
R E S E A R CH AR T I C L E

Effects of carbon-based nanoparticles on the properties
of poly(lactic acid) hybrid composites containing basalt
fibers and carbon-based nanoparticles processed
by injection molding

Zsolt Juh�asz1 | Bal�azs Pinke1 | Bence Gonda1 | L�aszl�o Mész�aros1,2

1Department of Polymer Engineering,
Faculty of Mechanical Engineering,
Budapest University of Technology and
Economics, Budapest, Hungary
2HUN-REN-BME Research Group for
Composite Science and Technology,
Budapest, Hungary

Correspondence
L�aszl�o Mész�aros, Department of Polymer
Engineering, Faculty of Mechanical
Engineering, Budapest University of
Technology and Economics, Műegyetem
rkp. 3., H-1111 Budapest, Hungary.
Email: meszaros@pt.bme.hu

Funding information
Magyar Tudom�anyos Akadémia; Nemzeti
Kutat�asi, Fejlesztési és Innovaci�os Alap,
Grant/Award Numbers: TKP2021-NVA,
ÚNKP-23-5-BME-434

Abstract

In this study, we developed composites with a poly(lactic acid) matrix and

reinforced with basalt fiber, carbon-based nanoparticles (carbon nanotube

[CNT] and expanded graphene [GNP]), and both basalt fiber and nanoparticles

(hybrid composites). The composites were produced by extrusion, and then

tensile specimens were injection molded from the composites. The hybrid

composites exhibited enhanced mechanical properties. The reinforcing mate-

rials increased crystallinity; this was more pronounced for hybrid composites.

We experienced significant increase in the glass transition temperature, which

proves the better interaction between the reinforcing and the matrix phases.

Dynamic mechanical thermal analysis showed that the nanoparticles increased

the storage modulus both alone and in combination with basalt fibers.

Furthermore, the basalt fiber-reinforced composites and hybrids exhibited sig-

nificant modulus above the glass transition temperature. Based on scanning

electron microscopy images of the fracture surfaces, we concluded that adding

basalt fibers during compounding resulted in better dispersion of the

nanoparticles.

Highlights

• Poly(lactic acid) (PLA) reinforced with basalt fiber has good strength

properties.

• Graphene hybrid exhibits notable tensile modulus improvement in hybrids.

• Graphene and carbon nanotubes are crystalline nucleating agents for PLA.

• Enhanced nanoparticle distribution was discovered for hybrid composites.

• The glass transition temperature of PLA increases with reinforcement.
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1 | INTRODUCTION

Plastic waste is an important issue globally, encouraging
more and more people and companies to use environmen-
tally friendly materials. Therefore, many research groups
focus on bio-based materials for different applications.1–4

A promising candidate is poly(lactic acid) (PLA), which is
a much researched biodegradable, renewable resource-
based polymer. PLA is a thermoplastic, aliphatic polyester
mainly produced from L-lactic acid monomer, which can
be synthesized from glucose, through polycondensation,
or the ring-opening polymerization of L-lactide rings
mainly. In polylactic acid produced from renewable
resources, there is also a D-isomer in addition to the
L-isomer. The ratio of these two isomers affects the ten-
dency of the polymer to crystallize. Therefore, there are
amorphous and semi-crystalline PLAs. However, it is diffi-
cult to produce significant crystallinity even in PLAs that
tend to crystallize. A high crystalline ratio can be obtained
by cooling PLA slowly from the melt (<1�C/min) or with
nucleating agents. The mechanical properties of PLA are
similar to some petroleum-based commodity plastics, such
as polyethylene terephthalate (PET) or polystyrene (PS),
but it also depends on the type of PLA (amorphous or
semi-crystalline). Its tensile strength is 60–65 MPa, and its
tensile modulus is around 3 GPa. PLA is a rigid material
with an elongation at break of only 2%–5%. However, plas-
ticizers can improve its flexibility.5–14

Unfortunately, PLA often does not have suitable
properties to be used as a structural material, but with
reinforcement and additives, its mechanical properties
can be greatly improved and it can be made suitable for
engineering applications.15 One promising reinforcing
material is basalt fiber. It has good mechanical properties
(e.g., strength, tensile modulus, and high elongation at
break), and outstanding chemical, thermal, and weather
resistance. It is also a good sound insulator and an excel-
lent electrical insulator. These attributes, its relatively
low price, and its good thermal stability make basalt fiber
a competitive reinforcing material (similar to glass
fiber).16,17

