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A B S T R A C T   

The paper presents a study of the thermomechanical behavior of polylactide (PLA) composites filled with two 
different types of basalt fillers: micrometric basalt fibers (BMF) and basalt powder (BP) incorporated into the 
polymeric matrix with the amount of 5, 10 and 20 wt%. The composites were manufactured by melt processing 
and subjected to the annealing process in order to obtain a highly crystalline structure without the addition of 
nucleating agents. We found a remarkable enhancement of the thermomechanical stability of polylactide-based 
composites filled with basalt powder (BP) and micrometric basalt fibers (BMF) in the case of use of the thermal 
post-processing procedure. Despite a relatively low nucleation ability of the fillers on PLA, their presence in the 
case of annealed PLA-samples caused an additional increase up to 15 �C of the heat deflection temperature. The 
BP-filled composites reveal comparable thermomechanical properties improvement to BMF-filled composites, 
with higher resistance to adhesion loss in the polymer-filler interface during annealing.   

1. Introduction 

Polylactide or poly(lactic acid) (PLA) plays the dominant role in the 
market of biodegradable polymeric materials, finding the widest range 
of applications [1,2]. Its beneficial mechanical properties, good pro
cessability, the ability to undergo biodegradation in industrial condi
tions, as well as low cost and high availability, attract the interest of 
scientists and industry-associated researchers [3–5]. One of the most 
extensively researched fields related to PLA is the development of the 
production technology of composites based on it [6]. The application of 
both organic and inorganic fillers, including waste materials and 
by-products, allows to modify the properties of the biodegradable 
polymeric matrix thanks to complex interactions, including reinforcing 
effects and toughening resulting from the presence of rigid particles and 
the modification of macromolecular PLA structure [7–12]. 

One of the most significant disadvantages of PLA, which strongly 
suppresses its application as a construction material, is its poor ability to 
form a crystalline structure and the resulting relatively low thermo
mechanical stability (glass transition temperature Tg~60 �C). The 
overall mechanical and thermomechanical properties of PLA are 

strongly dependent on polymer crystallinity as well as molecular weight. 
Most of the commercially available PLA grades are polymers charac
terized by a relatively low crystallization rate [13]. It should be 
mentioned that even the addition of various nucleating agents such as 
talc, aromatic sulfonate derivatives or poly-D-lactide stereocomplexes 
[14] demands using low cooling rates during processing in order to 
obtain a highly crystalline structure, which in case of the injection 
molding process is connected with the extension of cooling time during 
forming. 

According to previously published studies, the annealing of PLA al
lows to obtain an increased crystallinity level in the post-processing 
procedure. The subjection of amorphous biopolyesters into elevated 
temperature, above the glass transition and below their melting tem
perature, resulting in complex relaxation [15] which may cause many 
beneficial changes in its properties such as an increase in hardness and 
scratch resistance [16], tensile strength and modulus [17] or heat 
resistance [18]. As reported by Yang et al., the application of annealing 
with properly time-temperature conditions resulted in higher glass 
transition (Tg) increase in comparison to modification with zinc phenyl 
phosphonate used as a nucleating agent [19]. The annealing procedure 

* Corresponding author. 
E-mail address: mateusz.barczewski@put.poznan.pl (M. Barczewski).  

Contents lists available at ScienceDirect 

Polymer Testing 

journal homepage: http://www.elsevier.com/locate/polytest 

https://doi.org/10.1016/j.polymertesting.2020.106628 
Received 18 December 2019; Received in revised form 10 May 2020; Accepted 16 May 2020   

mailto:mateusz.barczewski@put.poznan.pl
www.sciencedirect.com/science/journal/01429418
https://http://www.elsevier.com/locate/polytest
https://doi.org/10.1016/j.polymertesting.2020.106628
https://doi.org/10.1016/j.polymertesting.2020.106628
https://doi.org/10.1016/j.polymertesting.2020.106628
http://crossmark.crossref.org/dialog/?doi=10.1016/j.polymertesting.2020.106628&domain=pdf
http://creativecommons.org/licenses/by/4.0/


Polymer Testing 89 (2020) 106628

2

may also be used in more complex polymeric systems, including blends 
and composites. Ge et al. obtained a profitable and controlled phase 
separation of PLA-PBC blends, which led to the occurrence of major 
toughening micromechanisms [20]. Wootthikanokkhan et al. studied 
the effect of annealing on composites containing various fillers (mont
morillonite MMT, boron nitride BN and kenaf fibers) [21]. Their results 
showed that incorporating particle and fibrous fillers into the amor
phous PLA matrix caused hardly any effects on the heat deflection 
temperature, while after the annealing process, a synergistic effect of the 
filler addition and thermal treatment was dependent on the filler type. 
The most favorable effects were observed in the case of the fibrous filler, 
while the addition of fillers of a different origin (organic and inorganic) 
caused similar stiffness improvement, after annealing the composites 
elasticity modulus varied with the most profitable effect observed for 
particle-shaped fillers, i.e. MMT and BN in the PLA matrix [21]. 
Therefore, it can be stated that both the surface conditions, as well as the 
geometry of the filler, play a role in the final properties of the amorphous 
PLA composites subjected to thermal treatment. Detailed work of other 
researchers focused on the analysis of changes in the crystalline struc
ture of PLA composites modified with inorganic particle fillers such as 
mica [22], calcium carbonate [23] and montmorillonite [24] showed 
the dominant role of polymer crystallinity on the effective strengthening 
of the composite at elevated temperature conditions. The synergism of 
the simultaneous interaction of the presence of the filler and annealing 
process also depended on the nucleating ability of the filler [23], how
ever the dominant effect was assigned to post-processing conditions 
[24]. 

