of the individual components of polyamide 6 matrix hybrid
composites reinforced with carbon fibers or basalt fibers on mechanical properties, and a
detailed analysis of the mechanical properties (at different loads) in an earlier article of ours
[39]. Reinforcements, however, do not only change mechanical properties through their
reinforcing effect but also through their effect on the morphology. The goal of this research is
to reveal the effect of fibers and nanotubes on the crystalline fraction of the PA6 matrix and the
properties of the crystallite structure and their effect on mechanical properties in injection
molded hybrid composites containing CNT and basalt or carbon fibers.

Experimental
Materials
Schulamid 6 MV 13 type polyamide 6 (PA 6) from A. Schulman GmbH (Germany) was
used as matrix material. BCS KV02 type basalt fiber (BF) from Kamenny Vek Ltd. (Russia)
and Panex 35 type 95 carbon fiber (CF) from Zoltek Zrt (Hungary) was applied as micro-sized
reinforcement. The initial length of both fibers was 6 mm. The average diameter of basalt fibers
was 15.6±1.9 μm and that of the carbon fibers was 8.3±1.0 µm. NANOCYL NC7000 carbon
nanotubes supplied by Nanocyl SA. (Belgium) were used as nanosize reinforcement. Nanotubes
had an average length of 1.5 µm and their average diameter was 9.5 nm. The minimal carbon
purity of nanotubes was 90% and nanotubes had no surface treatment.
Sample Preparation
A Labtech Scientific type twin-screw extruder (L/D=44; D=26 mm) was used for
continuous melt mixing. Screw speed was 25 min-1 and extrusion temperature was 250 °C.
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30 mass% BF or CF and 0.25, 0.5, 0.75, or 1 mass% CNT was used for the different composites
(Table 1.). Dried PA 6 granules (80 °C; 4 hours) were mechanically mixed with the reinforcing
materials for two minutes. After that, every 5 minutes, they were remixed for 10 seconds to
avoid settling, then extruded and granulated (particle size: 4.5 mm). Dumbbell-shaped
specimens (type 1A according to the ISO 527-2 standard) were injection molded on an Arburg
Allrounder Advance 370S 700-290 injection molding machine. Injection molding temperature
was 275 °C and maximal pressure was 800 bar. Mold temperature was set to 80°C.
Tensile tests

Before the mechanical tests, the specimens were conditioned at 50% relative humidity
at room temperature for a month, then the temperature was set to 25°C (relative humidity
remained 50%) for a further week. Tensile tests were performed on a Zwick Z020 (Germany)
universal testing machine according to EN ISO 527. The crosshead speed was 5 mm min-1
during tensile tests and 5 specimens were tested from each material type.
Scanning electron microscopy

The fracture surfaces of the broken tensile tested specimens were investigated with a
Jeol 6380 LA type scanning electron microscope (SEM) after they were sputtered with a thin
gold layer.
Differential Scanning Calorimetry (DSC)

The crystallization peaks and crystalline fraction of PA6 and PA6 composites were
determined with a TA Instruments Q2000 Differential Scanning Calorimeter. The heating and
cooling rate was 10 °C min-1. The tests were performed in an inert atmosphere (N2; 50 ml min1

-flow rate). Polyamide 6 has two stable (α and γ) crystalline types, which have different melting

temperatures and melting heats. For this reason, when the crystalline fraction is determined, an
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average melting heat can be used, which in our case was 240 Jg-1 [20]. The crystalline fraction
was calculated with Eq. 1.

𝑋𝑘 = 𝑋

𝑋𝑚

,

𝑎 ∙(1−𝜑)

(1)

where 𝑋𝑚 is the measured crystalline melting heat, 𝑋𝑎 is the average crystalline melting
heat of the 100% crystalline polyamide, and φ is the fiber content in mass%. In an injection
molded polymer product, the crystalline properties can be different along the thickness of the
product, due to the core-shell structure, therefore, for the sake of comparability, we made the
samples from the central part of the specimen, which was in the center of the flow path.