Besides the generally applied micro-sized reinforce-
ments, well-dispersed nanosized materials have a good
complementary effect on the properties of composites.18

Carbon-based materials are often used for nanosized
reinforcement. The two most extensively studied allo-
tropes of carbon are carbon nanotubes (CNTs) and gra-
phene, due to their high flexibility, large specific surface,
low density, and superior electrical, thermal, and
mechanical properties. However, one of the most signifi-
cant disadvantages of reinforcing nanomaterials is that
they are difficult to disperse homogeneously in the mate-
rial, and therefore their positive effects often cannot be

fully exploited.19 Our previous studies indicate that com-
mingling with microparticles may solve this problem, as
they improve the dispersion of the nanoparticles.20,21

In many cases, synergistic effects were found that
resulted in improved properties. For instance, hybrid com-
posites with properly chosen combination of nano- and
microsized fillers can produce significantly higher electri-
cal conductivity than each material used separately.22 We
also saw this synergistic effect in our hybrid composite
(PLA reinforced with carbon fibers and CNTs).23 In some
cases, nanoparticles can be used to improve the adhesion
between the matrix and the micro-sized reinforcing mate-
rial.24,25 In general, nanomaterials positively affect the
thermal (stability, thermal conductivity) and mechanical
properties of common composites.26–28

Overall, with the right additives and reinforcing mate-
rials, the properties of PLA can be optimized for engi-
neering applications, thus it can be used outside the
packaging industry as well. In this study, we prepared
and investigated nanocomposites with a PLA matrix and
graphene or CNTs, and the hybridization effect of basalt
fiber.

2 | EXPERIMENTAL

2.1 | Materials

NatureWorks LLC (Minnetonka, USA) supplied the PLA
(IngeoTM 8052D). The micro-sized reinforcement mate-
rial was KV02 basalt fiber (BF) with an average diameter
of 9–17 μm and an initial length of 3–6 mm from
Kamenny Vek Ltd. (Dubna, Russia). We used Grade H
quality expanded graphene nanoparticles (GNP) from XG
Sciences Inc. (Lansing, Michigan, USA) and NC3100
multi-walled CNTs from Nanocyl S.A. (Sambreville,
Belgium) as nanosized particles. Graphene particles had
an average thickness of 15 nm and an average diameter
of 5–25 μm, as well as a specific surface area of
50–80 m2/g. CNTs had an average diameter of 9.5 nm
and an average length of 1.5 μm. The carbon purity of the
nanotubes was above 95%.

2.2 | Sample preparation

We prepared the composites by continuous melt mixing
using an LTE 26–44 twin-screw extruder (L/D = 44 and
D = 26 mm) from Labtech Engineering Co., Ltd.
(Thailand). The rotation speed of the extruder was
20 rpm, and the die temperature was 190�C. Before com-
pounding, the PLA granulates were dried according to
the recommendation of the producer (80�C, 4 h). We
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prepared composites with a PLA matrix and basalt fiber
(PLA + BF, 70–30 wt%) and hybrid composites with an
additional 1 wt% nanoparticles (PLA + BF + CNT, PLA
+ BF + GNP). Nanocomposites were also prepared with
1 wt% nanoparticle content (PLA + CNT, PLA + GNP).
In order to separate the effects of the reinforcing mate-
rials from the thermal effects, we extruded the PLA
matrix. After the extrusion process, the product was gran-
ulated (particle size 4 mm) for further processing. Before
the production of the injection-molded specimens, we
dried the compounded materials again with the same
parameters as before to avoid thermal degradation caused
by the moisture content. The dumbbell-shaped specimens
(with a cross-section of 4 mm � 10 mm, according to the
ISO 527-2 standard) were injection molded on an Arburg
Allrounder 370S 700–290 injection molding machine. Melt
temperature was 190�C, and mold temperature was 25�C.
The injection pressure used with the reference material
and the nanocomposites was �1100 bar, and �1300–
1550 bar for fiber-reinforced and hybrid composites.

For the investigation of the maximum damping
capacity with the maximum crystalline ratio of the mate-
rials, we annealed some specimens for 2 h at 80�C. The
parameters for anneling were chosen based on the results
of Wang et al.,29 as they achieved the highest crystalline
fraction with these parameters.

2.3 | Characterization methods

We measured the melt flow index (MFI) with a Ceast
7027.000 plastometer (Instron Corporation, Massachu-
setts, USA) (210�C, 2.16 kg). We calculated the MFI
values according to the ISO 1133-1:2011 standard.

