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Abstract: Legislative restrictions and the needs of consumers have created a demand for sustainable
materials. Polylactide (PLA) is a biodegradable polyester with advantageous mechanical properties,
however, due to its low crystallization rate, it also has low thermomechanical stability. Its range
of application temperatures can be widened using nucleating agents and fillers including basalt
powder (BP), a waste product from the mining industry. This study analyzed the possibility of
enhancing the properties of a PLA-BP composite by chemically treating the filler. Basalt powder was
subjected to silanization with 3-aminopropyltriethoxysilane or γ-glycidoxypropyltrimethoxysilane
and mixed with PLA at 5–20 wt%. The nucleating effect of a potassium salt of 3,5-bis(methoxycarbonyl)
(LAK-301) in the silanized composite was also evaluated. The properties of the materials with silanized
BP were compared with the unmodified basalt powder. The miscibility of the filler and the polymer
was assessed by oscillatory rheometry. The structure of the composites was studied using scanning
electron microscopy and their thermomechanical properties were analyzed using dynamic mechanical
thermal analysis. Mechanical properties such as tensile strength, hardness and impact strength,
and heat deflection temperature of the materials were also determined. It was concluded that BP-filled
nucleated PLA composites presented satisfactory thermomechanical stability without silanization,
but chemical treatment could improve the matrix–filler interactions.

Keywords: PLA; poly(lactic acid); composite; basalt; surface modification; mechanical properties

1. Introduction

Despite the many legislative restrictions and obligations imposed on producers and consumers
of plastic products, increasing amounts of polymeric materials end their lifecycle as mixed waste.
Mechanical recycling allows for simple and effective management of post-consumer plastics, but in
many cases, selective waste collection is not carried out properly, so the waste stream is not recycled [1,2].
Moreover, recycling can delay, but not prevent any existing end-of-life material from reaching final
disposal [3,4]. Despite the increasing efficiency of recycling and material collection processes, it is
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important to develop alternative biodegradable materials, which, in the case of improper disposal,
will potentially constitute a lower burden on the natural environment.

Polylactide or poly(lactic acid) (PLA) is a polymer from the group of biodegradable/compostable
thermoplastic polyesters and is the compound most widely used as a biopolymer [4,5]. It is mainly
used in the food and packaging industries [6]. However, this material has good mechanical and
processing properties, which makes it an alternative to petrochemical construction polymers such as
polypropylene (PP) or polyoxymethylene (POM). The greatest limitations in its use as a construction
material are high brittleness and the glass transition that occurs in the temperature range of applicability
of most products (approximately 50 ◦C). The low thermomechanical stability of PLA results from the
low tendency of the polymer to form crystalline structures. This problem can be solved by increasing
the amounts of the crystalline phase by introducing heterogeneous nucleants and applying appropriate
processing and post-processing conditions as well as using both methods while strengthening the
polymer by introducing fillers in the form of powders or fibers.

The production of polymer composites with the use of fillers made of post-production or
post-exploitation waste (i.e., the by-products from various industrial processed or post-consumer waste)
is a commonly implemented trend, described by scientists and used in industrial practice. Particle-shaped
and powder fillers are the simplest to produce by grinding processes. Their application reduces the price
of the final product, especially in the case of highly-filled composites [7]. The ground waste of the wooden
parts of plants are the most widely described filler in the literature [8–13]. The studies have also considered
the use of inorganic fillers from the metallurgical, stone, or mining industries [14–17].

Most of the fillers used are characterized by high hydrophilicity, which, considering the hydrophobic
nature of most polymers, leads to poor compatibility between them. To increase the interfacial interactions
in the composite, various modification methods are used including the introduction of compatibilizers
such as maleated coupling agents [18–20] or chemical modification of the surface of the fillers. Among the
various methods of surface modification of inorganic and organic fillers such as the application of
isocyanates [21,22], diazonium salts [23,24], and grafting (e.g., using polyacrylamide [25], or ionic
liquids [26,27]), the most commonly-used is silanization [28,29]. By using the appropriate organofunctional
silanes, it is possible to achieve the greatest compatibility between the polymer and the modified filler.
In the case of using inorganic hydrophilic fillers, the effectiveness of the reinforcement is strongly related
to the adhesion at the polymer–filler interface. The use of silanization to modify fillers with a different
chemical structure compared to polymers reduces their hydrophilicity and increases their compatibility
with almost all types of polymers including thermoset as well as thermoplastic grades [29–35]. The course
of the silanization process has been quite accurately described in the literature and most researchers agree
on the defined mechanisms that occur during the attachment of organosilanes to the surface of the filler
containing hydroxyl groups. Silane hydrolysis drives silane adhesion to the substrate, resulting in the
formation of siloxane bonds on the surface of the substrate. The initial step of hydrolysis may take place
in solution or on the surface of the substrate, depending on the amount of water present in the system.
Excess water causes polymerization of silanol in the solvent phase, while an insufficient amount of water
results in an incomplete single layer [36]. Therefore, it is important that the conditions of the hydrolysis
process are carefully selected and controlled by considering the pH as well as the concentration of an
aqueous solution [37,38]. The scheme of the mechanism of surface modification of the basalt powder
using a silane coupling agent is presented in Figure 1.
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Figure 1. Mechanism of the surface modification of the basalt powder conducted using organosilanes.

So far, the presented results concerning the modification of inorganic particle-shaped fillers
has led to the assumption that the application of silane coupling agents is an effective method that
improves the final properties of the composites and may suppress the negative effects of the presence
of the particle-shaped filler (e.g., effects on the tensile strength or impact resistance). It used to be
assumed that the weaker adhesion between rigid particles and polymer led to prevalent debonding
at lower stresses. Dike [33,34] described the effect of the silanization of inorganic particle-shaped
fillers (barite and huntite–hydromagnesite) using amino-functionalized silane for the properties of
the PLA–matrix composites. The results showed that surface treatment improved the stiffness, tensile
properties, and strength of the composite-filled silanized particles. In the case of the silanization of
organoclays such as montmorillonite (MMT), silanization was not the most effective coupling method;
however, additional improvements in the mechanical properties of the composites manufactured with
their application result from exfoliation of the layers [39]. In contrast, the mechanism of the toughening
of PP using surface-treated glass particles described by Thio et al. showed that weaker interfacial
interactions between rigid filler particles and the polymer gave the effect of higher toughness of the
composite. This phenomenon relates to the strain dependency of the toughening process induced by the
addition of the particle-shaped filler when, in the case of an abrupt impact, the interparticle ligaments
are unable to deform plastically [39].

Despite many studies including the application of various modifications of inorganic particles
used as a reinforcement of polylactide composites, there is no evidence of the evaluation of the influence
of the surface treatment of basalt derivatives in the form of particles. On the other hand, many works
contain descriptions of the application of basalt fibers in polylactide composites after being treated
using organofunctional silane coupling agents including γ-glycidoxypropyltrimethoxysilane (GPS),
3-aminopropyltriethoxysilane (3-APS), or N-(2-aminoethyl)-3-aminopropyltrimethoxysilane [40–43].
A common feature of the results presented in all of the mentioned works was the high efficiency of
silane interactions, improved interfacial adhesion, and improved strength of composites containing
the modified fibers.

Increasing the crystallinity of PLA is one of the most commonly-used methods to improve
its stiffness at elevated temperatures. Despite the low ability of PLA to form crystalline structures,
the simultaneous use of the appropriate processing conditions with the addition of nucleating
agents (NAs) obtains PLA crystallization during non-isothermal cooling during the injection
molding process [44]. In the studies reported so far, many different compounds that act as PLA
nucleants have been presented including talc [45], aromatic sulfonate derivative (LAK-301) [45,46],
phthalhydrazide [47,48], otoric acid [49], and PLA stereocomplexes [50,51]. LAK-301 is one of the most
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effective NAs, characterized by high availability as well as confirmed effectivity in a wide range of
processing conditions [44].