Due to the growing interest and demands of the industry, basalt- 
based fillers are gaining ground in many academic studies [25,26]. 
Researches focus on the modification of both thermoplastic [27,28] and 
thermoset [29,30] materials using basalt fibers (BF) as a replacement for 
glass fibers (GF) or carbon fibers (CF). The biggest advantage of BF is 
that their production requires hardly any additives, which makes pro
cessing them more sustainable and economically justified in comparison 
to GF. The main advantage of using basalt fibers in polymeric compos
ites is the possibility of mechanical, thermomechanical and thermal 
properties enhancement. The subject of PLA modification using basalt 
fibers has been widely discussed in previously published studies [26,28, 
31–34]. Most of the work concerns the impact of the content of short 
(chopped) basalt fibers, with the length in between 400 μm and 10 mm, 
on the mechanical and thermomechanical properties of composites 
shaped in the injection process. The most beneficial effect of BF addition 
is a significant improvement in the mechanical properties of the com
posites. The incorporation of chopped basalt fibers with an average fiber 
length of 400 μm, allows achieving above 100 MPa tensile strength for 
PLA composites containing 30 wt% of BF [32]. For composites based on 
PLA reinforced with long basalt fibers produced by compression mold
ing, tensile strength exceeding 300 MPa was reported [35,36], which 
can be comparable to glass fiber reinforced composites based on un
saturated polyester resin [37]. An additional increase in the mechanical 
properties of composites modified with basalt fibers has been achieved 
in previous practice by the introduction of modifiers or inorganic fillers 
such as talc, which show the nucleating ability on PLA [33,34]. 

In our previous studies, we investigated the possibility of applying 
basalt powder (BP), which is a waste product generated during the road 
ballast production as a filler for different polymer types [38–41]. The 
results clearly showed that the application of BP allows to enhance the 
thermomechanical and thermal properties similar to the use of basalt 
fibers while using significantly cheaper material. 

The simultaneous effect of annealing and BF addition on PLA com
posites has already been described [25]. Ying et al. showed that both 
surface treatment, as well as the annealing procedure, have a significant 
effect on the mechanical properties of composites reinforced with 
chopped basalt fibers with a length of 5 mm. Their results showed a 
similar effect of a 20% increase in tensile strength improvement con
nected with the application of both silane surface modification and 

annealing. 
Our studies were undertaken with the aim of minimizing the po

tential production costs of the finished biodegradable products. We 
compared the effectiveness of the particle and fibrous basalt-fillers with 
the simultaneous use of the annealing procedure on the thermo
mechanical properties of the PLA matrix. Moreover, in comparison to 
the studies already described in the literature, we used unchopped 
micrometric basalt fibers (BMF) with a length of up to 150 μm, obtained 
by the milling process, rather than short fibers. The use of the fillers, as 
well as the post-processing method, was based on two assumptions: that 
the basalt fibers could be replaced by low-cost waste basalt powder and 
that the thermal treatment may be used as a cost-effective way to 
improve the performance of biopolyesters and their composites which 
may exclude the necessity of using nucleating agents and limitations 
resulting from affecting the processing cycle time realized in order to 
improve the crystallinity of PLA. The main purpose of the PLA-BP/BMF 
materials presented in this study is to become the matrix for the pro
duction of the long fiber-reinforced composites, with the assumption of 
two-step processing, including compression or injection molding by 
insert overmolding technique. Undertaken modification procedure is 
focused on the possibility of thermomechanical stability improvement 
with the simultaneous reduction of the polymeric content in the com
posite without a strong deterioration of the mechanical properties. 

2. Experimental 

2.1. Materials and sample preparation 

Commercial grade polylactide (PLA) Ingeo™ 2500HP, with a melt 
flow rate (MFR) of 8 g/10 min (210 �C, 2.16 kg), density of 1.24 g/cm3, 
D-Lactide content of 0.25 mol%, molecular weight Mn ¼ 71,900 Da and 
dispersity Đ ¼ 1.62 [42,43] supplied by Nature Works (USA) was used. 

Two types of basalt fillers were used in this study: basalt powder (BP) 
and micrometric basalt fibers (BMF). The natural basalt powder (BP), 
which was a waste product from the production of track ballast rocks, 
was mined in Wilkow (Poland). The inorganic particle-shaped filler was 
characterized by the average particle size of 10.2 μm and moisture 
content, determined with TGA as a mass loss at 130 �C of 1.6%. The 
dominant chemical ingredients of BP were as follows: SiO2 (49.5%), 
Al2O3, (15%), CaO (9.6%), FeO (8.7%), MgO (6.8%) and Fe2O3 (3.7%) 
[44]. Micrometric basalt fiber (BMF) MICF0021 manufactured by the 
milling process was purchased from Incotelogy (Germany), and was 
produced without any sizing and chemical surface treatment. The 
fiber-shaped filler was characterized with 8–13 μm diameter, 5-150 μm 
length, 2.65–2.75 g/cm3 density, and moisture content of 1.2%, deter
mined with TGA as a mass loss at 130 �C. BMF have the following 
chemical structure: SiO2 (41-55%), Al2O3 (10-20%), FeO/Fe2O3 
(7-18%), CaO (6-13%), MgO (1-15%), Na2O (2–7.5%) and TiO2 
(0.5–3%) [45]. 