Differential scanning calorimetry (DSC) was performed
on a Q2000 DSC device (TA Instruments, USA) in an N2

atmosphere (50 mL/min). The heating rate was 5�C/min,
and a simple heat program was used in the temperature
range of 0 to 200�C. The crystallinity of the materials was
calculated with the following equations30:

X1 ¼ΔHm�ΔHcc

ΔHf � 1�αð Þ �100 %ð Þ, ð1Þ

X2 ¼ ΔHm

ΔHf � 1�αð Þ �100 %ð Þ, ð2Þ

where ΔHm is the measured heat of fusion, ΔHcc is the
heat of cold crystallization, and α (�) is the mass ratio of
the additives. The heat of fusion of 100% crystalline PLA
(ΔHf) is 93.1 J/g.10 Equation (1) determines the crystallin-
ity of the materials produced (X1), and Equation (2)
shows potential maximum crystallinity (X2).

The tensile tests were performed according to the EN
ISO 527 standard on a Zwick Z005 (Zwick GmbH &
Co. KG, Germany) universal testing machine. In the case
of the reference PLA and the nanocomposites, the
cross-head speed was 5 mm/min. In the case of the fiber-
reinforced composites, it was 2 mm/min, due to the stiff-
ness of these materials. Gauge length was 110 mm in all
cases. We tested five specimens from each material
produced.

After the tensile tests, the fracture surfaces were
coated with a thin gold layer and analyzed by scanning
electron microscopy (SEM) with a JEOL JSM-6380LA
(JEOL Ltd., Japan) device.

Dynamic mechanical thermal analysis (DMA) was
performed on a Q800 device from TA Instruments (USA)
in dual cantilever mode with an amplitude of 15 μm and
frequency of 1 Hz. The applied temperature range was
15–100�C, and the heating speed was 5�C/min.

3 | RESULTS AND DISCUSSION

3.1 | Melt flow index

In the case of a thermoplastic polymer composite melt,
MFI can indicate how the presence of reinforcing mate-
rials and processing have affected viscosity.23

The changes in viscosity can indicate the degradation of
the PLA and the dispersion state of the nanomaterials.
The degradation is illustrated by the fact that the MFI of
the PLA in the data sheet published by the manufacturer
is 14 g/10 min, while we measured 28.1 g/10 min after
extrusion (Figure 1).

The MFI increased because PLA easily degrades by
heat,31 and we measured it after extrusion. During com-
pounding, the material spent enough time in the extruder
to start chain scission. Also, graphene slightly decreased

FIGURE 1 Melt flow index of the reference and the composite

materials.
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the material's ability to flow. For nanocomposites with
CNTs, the MFI decreased more, so the material became
more viscous due to the CNT, which indicates good dis-
persion. As expected, the MFI decreased slightly due to
the basalt fibers. In hybrid composites, the decrease in
the MFI and its smaller standard deviation shows that
the basalt fibers helped distribute the nanoparticles prop-
erly. In the molten state of the PLA, the dispersed nano-
particles can efficiently hamper the movements of the
molecules. When they are better dispersed, the nanopar-
ticles bind to the matrix material over a larger area. Also,
when nanotubes are used, the nanotubes and the mole-
cules are also entangled with each other (Figure 2),
resulting in a greater increase in viscosity for materials
containing CNT.

3.2 | Tensile characteristics

The tensile curves of the nanocomposites (Figure 3) are
similar to the curves of PLA, and the curves of the com-
posites containing basalt fibers are very similar.

We determined the tensile strength, tensile modulus,
and elongation at break of each material (Table 1).

Nanoparticles slightly decreased tensile strength
but increased tensile modulus considerably. As will be
shown later in the electron micrographs, aggregates of
nanoparticles remained in the composites. The increased
modulus indicates a good interaction between the nano-
particles and the matrix. Fracture in nanocomposites is
not catastrophic; yield also occurs here, and failure was
not triggered by the aggregates behaving as weak sites.
This is probably because the molecules are bound to the
surface of the nanoparticles, and so their movement is
inhibited. Thus, they are not deformed to any great extent
when tensile forces are applied. This means that the mol-
ecules further away from the nanoparticles take the
deformation. This leads to lower yield stress.