In our former studies, we discussed the possibility of using basalt powder as a replacement for
micrometric milled basalt fibers, which can achieve improved thermomechanical properties [52]. It was
found that the efficiency of thermomechanical stability increased is a synergic effect of the presence of
the basalt derivative and improved crystallinity of the PLA–matrix induced by annealing [52] or by
the addition of a heterogeneous nucleating agents [53]. The aim of this study was to justify the use of
additional basalt powder in the silane treatment in the simultaneous incorporation of a nucleating agent
(LAK-301). The efficiency of two different organosilanes was verified in the course of their influence on
the compatibility with the polylactide matrix as well as their impact on the thermomechanical behavior
of the composites resulting from the potential additional functionality of the epoxy and amino groups.

2. Materials and Methods

2.1. Materials and Sample Preparation

A commercial grade of polylactide, namely Ingeo 2500HP by Natureworks (Minnetonka, Mn, USA),
was chosen as the matrix of the composites. This material can be characterized by the following properties:
melt flow index, MFI of 8 g/10 min (210 ◦C, 2.16 kg), the density of 1.24 g/cm3, and d-isomer content
of <0.5%. Natural basalt powder (BP) obtained from the “BAZALT SA” mine in Wilków, Poland was used
as the filler. A more in-depth analysis of BP can be found in our previous papers [52,53]. The filler was
chemically treated with two types of silane compatibilizers: (3-aminopropyl)triethoxysilane (referred to as
3-APS) and (3-glycidoxypropyl)trimethoxysilane (GPS) supplied by Sigma Aldrich (St. Louis, MO, USA).
A potassium salt of 3,5-bis(methoxycarbonyl) under the commercial-grade LAK-301 obtained from
Takemoto Oil and Fat Company (Gamagori, Japan) was used as the nucleating agent (further called LAK).

The chemical treatment of basalt powder with the silanes was performed in the following way.
First, the compatibilizers (3 wt%. in reference to the amount of used basalt powder) were hydrolyzed
in a 4:1 mixture of 96% ethanol (reagent grade, supplied by Chempur, Karlsruhe, Germany) and
demineralized water, respectively. This reaction was conducted at room temperature for 1 h. In the
case of 3-APS, the pH of the solution was adjusted to 4 using 80% acetic acid (reagent grade, supplied
by Chempur, Karlsruhe, Germany). For GPS, the pH was about 7 and did not need adjustment.
After hydrolysis, basalt powder was added to the solution for silanization under mechanical mixing
for 3 h at room temperature. After that, the modified basalt powder was removed from the mixture,
washed several times with demineralized water, and air dried for four days and then at 80 ◦C for
12 h using a laboratory cabinet drier. The filler treated with 3-APS and GPS are referred to as BA
and BG, respectively.

To prepare the composite samples, PLA and the chosen amount of fillers (5, 10, or 20 wt%) and the
nucleating agent (1 wt%, in the case of the nucleated series) were dry-mixed and then dried at 50 ◦C for
24 h in a laboratory cabinet drier Memmert ULE 500 (Schwabach, Germany). Then, the polymer and
the filler were mixed in a molten state using a co-rotating twin-screw extruder ZAMAK 16/40 EHD
(Skawina, Poland) at 190 ◦C with a screw speed of 100 rpm. The extrudates were cooled in a forced
airflow and pelletized. The normalized specimens for testing were prepared by injection molding
using a Battenfeld PLUS 35 machine (Kottingbrunn, Austria). The injection molding was performed
in the following conditions: Tmelt = 190 ◦C, Tmold = 120 ◦C, pinjection = 72 MPa, vinjection = 75 mm/s,
tcooling = 60 s. Unmodified and nucleated PLA was processed in the same way as its composites.

2.2. Methods

The effect of incorporating the organic fillers on the processing properties and changes in
the plastification process of the PLA-based composites were evaluated with a torque rheometer.
A Brabender plastographometer (Duisburg, Germany) was applied to measure the torque during
plastification of PLA and composites filled with basalt powders subjected to surface treatment.
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The measurements were conducted at 170 ◦C at a constant rotational speed of 30 rpm in a 50 cm3

chamber with an instrument constant K equal to 0.0825 cm−3 [54].
Oscillatory rheological investigations were carried using an Anton Paar MCR 301 rotational

rheometer (Graz, Austria) with 25 mm diameter parallel plates with a 0.5 mm gap. The experiments
were conducted at 200 ◦C. The strain value applied during frequency sweep experiments was 2% and
it was in the range of the linear viscoelastic behavior (LVE) of all samples, which was confirmed during
preliminary strain sweep measurements. The angular frequencyω used in the study was in the range
of 0.05–500 rad/s. The Rheoplus v.3.40 application was used for fitting the Carreau–Yasuda model to
the experimental data.

The scanning electron microscope (SEM), model Vega 5135MM produced by Tescan (Brno, Czech
Republic), was used to assess the structure of the composites. The PLA-based composite structures
were investigated using a secondary electron signal (SE) with an accelerating voltage of 12 kV. All
analyzed samples were broken after being cooled in liquid nitrogen.

The density of the composites was determined by the hydrostatic method using an AXIS AD200
balance (Gdańsk, Poland) and demineralized water as the immersion fluid (ρwater, 23◦C = 0.9975 g/cm3).
The mass of the sample was measured in the air (m1) and in water (m2). The density of the sample ρ
was calculated according to Equation (1):

ρ =
m1·ρwater,23◦C

(m1 −m2)
, (1)

The mechanical properties of PLA and its composites were determined in the tensile test using a
Zwick/Roell 010 universal testing machine (Ulm, Germany). The crosshead speed was set to 1 mm/min
during the tensile modulus evaluation and 10 mm/min in the remaining part of the test. Based on
the obtained data, values of tensile modulus E, tensile strength Rm, and elongation at break ε were
determined. At least five samples of each kind were tested.

The hardness of the composite samples and pure PLA was measured using Brinell’s (ball indentation)
method according to the ISO 2039 standard. The measurements were performed on the injection-molded
samples using a KB Prüftechnik tester (Hochdorf-Assenheim, Germany). The hardness values of the
composites and PLA were determined as the mean value of at least 10 separate measurements.

The impact strength was evaluated using the Dynstat method, in compliance with the DIN 53435
standard, on unnotched samples with dimensions of 4 mm × 10 mm × 15 mm. A Dys-e 8421 apparatus
(Leipzig, German Democratic Republic) equipped with a 0.98 J hammer was employed.

Thermal properties of the studied materials such as melting, crystallization, and cold crystallization
temperature (TM, TCR, and TCC, respectively) as well as the crystallinity degree were analyzed using the
differential scanning calorimetry (DSC) method. Samples of 5 mg were placed in aluminum crucibles
with pierced lids and heated from 25 ◦C to 210 ◦C with a rate of 10 ◦C/min, held at this temperature for
10 min, and then cooled back to 25 ◦C at a rate of 10 ◦C/min. As the sampler prepared in the same
way had a similar thermal history, the information from the first heating/cooling cycle was used in the
analysis. A Netzsch DSC 204F1 Phoenix apparatus (Selb, Germany) and a nitrogen atmosphere were
used. The crystallinity degree (XCR) was calculated according to Equation (2):

XCR =
∆HM − ∆HCC

(1−ϕ)·∆HPLA100%
·100% (2)

where ∆HM is the melting enthalpy of the sample; ∆HCC is the cold crystallization enthalpy of the
sample; ∆HPLA100% is the melting enthalpy of a 100% crystalline PLA; ∆HPLA100% = 93.7 J/g [55]; and ϕ
is the filler content.