Prior to the mixing process, PLA pellets were ground into a powder 
after cooling with liquid nitrogen. The irregularly shaped PLA powder 
was mechanically mixed with 5, 10 and 20 wt% of the filler respectively 
and dried using Memmert ULE 500 dryer at 70 �C for 24 h. Next, all the 
materials were mixed in a molten state by means of a ZAMAK EH-16.2D 
twin-screw co-rotating extruder. The processing was realized at the 
maximum temperature of 190 �C and rotational speed of the screws 100 
rpm, and pelletized after cooling in forced airflow. Specimens with di
mensions according to ISO 527 were formed using a Battenfeld PLUS 35 
hydraulic injection molding machine operating at the maximum pro
cessing temperature of 210 �C. The injection molding process was con
ducted under the following conditions: mold temperature 50 �C, 
injection speed 75 mm/s, forming pressure 72 MPa and cooling time 50 
s. After forming and conditioning for 7 days, selected samples were 
annealed in Teflon molds in order to cause the recrystallization process. 
Annealing was realized in Memmert ULE 500 laboratory dryer for 3 h 
and an elevated temperature of 100 �C. The annealing temperature was 
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based on preliminary DMA experiments, taking into account the litera
ture data. The temperature of 100 �C allowed to obtain a combination of 
two different PLA crystalline forms α and α0, due to being in the middle 
of the transition region (85 �C and 145 �C for α and α’ respectively) [46, 
47]. The samples were described in reference to the amount and type of 
the filler as PLA; 5BP; 10BP; 20BP; 5BMF; 10BMF; 20BMF. Series of the 
samples subjected to the annealing process were assigned with addi
tional “-a” suffix, e.g., PLAa, 10BPa. 

3. Methods 

Differential scanning calorimetry (DSC) measurements were per
formed using a Netzsch DSC 204 F1 Phoenix® apparatus with aluminum 
crucibles and approximately 5 mg samples under nitrogen flow. All the 
samples were heated up to 210 �C and held in a molten state for 5 min, 
followed by cooling down to 20 �C. Heating and cooling rates were equal 
to 10 �C/min. This procedure was conducted twice to evaluate the DSC 
curves from the second melting procedure and gain extensive informa
tion about the influence of both the nucleating ability of basalt fillers as 
well as processing and post-processing of PLA and its composites. The 
crystallinity degree XC was calculated according to the following for
mula (1): 

XC ¼
ΔHM � ΔHCC

ð1 � ϕÞ⋅ΔH100%PLA
⋅100% (1)  

where: ΔHM-is the melting enthalpy of a sample, ΔHCC - is the cold 
crystallization enthalpy of a sample, ΔH100%PLA - is the melting enthalpy 
of the 100% crystalline PLA, ΔH100%PLA ¼ 93 J/g [48], ϕ - is the filler 
content. 

The influence of BP and BMF on the changes in the crystalline 
structure of PLA was investigated with polarized light microscopy 
(POM) using a Nikon polarizing light microscope equipped with a 
Linkam TMHS 600 hot stage. The 15 μm thick microtome cut samples 
were squeezed between two microscope glass slides, then inserted in the 
hot stage. The evaluation of the growing spherulite structure was 
monitored during solidification by taking photomicrographs at appro
priate intervals of time, using an Opta-Tech digital camera. The analysis 
was conducted with the magnification of 200�. In order to obtain 
extensive information about the influence of basalt fillers on the struc
ture of PLA-BP/BMF composites, solidification from the molten state 
was conducted under non-isothermal and isothermal conditions. In the 
case of the non-isothermal experiment, each sample was heated from 25 
to 210 �C at a rate of 10 �C/min, melted at 210 �C for 5 min to erase 
previous thermal history, and cooled down to 20 �C with the cooling rate 
of 10 �C/min. In the case of isothermal test, after melting, the samples 
were cooled to 130 �C with a cooling rate of 5 �C/min, and maintained at 
this temperature for 30 min. 

Linear shrinkage of the PLA and its composites was evaluated by 
measurements of sample length formed in the injection molding cavity 
characterized with 4.15 � 10.15 � 121.2 mm3 dimensions using a 
Mitutoyo electronic caliper. Each evaluation was based on measure
ments of 15 specimens. 

The structural changes evaluation caused by the incorporation of the 
filler was determined by scanning electron microscopy (SEM). The 
samples’ fracture surfaces were examined and digitally captured using a 
scanning electron microscope Tescam VEGA 5135 MM. The electron 
accelerating voltage of 12 kV was applied. The samples were fractured 
after being cooled in liquid nitrogen, in order to reduce the effect of 
plastic deformation influencing the polymer-filler interface. Prior to the 
tests, all the specimens were sputtered with a layer of gold. The mag
nifications of 2000� and 5000� were used. 