Results and discussion
Tensile properties
The tensile tests showed that if there are only nanoparticles in the system, both strength and
tensile elasticity and decrease, while elongation at break changes only very little (Table 2.). In
other words, nanoparticles do not have a strengthening effect. This is because a large proportion
of nanoparticles did not disperse in the matrix but formed aggregates. The fracture surface of
the tensile specimen shows such an aggregate and its environment clearly (Fig. 1a). It can be
seen that on the one hand, the aggregate was the starting point of the fracture and also that the
aggregate has two parts. Its outer part is soaked with the matrix, while inside there are only
nanotubes. In the matrix we found some separate nanotubes but this was not characteristic.
Decreasing strength is due to the fact that the aggregates act as stress concentration points, while
reduced modulus is due to the fact that the part of the aggregates with no matrix do not have a
load-bearing function, therefore the load-bearing cross section is decreased, which results in
lower modulus. When there were also microparticles in the system, the nanoparticles also
performed a reinforcing function. In the case of both carbon fiber and basalt fiber reinforcement,

7

nanoparticles were dispersed in the matrix well (Fig. 1b, c). Typically, up to 0.5 mass%
nanotube content, strength and modulus increased; over that they started to decrease. We did
not find aggregates on the fracture surfaces, which indicates that failure was due to fiber
breaking or loss of microfiber-matrix adhesion. Since fiber-matrix adhesion did not change
chemically, the strength reduction over 0.5 mass% in hybrid composites is definitely due to the
changed behavior of the matrix. Increasing nanotube content makes the matrix more and more
rigid and so the matrix can transmit the load less and less. This is because the molecular chains
of the polymer connect to the nanotubes, therefore they lose some of their mobility, and plastic
deformation is less characteristic to the system. Therefore, although chemical compatibility
between the matrix and the reinforcing fibers continues to be adequate, as the mechanical
properties of the matrix change, mechanical compatibility is impaired. The inhibited movement
of the molecules also affects the crystallization of the matrix.
Investigation of the crystalline properties of the composites
The first heating curves of hybrid composites containing basalt or carbon fibers are
similar to those of the pure matrix or nanocomposites (Fig. 2a-c). The crystalline fractures at
the first heating indicate that the presence of nanotubes increased crystalline fracture (Fig. 2d).
In the case of composites containing only nanotubes crystallinity grows moderately, but a minor
decrease can be observed at the highest CNT content. This can be explained with the fact that
higher CNT content may hamper the mobility of polyamide chains, which influences the
crystallization process. This molecule localization effect can be attributed to two causes: on the
one hand, the nanotubes, due to their high surface-to-weight ratio, connect to the polymer
molecule in many places, and on the other hand, the size of the nanotubes is comparable to the
size of the polymer molecules, therefore the polymer molecules can get entangled with them,
which also inhibits the motion of the molecules. Also, the effect of nanotubes used alone is far
weaker than if used together with, e.g. basalt fibers in hybrid composites. This can be explained
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with the presence of aggregates presented in the Tensile properties section. If nanotubes are less
dispersed, their effect is weaker. Also, in hybrid composites, thanks to better dispersion, the
above-mentioned localizing effect is also stronger, as a result of which, the maximum of
crystallinity is at 0.25 mass% nanotube content.
The curves registered during cooling indicate that the presence of microfibers did not
particularly affect crystallization. On the other hand, the presence of CNT helps start
crystallization: with CNT, crystallization starts at a higher temperature, that is, CNT acts as a
nucleating agent (Fig. 3a-c). The process of crystallization is very similar to what Phang et al
[40] described. They showed that in the presence of nanotubes, a shoulder appears at a higher
temperature than the original, which indicates a second crystallization peak. Moreover, this
peak shifts to higher temperatures as nanotube content is increased. Brosse et al [31] showed
that the appearance of the second crystallization peak indicates the crystallization of the transcrystalline lamellae from the surface of nanotubes through epitaxial growth. They also showed
that the size of this peak is directly related to the dispersion of the nanotubes. In the case of our
hybrid composites, there is also a peak at a higher temperature, which is bigger than in the
curves of composites containing only nanotubes—as nanotube content increases, the shoulder
becomes more pronounced. Table 3. shows the Crystalline melting- and crystallization
temperatures registered with DSC. The DSC curves of both nanocomposites and hybrid
composites show that the crystalline melting temperature (in the case of both the first and the
second heating; Tm1; Tm2) is shifted very slightly towards lower temperatures (differences are
mostly within standard deviation). For all practical purposes, the values can be considered
unchanged. The explanation may be that nanotubes and basalt or carbon fibers improve the
thermal conductivity of the composite, and therefore help crystal melting during measurement.
Analyzing the peak temperatures of the cooling curves (Tc) gives a clearer picture of the effect
of the different components on crystallization. On the one hand, BF did not change the value,
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that is, did not affect crystallization very much. This corresponds to what we experienced during
the first heating, since the crystalline fraction there did not change compared to the pure matrix.
In the presence of carbon fibers, the temperature of the crystallization peak is a little bit higher,
which can also be attributed to the increased crystalline fraction experienced at the first heating.
The presence of nanotubes resulted in an increase of the crystallization peak temperature but
his effect seems independent of the amount of nanotubes. In other words, in the case of the
examined nanotube contents, the presence of nanotubes is important, not their dispersion.
During the first heating, the thermal history of the material caused by the manufacturing
technology can be examined, while during the second heating, the properties of the material,
which are independent of the technology, can be analyzed. As opposed to the first heating, two
easily noticeable peaks can be observed on the melting curve of the polyamide (Fig. 4a): at
216.5°C and at 220.5°C. These temperatures are the melting peaks of the γ-type (lower) and the
α-type (higher) crystallites. This is because the melt cools and solidifies much faster during
injection molding than during a DSC test, and in the latter case, there is enough time for the γtype crystals to form. [41, 42].
On the curves of composites containing only nanotubes, the conspicuous first peak
disappears, which indicates that the ratio of γ-type crystallites decreased considerably, while
the ratio of more stable α crystallites grew, and crystallinity also increased. Basalt fiber
reinforced and carbon fiber reinforced composites behave similarly (Fig. 4/b-c): on the DSC
curves of composites reinforced only with fibers; similarly to the matrix, a relatively large γ
crystalline peak can be observed, while the curves of composites also containing nanotubes do
not have this peak, and the crystalline fraction increases.
The melting curves can be decomposed into two parts and this way the ratio of the
crystallite types can be estimated better. A common practice is to approximate DSC curves with
a Gauss curve, but it only approximates the melting curve, as the curve is not symmetrical due
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to the different crystallite sizes. For this reason, this approximation would show more γ-type
crystallites. Therefore, instead of the Gauss curve, we used the asymmetric double sigmoid
curve, which can approximate the melting curve more accurately. This sigmoid curve has so far
mostly been used in food industry tests [43, 44]. The function can be written in the following
form Eq. 2.:
𝑦 = 𝑦0 + 𝐴

