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Abstract
In this study, biodegradable biocomposites based on polylactide with basalt fibres (BFs) or wood fibres (WFs) of 7.5 or 15 
wt% were prepared by injection moulding. Various tests, including tensile test, bending test and impact test, were carried 
out to investigate the mechanical properties of the composites. Additionally, the samples were tested at different tempera-
tures. Depending on the type of fibre, differences were noted in their mechanical properties; the addition of WF caused a 
decrease in strength and the higher the fibre content, the higher the decrease was noted from 18% up 25% in the case of 
tensile strength. However, the Young modulus was improved by 45% for composites with 15 wt% of WF. The addition of 
BF improved all the properties, especially Young modulus was improved by over 45%. Despite the low strength observed in 
neat polylactide at high temperatures-394 MPa, the addition of WF or BF improved the flexural strength more than twofold 
up to 1684 MPa (PLA/15BF). Moreover, the addition of natural fibres caused an increase in dimensional stability as shown 
by the decrease of the coefficient of thermal expansion which dropped over 50% for composites with 15 wt% of BF, which 
significantly expands the areas of use of materials. After 4 weeks of biodegradation, only a slight decrease approximately 
5% was observed in the mechanical properties together with an increase in crystallinity. Overall, the results confirm that the 
prepared composites can be successfully used in engineering applications with long-term operation.
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Introduction

Currently, polymer composites are widely available on the 
global market, and the number of products made of polymer 
composites is increasing every year. In 1950, 2.3 million 
tonnes of polymer composites were produced, and by 2018, 
the total production of polymer composites reached 6.3 bil-
lion tonnes, of which only 9% were recycled and 12% were 
combusted [1]. Researchers have estimated that by 2050 
the number of polymer composites produced will be dou-
bled, resulting in a significant increase in waste and posing 
a real threat to the environment. Therefore, biodegradable 
and compostable materials are increasingly introduced to 
the global market to minimise the effects of littering on the 
environment. Biodegradable polymer composites have simi-
lar mechanical properties as petrochemicals; however, they 

differ in the ability to undergo biodegradation. Biodegra-
dation is a process in which under appropriate conditions 
a material decomposes into biomass, water and CO2/CH4 
(depending on the amount of oxygen). This means that after 
the end of their life cycle, the products made of biodegrad-
able polymers decompose in a short time into products that 
naturally occur in the environment. The most commonly 
known biodegradable polymer is polylactide (PLA) [2]. It is 
produced from natural resources and is therefore completely 
compostable. PLA is characterised by good stiffness and 
strength, potential biodegradability and low energy require-
ment for production. Despite these qualities, PLA has some 
important limitations affecting its large-scale production, 
such as brittleness due to glass transition (Tg 55–60 °C), low 
thermal stability, low toughness and low impact strength [3, 
4]. PLA is usually considered as a material that can be used 
in medicinal applications. Some of the PLA-based products 
used in medicine are dressing (including hydrogel), resorb-
able surgical sutures, bone implants and connectors and 
screws for fixing broken bones [5]. The products made of 
PLA are mostly used in the packaging and textile industries. 
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However, due to the high strength and stiffness, PLA can 
also be used in for both short- and long-term applications, 
such as in the manufacturing of garden furniture, and in the 
automotive, electronic and aerospace industries [6].