Heat deflection temperature (HDT) investigations were conducted 
with the use of the CEAST HV3 apparatus. The measurements were 
carried out in an oil bath in accordance with ISO 75 standard HDT B type 
experiment was prepared with a heating rate of 120 �C/h and stress 0.45 

MPa. 
The dynamic mechanical properties of the composites, with 10 � 4 �

50 mm3 dimensions, were studied using DMA methods in a torsion 
mode, operating at the frequency of 1 Hz and strain of 0.01% in the 
temperature range between 25 �C and 100 �C, and at the heating rate of 
2 �C/min. 

The mechanic properties of pure PLA and PLA-BP/BMF composites 
were evaluated in a tensile test according to ISO527 standard by means 
of Zwick Roell Z020 universal testing machine with 10 kN force sensor. 
The tests were carried out with a crosshead speed of 1 mm/min during 
the determination of elasticity modulus and 50 mm/min during the 
determination of tensile strength and elongation at break. Each evalu
ation was prepared for 15 test specimens. 

The impact strengths of the unnotched samples with 10 � 4 � 15 
mm3 dimensions were measured by the Dynstat method using a Dys-e 
8421 apparatus equipped with a 0.98 J hammer according to the DIN 
53435 standard. The presented impact strength values are the arithmetic 
means calculated from 15 measurements. 

Brittleness was calculated by means of the procedure described by 
Brostow et al. [49] according to the following formula (2): 

B¼
1

ðεb⋅E’Þ
(2)  

where: εb is the elongation at break determined in tensile test mea
surements, and E0 is the storage modulus determined by dynamic me
chanical analysis (DMA) at a defined temperature and 1 Hz frequency. In 
this study, the values of storage modulus (G0) determined in a torsion 
mode of DMA analysis were applied to Equation (2). 

4. Results and discussion 

4.1. Thermal properties 

Fig. 1 shows the first and second heating curves of PLA and PLA-BP/ 
BMF composites obtained during the DSC experiments, while the ther
mal properties, including crystallinity (Xc) calculated according to for
mula (1), melting (Tm) and crystallization (Tc) temperatures are 
presented in Table 1. It can be seen that the nucleating ability of both 
fillers was insufficient to obtain the dominant semicrystalline structure 
of the PLA-based composites in the rapid cooling conditions during in
jection molding. The cold crystallization effect may be observed for all 
first heating curves, however the cold crystallization phenomenon 
occurred during the second heating only in the case of the unmodified 
PLA sample. The lack of the exothermic peak in the range of up to 110 �C 
for composite samples suggests a limited nucleating ability of both 
basalt derivatives. The slow cooling rate (10 �C/min) during the cooling 
in DSC chamber from the melt in the controlled thermal conditions was 
sufficient to obtain crystallization from the melt of the filled PLA. The 
small exothermic peak near 160 �C observed for all the samples during 
heating independently of thermal treatment suggests the α’ to α transi
tion of PLA [47]. This suggests also that using basalt powder and fibers 
did not provoke polymorphic changes during the crystallization of PLA. 
The crystallization temperature values confirm a slightly higher nucle
ating ability of the BP. The crystallization temperature of both com
posite types was almost independent of the filler content. The addition of 
a higher amount of BP and BMF resulted only in about 1 �C improvement 
of Tc in comparison to the composites with the lowest filler content. The 
significant difference between the crystallinity level of PLA and its 
composites determined on the basis of the first and second heating was 
observed. After being formed in rapid cooling conditions during the 
injection molding process, all the samples showed an amorphous 
structure and comparable crystallinity level ca. 18%. The application of 
a controlled cooling rate during the DSC experiment (after erasing the 
thermal history of the samples) shows a nucleating behavior of both 
basalt derivatives. The results are in good agreement with crystallization 
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temperature values, i.e. higher crystallinity was observed for composites 
filled with the particle-shaped filler. In the case of annealed samples, all 
the materials revealed a similar level of crystallinity, which suggests the 
dominant role of cold crystallization. A similar effect of the negligible 
effect of organo-modified montmorillonite content on the crystallinity of 
PLA based composites subjected to annealing was reported by Picard 
et al. [24]. 20BPa sample shows a similar level of crystallinity to 20BP 
during the second heating; this phenomenon may be a result of the 
synergistic effect of the nucleating ability of BP and annealing. No dif
ference in Xc of 20BP and 20BPa samples confirms that the application 
of only BP may be sufficient to obtain a high crystallinity level in the 
case of low cooling rate application. 

