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Abstract

In this study, we investigated the morphological and mechanical properties of

hybrid composites with a polyamide 6 (PA6) matrix and reinforced with basalt

fibers (BFs) and halloysite nanotubes (HNTs). The presence of reinforcing

materials fundamentally changed the behavior of the molecules, which was

morphologically manifested in the change in the ratio of the rigid and the

mobile amorphous phase. The x-ray diffraction and transmission electron

microscopic images showed the crystal nucleating effect of the halloysite nano-

tubes. Based on these, we concluded that around the basalt fibers, an inter-

phase is formed, while around the nanoparticles, a two-layer interphase is

created, the inner layer of which is semicrystalline, while the outer layer is

rigid amorphous (RA). The nanoparticles are surrounded by a semicrystalline

interphase, which is surrounded by an RA interphase. This overlaps with the

interphase of the basalt fibers, therefore the halloysite nanotubes can effec-

tively help the stress transfer from the matrix to the basalt fibers. The mechani-

cal properties of the samples also reflected this: the hybrid composites had a

significantly higher tensile modulus, tensile strength, and an unchanged elon-

gation at break compared to the composite reinforced with only basalt fiber.

Highlights

• Environmentally friendly polyamide 6 matrix hybrid composites were

prepared.

• Uniform distribution of halloysite nanotubes was achieved.

• Enhanced mechanical properties were observed for hybrid composites.

• Halloysite nanotubes aid stress transfer from matrix to basalt fibers.

• Halloysite nanotubes act as crystalline nucleating agents.

KEYWORD S

basalt fiber, halloysite, hybrid composite, interphase, mechanical properties

Received: 9 November 2023 Revised: 22 December 2023 Accepted: 26 January 2024

DOI: 10.1002/pc.28205

This is an open access article under the terms of the Creative Commons Attribution License, which permits use, distribution and reproduction in any medium, provided

the original work is properly cited.

© 2024 The Authors. Polymer Composites published by Wiley Periodicals LLC on behalf of Society of Plastics Engineers.

6404 Polymer Composites. 2024;45:6404–6413.wileyonlinelibrary.com/journal/pc

mailto:meszaros@pt.bme.hu
http://creativecommons.org/licenses/by/4.0/
http://wileyonlinelibrary.com/journal/pc
http://crossmark.crossref.org/dialog/?doi=10.1002%2Fpc.28205&domain=pdf&date_stamp=2024-03-02


1 | INTRODUCTION

During the third industrial revolution in the 20th century,
the environmental awareness of industry and the importance
of environmental protection became an issue. With these
principles in mind, the plastics industry strives to reduce its
ecological footprint by reducing the environmental impact of
production, recycling post-production waste, and choosing
the materials of finished products. The latter, particularly in
the automotive industry, has implications for reducing
emissions during end-use—indirectly through weight
reduction—and reducing the technological steps and
resource requirements of producing finished products and
their raw materials.1–3

Polymer composites have excellent mechanical proper-
ties compared to their weight. Glass and carbon fibers are
the most common fibrous reinforcement materials for
composites. Although the latter is a reinforcing material
with excellent mechanical and thermal properties, its pro-
duction is highly energy-intensive, polluting (high CO2

emissions), and it is challenging to recycle. Therefore, it is
worth exploring basalt fiber (BF) as a fiber reinforcement
material for composites and its applicability in composites,
as it can offer an excellent alternative to carbon fiber in
specific applications.4–7 The raw material for basalt fiber is
natural volcanic basalt rock, which is easily and economi-
cally accessible by surface mining and is abundantly avail-
able. The fibers are produced directly from the molten
rock without additives and do not require several techno-
logical steps. In combination with a biodegradable matrix
material, BF increases the mineral content of compost
during composting and has potential medical applications
due to its biocompatibility. BF is comparable to glass fiber
in terms of its mechanical properties.8,9

To further strengthen composites, nanomaterials can
be used in addition to the widely used microfiber rein-
forcement. For example, hybrid composite products made
this way are already commercially available in the sports
industry. The presence of nanoparticles increases perfor-
mance and allows the production of high-strength prod-
ucts with lower mass. Nanomaterials can help transfer
the load between the fibers and the matrix10–12 when
used in fiber-reinforced hybrid composites.