Basalt fibers greatly improved tensile strength and ten-
sile modulus. As expected, fiber reinforcement reduced
elongation at break to less than half of that of the refer-
ence material. The nanocomposites increased tensile mod-
ulus, and the hybrid composite with graphene had a
tensile modulus almost 400 MPa higher than that of the
composite reinforced by basalt fibers only.

3.3 | Differential scanning calorimetry

The DSC analysis was necessary because we did not
know the combined effect of the reinforcing materials on
the morphology of the matrix previously. For us, the
resulting crystalline ratio (X) and glass transition temper-
ature (Tg) are important, as the former can have a signifi-
cant influence on mechanical behavior and the latter
indicates the application range.

The DSC curves (Figure 4) show that the reinforcing
materials have only slightly altered the glass transition
temperature of PLA. Due to the relatively fast cooling dur-
ing injection molding, enthalpy relaxation occurred,
which is especially prominent for hybrid composites. The
large exothermic peaks of cold crystallization indicate that
the materials only slightly crystallized after processing.

T�abi et al.10 have performed a deep analysis of the
thermal properties of semi-crystalline PLA, with particu-
lar emphasis on the α crystalline modification. Specifi-
cally, they investigated the effect of the ratio of the more
stable α to the less stable α0 modification on the thermo-
mechanical and creep properties of the material. These
two types of crystalline modifications of PLA are also visi-
ble in our cases: a less stable α0 and a more stable α modi-
fication (first and second crystalline melting peaks, Tm1

and Tm2, respectively). In the presence of graphene, the
ratio of the less stable α0 phase increased as the two crys-
talline melting peaks have nearly the same heights, while
for the other materials, the second crystalline melting
peak is larger. Also, in the composite containing GNP,

FIGURE 2 Imagined structure of poly(lactic acid) hybrid

composites containing basalt fiber and carbon nanotubes.

FIGURE 3 Strain–stress curves of the investigated materials.
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the basalt fiber did not help in creating more α crystal-
lites; there is no difference between the nano- and the
hybrid composite in this respect. However, CNT and
basalt fibers sightly helped the creation of the more stable
crystalline modification.

Table 2 presents the evaluated results of DSC, where
Tg is the glass transition temperature, Tcc is the cold crys-
tallization temperature, Tm1 and Tm2 are the melting
temperatures of the α0 and α crystalline modifications,
respectively, X1 and X2 are the calculated crystalline
ratios based on Equations (2) and (3).

Basalt fibers and graphene did not change Tg consid-
erably. CNT, however, increased it. Hybrid composites

show the highest values. Surprisingly, all this correlates
well with the MFI and confirms the explanation we gave
when we discussed MFI results. That is, nanoparticles
reduce the mobility of the molecules when they are dis-
tributed well. CNT can be dispersed more easily than
GNP, so it increased Tg even when used alone, but GNP
only increased Tg when used in combination with basalt
fibers.

The cold crystallization peaks varied depending on
the nanoparticles used. One reason is that a change in
the thermal conductivity affects the results. If it increases,
the molecules in the total mass of the sample can become
mobile enough to crystallize more quickly. The other rea-
son is that the nanoparticles also hamper the movement
of the molecules, as the molecules are bound to them by
weak secondary bonds or can get entangled with the
nanoparticles. This increases the energy required for crys-
tallization, resulting in a shift of Tcc toward higher tem-
peratures. Therefore, it is difficult to say what caused the
changes. However, it seems that basalt fibers hardly
changed Tcc, and nanoparticles were crucial in this
respect: CNT decreased, and GNP increased Tcc, both in
nano- and hybrid composites.

Previous research has already shown that the pres-
ence of nanotubes decreases the cold crystallization tem-
perature and increases the ratio of more stable α
crystallites.32 Furthermore, it has been shown that in the
case of graphene, the cold crystallization temperature

TABLE 1 Tensile properties of the composite materials.

Material Tensile strength (MPa) Tensile modulus (MPa) Elongation at break (%)

PLA 56.5 ± 0.3 2797 ± 41 6.1 ± 1.3

PLA + BF 90.4 ± 1.1 6232 ± 96 2.7 ± 0.1

PLA + CNT 56.4 ± 0.7 2939 ± 23 5.3 ± 0.7

PLA + CNT + BF 87.1 ± 0.7 6177 ± 94 2.8 ± 1.1

PLA + GNP 49.6 ± 0.2 2975 ± 9 5.3 ± 0.6

PLA + GNP + BF 84.4 ± 0.4 6608 ± 90 2.4 ± 0.0

Abbreviations: BF, basalt fiber; CNT, carbon nanotube; GNP, graphene nanoparticles; PLA, poly(lactic acid).