The thermogravimetric analysis (TGA) method was employed to study the thermal degradation
of the composites and PLA. Samples of 10 mg placed in Al2O3 crucibles were heated in the temperature
range of 30–900 ◦C at a rate of 10 ◦C/min using a Netzsch TG209 F1 apparatus (Selb, Germany). An inert
atmosphere of nitrogen was applied. Based on the obtained mass vs. temperature curves, its first
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derivative (dTG) was calculated. Values of 5% mass loss temperature(T5) and maximum thermal
degradation intensity temperature (dTG peak, TDEG) were determined.

Thermomechanical properties of the basalt powder-filled samples and PLA were evaluated by
dynamic mechanical thermal analysis (DMTA) using an Anton Paar MCR 301 apparatus operating in
torsion mode. The samples were heated from 25 ◦C to 120 ◦C at a rate of 2 ◦C/min. A strain of 0.01% was
applied at a frequency of 1 Hz. Based on the obtained data values of storage modulus (G′) in the glassy
and rubbery state (30 ◦C and 80 ◦C, respectively), glass transition temperature (TG, understood as the
peak of tanδ vs. temperature curve) and tanδ at TG were determined. Brittleness B was calculated
according to Equation (3) as proposed by Brostow et al. [56]:

B =
1

G′30◦C·ε
(3)

The effectiveness of the filler C was calculated according to Equation (4) [57]:

C =
(G′30◦C/G′80◦C)composite

(G′30◦C/G′80◦C)matrix
(4)

The reinforcement efficiency of the filler r was determined using Equation (5) [58]:

r =
(G′c/G′m) − 1

Vf
(5)

where G′c is the storage modulus of the composite; G′m is the storage modulus of the matrix; and Vf is
the volume fraction of the filler.

The heat deflection temperature (HDT) was evaluated according to the standard ISO 75, method B,
using a Ceast HDT Vicat Tester HV3. A heating rate of 120 ◦C/h and a stress of 0.45 MPa were applied.

3. Results

3.1. Processing and Rheological Behavior

Processing properties of PLA composites filled with various amounts of basalt powder with
and without chemical treatment were investigated using torque rheometry. The torque measured
in the equilibrium state (Me) as well as the temperature value at the end of the measurement (Te)
are shown in Figure 2. All composites showed increased Me in comparison to unfilled PLA. For all
composite series, there was a lack of visible changes in the torque induced by changing the filler
content, which can be treated as a beneficial effect because increasing the content of the filler does not
suppress the processability of the composites. It can also be seen that surface modification of the basalt
filler provided changes in the measured torque. The highest Me values were measured for composites
filled with BP and the lowest for BG. The phenomena of limited negative influence of BP addition on
PLA-based composites processability was observed and is in line with our earlier studies concerning
modification of isotactic polypropylene (iPP) with BP [59]. It was found that the incorporation of
basalt powder may improve the processability of iPP by simultaneously reducing the viscosity of
the molten composite bulk and increasing the wall-slip effects. For the mentioned iPP-BP composites
the torque was comparable for pure polymer and composites, while PLA-based composites revealed
limited effects of the BP presence. It should be noted that despite lower modification efficiency of BP
on PLA than in the case of polyolefins, the increase of Me was insignificant and suggests a lack of
potential limitations during technological processes in the molten state. The temperature measured
at equilibrium was similar for all compositions and comparable with neat PLA. Contrary to results
presented by Du et al. [60], the addition of modified filler did not change the Te in comparison to
composites containing BP, which suggests a lack of a significant interfacial bonding resulting from the
high reactivity of the filler on the PLA.
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and PLA-composites samples and (b) temperature (Te) at the equilibrium state of the polylactide (PLA)
and PLA-composites samples.

Rheological properties of PLA-basalt powder composites were evaluated using oscillatory
rheometry. Figure 3 shows the complex viscosity changes as a function of angular frequency.
Additionally, in Table 1, the rheological parameters such as zero shear viscosity (η0) calculated after
fitting experimental data to the Carreau–Yasuda model [61] and information about cross over point of
storage (G′) and loss modulus (G”) curves are presented. The incorporation of inorganic particle-shaped
fillers such as silica [62], calcium carbonate CaCO3 [63], or barium sulfate BaSO4 [64] usually causes
viscosity growth. In most filled polymers, in the case of reaching the rheological percolation threshold,
the Newtonian plateau disappears gradually with increasing filler content [62,65]. The reciprocal
effect of lowered complex viscosity caused by the addition of organoclays to PLA was discussed
by Acik et al. [66]. The authors explained the decreased viscosity observed for several grades of
montmorillonite-filled composites in comparison to the unmodified polymer as a low degree of filler
intercalation and limited interparticle interactions. In contrast, Liu and coworkers [67] described
in their work a decrease in complex viscosity after the addition of a small amount of nanometric
modified SiO2 due to strong interactions with polyethylene macromolecular chains. The addition
of basalt powder showed no negative effect on the rheological properties of PLA. According to our
previous studies [59], the effect of lowered viscosity relates to interactions between basalt particles and
polypropylene polymeric chains in a molten state, which probably also occurs in the case of PLA–BP
composites. A lack of shear-thinning at low angular frequencies of the filled polymeric system may
be interpreted as confirmation of its good compatibility. Only the 10BA sample showed increased
viscosity in the entire considered angular frequency range. Composites filled with 20 wt% of the filler
from series BP and BG showed lowered viscosity in comparison to non-modified PLA and PLA–LAK.
Moreover, lowered viscosities for materials nucleated with LAK suggest the plasticizing effect of the
nucleating agent on PLA.

Changes of the cross-over point may not only be related to changes in molecular weight and
molecular weight distribution of the tested polymer [68]. Higher values ofω at the cross-over point
correspond to lower relaxation times of the polymer. Cross over points of G′ and G” were not observed
in the case of non-nucleated samples for 20BP and 20BG in the considered ω range, while for the
nucleated samples, this effect was additionally noted for the 10BA and 20BA composite series. On the
basis of the obtained results, it can be stated that polymeric chain movements are not limited by
the presence of micrometric-sized basalt powder, and lowered complex viscosity may be a result of
interactions between the basalt particles and PLA chains. It cannot be ignored that, due to low-scale
hydrolytic degradation, low molecular products are present in a molten composite bulk and cause a
lowered viscosity effect.
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Table 1. Rheological parameters of PLA–BP/BA/BG.