Currently, carbon nanotubes (CNTs) are the most widely
used. Still, halloysite nanotubes (HNTs) can be an excellent
environmentally friendly alternative to CNTs, which are
much more expensive and more complicated to recycle.10

HNTs consist of coiled disks with different polarity inside
and outside, with alumnol on the inner surface and a silane
compound on the outer surface to aid the adhesion of the
matrix material to the HNT.11 The dimensions of these hol-
low nanotubes can vary widely, with an inner diameter of
1–30 nm, an outer diameter of 30–50 nm, and a length of
100–2000 nm. Using HNTs in composites may have several

advantages besides their strength-enhancing effect. Previous
research has shown that its use is also suitable for medical
applications; HNTs are not harmful to health, making them
an excellent structural material for tissue engineering and
pharmaceutical applications.12 However, HNTs have a high
specific volume in addition to their small size, and due to
these properties, they tend to form aggregates, which may
reduce the surface area available for adhesion to the
matrix material. However, using them in hybrid compos-
ites has the advantage that the microfibers, besides their
reinforcing effect, greatly facilitate the dispersion of nano-
sized reinforcing materials. The application of microfibers
increases the shear forces during the compounding of the
final product, thus increasing the dispersion of the nanofi-
bers in the matrix material.13–15

However, these hybrid composites mostly have a ther-
moset polymer matrix, making their processing difficult
and costly. Therefore, using a thermoplastic matrix mate-
rial such as polyamide 6 (PA6) is preferable. Due to its
excellent mechanical, thermal, and chemical resistance
properties, PA6 is widely used in the automotive industry,
both as a material for gears and bearings and as a material
for components of the engine compartment. The use of
PA6 as a matrix material offers several additional advan-
tages over thermosetting polymers from a manufacturing
technology point of view. The most common processing
methods to produce composite products with a thermoplas-
tic matrix are extrusion and injection molding. The latter
has the advantage that it can be used to produce parts with
more complex geometries in large quantities and reproduc-
ible quality in an automatic cycle, with hardly any waste.
Therefore, the manufacturability of hybrid nanocomposites
with this technology is an important goal. Former research
has shown that composites with a PA6 matrix and rein-
forced with basalt fiber and halloysite nanotubes are easily
processable by injection molding, and the dispersion of the
nanoparticles was much more uniform, which resulted in
synergistic strengthening effects in the case of tensile and
flexural loads.16–19

However, the structural causes for these mechanical
properties in such multi-scale composites have been little
researched to date. If there is a high-modulus material
between the molecular chains, the movement of the molec-
ular segments is inhibited due to the interfacial interaction.
A rigid amorphous fraction (RAF) is created when the
molecular segments are attached to the reinforcing mate-
rials or crystalline parts in the amorphous parts of the
matrix. In the RAF phase, the mobility of polymer mole-
cules is reduced. In other cases, if the reinforcing materials
behave as crystal nucleating agents, crystalline regions sur-
round them, and the crystalline regions are surrounded by
RAF and these are embedded in the mobile amorphous
molecular fraction (MAF). If crystallinity is high, RAF and
MAF can also be found inside the spherulites or lamellae.
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These show that a complex microstructure develops in
these composites, which can affect the mechanical proper-
ties of the material in several ways.20–22

In the present study, we aim to thoroughly explore
the microstructure of environmentally friendly micro-
and nanoparticles and, based on this, to explain the
effects of these reinforcing materials on the tensile prop-
erties of the nano- and hybrid composites.