To overcome the aforementioned disadvantages and to 
expand the possibilities of use, PLA is often modified, for 
example, by forming blends with other polymers or by add-
ing a plasticiser or other fillers (fibres). In the case of bio-
degradable materials, to increase the possibilities of use in 
the engineering industry, they are reinforced with natural 
fibres to maintain their renewable nature and biodegradabil-
ity. The most common natural filler is wood which is used 
in all its forms (e.g. WF and wood flour (WFl)) due to its 
low price, easy availability and bio-based nature [7]. Typi-
cal wood plastic composites (WPCs) are based on polyvi-
nyl chloride, polypropylene (PP), polyethylene, etc. [8, 9]. 
Studies on polymer composites reinforced with wood are 
increasingly found in the literature; in particular, biodegrad-
able polymers such as PLA are used as matrix [10, 11]. The 
addition of WF increases the stiffness of polymer compos-
ites, exerts a minimal effect on density and enhances the 
cost-effectiveness of the finished product. Unfortunately, 
WFs also exhibit some disadvantages such as heat or water 
sensitivity and poor adhesion due to their high hydroscopic 
nature in comparison with the hydrophobic polyolefin 
matrices. Furthermore, the addition of natural fillers makes 
the manufacturing process difficult because natural fillers, 
mainly those containing lignocelluloses, are thermally sensi-
tive components [12]. Due to the disadvantages associated 
with WPC processing, composites are produced with min-
eral fillers [13, 14]. Not only the addition of mineral fillers 
results in a significant increase in strength, but it also makes 
the material environment-friendly. One of the mineral fillers 
that are now gaining popularity is basalt. Basalt is a common 
volcanic rock formed from the rapid cooling lava, which is 
virtually present everywhere in the world. It is a natural and 
thermally stable material and exhibits excellent chemical 
resistance in a corrosive environment. Moreover, it has a 
well-developed fibre surface that facilitates better interac-
tion between the fibres and the matrix. All these features 
make BFs comparable with or even better than glass fibres 
and carbon fibres which are considered as the most reliable 
polymer additives [15]. Many studies have shown that the 
addition of BF renders the composites with higher mechani-
cal and thermal properties [16].

From the scientific point of view, it is evident that there 
is a lack of knowledge about the mechanical properties of 
PLA composites reinforced with natural fibres and their per-
formance at lowered and elevated temperatures. The perfor-
mance tests are usually carried out at room temperature, but 
composites with good mechanical properties can be success-
fully used in the industries where temperatures ranging from 
− 40 to 125 °C are applied [17].

The main objective of this study was to compare the prop-
erties of biodegradable composites prepared with additives 
of different origins. According to the literature, natural addi-
tives act as excellent reinforcing fillers; however, a compre-
hensive comparative analysis of natural fillers from various 
sources has not been carried out so far. Therefore, in this 
study, composites based on PLA were prepared by injection 
moulding with various types of fibres (WF or BF) added at 
different contents (7.5 or 15 wt%). The mechanical proper-
ties, including tensile strength (σt), modulus of elasticity (Et) 
and strain at break (εB), as well as flexural modulus (Ef) and 
flexural strength (σf) and impact strength (acU) at room tem-
perature and additionally at − 24 and 80 °C, were evaluated. 
Furthermore, the mechanical properties of the tested materi-
als after hydrolytic degradation in saline solution at 40 °C 
were investigated. The relationship between the mechanical 
properties and thermal properties of the samples after injec-
tion and hydrolytic degradation was analysed by differential 
scanning calorimetry (DSC). Scanning electron microscopy 
(SEM) analysis was also performed to assess the distribu-
tion of particles and the adhesion of the fillers to the matrix.

Materials and Methods

Materials and Composites Preparation

PLA (trade name PLI003) obtained from Nature Plast 
(France) in pallet form was used as a matrix for compos-
ites. The characteristics of PLA were: density 1.24 g/cm3, 
fluidity index 190 °C/2.16 kg 35 g/10 min, tensile modulus 
3500 MPa, Charpy impact test (without notch) 16 kJ/m2 and 
thermal resistance (HDT B) 55 °C. The following additives 
were used in the preparation of composites:

–	 WFs (LignocelC120) with a length of 70–150 μm pro-
vided by JRS Rettenmaier & Soehne GmbH (Rosenberg, 
Germany) and

–	 BFs (basalt chopped standard 17-6.4-KV16) with a 
length of 6.35 mm and a diameter of 17 μm provided by 
Basaltex Inc. (Belgium).

PLA composites with a WF content of 7.5 or 15 wt% 
(PLA/7.5W and PLA/15W) and PLA composites with the 
same content of BF (PLA/7.5B and PLA/15B) were pre-
pared. Unmodified PLA polymer was used as a reference 
sample. The composition of the composites was determined 
based on previous studies, and by reviewing the literature 
where it is shown that a high amount of fillers hinders the 
preparation process and the introduction of BF into the 
polymer matrix at an amount of > 20 wt% does not cause 
a significant reinforcement [18]. WF and BF were com-
pounded with PLA using a co-rotating twin-screw extruder 
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(Maris America Corp., Windsor Mill, MD, USA). Standard 
dumbbell samples meeting the norm of PN-EN ISO 3167 
(diameter 30 mm, L/D = 25 screw), manufactured using the 
Engel ES 200/40 HSL injection moulding machine by Grupa 
Azoty (Tarnow), were used. The parameters of the injection 
process were the same for all the tested materials—drying 
temperature: 80 °C, drying time: 2–3 h to reduce moisture 
to 0.025%, mould temperature: 15–35 °C, feed zone tem-
perature: 20–40 °C, zone 1 temperature: 150–160 °C, zone 2 
temperature: 160–170 °C, zone 3 temperature: 170–180 °C, 
nozzle temperature: 180–200 °C, screw speed: 100–175 rpm 
and back-pressure: 950–1800 bar.