4.2. Structure evaluation 

Fig. 2 shows the structures of PLA and PLA-BP/BMF composites filled 
with 5 wt% of the inorganic particles and fibers obtained during non- 
isothermal (2 a-c) and isothermal (2 c-d) crystallization. The results 
obtained by both experiments showed a similar effect of lowered 
spherulite size for the composite containing BP, more distinct after 
isothermal crystallization. The composites containing BP were also 
characterized by a more uniform size and distribution of crystalline 
domains in the evaluated space, which suggests a higher nucleating 
ability of the particle-shaped filler. In the lower right corner of the 
microphotography obtained for the 5BP sample crystallized under 
isothermal conditions, a small transcrystalline layer (TCL) around the 
basalt particle with a size of about 40 μm can be observed. Interestingly, 
no transcrystalline region around BMF was observed, which indicates 
that this filler reveals a weak nucleating ability on PLA. A similar effect 
of no TCL was also observed for PLLA filled with flax fibers by Wong and 
coworkers [50]. On the contrary, Liu et al. reported the nucleating 
ability of BF on PLA with the formation of the transcrystalline region in 
the interface after isothermal crystallization conducted at 120 �C [51]. 
The difference may be an effect of the lack of silane treatment of BMF 
used in our study. The formation of the transcrystalline phase is strongly 
dependent on the molecular weight and stereoregularity of PLLA [52]. 
The higher amount of the spherulites with lowered size in the case of the 
PLA-BP composite may be a result of the creation of TCL around the 
irregularly-shaped particles with a higher free surface. It cannot be 
neglected that the higher ability to create a crystalline structure in the 
case of both composite types resulted from low-scale hydrolytic degra
dation effects occurring during the melt processing induced by residual 
moisture contained in the filler (higher in the case of BP). 

Fig. 3 summarizes the values of linear shrinkage measured for PLA 
and its composites before and after the annealing process. Usually, the 
addition of inorganic fillers reduces the shrinkage effect of thermoplastic 
polymers [53]. In the present case, injection-molded samples containing 
BMF were characterized by an increased effect of the filler on shrinkage 
reduction, which is due to its higher aspect ratio and flow orientation 
[54]. The annealing process caused a notable change of specimens’ 
linear dimensions. The obtained shrinkage values of the untreated PLA 
and PLA-BP/BMF composites are relatively small and consistent with 
the literature data obtained for PLA formed at comparable mold tem
perature [55]. It should be mentioned that post-mold annealing can 
increase the final shrinkage of injection molded parts, and it is usually 
the higher, the lower mold temperature during forming [54]. The long 
holding time of 25 s and application of low mold temperature (50 �C) 
allows obtaining injection molding samples with low crystallinity and 
low shrinkage values [56]. However, the residual stresses formed during 
injection molding due to the quenched oriented structure of amorphous 
PLA were subjected to relaxation during thermal treatment, which 
resulted in linear shrinkage of specimens [57]. The significant change of 
the PLA crystallinity, as well as its relatively low value before annealing, 
additionally led to increasing of linear shrinkage after recrystallization. 
This phenomenon may be limited in case of higher Xc values before 
thermal treatment. Barletta and Puopolo, in their study [58] showed a 
negligible effect of annealing process on shrinkage of injection molded 
thin-walled PLA products. However, the difference of the crystallinity 
change induced by thermal treatment was twice lower than the achieved 
in this study as well as the initial value of Xc was twice higher. 

The influence of annealing on the structure of PLA, 20BP and 20BMF 
samples was analyzed using SEM. Fig. 4 shows the images of fractured 
surfaces of the mentioned samples. It can be seen that annealing results 
in a change in the nature of the fracture. The annealed samples showed a 
more developed structure without large brittle cracks such as those 
observed for the untreated samples, which is typical for semicrystalline 
polymers and the occurrence of plastic deformation. Although several 
pull out holes were observed in the image of 20BPa, most of the inor
ganic particles are well saturated by the PLA matrix. Particle distribution 

Fig. 1. DSC 1st and 2nd heating curves of PLA and PLA-BP/BMF composites.  

Table 1 
Thermal properties of PLA-BP/BMF composites obtained by DSC.  

Material Tc Tm 1st heating Tm 2nd heating Xc 1st heating Xc 2nd heating 

[�C] [%] 

PLA 95.3 181.9 177.1 18.1 22.4 
5BP 103.5 181.0 177.5 16.5 45.8 
10BP 103.1 177.8 177.1 18.5 47.2 
20BP 103.9 180.4 176.9 16 49.7 
5BMF 101.1 179.7 178.9 16.6 47.5 
10BMF 101.0 182.3 178.5 18.1 45.2 
20BMF 101.8 181.1 177.9 16 45.8 
PLAa 96.1 180.9 177.2 45 – 
5BPa 103.2 180.8 177.9 41 – 
10BPa 103.4 179.4 177.5 44.1 – 
20BPa 103.9 179.4 176.9 49.3 – 
5BMFa 101.6 181.0 178.2 43.8 – 
10BMFa 101.6 181.8 178.3 43.2 – 
20BMFa 102.0 180.8 177.7 46.1 –  
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in the composite may also be described as uniform. A more distinct effect 
of annealing may be observed for samples containing 20 wt% of the 
micrometric basalt fiber (an additional SEM image made with higher 
magnification, Fig. 5). While properly realized annealing process usually 
causes the improvement of the bonding at PLA-filler interface [22], in 
selected cases may also result in weakening of the interfacial adhesion 
[59]. It can be clearly seen that after annealing and the cold crystalli
zation process of PLA corresponding to this procedure, the adhesion 
between the polymeric matrix and basalt particles and microfibers was 
lost. Both distinct gaps in the interfacial region and pull out holes are 
visible around the BP and BMF particles. On the other hand, in the 

untreated 20BMF sample SEM image fibers are well covered with the 
polymer without any adhesion failures, and breakage of the fibers 
occurred at the plane of the fracture. The main difference between the 
two filler types is caused by the different shapes of the filler. BP is 
characterized by a low aspect ratio and a more developed free surface, 
which allows obtaining better saturation of the filler by molten polymer 
than in the case of BMF. The interfacial adhesion between PLA and filler 
is the simultaneous effect of better compatibility and formation of the 
transcrystalline region induced by chemical treatment of the filler [60]. 
The BP showed better nucleating ability and creation of transcrystalline 
region at the surface in contrast to BMF. Due to the higher aspect ratio of 

Fig. 2. Polarized optical microscopy images of PLA, 5BP, 5BMF obtained under non-isothermal and isothermal crystallization.  