1
𝑥−𝑥𝑐 +𝑤1 /2
−
𝑤2
1+𝑒

(1 −

1
𝑥−𝑥𝑐 −𝑤1 /2
−
𝑤3
1+𝑒

)

(2)

The function has six parameters; y0 is shift, xc is its average (expected value), A is
amplitude, w1 is the full width of the curve at half maximum, w2 is the variance of the lower
side, w3 is the variance of the upper side. The result of fitting the function can be seen in Fig.
6/a. The sigmoid function can produce good fitting (R2>0.998), and the ratios of the crystallite
types can also be analyzed. The crystal melting enthalpy is necessary for the calculation of the
ratio of the crystallites. For - and γ-type crystallites, the same melting enthalpy was taken in
this study, which was 240 Jg-1 [20].
The decomposition of the curves (Fig. 5a) show that adding a small amount of carbon
nanotubes resulted in an 8% increase in the ratio of α-type crystallites (Fig. 5b).
It started to decrease again at higher CNT contents, but even at 1 mass% CNT content,
it was still higher than in the case of pure polyamide. When CNT content is low, crystallization
starting at higher temperatures results in a larger amount of more stable α-type crystallites, but
too much CNT can hamper crystallization because when the large aggregates swell, the mobility
of some of the chains decreases considerably. Decreased mobility leads to slower ordering and
this favors the formation of γ-type crystallites.
In the basalt fiber reinforced composite (Fig. 5b.), the ratio of α-type crystallites is lower
than in the neat polyamide, but an addition of only 0.25 mass% CNT raised it over that of the
neat polyamide, and even more CNT increased the ratio of α crystals even further. In carbon
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fiber reinforced composites, the ratio of α-type crystallites increased compared to neat
polyamide, and the addition of CNT increased the ratio even higher, that is, here both carbon
fibers and carbon nanotubes acted as α nucleating agents. In composites containing only carbon
nanotubes, the ratio of α crystallites starts to decrease at a CNT content of only 0.5 mass%
CNT, while in fiber-reinforced hybrid composites reduction only starts at 1 mass% nanotube
content, which also indicates that fibers facilitate the uniform dispersion of nanotubes, which
can act as α nucleating agents far more effectively. The general conclusion is that regardless of
reinforcing materials, in a polyamide 6 matrix, carbon nanotubes promote the formation of the
more stable α crystals, because they start crystallization at a higher temperature. A higher
temperature favors the formation of α-type crystallites because of the higher mobility of chains;
the ratio of γ-type crystallites decreases.