Material

Non-Nucleated Nucleated

η0 G′ = G” ω at G′ = G” η0 G′ = G” ω at G′ = G”
[Pa·s] [Pa] [rad/s] [Pa·s] [Pa] [rad/s]

PLA 1535 142,100 404 1409 150,400 432
5BP 1385 154,400 484 1521 153,800 418

10BP 1421 161,600 476 1479 165,200 454
20BP 1368 - - 1240 - -
5BA 1503 144,300 401 1233 141,700 473

10BA 1783 170,500 395 1332 - -
20BA 1564 194,900 500 1494 - -
5BG 1546 148,000 398 1356 153,200 468
10BG 1513 161,800 437 1480 165,400 451
20BG 1381 - - 1238 - -

The miscibility in the molten state of PLA-based composites filled with basalt powder modified
with two different organosilanes was determined by using two rheological analyses (i.e., presentation
of oscillatory test results in the form of Cole–Cole and Van Gurp–Palmen plots). Both methods are
useful for rheological data presentation, which describes the miscibility of polymeric blends [69–73] but
also determines the compatibility of thermoplastic composites [73,74]. Figure 4 shows the Cole–Cole
plots of the PLA–BP/BA/BG composites as changes of imaginary part viscosity (η”) as a function of the
real part viscosity (η′). A smooth semicircle shape of the Cole–Cole graphs suggests good compatibility
of the two-phase system in a molten state. All the considered samples showed a lack of deviation
from the course of the curve obtained for neat PLA, which may be interpreted as their overall good
homogeneity and compatibility. According to Hoseini et al. [72], the semicircle curves with a larger
radius reflect the creation of compatible suspensions with fine morphology, which was observed
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for the BA and BG non-nucleated composites containing 10 and 20 wt% of the filler. For all of the
composite series, the addition of LAK caused a plasticizing effect. Zhou and coworkers [75] proposed
that the lowered position of the Cole–Cole plot was an effect of lubrication induced by the presence of
silsesquioxanes dispersed in polypropylene. According to this finding, the observed lowering of both
components in the complex viscosity of the semicircle PLA-BP/BA/BG plots concludes that LAK is not
only a nucleating agent, but also a lubricating and coupling agent for the composite structures.Materials 2020, 13, x FOR PEER REVIEW 10 of 26 
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+ BG + 1% LAK.

Figure 5 shows the Van Gurp–Palmen plots that present changes of phase angle (δ) as a function
of complex modulus (G*). The phase angle is the phase difference between the applied strain and
measured stress. In the case of a fully elastic material, the stress and strain waves are in phase (δ = 0◦),
whereas a strictly viscous material has two waves that are out of phase (δ = 90◦) [73]. This form of
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presentation is more sensitive for the detection of the filler percolation threshold than the Cole–Cole
analysis [76]. The creation of 3D solid-like structures of the hindered particles that are in mutual
contact results in a deviation from the course of the δ(G*) curve, which for the unfilled polymer
showed a continuous decrease with an increasing complex modulus value [74,76]. The rheological
results presented in Figure 5 show that most of the curves achieved for neat PLA and its composites
overlapped. This means that all composites in the molten state showed strong viscous-like behavior.
The composites containing the highest amount of the filler (20 wt%) showed a shift in the curves to
higher G* values and an even lower slope of the curve, which suggests a more viscous behavior than
pure PLA. The lack of the changes in the course of the Van Gurp–Palmen plots confirmed the good
compatibility of the composites, regardless of the type of surface modification, and confirmation that a
network-like structure did not occur in any tested composite sample.
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(e) PLA + BG; (f) PLA + BG + 1% LAK.
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The presented almost complete lack of changes in the rheological and processing properties of
PLA modified with basalt powder subjected to silanization using compounds with different functional
groups proves the favorable processing properties of PLA. The results are in line with previous work on
basalt powder-filled composites [59]. Therefore, it can be concluded that the observed test results were
not accidental and constitute a special feature of basalt dust, which enables the production of composite
materials without significant changes in the processing properties of the unmodified polymer.

3.2. Structural Analysis

The microstructures of the brittle fracture surfaces of the chosen composites evaluated by scanning
electron microscopy (SEM) are presented in Figure 6. The samples with the highest basalt powder
content were chosen for the microscopic observations to check the presence of the filler aggregates.
Fiber-like structures observed in the case of non-nucleated samples were fibrillated PLA, which occur
during rupture breakage of the sample and heating of the amorphous polymeric matrix. In the case of
the BG-filled composites, this phenomenon was not observed, which may suggest partial stabilization
of the polymer by the presence of the reaction between the hydroxyl groups of PLA and epoxy groups
of the GPS bonded at the surface of BG [77]. In the case of nucleated samples, a more developed surface
of the broken sample was noted. This phenomenon corresponds to the plastic deformation of the
PLA crystalline structures [78] and confirms that the application of LAK enhances the crystallinity of
polylactide. For composites manufactured without LAK, the typical brittle fracture characteristic for
amorphous thermoplastic polymers was observed [79]. The filler particles were easily visible in the
examined area. For all the composites, saturation of the basalt particles was correct, which suggests
good adhesion between the polymer and an inorganic filler. Based on the observations of the structure
of fractures in composites, it can be concluded that the smallest number of defects, in the form of gaps
in the interfacial region, occurs in the samples filled with the BA series. In the case of PB and BA,
no pull-outs of the inorganic particles were observed. Moreover, it should be noticed that the silanization
of the BP did not influence its tendency to agglomerate in the PLA matrix. The adhesion of the filler and
the polymer seemed to be worse than in the case of the non-nucleated sample where a barely-noticeable
gap at the interface could be spotted. This may have originated from the plastic deformation of the
semicrystalline matrix during the sample’s fracture. Even though the affinity of basalt powder is not as
low as in the case of highly hydrophilic lignocellulosic fillers [80], it is not perfect and could be enhanced.
The silanization of basalt powder with 3-APS did not influence the appearance of the fracture surface
of PLA. In the case of the non-nucleated sample, it was smooth, and for the LAK-modified sample,
it was more irregular, indicating brittle and plastic fracture, respectively. The filler particles in both
cases were embedded in the polymeric matrix and even partially covered with PLA, which indicates
that treatment with 3-APS improved basalt affinity to this polymer. The microstructure of the BG-filled
samples appeared different. The fracture surface of the non-nucleated composite was still smooth and
in the case of the addition of LAK it was rougher, but there was also a visible gap at the filler–polymer
interface that was especially prominent in the amorphous sample. It can be concluded that the treatment
of basalt powder with GPS was not as effective as in the case of 3-APS, but the addition of the nucleating
agent could reduce the disadvantageous influence of this silane. Based on the SEM analysis as well
as the rheological assessment, it can be stated that the surface treatment of basalt particles does not
cause an increased tendency to create agglomerated structures of the filler in a polymeric matrix.
Neither the molten state experiments nor evaluation of the samples after solidification revealed lowered
compatibility of the PLA–basalt powder composites.
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Figure 6. Scanning electron microscopy (SEM) images of PLA composites containing 20 wt% basalt
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3.3. Physical, Mechanical, and Thermomechanical Properties

The mechanical and physical properties of the polylactide-based composites filled with different
grades of basalt powder and the nucleating agent are collected in Table 2. The density of the unmodified
PLA was 1.23 g/cm3 and all composite samples showed higher ρ values. This result is reasonable
as the density of basalt powder was about 2.91 g/cm3 [81]. The ρ values measured for the nucleated
series were also higher in comparison with their counterparts without LAK. As the amorphous phase
is less dense than the crystalline one, the increase in density due to the addition of this nucleating
agent is presumably caused by the improved crystallinity [82]. Apart from the density of the filler
and modification of the matrix, another factor that can influence the specific gravity of the composite
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material is the presence of gaps and porosities, especially at the interface. Therefore, if the basalt powder
silanization improves the interactions between the polymer and the filler, it also should have an indirect
effect on the material’s density. For the filler contents of 10 and 20 wt%, the BP and BA-filled samples
showed almost the same density, whereas the ones containing BG were less dense. This outcome can
be observed for both the nucleated and unmodified series. It can be concluded that the silanization of
basalt powder with GPS is less effective than modification with 3-APS in terms of the reduction in gaps
at the interface, which is in line with the results of the SEM observations.

Table 2. Mechanical and physical properties of the PLA-BP/BG/BA composites.