Fig. 3. Linear shrinkage of PLA-BP/BMF composites subjected to the annealing process.  
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the BMF and more regular shape, the difference between thermal dila
tation of the inorganic filler and PLA during cold crystallization was 
more distinct and resulted in the higher loss of the adhesion in the 
interfacial region. 

4.3. Thermomechanical properties 

Fig. 6 shows the results of heat deflection temperature measure
ments. As can be seen, the addition of both filler types into PLA in the 
amorphous state did not influence the thermomechanical stability of the 
composites. The annealing process resulted in a 27% increase in the 
crystallinity of PLAa, which caused a 100% increase in the HDT value in 
reference to the untreated PLA. The incorporation of both basalt fillers 
caused an additional increase in HDT. The amount of the filler, which 
effectively improved the thermomechanical stability, was 10 wt% and 
20 wt% for BP and BMF, respectively. The synergistic effect of PLA 
double modification, including annealing and addition of basalt de
rivatives, allowed to obtain 13 �C (BP) and 15 �C (BMF) increase in HDT 
in reference to the PLAa samples (119 �C). 

The thermomechanical behavior in dynamic mechanical strain con
ditions was determined using DMA. Fig. 7 shows the influence of the 
addition of the two basalt derivatives and annealing on the run of 
storage modulus (G0) and damping factor (tanδ) vs. temperature (T) 
curves. For both composite types that contained fiber- and particle- 
shaped fillers, the storage modulus curves show a course typical for 
amorphous PLA with a significant drop in stiffness in the range of the 
amorphous phase relaxation, which according to the DSC data was 
dominant in the structure of the polymeric matrix. The addition of both 
basalt derivatives, especially in the case of the highest content of the 
filler, caused an increase in storage modulus in the whole considered 
temperature range. This phenomenon resulted rather from the effect of 
the sufficient filler content than its nucleating ability, because – as it was 
proved – the untreated PLA-BP/BMF composites crystallinity was in
dependent of the filler content. However, the presence of inorganic 
fillers shifts the increase in the G0 caused by cold crystallization to higher 
temperature values, which suggests a higher level of macromolecular 
arrangement during cooling. All the samples subjected to annealing 

showed no abrupt drop in the stiffness at the beginning of the glass 
transition nor cold crystallization, which is mainly related to the 
reduced amount of the amorphous domains [61]. Additionally, unlike 
for the untreated composites, increased stiffness of the annealed com
posites corresponded to the content of the filler. A similar effect was 
observed for PLA-talc composites subjected to annealing by Batte
gazzore et al. [62], however in the case of the application of talc as a 
filler with the lowest Mohs hardness this change was attributed to its 
nucleating ability rather than its reinforcing effect. It can be stated that 
stiffness improvement measured as HDT as well as DMA (G’) was a 
synergistic effect of recrystallization and the presence of rigid inorganic 
domains of the basalt fillers. However, the reinforcing effect of inorganic 
fillers dispersed in the PLA matrix is straightly connected with high 
storage modulus at elevated temperature resulting from the crystalline 
structure of the matrix [22]. 

The damping factor (tanδ) values presented as a function of tem
perature in Fig. 7 were one order of magnitude lower for the annealed 
composites. This effect is related to the rearrangement of the amorphous 
structures of polylactide during thermal treatment, and increased stiff
ness of the composites at elevated temperature. The additional reduction 
of tanδ value at the glass transition region caused by the presence of the 
inorganic fillers as an effect of their reinforcing efficiency was also re
ported for PLA-based composites subjected to annealing filled with talc 
[62] and bamboo fibers [63]. It should be stressed that a different ten
dency in the glass transition temperature peak shift caused by the 
presence of the filler was observed for the untreated and annealed 
samples. In the case of the composites which were not subjected to 
thermal treatment, a slight shift in the glass transition was observed for 
the samples with the highest amount of the filler after processing, 
whereas the annealed samples show the opposite tendency. This phe
nomenon may be related to the loosened adhesion in the interface be
tween the polymer and the filler [64], which is in good agreement with 
the SEM analysis. 

The synergistic effect of both modification methods was also 
confirmed by the analysis “C” factor, which allows assessing the effec
tiveness of the filler on the polymeric matrix in a quantitative way. The 
values of “C” factor can be calculated according to the following formula 

Fig. 4. SEM image of PLA and PLA-composites containing 20 wt% of the filler before and after annealing.  
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(3): 

C¼
ðG’

g

.
G’rÞcomposite

ðG’
g

.
G’rÞmatrix

(3)  

where G’g and G’r are the values of storage modulus determined in the 
glassy state and in the rubbery state, after passing the glass transition of 
the material. 