FIGURE 4 Heat flow of the materials (differential scanning

calorimetry) after heating.

TABLE 2 Results of differential

scanning calorimetry after heating.
Material Tg (�C) Tcc (�C) Tm1 (�C) Tm2 (�C) X1 (%) X2 (%)

PLA 57.6 104.6 147.4 155.1 0.8 28.7

PLA + BF 57.0 103.3 146.6 154.3 2.6 31.7

PLA + CNT 59.3 101.2 147.2 153.6 4.1 32.1

PLA + CNT + BF 59.7 102.6 147.7 153.6 2.6 33.2

PLA + GNP 57.4 107.6 148.4 155.1 2.3 28.3

PLA + GNP + BF 60.4 107.6 147.4 154.4 5.9 33.2

Abbreviations: BF, basalt fiber; CNT, carbon nanotube; GNP, graphene nanoparticles; PLA, poly(lactic acid).
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increases, and the ratio of more stable α to less stable α0

modification does not change significantly.33 As a result
of the present study, we have obtained similar results.
One of the most probable explanations for these phenom-
ena is that, in the case of nanotubes, the polymer mole-
cules can loop through them. Thus, only a small fraction
of the molecules adhere to the nanotube, so the remain-
ing parts have sufficient mobility to crystallize. In addi-
tion, the good thermal conductivity of nanotubes allows a
more uniform distribution of heat in the composite, so
that the molecules start to thermally move at lower tem-
peratures, which is reflected in lower Tcc. The sheet-like
nature of graphene allows longer molecular parts to be
attached to it, which means that molecules become
mobile enough to crystallize at higher temperatures. T�abi
et al.10 annealed PLA at different temperatures. The DSC
results suggest that the mobility of the molecules may be
related to whether the more stable or less stable crystal-
line modification becomes dominant. In particular, the
more stable α modification can be associated with
the higher mobility. The presence of the basalt fiber had
little effect on this phenomenon. In this respect, the
impact of the nanoparticles is the decisive factor.

For applicability, the most important parameter is the
crystalline ratio of the substance after processing and
after slow cooling. All the reinforcements increased the
crystalline ratio after processing, and graphene and basalt
fiber together further increased it. The tendency is similar
for the crystalline ratio at the end of the heating cycle—
the crystalline ratio of the materials increased compared
with neat PLA, and in the hybrid composites the addi-
tives produced a synergistic effect. PLA + GNP is an
exception—it had similar crystallinity to neat PLA. We
achieved the highest crystalline ratio in the PLA + GNP
+ BF hybrid material, with an almost 6% crystalline
ratio after processing. This indicates the usefulness of
hybridization.

3.4 | Dynamic mechanical thermal
analysis

The DMA test is one of the most suitable methods to
determine the dependence of mechanical properties on
temperature, so we also examined the materials this way.
It is clear from the curves (Figure 5) that the storage
modulus of all composite materials increased compared
with the reference PLA. It shows that more energy can be
recovered from the composites after deformation than
from PLA. We achieved remarkable results with the PLA
+ GNP + BF composite, whose storage modulus at room
temperature is the highest of all the composites and
nearly 2.5 times that of PLA.

Table 3 contains the evaluated results of DMA. The
glass transition temperatures somewhat contradict the
values obtained from the DSC curves—they are �5�C
higher than those obtained by DSC, due to mechanical
stress during measurement. Tan δ is related to the damp-
ing ability of a material. The tan δmax values for compos-
ites containing only nanoparticles are not significantly
different compared with PLA—segmental movements
started for most of the molecules. This is because seg-
mental movement was not activated in molecules bound
to BF. It indicates a good interaction between the matrix
and the reinforcing material, which was not changed by
nanoparticles.

The storage modulus of nanocomposites and hybrid
composites differs considerably. The nanoparticles
increased the storage modulus below Tg (at 25�C) com-
pared with PLA. Above Tg (80�C), the nanoparticles
increased the storage modulus. The basalt fiber increased
the storage modulus to more than 2.2 times of the neat
PLA, and hybridization with nanoparticles resulted in
improvement in each case below Tg.