Material
Tensile

Strength, Rm
Elasticity

Modulus, E
Elongation
at Break, εb

Impact
Strength, a Hardness Density, ρ

[MPa] [GPa] [%] [kJ/m2] [MPa] [g/cm3]

PLA 64.1 ± 1.3 2.48 ± 0.05 4.7 ± 0.1 7.46 ± 0.69 140.9 ± 3.3 1.23 ± 0.009
5BP 59.4 ± 0.8 2.52 ± 0.05 3.6 ± 0.1 9.59 ± 1.04 142.0 ± 4.5 1.29 ± 0.003
10BP 57.3 ± 0.9 2.71 ±0.05 3.3 ± 0.2 8.89 ± 1.69 144.5 ± 2.6 1.31 ± 0.009
20BP 54.8 ± 0.6 2.94 ± 0.10 3.2 ± 0.2 7.54 ± 0.69 150.5 ± 4.7 1.39 ± 0.012
5BA 60 ± 1.4 2.59 ± 0.16 3.9 ± 0.1 9.23 ± 0.79 144.3 ± 3.2 1.27 ± 0.014
10BA 58.6 ± 1.1 2.75 ± 0.06 3.7 ± 0.3 8.78 ± 1.08 145.8 ± 3.6 1.31 ± 0.008
20BA 56.6 ± 0.3 2.80 ± 0.15 3.8 ± 0.5 7.59 ± 0.52 157.1 ± 4.5 1.39 ± 0.008
5BG 58.0 ± 0.9 2.63 ± 0.06 3.7 ± 0.2 9.94 ± 1.49 142.4 ± 7.5 1.28 ± 0.010
10BG 58.0 ± 0.9 2.66 ± 0.10 4.0 ± 0.3 8.46 ± 0.68 142.8 ± 7.9 1.31 ± 0.005
20BG 55.5 ± 0.6 3.07 ± 0.06 3.1 ± 0.1 7.79 ± 0.62 154.7 ± 4.5 1.38 ± 0.011

PLA/LAK 62.5 ± 0.3 2.95 ± 0.05 5.0 ± 0.6 7.46 ± 1.41 157.7 ± 7.4 1.24 ± 0.009
5BP/LAK 59.1 ± 0.9 3.04 ± 0.02 2.9 ± 0.2 9.54 ± 1.51 163.2 ± 7.6 1.28 ± 0.007

10BP/LAK 56.7 ± 0.4 3.14 ± 0.04 3.1 ± 0.3 8.41 ± 1.31 164.8 ± 5.3 1.32 ± 0.005
20BP/LAK 52.3 ± 0.5 3.25 ± 0.05 2.6 ± 0.1 6.91 ± 0.71 174.2 ± 5.1 1.41 ± 0.007
5BA/LAK 59.7 ± 1.0 2.95 ± 0.18 3.3 ± 0.3 9.8 ± 1.52 163.6 ± 6.0 1.29 ± 0.004

10BA/LAK 58.2 ± 0.6 3.1 ± 0.08 3.1 ± 0.3 9.39 ± 2.6 172.1 ± 4.2 1.32 ± 0.006
20BA/LAK 56.1 ± 0.6 3.38 ± 0.08 2.9 ± 0.3 9.09 ± 4.48 177.8 ± 4.7 1.41 ± 0.006
5BG/LAK 59.0 ± 0.9 2.91 ± 0.15 3.4 ± 0.3 11.53 ± 4.76 167.4 ± 5.5 1.29 ± 0.009

10BG/LAK 56.9 ± 1.7 3.04 ± 0.04 3.3 ± 0.2 8.56 ± 0.82 173.4 ± 3.6 1.31 ± 0.007
20BG/LAK 55.7 ± 0.7 3.38 ± 0.09 2.8 ± 0.2 6.65 ± 0.59 177.5 ± 4.9 1.40 ± 0.008

Mechanical properties of the PLA-based composites also changed due to the addition of different
types of basalt powder and the LAK nucleating agent. The tensile strength of the unmodified PLA was
about 64.1 MPa, which is typical for this polymer [83]. The nucleated polylactide showed a lower Rm
value, but the difference of 1.6 MPa was small, considering the measurement uncertainties. This result
is not surprising as the study by Wang et al. showed that the influence of the nucleating agent on the
tensile strength of PLA was small [84]. More distinct changes were caused by the addition of BA, BG,
or BP. Incorporation of the particulate filler was characterized by low aspect ratio, resulting in a gradual
decrease in tensile strength to about 55 MPa for both the amorphous and the crystalline samples.
A similar relationship was described in the case of PLA filled with natural extract powders [85] and
peanut shell powder [86] as well as wood, cork, and bamboo dust [87]. The decrease in Rm of a
composite due to the addition of a filler is often explained by insufficient adhesion between the phases,
so the silanization of the basalt powder should improve the tensile strength of the material. In fact,
the BA-filled samples showed the highest Rm values among the specimens with the corresponding
filler content. Apart from the low affinity of the filler and the matrix, the decrease in tensile strength
can be connected to the low aspect ratio of the basalt powder, which does not allow for efficient stress
transfer and therefore the filler particles can act as points of stress concentration [88]. The most notable
difference can be noticed for the composites containing 20 wt% and 1% LAK, in this case, the composite
with basalt powder modified with 3-APS was 3.8 MPa stronger than the one filled with BP. The samples
filled with BG were characterized by a less favorable Rm value than the ones with BA; up to 10 wt% of
the filler, their tensile strength was similar to the ones containing unmodified basalt powder and for
the 20BG/LAK sample, it was still lower than in the case of modification with 3-APS.
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Both the addition of the nucleating agent and the basalt powder caused an increase in the modulus
of elasticity of the samples, but the pattern of the changes was different. Modification of PLA with the
nucleating agent caused an about 20% increase of the E value, which is a common result [89] caused
by a higher content of densely packed crystalline phase in the material [44]. The addition of basalt
powder also increased the modulus of PLA; however, its content needed to be 20 wt% to get a similar
outcome to 1 wt% LAK. The increased crystallinity of the nucleated polymer enhances intramolecular
interactions [84], which effectively improves the mechanical properties of the material. Micrometric
particles interact with the polymer on a different level and the increase in elasticity modulus due to its
addition was mostly caused by the fact that the E value of basalt was about 89 GPa [90], which was
36 times higher than for the pure PLA. The stiffening effect of basalt powder also depended on the
interactions between the filler and the polymer; their strong interactions limit the movement possibilities
of the particles, thus increasing the elasticity modulus. For the non-nucleated samples, no correlation of
the basalt treatment method and E value were found and, taking into consideration the measurement
uncertainties, it can be concluded that there was no difference between the samples with the same
content of various filler grades. In the case of the nucleated series, the composites containing up to
10% of BG and BA had a higher modulus than the ones with BP, but the samples with the highest filler
content showed the opposite behavior. Nevertheless, all the differences were insignificant, taking into
consideration the measurement errors. Therefore, it can be concluded that nucleation of PLA is the
most efficient way to improve its tensile modulus. Addition of rigid basalt powder also can increase the
E value, but the silanization of the filler does not have a visible influence on this property.

Polylactide is known for its low elongation at the break value and the εb value of 4.7% denoted
for the pure PLA is a typical value [91]. Nucleation of PLA with 1 wt% LAK did not significantly
change this property. Application of different kinds of basalt powder to both nucleated and unmodified
polylactide caused a visible reduction in elongation at break, but the magnitude of the changes was not
correlated with the filler content. For example, the εb value of the 5BP was 3.6% and one of the 20BP
samples was only 0.4% lower. The decrease in elongation at break, along with the aforementioned
reduction in tensile strength, is a common effect of low aspect ratio filler application [92,93]. The filler
particles, which are loosely connected to the polymeric resin, can serve as points of stress concentration,
and facilitate the propagation of cracks [94]. Interestingly, the elongation at break of the BA-filled
non-nucleated composites was notably higher in comparison to their counterparts containing BP.
This result can be caused by a better affinity between PLA and the silanized filler [92] as well as a
plasticizing effect of the low molecular weight 3-APS [95]. It also needs to be noted that in the case
of the nucleated samples, the difference in the εb value between the composites with different basalt
grades was much smaller. It can be concluded that the modifying effect of LAK was prominent enough
to cover up the influence of filler chemical treatment.