2 | MATERIALS AND METHODS

The matrix material of the composite was Schulamid
6 MV 13F polyamide (PA6) produced by Schulman
AG. The fiber reinforcement material was BCS 13.6.KV02
basalt fiber, which is produced by Kamenny Vek Ltd.
Continuous fibers were manufactured and then they
were cut to the appropriate length (nominal diameter:
13 μm, average length: 6 mm). The basalt fibers were
treated with a silane surface treatment agent, which is
usually applied for reinforcement materials used in
epoxy. Based on the literature data, it can create a good
adhesive bond with the PA6.12

For nanosized reinforcement, we used halloysite
nanotubes (H4Al2O9Si2�2H2O), which were produced by
Sigma-Aldrich Co. We used a marking scheme to make
traceability and evaluation easier (Table 1):

The PA6 was dried for 4 h at 80�C in a Venticell LSIS-
B2V/VC55 (MMM Group, USA) drying oven before use,
according to the datasheet of the material. Extrusion was
carried out with a Labtech LTE 26-44 (Labtech Engineer-
ing Co., Ltd., Thailand) twin-screw extruder. Rotation
speed was 25 rpm for each material. The diameter of the
screws was 26 mm, and their length/diameter ratio was
44. The temperature of the die was 240�C.

We injection molded EN ISO 527-2 1A type tensile
specimens with a cross-section of 4 mm � 10 mm with
an Arburg Allrounder 370 S 700-290 (Arburg GmbH,

Germany) injection molding machine. The injection
molding parameters were the same for all materials. The
melt temperature was 270�C, the injection pressure was
1000 bar, and the holding pressure was 500 bar.

The melt flow index (MFI) tests were performed with
a CEAST Modular Melt Flow 7027.000 (Instron, USA)
capillary plastometer, according to the EN ISO 1133 stan-
dard. The length of the capillary was l = 8 mm, the
radius of the capillary was r = 10,475 mm, the diameter
of the piston was D = 9 mm, and the mass of the load
was m = 2,16 kg. The test temperature was always
230�C. We performed five tests for each material.

Differential scanning calorimetry (DSC) was per-
formed with a TA Instruments Q2000 (TA Instruments,
USA) device. The samples were tested in the temperature
range between 0�C and 250�C, with a heating rate of
5�C/min, in an inert gas atmosphere. The volumetric
flow rate of the N2 gas was set to 50 mL/min. TA Univer-
sal Analysis software was used to evaluate the data pro-
vided by the DSC device. The following equations were
used to determine the phase ratio of the materials. The
crystalline phase ratio (in the matrix) is:

Xc ¼ ΔHm

ΔH0 1�ϕf,wt

� ��100 %ð Þ, ð1Þ

where ϕf ,wt is fiber content (wt%), Xc is the crystalline
phase ratio, ΔHm is the measured crystal melting
enthalpy change, ΔH0 is the crystal melting enthalpy
change at a 100% crystalline phase ratio, which is 240 J/g
for PA6.13 The ratio of the MAF (in the matrix):

MAF¼ Δcp
Δcp0

� 1�ϕf,wt�Xc
� ��100 %ð Þ, ð2Þ

where Δcp is the increment of the measured glass transi-
tion specific heat of the sample (J/g�C), Δcp0 is the incre-
ment of the measured glass transition specific heat of a
fully amorphous material (J/g�C), which is 0.475 (J/g�C)
for PA6.11 The mass ratio of the RAF phase (in the
matrix):

RAF¼ 1�MAF %ð Þ�Xc ð3Þ

The lamellar thicknesses were calculated with the
Gibbs–Thomson equation:

l¼ 2σe

ΔHm ρc 1� Tm
Tm,∞

� � , ð4Þ

where l is lamellar thickness, σe ¼ 5:7�104 J=m2 is the
surface free energy of the crystallite, ΔHm ¼ 241 J=g is

TABLE 1 Composition of the polyamide 6 matrix materials

produced.

Sample Basalt fiber content Halloysite content

PA_ref 0 wt% 0 wt%

PA_H1 0 wt% 1 wt%

PA_H2 0 wt% 2 wt%

PA_H3 0 wt% 3 wt%

PABF_ref 30 wt% 0 wt%

PABF_H1 30 wt% 1 wt%

PABF_H2 30 wt% 2 wt%

PABF_H3 30 wt% 3 wt%

6406 M�ESZÁROS ET AL.

 15480569, 2024, 7, D
ow

nloaded from
 https://4spepublications.onlinelibrary.w

iley.com
/doi/10.1002/pc.28205, W

iley O
nline L

ibrary on [08/06/2024]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



the enthalpy of crystal melting, ρc ¼ 1:230 g=m3 is the
density of the crystallite, Tm,∞ ¼ 533K is the theoretical
melting point of an infinitely large crystallite and Tm is
the melting peak from the measured DSC curve.23–25