The values of C factor are presented in Table 2. The effectiveness of 
the filler calculated in reference to pure PLA for the untreated samples 
shows relatively high values, which indicates poor effectiveness of the 
filler. The difference between the effect of the two fillers on the stiffness 
of the samples in the considered temperature values is clearly visible. 
For BP-filled PLA composites, no distinct tendency was observed, while 
increasing the content of BMF resulted in the gradual lowering of the C 
value. The effectiveness of the filler for the composites with the amor
phous PLA matrix filled with the particle-shaped filler was independent 
of the filler content, which suggests the dominant role of the nucleating 
ability of BP over the reinforcing effects caused by the presence of rigid 
basalt structures. For the annealed samples, the C factor values show a 
distinct tendency to increase the efficiency of the filler on the 

thermomechanical properties modification dependent on the filler 
content. For the thermally treated samples, the thermomechanical 
parameter was calculated in reference to the annealed pure PLA as well 
as the untreated sample (results indexed with *). The C factor values 
calculated in reference to the untreated PLA are low, which may be 
interpreted as a significant improvement of the thermomechanical sta
bility of the composites. For the composites with the PLA matrix con
taining a higher amount of the crystalline phase efficiency of the filler 
was slightly higher for BMF. 

4.4. Mechanical properties 

Fig. 8 shows the mean values of selected mechanical parameters 
obtained by a tensile test, impact strength measurements and a hardness 
evaluation. The results of a tensile test proved that the annealing process 
has a major influence on mechanical properties. Despite the fact that the 
addition of both basalt derivatives caused increasing stiffness of the 
composite samples, 17% improvement of elasticity modulus was 
observed only for the samples with the highest content of BMF. Tensile 
strength was reduced by the addition of the basalt fillers. While for BP 
this effect is reasonable and it is typical for particle-shaped inorganic 

Fig. 5. SEM image of an interfacial region of composites containing 20 wt% of BP and BMF.  
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Fig. 6. HDT values of PLA and PLA-BP/BMF composites.  

Fig. 7. G0 and tanδ vs. temperature curves obtained by DMA.  

M. Barczewski et al.                                                                                                                                                                                                                            



Polymer Testing 89 (2020) 106628

9

filler due to low aspect ratio and the presence of the areas of imperfect 
adhesion at the developed surface of the filler which causes stress con
centration [65], the reduction of the tensile strength of the BMF-filled 
composites may be directly related to insufficient adhesive bonding 
between PLA and BMF. A similar effect was described by T�abi et al. for 

PLA-based composites filled with untreated BF [26]. It should be 
stressed that no significant effect of the thermal treatment was observed 
for any sample, nor any reduction in mechanical resistance determined 
in a static test showed to be significant enough to exclude either com
posite type for application as construction materials. PLA showed a 
200% increase in elongation at break in comparison to the untreated 
pure PLA sample after the recrystallization of the polymeric structure 
caused by annealing. All BP-filled and untreated BMF-filled composites 
showed elongation values comparable to the one of the amorphous PLA. 
A different behavior was noted for the annealed composites containing 
BMF. In reference to the SEM analysis and DMA measurements, it can be 
stated that increased elongation at break of the BMFa composite series 
resulted from a drastic failure of the adhesion between the filler and the 
polymeric matrix. Adhesion loss caused the transfer of all strain by the 
matrix; only in the case of the 20BMFa sample elongation at break was 
lowered in comparison to the PLAa. 

The thermal post-processing procedure used for the modification of 
PLA and its composites plays a dominant role in the hardness changes 

Table 2 
Effectiveness of the filler calculated C factor based on DMA data.  

Material C [� ] 

untreated annealed 

PLA – – 0.0074* 
5BP 0.599 0.991 0.0073* 
10BP 0.897 0.921 0.0068* 
20BP 0.660 0.875 0.0065* 
5BMF 1.065 0.913 0.0068* 
10BMF 0.931 0.876 0.0065* 
20BMF 0.683 0.816 0.0061* 

*C calculations referred to untreated PLA. 

Fig. 8. Results of mechanical properties evaluation.  
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presented in Fig. 8. The additional presence of both fillers resulted in no 
visible change of the hardness in comparison to the PLAa. The crystal
linity increase caused by annealing, as well as the presence of inorganic 
fillers, caused about 5�ShD improvement of this mechanical parameter. 
A similar dependence between increased crystallinity and hardness was 
previously described by Yi et al. [16]. 