The hardness of pure PLA determined by the ball indentation method was about 140.9 MPa.
As basalt is a hard rock (5–9 in the Mohs’s Scale, depending on the resource [96]), its application caused
an increase in PLA hardness up to 150.5 MPa for the sample filled with 20 wt% BP. Silanization of the
filler caused an even more prominent hardness growth, especially in the case of the 3-APS-modified
specimens. This resulted from an enhancement of the matrix–filler interactions [97]. Similar effects
were reported by Nishitani, Kajiyama, and Yamanaka in the case of polyamide composites filled
with silane treated hemp fiber [98]. On the other hand, the unfilled, nucleated PLA showed higher
hardness than the 20BA sample. This result can be ascribed to the increased amount of the harder
crystalline phase. The addition of basalt powder to the nucleated PLA had a similar effect on composite
hardness, as in the case of the non-nucleated matrix. As a result, the 20BA/LAK and 20BG/LAK were
characterized by a hardness of almost 180 MPa, 40 MPa higher than pure PLA. It needs to be stressed
that simultaneous nucleation and silanization did not cancel their beneficial effects on the mechanical
properties of PLA.

The impact strength of all the non-nucleated samples was in the range of 7.46–9.94 kJ/m2.
Interestingly, the unfilled PLA was characterized by a slightly lower a value than the basalt-filled
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composites. The addition of 5 wt% of the inorganic filler to polylactide caused an increase in impact
strength and then its value decreased gradually along with the filler content. Similar results were
described, for example, in the case of calcium sulfate-filled PLA, where an initial increase in impact
strength with filler content was followed by a decrease [99]. The best results were obtained for the 5BA
composition, but the differences between the three basalt grades used in this study were negligible.
The basalt powder particles, regardless of the silanization process or lack thereof, were well connected
to the polymeric matrix and their presence increased the amount of energy needed to break the sample.
However, at higher filler content, the rigid basalt particles facilitated the crack propagation, and the
impact strength decreased. The nucleated series showed a similar relationship between the composition
and impact strength as the amorphous series, but the distribution of the results was wider. Supposedly,
this result comes from the fact that the presence of the filler increases the impact strength of PLA-based
composites and the improvement in crystallinity is connected to the decrease in the a value [100].

The thermal properties of the PLA and its composites determined using the DSC and TGA
methods are presented in Table 3. To connect the information about the material crystalline structure
and its properties, the values of crystallinity determined in the first heating were analyzed. As all the
samples were manufactured in the same conditions, it was assumed that their thermal history did not
cause any deviation of the results.

Table 3. Thermal properties of the PLA-BP/BG/BA composites.

Material
TCC TCR TM XCR T5 TDEG
[◦C] [◦C] [◦C] [%] [◦C] [◦C]

PLA 101.80 96.40 180.40 30.0 329.30 359.20
5BP 99.10 95.80 177.20 39.6 325.50 356.00

10BP 100.10 96.70 177.30 45.4 323.90 353.70
20BP 100.59 97.90 177.30 46.0 316.10 349.50
5BA 96.10 95.70 177.50 38.8 325.00 357.80

10BA 97.80 94.30 177.80 43.1 322.70 353.10
20BA 97.50 97.60 176.90 42.0 319.70 346.30
5BG 97.00 95.10 178.30 37.8 324.50 357.20
10BG 97.40 97.40 177.40 43.5 323.60 354.50
20BG 95.00 98.60 178.00 53.1 323.30 349.40

PLA/LAK - 130.70 181.80 45.4 326.90 361.30
5BP/LAK - 124.70 176.20 45.1 327.30 360.70

10BP/LAK - 126.20 176.90 44.1 326.50 358.10
20BP/LAK - 123.40 175.60 48.9 327.00 359.8
5BA/LAK - 125.30 176.80 45.6 324.40 357.20
10BA/LAK - 125.70 176.80 42.0 326.30 358.90
20BA/LAK - 123.80 175.90 49.2 325.90 359.00
5BG/LAK - 124.50 177.20 43.9 325.30 358.10

10BG/LAK - 124.80 176.20 45.0 326.20 360.50
20BG/LAK - 124.40 175.60 46.4 327.70 360.10

PLA and its non-nucleated composites were characterized by XCR values in the range of 30.0–53.1%.
This value is quite high for polylactide unmodified with nucleating agents, but the PLA grade used
in this study contained a small amount of d-isomer (<0.5%), which made it more susceptible to melt
crystallization [101]. Moreover, as was shown in our previous research, untreated basalt powder, which
is rich in SiO2, also promotes the crystallization of PLA [53]. Similar results are reported in Table 3.
The addition of 5 wt% of BP to PLA caused an increase in crystallinity from 30.0% to 39.6%, and along
with increasing filler content, the XCR grew to 46.0%. The crystallinity of the composites containing BA
was still higher than the one of the neat resin, but all the obtained values were similar and did not exceed
43.1%. The highest XCR values were measured for the samples with basalt powder modified using GPS.
Furthermore, all the non-nucleated materials showed cold crystallization behavior, which is typical
for PLA characterized by a slow melt crystallization rate [102]. The addition of the LAK successfully
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reduced the cold crystallization as the polymer created the crystalline structure during cooling from
the melt. All the nucleated composites were characterized by higher XCR values than their LAK-free
counterparts. In this case, the crystallinity degree was independent of the basalt powder grade or
content. Therefore, it was concluded that the modification of PLA with the LAK nucleating agent was
an efficient way to enhance the crystallization rate and improve the crystallinity of both the unfilled
polymer and its composites with different basalt grades. Importantly, the chemical treatment of basalt
powder did not affect the nucleation process in any way, so the same procedure can be applied to
increase the crystallinity of various composites.

The values of 5% mass loss temperature (T5) and degradation temperature (TDEG) determined
using the TGA method are also shown in Table 3. Unfilled PLA had T5 and TDEG values of 329.30 ◦C
and 359.20 ◦C, respectively. The addition of basalt powder, regardless of its kind, resulted in a slight
decrease in both temperature values; however, thermal degradation of PLA took place above 300 ◦C,
which is at least 120 ◦C higher than the melting temperature. It can be assumed that the addition of
either kind of basalt powder did not reduce the processing window of this polymer. In the case of the
nucleated series, the results were even more advantageous. All the tested samples had T5 values of
about 324–328 ◦C and TDEG values of 357–361 ◦C. Presumably, as the crystallinity of the nucleated
composites was also relatively uniform, it was the main factor influencing their thermal degradation.