The properties of PA6 used as a matrix are highly
dependent on moisture content and the temperature of
the material. Therefore, before testing, the specimens
were conditioned in a desiccator for at least 4 weeks at
25�C and 50% relative humidity.26

For the x-ray diffraction analysis, a PANalytical X'pert
Pro MPD x-ray diffractometer was used with a Cu Kα

radiation source and an X'Celerator detector. The diffrac-
tion peaks at 9.4� and 29� belong to talc, an additive also
present in the pure matrix and was not considered for
further investigation. The amorphous baseline of the dif-
fractograms was determined with the asymmetric least
squares method. To distinguish the diffraction peaks, we
used the pseudo-Voigt model. Then, we calculated the
ratio of the α1 and α2 crystal planes, and the average crys-
tallite size (Lhkl) perpendicular to the related planes with
the Scherrer equation [14, 15]:

Lhkl ¼ K � λ
β � cos θ , ð4Þ

where K = 0.89 (�) was the Scherrer constant, λ = 0.154
(nm) was the wavelength of the x-ray, and β is the full
width at half maximum of the peak.

The tensile tests were performed on a Zwick-Z005
(Zwick GmbH & Co. KG, Germany) tensile tester, according
to the EN ISO 527-1:2012 standard. Grip distance was
110 mm, while the test speed was 5 mm/min. The tests were
performed on five specimens per sample at room tempera-
ture, and then the average and standard deviation were cal-
culated based on the results of the individual measurements.

The fracture surface obtained after the tensile test
was examined with a Jeol JSM-6380-LA (SEM, Jeol Ltd.,
Japan) scanning electron microscope with accelerating
voltages of 10 and 15 kV at magnifications of 1000 and
10,000. The fracture surface of the specimens was coated
with a thin layer of gold for electron microscopy.

3 | RESULTS AND DISCUSSION

3.1 | Melt properties

Generally, for a polymer, the MFI increases as the number
of molecular interactions within the melt decreases, and
decreases as the number of interactions increases. For
filled and reinforced polymers, the MFI values are influ-
enced by the strength of the filler-polymer interaction. Of
course, in the case of nanoparticles, this depends on the

connected surface, that is, whether the nanoparticles are
present in an aggregate form or a dispersed state. In this
case, whether the aggregates are impregnated with the
matrix is of little importance because the nanoparticles in
these aggregates do not move relative to each other, so
neither can the polymer molecules, that is, these mole-
cules do not participate in the flow itself—they are consid-
ered islands. Based on all of this, if there is a change in
the distribution of the nanoparticles, it should also appear
in the MFI.

The MFI of the materials containing only nanoparti-
cles is hardly different compared to the matrix material.
A slight, barely detectable decrease is ordinary, but no
significant changes occurred (Table 2).

The basalt fiber reduced the MFI by approximately
half, which indicates a good connection with the matrix
material. In the case of hybrid composites, an apparent
decrease can be observed with increasing nanotube con-
tent. Based on the above, this means that the degree of
dispersion in hybrid composites is better than in the case
of nanocomposites. The MFI results support the theory
that the presence of the basalt fiber helped the distribu-
tion of the nanoparticles during processing.

3.2 | Differential scanning calorimetry

In the matrix of the nanocomposites, the ratio of the
RAF, MAF, and crystalline fractions does not follow a
clear trend, which can be explained by the random size
and distribution of the halloysite nanotubes (Figure 1). In
the matrix of the composite reinforced with basalt fiber
only, the ratio of the RAF is significantly higher than in
the pure PA6. This is because near the basalt fibers, the
PA6 molecular segments are less mobile and therefore
create an RAF interphase around the microfibers. When
halloysite nanotubes are added to the basalt fiber–
reinforced composite, the ratio of the different fractions

TABLE 2 The melt flow index of the nano- and hybrid

composites with a PA 6 matrix.