3.5 | Scanning electron microscopy

We examined the fracture surfaces created during the
tensile tests with a SEM. From the images, the failure
process and fiber-matrix connection can be deduced, and
the images show the distribution of particles in the
matrix can be examined. In the case of the neat PLA
(Figure 6A), the fracture surface is relatively flat, reflect-
ing the relatively rigid behavior experienced during the
tensile tests. The image of the basalt fiber–reinforced
PLA (Figure 6B) shows that there was good adhesion.
The fibers were well impregnated, and the cause of the
failure was both fiber crack and fiber pullout. This
explains the improvements in mechanical properties.

The PLA + CNT composite fracture surface also
indicated rigid fracture (Figure 6C). In this case, at

FIGURE 5 The storage modulus of each material.
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very low magnification, nanotube aggregates can be
noticed, which are present in large numbers, and some
of them reached 100 μm in size. During the SEM
examination, we did not find evidence that the crack
started from one of the aggregates. Also, although there
were some aggregates, the nanoparticles were well dis-
persed (Figure 6D).

When basalt fibers were added to the CNTs, the
aggregates of the particles were completely eliminated,
and the particles were successfully dispersed in the
matrix (Figure 7). There was good adhesion between
the matrix and the reinforcing materials. The matrix
material was stuck to the surface of the pulled-out fibers;
therefore, the impregnation of the reinforcing materials
was adequate.

GNP is difficult to detect with SEM if it interacts well
with the matrix. No GNP aggregates were detected at
either low or high magnification, so, although they were
likely to be in the composite based on its mechanical prop-
erties, they interacted with the matrix well (Figure 8A,B).

No GNP aggregates are visible on the fracture surfaces
of the composites containing basalt fibers (Figure 8C,D).
The characteristic size of individual GNPs is far smaller
than that of CNTs, making them very difficult to detect by
SEM. Also, PLA is highly susceptible to degradation dur-
ing SEM examination, which prevents high-magnification
images. Nevertheless, GNPs are also well dispersed in the
hybrid composite, similarly to CNT + BF. At least, rheo-
logical, mechanical, and thermal properties and the
absence of aggregates suggest this.

TABLE 3 Results of DMA. E0
25 is the storage modulus measured at 25�C, E0

80 is the storage modulus measured at 80�C, Tg is the glass
transition temperature at the inflection point of the storage modulus curve, tan δ25 is the tan δ measured at 25�C and tan δmax is the

maximum of the tan δ curve.

Material E0
25 (MPa) E0

80 (MPa) Tg (�C) tan δ25 tan δmax

PLA 2611 202 62.5 0.019 0.34

PLA + BF 5941 1332 63.3 0.017 0.20

PLA + CNT 3335 251 61.5 0.016 0.32

PLA + CNT + BF 6043 1513 65.7 0.019 0.20

PLA + GNP 3038 203 62.4 0.019 0.36

PLA + GNP + BF 6454 1320 62.8 0.016 0.22

Abbreviations: BF, basalt fiber; CNT, carbon nanotube; GNP, graphene nanoparticles; PLA, poly(lactic acid).

FIGURE 6 Fracture surface of

(A) neat PLA and (B) PLA + BF at a

magnification of 250� and the fracture

surface of PLA + CNT at a

magnification of (C) 250� and

(D) 10,000�. BF, basalt fiber; CNT,

carbon nanotube; PLA, poly(lactic acid).
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4 | CONCLUSIONS

We prepared and investigated PLA composites containing
basalt fiber and carbon-based nanoparticles (multi-walled
CNTs and graphene). Basalt fibers increased strength sig-
nificantly, which slightly decreased in hybrid composites.
However, the hybrid composite containing graphene
showed a significant improvement in tensile modulus.
The DSC results showed that the crystalline ratio of the
composites increased for all reinforcing materials. The
most significant increase was measured for hybrids con-
taining GNP. The increased modulus can, therefore, be
partly explained by this. On the other hand, from the MFI
results, we concluded that the improved nanoparticle dis-
tribution in the hybrid composites also contributed to the
increased modulus. The glass transition temperature also
increased in the hybrid composites, indicating good

contact between the reinforcing materials and the matrix
and a wider application temperature range. In the case of
basalt fiber composites—including hybrid composites—
the decrease in storage modulus at the glass transition
temperature is less drastic than for other materials. This
means that in some cases, composites can be used even
above the glass transition temperature. SEM studies also
confirmed that the dispersion of nanoparticles was better
in hybrid composites than in nanocomposites. Overall, the
hybrid composites showed favorable mechanical and ther-
mal behavior, broadening the application of polylactic
acid in engineering.
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