The storage modulus (G′) and damping factor (tanδ) curves as a function of temperature (T)
determined for PLA and its composites with basalt powder and/or nucleating agent are shown in
Figure 7. For all the non-nucleated materials, the run of the G′ vs. T was similar. At the beginning, the values
of storage modulus were high (above 109 Pa), as the material was in a glassy state. Above 50–60 ◦C,
a sudden drop of G′ was attributed to the relaxation of the amorphous part of the polymer [44].
This phenomenon was also indicated by a prominent peak in the tanδ vs. T curve. A rubbery plateau was
not developed, as around 90 ◦C, the storage modulus increased once again, indicating cold crystallization
of the polymer [103]. Even though all the PLA-based materials underwent similar processes during the
experiment, their thermomechanical properties were not the same. Unfilled PLA had the lowest storage
modulus among all the studied samples. This observation agrees with the results of the quasi-static tensile
test, which proved that the addition of basalt powder increased the stiffness of polylactide. Furthermore,
despite the comparable glass transition temperatures for the PLA and PLA-BP non-nucleated composites
and an increase of only about 1 ◦C after BP addition, the run of the G′ curve indicated that the basalt-filled
samples had higher stiffness after the glassy transition due to the reinforcing effect of the rigid domains
of the filler dispersed in the polymeric matrix. This phenomenon indicates a beneficial influence of this
filler on the thermomechanical stability of the composites even in the case of non-simultaneous use of the
nucleating agent.

Even though the storage modulus of the nucleated PLA and its composites determined at lower
temperatures was similar in the unmodified series, its further run was different. The drop of G′, attributed
to the glass transition of the material, took place at higher temperatures. Moreover, the LAK-nucleated
samples did not undergo cold crystallization and after the relaxation of the amorphous phase, the G′

value remained stable up to the end of the measurement. The storage modulus of the crystalline samples
measured above the glass transition was about one order of magnitude higher than the non-nucleated
ones. This behavior results from the fact that the LAK-modified samples contained a lower amount of
the amorphous phase that underwent relaxation, and also from enhanced interactions of the polymeric
chains in the amorphous and crystalline parts. Interestingly, the nucleated samples filled with different
kinds of basalt showed similar behavior during the DMTA experiment, but the G′ vs. T curves of the
samples with higher basalt content were shifted vertically to higher storage modulus values. This result
indicates that the addition of this inorganic particle-like filler improved the thermomechanical stability
of the crystalline samples as well as the non-nucleated ones.
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In order to quantitatively evaluate the influence of the filler type and content on the
thermomechanical properties of the PLA-based composites, the values of glass transition, tanδmax,
brittleness B, the effectiveness of the filler C, and reinforcement efficiency r are presented in Table 4.
Glass transition of the unmodified PLA was about 67.1 ◦C. The addition of the basalt powder,
regardless of its kind, shifted it to slightly higher temperatures. Even though this change was rather
small, it indicates that there are interactions of the filler and the matrix and that the basalt particles
limit the movement possibilities of the polymer chains. This result was also true for the silanized
filler. The application of the modifying agent characterized by low molecular weight did not cause
plasticization of the polymer. The nucleated materials underwent a glass transition at a higher
temperature than the LAK-free ones, which was caused by their higher crystallinity. The TG value
determined for the PLA and its composites was almost the same, about 71.0 ◦C, and the deviations
were probably caused by random factors such as signal processing by the measuring system. It can be
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concluded that the crystallinity had a bigger influence on the glass transition of PLA-based composites
than the addition of the filler. Therefore, the interactions of the macromolecules in the amorphous and
the crystalline phase of the material were stronger than the interactions of the polymeric chains and
the filler. The highest value of tanδmax (that is, the damping factor value at TG) was determined for
the unmodified, unfilled PLA. The addition of basalt powder caused a decrease of the tanδmax value
and the magnitude of the change was directly proportional to the filler content. This relationship was
also true for the nucleated series, but in this case, the peak of the damping factor was much lower.
No visible difference in the samples with the untreated and silanized basalt powder was noticed.

Table 4. Thermomechanical properties of the PLA-BP/BG/BA composites.

Material
Glass Transition, TG tanδmax Brittleness B C r30◦C r80◦C

[◦C] [-] [1010/%Pa] [-]

PLA 67.1 1.300 1.31 - - -
5BP 68.2 1.090 1.56 0.59 4.50 39.18

10BP 67.8 0.926 1.49 0.43 5.60 42.78
20BP 68.7 0.848 1.36 0.32 4.36 35.40
5BA 68.5 1.150 1.47 0.67 3.10 26.62

10BA 68.1 0.966 1.36 0.43 4.78 40.65
20BA 68.1 0.846 1.13 0.30 4.49 39.26
5BG 67.8 0.935 1.50 0.46 5.07 64.93
10BG 67.8 0.918 1.31 0.42 3.82 39.12
20BG 68.1 0.772 1.49 0.26 3.53 42.84

PLA/LAK 71.2 0.295 1.01 - - -
5BP/LAK 71.5 0.260 1.63 0.73 2.99 20.72
10BP/LAK 71.9 0.271 1.50 0.77 1.90 8.89
20BP/LAK 70.5 0.235 1.56 0.66 2.52 9.24
5BA/LAK 71.5 0.265 1.41 0.77 4.14 18.76
10BA/LAK 70.9 0.253 1.40 0.73 3.69 13.34
20BA/LAK 70.9 0.238 1.30 0.66 3.51 10.73
5BG/LAK 71.2 0.269 1.40 0.79 2.76 15.92

10BG/LAK 71.9 0.255 1.31 0.72 3.69 13.97
20BG/LAK 71.2 0.238 1.35 0.66 3.41 10.54

The C parameter, called the effectiveness of the filler, helps to evaluate the influence of the filler
on the thermomechanical stability of the composite. The lower its value, the more effective the filler.
As shown in Table 4, the C values decreased along with the filler content, especially in the case of the
non-nucleated samples filled with the silanized basalt powder. The lowest value of 0.26 was calculated
for the 20BG sample. It was visibly smaller than in the corresponding sample with untreated basalt,
which indicated that silanization with GPS had a positive effect on the thermomechanical properties
of the PLA composites. Nevertheless, the nucleated series presented notably higher C values in the
range of 0.66–0.79. In this case, the effectiveness of the silanized filler was not better than the untreated
basalt. However, this result did not indicate poor thermomechanical stability of the studied materials,
but showed that the application of the filler had a smaller influence on this property than the matrix.

Unlike the C factor, the value of the reinforcement efficiency r was related to the volumetric filler
content. For the BP-filled non-nucleated series, it was seen that the composite filled with 10 wt% of
basalt powder showed the highest r values at 30 ◦C and 80 ◦C (r30◦C and r80◦C), whereas the 5BP and
20BP samples showed comparable reinforcement efficiency. A similar relationship was observed for the
composites filled with BA, but in this case, the r values calculated for the samples with 10 and 20 wt%
of the filler were much more similar. It can be assumed that modification of basalt powder with 3-APS
allowed application of a higher content of this low-cost waste filler in the PLA composites without
deterioration of its properties. In the case of the GPS-modified basalt powder, the samples with 10 and
20 wt% of the filler had a similar reinforcement efficiency as the BA-filled composites, but the highest
r-value was achieved by the 5BG sample. This result indicated that even a small amount of this filler
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had a noticeable influence on the thermomechanical properties of the PLA-based composites, so the
chemical treatment of basalt powder with GPS was a reasonable solution. Furthermore, in the case of
all non-nucleated samples, the r values calculated at 80 ◦C were an order of magnitude higher than
the ones evaluated at 30 ◦C. It can be concluded that the application of basalt powder, regardless of its
chemical modification, can significantly improve the high-temperature performance of polylactide-based
composites. The reinforcement efficiency of the nucleated samples determined at 30 ◦C was lower than
for those unmodified with LAK. Even though the change was not very prominent, it showed that the
influence of nucleation on the PLA thermomechanical properties was stronger than the influence of the
addition of the filler. For the r80◦C value, the difference between the amorphous and crystalline samples
was even more noticeable as the increase in crystallinity was the most efficient way to improve the
high-temperature stability of PLA.