Sample MFI (g/10 min)

PA_ref 22.2 ± 0.2

PA_H1 21.7 ± 0.2

PA_H2 21.6 ± 0.4

PA_H3 21.5 ± 0.5

PABF_ref 10.8 ± 0.1

PABF_H1 10.1 ± 0.1

PABF_H2 9.8 ± 0.3

PABF_H3 8.7 ± 0.3

M�ESZÁROS ET AL. 6407
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does not change significantly. The explanation for this is
that if the HNTs are distributed near the microfibers, the
rigid amorphous interphase of the micro- and nanoscale
reinforcement can overlap. With the increase of nanopar-
ticle content, a further increment of the RAF is limited.

In the nanocomposites, the crystallization peak
temperature and lamellar thickness slightly increase with
increasing HNT content (Table 3). In hybrid composites,
increasing nanoparticle content has a stronger effect on
crystallization peak temperature and lamellar thickness.
This suggests that halloysite nanoparticles are crystal
nucleators. However, these changes in the peak tempera-
ture and lamellar thickness are so small that clear con-
clusions cannot be drawn.

There is only a slight difference in the crystal melting
peak temperatures on the DSC curves of the samples
(Figure 2), thus x-ray diffraction analysis was needed to
obtain clear information about the crystal nucleating role
of the reinforcing materials.

3.3 | X-ray diffraction

The diffractograms of the nanocomposites (Figure 3, a)
show that the γ (020) crystals are missing, and in the

samples reinforced with HNT, as halloysite content
increases, peak α2 (2θ = 23.6�) flattens, and α1 (2θ = 21.2�)
becomes dominant. This almost coincides with the highest
intensity peak of the halloysite (2θ = 20.1�),12 and therefore
promotes the growth of the α1 peak. This confirms the crys-
tal nucleating effect of the halloysite nanotubes since if
the two peaks coincide, so does the distance of the crystal
planes.

In the PA6 reinforced only with basalt fiber, the
basalt fibers promote the increase of the γ (020) crystals
at 2θ = 23� (Figure 3B). Increasing the amount of halloy-
site nanotubes makes the α1 peak more dominant, due to
its crystal nucleating effect.

The above explains why the calculated size of the
crystallites (Table 4) in the nanocomposites shows a
minor increase with increasing halloysite content.
There are outliers in the case of basalt fiber–reinforced
composites, due to the function fitting method. How-
ever, the results obtained in the case of successfully
fitted intensity peaks show an increase in the crystal-
lite size of α1-phase crystal modifications, while in the
case of α2, they decrease with increasing halloysite
content.
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(A) (B) FIGURE 1 Mobile

amorphous, rigid amorphous,

and crystalline fractions (A) in

the pure PA6 and the matrix of

the nanocomposites, (B) in the

matrix of the nanocomposites

reinforced with only basalt fibers

and in the hybrid

nanocomposites.

TABLE 3 The thickness of the lamellae in the nano- and

hybrid composites.

Sample
Peak
temperature (�C)

Lamellar
thickness (nm)

PA_ref 220.7 5.2

PA_H1 221.2 5.3

PA_H2 221.6 5.4

PA_H3 220.7 5.2

PA_BF 221.6 5.4

PA_BF_H1 222.2 5.5

PA_BF_H2 220.9 5.3

PA_BF_H3 221.8 5.4

FIGURE 2 First heating curves of the samples.

6408 M�ESZÁROS ET AL.
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3.4 | Scanning electron microscopy

The presence of aggregates in the nanocomposites is
proven by the 1000x magnification SEM images of the
fracture surfaces formed during the tensile test (Figure 4).
Compared to the pure matrix, there was no significant
change in the mode of failure; the fracture surfaces are
segmented similarly. The aggregates are well embedded in
the matrix, and the crack also went through the aggre-
gates at the time of failure, which indicates that the aggre-
gates are impregnated with the matrix material. The SEM
images of the matrix reinforced with basalt fiber show that
the matrix is less fragmented, and there are larger, flat sur-
faces, regardless of the nanoparticles. Also, some matrix
material remained on some of the fibers after failure,
which indicates an excellent adhesive bond between the
fiber and the matrix. Moreover, there were no aggregates
on the fracture surface, so the nanoparticles were probably

uniformly distributed in the matrix. However, the pres-
ence of aggregates in the system cannot be ruled out, but
they did not play a significant role in the fracture process.