Characterization

Morphological Analysis

The characteristics of each type of fibre in the matrix, the 
distributions of fibres and the deformation mechanism of 
composites were studied using a scanning electron micro-
scope (JEOLJSM5510LV,Tokyo, Japan) in low-vacuum 
made on tensile-tested fracture-surfaced specimens. The 
specimens were gold-sputtered before analysis using an auto 
vacuum coater (Cressington, Watford, UK) to increase the 
local electrical conductivity.

Density

The density (ρ) of the samples was determined using the 
RADWAG WAS 220/X (Radom, Poland) electronic analyti-
cal balance following the immersion method according to 
the PN-EN 1936 standard. Five measurements were taken 
for each composite to obtain an average value and calculate 
the relative standard deviation.

Charpy Impact Test

Charpy impact test was carried out in accordance with the 
PN-EN ISO 179-2 standard using the Zwick/Roell MTS-SP 
testing machine (Ulm, Germany). The impact energy of 1.5 J 
was applied for the un-notched samples. An average value 
of the un-notched impact strength (acU) was calculated from 
five measurements.

Vicat Softening Temperature

Vicat softening temperature (VST) was determined using 
Ceast HDT and Vicat Tester Type 6520 (Pianezza, Italy). 
Samples were placed in an oil bath in accordance with the 
ASTM-D1525 standard. VST was measured with 5-N load 
at a heating rate of 50 °C per hour.

Coefficient of Thermal Expansion

The thermal properties of composites were determined 
from the coefficient of thermal expansion (CTE) and the 
results of the DSC analysis. CTE was examined using the 
NETZSCH 402 F1 Hyperion device (Selb, Germany) with 
Proteus software (ver. 5.2).The composite samples were 
placed vertically in the device, and were first cooled from 
23 to − 30 °C and then heated up to 130 °C and again 
cooled down to − 30 °C at a rate of 10 °C/min. To calculate 
the coefficient of linear thermal expansion (αL), the follow-
ing formula was used:

where L0 is the initial dimension of the sample, and dL and 
dT are the first derivative of the dimension and temperature, 
respectively.

Differential Scanning Calorimetry

DSC was performed using the Mettler Toledo DSC1 
device (Columbus, USA). The analysis was carried out on 
samples weighing 7.27–7.77 mg, obtained from the head 
of the dumbbell samples. The measurements were taken 
under argon atmosphere (30 ml/min)according to the fol-
lowing procedure: heating from 25 to 200 °C at a rate of 
10 °C/min, resting at 200 °C for 2 min and then cooling 
down to 25 °C at a rate of 10 °C/min. The whole process 
was carried out twice to eliminate the processing memory/
history of the materials (the first heating–cooling cycle) 
and thermal properties of the composites (the second heat-
ing–cooling cycle). An empty pan was used as a reference. 
The degree of crystallisation was calculated based on the 
following formula, with a theoretical enthalpy of fusion of 
100% crystalline PLA at 93.0 J/g [19]:

where Xc is the degree of crystallisation [%], ΔHm is the 
melting enthalpy (J/g), −ΔHcc is the cold crystallisation 
enthalpy (J/g), ΔHmPLA is the melting enthalpy of 100% 
crystalline PLA (J/g) and � is the mass fraction of fibres.

Tensile Test

The tensile test was performed at a constant crosshead 
speed of 5 mm/min, and the elongation was evaluated 
using the MTS axial extensometer with crosshead dis-
placement. The tensile strength (σt), modulus of elasticity 

(1)∝
L
=

1

L0

dL

dT
, 1∕K

(2)Xc =

[

ΔHm − ΔHcc

ΔHmPLA × (1 − �)

]

× 100
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(Et) and strain at break (εB) were determined in the test 
according to the PN-EN ISO 527-1:1998 standard.