Brittleness, as proposed by Brostow et al., is a property of a material that combines its quasi-static
and dynamic performances. The lower the brittleness, the better the ductility of the specimen [104].
The addition of the unmodified basalt powder increased the B value of PLA. This result is reasonable
if the decrease in tensile strength and elongation at break of the BP-filled composite is taken into
consideration. Interestingly, the 3-APS-modified series showed much lower brittleness, and the B value
determined for the 20BA sample was even lower than the one of the unfilled PLA. This outcome indicates
enhanced adhesion between the phases in the composite, as the material can present more ductile
behavior without cracking. The BG-filled series was less brittle than the composites with the unmodified
basalt powder, but not as ductile as the samples containing BA. Therefore, the modification of the filler
with GPS was only partially effective. The nucleated composites presented higher B values than the
amorphous ones. Interestingly, both series containing the signalized basalt powder showed similar
brittleness, which was lower than for BP-filled composites, but higher than for the PLA/LAK sample.

The value of the heat deflection temperature (HDT) was used to evaluate the thermomechanical
stability and to determine the temperature range for PLA applications. In Figure 8, the HDT measured
for the unmodified and nucleated PLA composites with basalt powder is shown. The HDT of unfilled,
non-nucleated polylactide did not exceed 60 ◦C, which is typical for this material and can be connected to
the glass transition temperature of about 67 ◦C, as indicated by the DMTA. The addition of 5 and 10 wt%
basalt powder did not visibly change the heat deflection temperature of the composites. Only the
samples with the highest studied filler content were characterized by HDT above 70 ◦C. Interestingly,
this behavior was the most visible for the BP series. Figure 8 indicates that nucleation with LAK was
a much more efficient way to improve the heat deflection temperature of PLA than the addition of
the chemically treated basalt powder. The unfilled, nucleated PLA had an HDT value about twice as
high as the amorphous sample. This result agrees with the literature, which shows that the increase
in crystallinity resulted in improved thermomechanical stability of the polylactide [44]. However,
the highest heat deflection values up to 160 ◦C were found in the composites containing both LAK and
basalt powder. As no relationship of the filler content and the crystallinity of the basalt-filled nucleated
samples was identified, this increase should be attributed to the presence of the filler particles, which are
characterized by high thermal stability and good affinity to the polymeric matrix. By limiting the
movement of PLA chains, the basalt particles improved the high-temperature stability of the composites.
In the case of the non-nucleated series, this behavior was also true, but the interactions of the filler
and the polymer were not strong enough to suppress the relaxation of the amorphous phase, which
determines the HDT value. For the nucleated, crystalline composites, the glass transition was not the
main phenomenon behind their thermal stability and the filler–polymer interactions added an extra
boost to the high-temperature behavior of the composites. Interestingly, there was no clear relationship
between the filler content and the HDT value of the PLA-based composites. Even 5 wt% of the filler
had an observable effect on the thermomechanical stability of the samples, but its increase to 20 wt%
did not have a disadvantageous influence. Silanization with either 3-APS and GPS also did not affect
the heat deflection temperature of PLA.
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4. Conclusions

In this study, PLA-based composites filled with different grades of basal powder as well as a
nucleating agent were successfully manufactured and subjected to an in-depth analysis of structure,
mechanical properties, miscibility, and thermomechanical stability. It was found that adding up to 20 wt%
of the inorganic waste filler as well as a nucleating agent resulted in excellent thermomechanical stability
(HDT up to 160 ◦C) and mechanical properties (tensile modulus about 3 GPa, impact strength about
2.5 kJ/m2) and does not limit processability of the material. Silanization with either 3-APS or GPS can,
to some extent, improve the matrix–filler interactions in the composite, regardless of the application of the
nucleating agent. Even though the silanization procedure was performed correctly, the improvement in
the properties of the composites due to chemical treatment with basalt powder does not justify the use
of the silanization step in the preparation procedure. Apparently, basalt powder, due to relatively low
number of free –OH groups on the surface, is not as prone to improvement of its affinity to PLA as some
of the more hydrophilic materials such as plant fibers. BP, without time-consuming chemical treatment,
can be an effective filler for thermally-stable, easy to process, sustainable PLA composites.
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2018, 29, 16–19.

2. Czarnecka-Komorowska, D.; Wiszumirska, K. Sustainability design of plastic packaging for the Circular
Economy. Polimery 2020, 65, 8–17. [CrossRef]

3. Zink, T.; Geyer, R. Material Recycling and the Myth of Landfill Diversion. J. Ind. Ecol. 2019, 23, 541–548.
[CrossRef]

4. Jin, F.-L.; Hu, R.-R.; Park, S.-J. Improvement of thermal behaviors of biodegradable poly(lactic acid) polymer:
A review. Compos. Part B Eng. 2019, 164, 287–296. [CrossRef]

5. Madhavan Nampoothiri, K.; Nair, N.R.; John, R.P. An overview of the recent developments in polylactide
(PLA) research. Bioresour. Technol. 2010, 101, 8493–8501. [CrossRef] [PubMed]

http://dx.doi.org/10.14314/polimery.2020.1.2
http://dx.doi.org/10.1111/jiec.12808
http://dx.doi.org/10.1016/j.compositesb.2018.10.078
http://dx.doi.org/10.1016/j.biortech.2010.05.092
http://www.ncbi.nlm.nih.gov/pubmed/20630747


Materials 2020, 13, 5436 21 of 25

6. Vink, E.T.H.; Rábago, K.R.; Glassner, D.A.; Gruber, P.R. Applications of life cycle assessment to
NatureWorksTM polylactide (PLA) production. Polym. Degrad. Stab. 2003, 80, 403–419. [CrossRef]

7. Zhang, Q.; Cai, H.; Ren, X.; Kong, L.; Liu, J.; Jiang, X. The Dynamic Mechanical Analysis of Highly Filled
Rice Husk Biochar/High-Density Polyethylene Composites. Polymers 2017, 9, 628. [CrossRef]
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Synergistic effect of different basalt fillers and annealing on the structure and properties of polylactide
composites. Polym. Test. 2020, 89, 106628. [CrossRef]

53. Barczewski, M.; Mysiukiewicz, O.; Matykiewicz, D.; Skórczewska, K.; Lewandowski, K.; Andrzejewski, J.;
Piasecki, A. Development of polylactide composites with improved thermomechanical properties by
simultaneous use of basalt powder and a nucleating agent. Polym. Compos. 2020, 41, 2947–2957. [CrossRef]

54. Goodrich, J.E.; Porter, R.S. A rheological interpretation of torque-rheometer data. Polym. Eng. Sci. 1967, 7,
45–51. [CrossRef]

55. Fischer, E.W.; Sterzel, H.J.; Wegner, G. Investigation of the structure of solution grown crystals of lactide
copolymers by means of chemical reactions. Kolloid-Z. Z. Polym. 1973, 251, 980–990. [CrossRef]

56. Brostow, W.; Hagg Lobland, H.E.; Narkis, M. Sliding wear, viscoelasticity, and brittleness of polymers.
J. Mater. Res. 2006, 21, 2422–2428. [CrossRef]

57. Pothan, L.A.; Oommen, Z.; Thomas, S. Dynamic mechanical analysis of banana fiber reinforced polyester
composites. Compos. Sci. Technol. 2003, 63, 283–293. [CrossRef]

58. Einstein, A.; Furth, R. Investigations on the Theory of Brownian Movement; Dover Publications:
New York, NY, USA, 1956.

59. Barczewski, M.; Lewandowski, K.; Rybarczyk, D.; Kloziński, A. Rheological and single screw extrusion
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