Summary
We investigated the crystalline structure of novel hybrid composites, which can be
manufactured in an industrial environment. The crystallinity of composites containing only
nanotubes increased as nanotube content increased, with the highest value reached at 0.5 mass%
CNT. The crystallinity of hybrid composites also containing basalt or carbon fibers reached
even higher values. The explanation of this synergistic effect is that the microfibers facilitated
the more uniform dispersion of nanotubes, thus promoting their nucleating effect. Nanotubes
also affected the structure of crystallites; as heterogeneous nucleating agents, they promoted
crystallization starting at a higher temperature, and epitaxial crystal growth was also exhibited.
Overall, this nucleating effect resulted in the formation of the more stable α-type crystallites. α
crystallites have higher strength and modulus than γ crystallites; therefore carbon nanotubes
can also improve the strength and modulus of composites indirectly, by changing the crystalline
structure. Increased nanotube content increased the ratio of α-type crystallites. The effect of
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nanotubes first increases as their amount increases, then above a certain amount, it starts
decreasing. This is because nanotubes, due to their high surface-to-weight ratio, connect to the
molecules of the matrix in many places (even in the melt state), and the molecules are entangled
with the nanotubes. This all inhibits the movement of the molecules, therefore above a certain
nanotube content, they do not increase crystallinity. This can all be related to mechanical
properties and the degree of dispersion.
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Figures

Fig. 1. SEM micrographs of fracture surfaces: (a) PA6 / 0.25CNT; (b) PA6 / 30BF /
0.25CNT; (c) PA6 / 30CF / 0.25CNT
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Fig. 2. The heat flow of nanocomposites and hybrid composites (DSC) after the first heating:
a) nanocomposites, b) basalt fiber reinforced composites and hybrid composites, c) carbon
fiber reinforced composites and hybrid composites, d) crystallinity
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Fig. 3. The heat flow of nanocomposites and hybrid composites (DSC) during cooling: a)
nanocomposites, b) basalt fiber reinforced composites and hybrid composites, c) carbon fiber
reinforced composites and hybrid composites
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Fig. 4., The heat flow of nanocomposites and hybrid composites (DSC) during the second
heating: a) nanocomposites, b) basalt fiber reinforced composites and hybrid composites, c)
carbon fiber reinforced composites and hybrid composites, d) crystallinity
23

Fig. 5. a) Melting curve and its decomposition with asymmetric double sigmoid curves b) The
ratio of α crystals in composites as a percentage of total crystallinity
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Tables
Table 1. Manufactured composites and their composition
Sample code
PA6

PA6
/mass%

BF
/mass%

CF
/mass%

CNT
/mass%

100

0

0

0

PA6 / 0.25CNT

99.75

0

0

0.25

PA6 / 0.5CNT

99.5

0

0

0.5

PA6 / 0.75CNT

99.25

0

0

0.75

PA6 / 1CNT

99

0

0

1

PA6 / 30BF

70

30

0

0

PA6 / 30BF / 0.25CNT

69.75

30

0

0.25

PA6 / 30BF / 0.5CNT

69.5

30

0

0.5

PA6 / 30BF / 0.75CNT

69.25

30

0

0.75

PA6 / 30BF / 1CNT

69

30

0

1

PA6 / 30CF

70

0

30

0

PA6 / 30CF / 0.25CNT

69.75

0

30

0.25

PA6 / 30CF / 0.5CNT

69.5

0

30

0.5

PA6 / 30CF / 0.75CNT

69.25

0

30

0.75

69

0

30

1

PA6 / 30CF / 1CNT
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Table 2. Tensile-mechanical properties of nano and hybrid composites [39]
Tensile
strength
/MPa