Higher magnification shows a more detailed picture of
the distribution of the nanoparticles (Figure 5). A magnifica-
tion of 10,000 clearly shows that in composites containing
only nanoparticles, the matrix has permeated the aggregates.
In the hybrid composites, nano-sized formations appeared
on the fracture surface, similar to those in the aggregate—
they are nanoparticles. Overall, this means that the nanopar-
ticles in the hybrid system show excellent dispersion.

3.5 | Transmission electron microscopy

We used transmission electron microscopy (TEM) to
examine the samples reinforced with 1 wt% halloysite
(HNT) (Figure 6D–F) and the unreinforced samples

FIGURE 3 XRD diffractograms of (A) pure PA6 and nanocomposites and (B) basalt fiber reinforced and hybrid composites.

TABLE 4 Results of the XRD

analysis: 2θ at the intensity peaks, half-

width of the peaks (β), and the

calculated size of the crystallites (L).

Sample 2θ(200) 2θ(002)+(220) β(200) β(002)+(220) L(200) L(002)+(220)

PA_REF 20.9 23.1 4.4 1.7 1.9 4.9

PA_H1 23.2 21.3 2.3 1.7 3.7 4.9

PA_H2 23.8 21.4 2.4 1.5 3.6 5.7

PA_H3 23.9 21.3 2.2 1.5 3.9 5.7

PA_BF 22.5 20.7 2.9 5.4 2.9 1.5

PA_BF_H1 24.4 21.4 1.7 1.8 5.1 4.6

PA_BF_H2 24.7 21.4 1.4 1.9 6.2 4.5

PA_BF_H3 23.3 21.2 4.5 3.2 1.9 2.7

M�ESZÁROS ET AL. 6409
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FIGURE 4 Typical surface area of nano- and hybrid composites with a PA 6 matrix after rupture at a magnification of 1000 (nominal).

FIGURE 5 Typical surface area of nano- and hybrid composites with a PA 6 matrix after fracture at a magnification of 10,000 (nominal)

6410 M�ESZÁROS ET AL.
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(Figure 6A–C) to see the spherulites caused by HNT
in PA6.

Figure 6A–C shows the spherulite structure that
formed during isothermal crystallization in the pure PA6.
In the halloysite-reinforced composite sample, there are
crystalline parts formed around individual nanoparticles
(Figure 6D–F), which confirms the nucleating effect of the
reinforcing material. Several smaller spherulites formed,
each centered on a nanoparticle, and there are fewer and
larger crystallites in the unreinforced PA6. Due to the
sample preparation method for TEM, the images are not
representative of the injection molded samples, so we can-
not conclude the distribution of HNT or the probability of
the appearance of aggregates that may have formed in the
material. However, the crystal nucleating effect of HNTs is
clear. Based on the DSC and TEM analyses, a microstruc-
tural model can be created (Figure 7), which shows that a
rigid amorphous interphase is formed around the basalt
fibers, while around the HNTs, a semi-crystalline and rigid
amorphous interphase is created, and these interphases
overlap with each other.

3.6 | Tensile properties of PA6/BF/HNT
nano- and hybrid composites

The tensile behavior of the materials is better comparable
by averaging the tensile curves point by point. In the

composites containing only HNT nanoparticles, tensile
strength and elongation at break decrease as HNT con-
tent increases. Still, there is a slight increase in the modu-
lus. At the same time, in the composite containing basalt
fibers as well, HNT nanoparticles also increased the mod-
ulus, and tensile strength, with a minimal decrease in
elongation at break (Figure 8).