Usually incorporating inorganic fillers results in a significant 
decrease in impact strength, because dispersed particles or fillers act as 
notches and become active centers of fracture initiation [66]. For the 
considered materials, the tendency for changes in the properties of the 
materials is opposite, which results from complex modifying effects of 
the BP and BMF on the PLA matrix. The annealing of PLA increased 
impact strength from 7.5 to 26 J/mm2. Moreover, the addition of the 
basalt fillers allowed to reduce the brittleness of PLA, which may be 
correlated with the nucleating ability of BP and BMF. As it was pre
sented, the composites containing basalt derivatives subjected to 
annealing showed higher crystallinity than untreated samples, which 
beneficially influence the resistance to impact load. Even the composites 
with the highest filler content showed impact strength comparable to the 
one of the unmodified PLA sample. The highest impact strength values 
of all the composite samples were measured for the BMFa composites. 
This phenomenon is probably a result of the lack of proper adhesion 
between the matrix and filler and the negligible role of the fibrous filler 
in strain transfer during impact load rather than the high crystallinity of 
BMF-filled composites. It can be supposed that the composites after 
annealing with loosed adhesion between the polymer and filler behave 
as a polymer with non-regular microcellular structure, which, as it was 
reported in some cases, may reveal improved impact properties [67,68]. 
Therefore, the higher impact strength of the composite samples sub
jected to annealing may be a simultaneous effect of improved crystal
linity achieved for filled materials, and the ‘pseudo-porous’ structure 
occurred by the significant loss of the polymer-filler interfacial bonding. 
The reduction of the beneficial changes in the ductility of the 
semi-crystalline PLA caused by the increased amount of the two fillers is 
connected with the yields plastic deformation around the particles or 
fibers near the notch reducing the micro void concentration, which 
became dominant in the fracture behavior over PLAa improved ductility 
caused by the rearrangement of the amorphous domains [69]. 

Multicriterial brittleness parameter calculated according to Brostow 
[49] allows to qualitatively describe the influence of different structural 
effects occurring in both unfilled polymers as well as composite mate
rials [70,71]. The values of brittleness presented in Table 3, determined 
in ambient temperature, suggest that the composites with the PLA ma
trix in the amorphous state show a similar modification effect. The low 
nucleating ability of the basalt derivatives resulted in a higher crystal
linity of composites, which compensate for potentially increased brit
tleness resulting from the presence of the stiff domain of the fillers. 
Therefore lowered B values were observed for the untreated composites 
containing 20 wt% of BP/BMF. After annealing the PLAa sample 
exhibited brittleness reduced almost by a half in reference to the un
treated PLA due to a significant increase in crystallinity. The annealing 
of the composite materials provided different effects. All the BP-filled 

composites showed similar brittleness, at the level comparable to the 
non-annealed samples. However, for the fibrous filler the application of 
double modification (annealing and BMF incorporation) caused a sig
nificant drop of brittleness. The calculated values were even lower than 
those obtained for the PLAa. As mentioned at the beginning of this 
section, the evaluation of B factor may be a useful tool for determining 
structural changes in materials. Unfortunately, in the presented case, the 
lowered brittleness was not a beneficial effect of BMF and annealing but 
rather a result of adhesion failure in the polymer-filler interfacial region 
in the form of debonding, as it can be observed in the SEM image (Fig. 5). 
During annealing resulting in the reorganization of the macromolecular 
structure of the polymeric matrix, there occurred relatively high 
shrinkage of injection molded samples. The adhesion between PLA and 
BP/BMF was loosened as an effect of different thermal expansion of both 
composite ingredients. This phenomenon was more distinct in the case 
of the BMF-filled composites, probably due to the higher aspect ratio of 
the fibers and less developed structure of the filler with a lower ability to 
saturation by a polymer. As can be seen, the Brostow brittleness factor 
may be useful not only to verify the modification effects but also to 
describe structural defects occurring indirectly in the composite 
material. 

5. Conclusions 

The synergistic effect of the addition of two different basalt fillers 
(micrometric basalt fiber and basalt powder) and annealing on ther
momechanical, mechanical and structural properties of PLA has been 
investigated and discussed in detail. It was found that both composite 
series formed with rapid cooling conditions showed an amorphous 
structure, similarly to the unfilled PLA. Even though the adhesion of the 
filler and the matrix evaluated by SEM was sufficient and an increase of 
elasticity modulus was observed (especially for the composites filled 
with BMF), the influence of the basalt fillers on thermomechanical sta
bility of the samples was negligible. The application of heat treatment 
induced the most beneficial change in the material’s properties. 
Annealing in 100 �C for 3 h resulted in a notable growth of the polymer’s 
crystallinity, and consequently – the increase of heat deflection tem
peratures. This procedure caused an increase of HDT for the pure PLA to 
119 �C, the addition of 20 wt% of BP and BMF resulted in an additional 
increase of 14 �C. Therefore, the efficiency of the double-modification 
procedure, including the application of basalt derivatives and thermal 
post-processing results from both an increase in PLA crystallinity as well 
as reinforcing efficiency of rigid BP/BMF structures. What’s more, it was 
found that the nucleation efficiency of the two untreated basalt fillers 
was different. Due to differences in particle geometry, the basalt powder 
showed a more profound influence on PLA crystallization than the fiber- 
like filler, which resulted in the creation of a transcrystalline layer and 
improvement of filler-polymer interactions. On the contrary, micro
metric basalt fiber was showed to lose the adhesion to PLA due to 
annealing because of higher aspect ratio, lower saturation with the 
polymer and differences in thermal expansion coefficient. As the influ
ence of both filler types on the thermomechanical performance of PLA- 
based composites was comparable, it can be concluded that choosing 
sustainable, cost-effective basalt powder over basalt micrometric fiber 
can be highly beneficial in selected applications. 
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