Tensile
modulus
/GPa

Elongation
at break
/%

PA6

52 ± 0.2

2.1 ± 0.1

45.1 ± 6.6

PA6 / 0.25CNT

50 ± 0.1

1.8 ± 0.1

48.3 ±
11.6

PA6 / 0.5CNT

50 ± 0.1

1.7 ± 0.2

47.4 ± 3.1

PA6 / 0.75CNT

50 ± 0.1

1.7 ± 0.1

46.1 ± 4.0

PA6 / 1CNT

50 ± 0.5

1.7 ± 0.2

38.5 ± 8.7

PA6 / 30BF

102 ± 1.3

6.2 ± 0.3

4.1 ± 1.0

PA6 / 30BF / 0.25CNT

111 ± 1.3

6.8 ± 0.1

3.4 ± 0.2

PA6 / 30BF / 0.5CNT

112 ± 1.1

7.2 ± 0.1

3.3 ± 0.1

PA6 / 30BF / 0.75CNT

111 ± 2.0

7.2 ± 0.3

3.3 ± 0.2

PA6 / 30BF / 1CNT

107 ± 1.5

7.0 ± 0.2

3.3 ± 0.2

PA6 / 30CF

179 ± 0.2 13.6 ± 0.2

2.6 ± 0.3

PA6 / 30CF / 0.25CNT

185 ± 1.6 13.8 ± 0.3

2.5 ± 0.2

PA6 / 30CF / 0.5CNT

198 ± 1.6 15.1 ± 0.4

2.4 ± 0.1

PA6 / 30CF / 0.75CNT

196 ± 1.5 15.2 ± 0.2

2.4 ± 0.1

PA6 / 30CF / 1CNT

194 ± 3.0 14.8 ± 0.2

2.4 ± 0.1

Sample code
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Table 3. Crystalline melting temperatures and crystallization temperatures of the materials
produced
Sample code

Tm1/°C

Tc/°C

Tm2/°C

PA6

222.0 ± 0.3 193.6 ± 0.1 220.4 ± 0.1

PA6 / 0.25CNT

221.4 ± 0.3 195.8 ± 0.2 219.4 ± 0.8

PA6 / 0.5CNT

221.0 ± 0.3 196.1 ± 0.4 219.7 ± 0.4

PA6 / 0.75CNT

221.2 ± 0.4 196.4 ± 0.1 219.9 ± 0.3

PA6 / 1CNT

221.1 ± 0.3 196.2 ± 0.1 220.2 ± 0.3

PA6 / 30BF

221.9 ± 1.4 193.3 ± 0.1 220.7 ± 0.3

PA6 / 30BF / 0.25CNT

221.5 ± 0.2 197.3 ± 0.2 220.4 ± 0.1

PA6 / 30BF / 0.5CNT

221.5 ± 0.5 196.9 ± 0.2 220.8 ± 0.1

PA6 / 30BF / 0.75CNT

221.3 ± 0.1 197.4 ± 0.1 220.5 ± 0.2

PA6 / 30BF / 1CNT

221.4 ± 0.4 197.3 ± 0.1 220.6 ± 0.3

PA6 / 30CF

221.6 ± 0.3 194.2 ± 0.5 220.3 ± 0.1

PA6 / 30CF / 0.25CNT

221.5 ± 0.1 197.3 ± 0.2 220.4 ± 0.1

PA6 / 30CF / 0.5CNT

221.4 ± 0.3 197.3 ± 0.1 220.2 ± 0.1

PA6 / 30CF / 0.75CNT

221.4 ± 0.1 197.5 ± 0.2 220.3 ± 0.1

PA6 / 30CF / 1CNT

221.1 ± 0.4 197.3 ± 0.5 220.3 ± 0.1
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