Table 5 contains the results of the tensile tests. The
halloysite nanoparticles used alone slightly reduced elon-
gation at break, but the standard deviation increased
significantly. The reason can be traced back to the
remaining aggregates, the size and number of which also
show a random distribution. The average tensile strength
decreased, while its standard deviation became larger,
indicating the presence of aggregates because they act as
a starting point of failure. On the other hand, the modu-
lus slightly increased. Modulus is calculated for small
deformations; the aggregates cannot play a significant
role in load absorption due to their loose structure, and
even reduce the load-bearing cross-section. This indicates
that some of the nanoparticles are distributed in the
matrix and can exert a strengthening effect, compensat-
ing for the weakening effect of the aggregates in the case
of small deformations. The partial distribution and
strengthening effect suggest a reasonable physical bond
between the halloysite and PA 6.

The presence of the basalt fiber increased strength
with a slight standard deviation. This indicates an excel-
lent bond between the fiber and the matrix. The presence
of halloysite nanoparticles next to the basalt fibers
resulted in a small but clear increase in tensile strength,
while the standard deviation was almost constant. The
nanoparticles increased the tensile modulus of basalt

FIGURE 6 TEM images of (A–C) pure PA6 and (D–F) PA6
reinforced with 1 wt% HNT.

FIGURE 7 Schematic microstructure of PA6 reinforced

by HNT.
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fiber–reinforced samples by 300–500 MPa, which is com-
parable to the effect of traditionally used, artificially pro-
duced nanoparticles or additives.27,28 Basalt fibers
reduced elongation at break, but nanoparticles did not
much decrease it further in hybrid composites. All this
indicates a homogeneous distribution of the nanoparti-
cles and an effective load transfer from the matrix to the
fibers with the help of the HNTs and the overlapping
interphases around the nano- and micro-sized reinforcing
materials.

4 | CONCLUSIONS

In this study, we investigated the morphological and
mechanical properties of hybrid composites with a PA6
matrix and reinforced with basalt fibers and halloysite
nanotubes. The melt flow index (MFI) did not change
significantly when only HNTs were added to the PA6
matrix. At the same time, in hybrid composites, higher
HNT content resulted in a lower MFI. This indicates that
in hybrid composites, the distribution of the nanoparti-
cles was far more uniform, which was also reflected in
the morphological characteristics of the materials.

In the hybrid composite, the ratio of the RAF was more
significant compared to the nanocomposites. However, it
did not increase with higher HNT content. This is because

the rigid amorphous interphases near the micro- and
nanosized reinforcement overlap with each other. X-ray
diffraction analysis and transmission electron microscopy
showed the crystal nucleating effect of the halloysite nano-
tubes. This indicates that around the basalt fibers, an RAF
interphase formed, while around the nanoparticles, there
was a two-layer interphase, the inner layer of which was
semi-crystalline, while the outer layer was rigid amor-
phous. The nanoparticles are surrounded by a semi-
crystalline interphase surrounded by a rigid amorphous
interphase, which overlaps with the rigid amorphous inter-
phase of the basalt fibers. Therefore, the halloysite nano-
tubes effectively help stress transfer from the matrix to the
basalt fibers. The mechanical properties of the samples
also reflected this; the hybrid composites had a signifi-
cantly higher tensile modulus, tensile strength, and an
unchanged elongation at break compared to the composite
reinforced with only basalt fiber. With natural-based rein-
forcing materials it was possible to approach the increase
in strength and modulus that is traditionally achieved with
artificial materials.
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TABLE 5 Tensile properties of the nano- and hybrid composites.

Sample Tensile strength (MPa) Tensile modulus (MPa) Elongation at break (mm)

PA_ref 64.0 ± 0.5 2414 ± 70 5.1 ± 1.4

PAH1 64.9 ± 1.8 2457 ± 30 4.9 ± 2.5

PAH2 59.4 ± 5.4 2487 ± 25 2.8 ± 0.3

PAH3 61.0 ± 4.7 2513 ± 24 3.5 ± 1.2

PABF_ref 108.1 ± 0.9 5208 ± 103 3.7 ± 0.1

PABF_H1 112.3 ± 0.6 5541 ± 44 3.5 ± 0.1

PABF_H2 111.5 ± 0.9 5580 ± 91 3.5 ± 0.1

PABF_H3 112.2 ± 1.1 5766 ± 54 3.5 ± 0.1
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