Flexural Test

The flexural strength (σf) and modulus (Ef) were determined 
using a three-point bending test at a crosshead rate of 5 mm/
min according to the PN-EN ISO 178 standard.

All mechanical tests were performed at room temperature 
and a relative humidity of 60%. Additionally, the tests were 
carried out at two temperatures: (i) − 24 °C by keeping the 
specimens in the fridge (Samsung AZ8) and (ii) 80 °C after 
heating the specimens in the temperature chamber (Instron). 
The specimens were conditioned at the testing temperature 
for 30 min before the tests. The values of the lowest and 
elevated temperatures reflected the lowest and highest tem-
peratures at which PLA can be potentially used, respectively. 
The mechanical properties of PLA were studied using the 
universal MTS Criterion Model 43 testing machine. The 
measurements were taken from an average of at least 10 
specimens for each composite in tensile and bending tests.

Water Uptake

Water absorption during hydrolytic degradation was meas-
ured according to the PN-EN ISO 62:2000 standard. Briefly, 
samples were immersed in distilled water mixed with salt 
(2%) like physiological saline and maintained at 40 °C for 
1, 7 and 28 days. Then, they were dried and weighted with 
an accuracy of 0.0001 g using the RADWAG WAS 220/X 
electronic analytical balance. The measurement was taken 
three times for each sample. Finally, water uptake was calcu-
lated as the mass difference, expressed in percentage, using 
the following formula (3):

where Mt stands for the percentage of water content, Wt for 
the instantaneous weight of the sample and W0 for the initial 
weight of the sample.

To determine the influence of water uptake on the basic 
mechanical properties of the specimens which were incu-
bated for 28 days in water, a tensile test was performed.

Results and Discussion

Microstructure

In Fig. 1 was presented SEM microstructures where can be 
seen a uniform distribution of wood and basalt fibres in the 
polymer matrix proportional to the amount of introduced 
filler. Breakthroughs were characterised by brittle fracture, 
which is the observed phenomenon after the introduction 
of natural fibres into the matrix. No visible agglomerations 
for both WF and BF were observed. The differences in the 
morphological structure of fibres are visible in the SEM 
microstructures. The WF consist of several microfibrils, 
which makes that they have a much more developed surface 
area than BF. BF is characterised by a high length of about 
200 μm and a small diameter of 17 μm. The BF length has 
been reduced during injection moulding. It can be observed 
that BF have high tendencies of pull-out phenomena, which 
is related to the construction of fibres. Although residual 
matrix can be observed on both the BF and WF surfaces, 
it indicates that the fibres had fairly good adhesion to the 
matrix. Also visible is the separation effect with the matrix, 
WF due to the large surfaces detaches from the polymer 
leave a trace, while the BF slides and leave the regular shape 
of the cylinder.

(3)Mt =

[

Wt −W0

W0

]

× 100

Fig. 1   Microstructure of composites with 7.5 wt% or 15 wt% of WF or BF
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Thermal Analysis

Dimensional Stability

One of the parameters that characterise the thermal proper-
ties of polymer composites is CTE. This parameter describes 
the thermal stability, which is very important for the materi-
als used in engineering applications. Low thermal stability 
results in faster destruction of materials due to wrapping 
and shape changes that occur during use. For neat PLA 
and its composites, CTE was in the range of − 30 to 70 °C 
(Fig. 2). The addition of both WF and BF was found to 
lower the coefficient values. A decrease in CTE values was 
shown to be most likely associated with a low coefficient of 
linear expansion in the case of cellulose (1.4 × 10–7 °C−1) 
and basalt (3.6–9.7 × 10–6 °C−1) [20, 21]. The lowest val-
ues were recorded for PLA/15B (36.9 × 10−6 K−1), com-
pared to neat PLA for which a decrease of 53% was noted 

(77.7 × 10–6 °C−1). The positive effect of natural fillers on 
CTE has been widely described in the literature [13, 22].

Melting Behaviour and Crystallisation

Due to low glass transition temperatures (Tg) and slow crys-
tallisation, the possibility of using PLA as an engineering 
material is very limited. Even during injection moulding, 
in which a slight cold crystallisation occurs in the cooling 
period, PLA remains more amorphous. Therefore, additives 
(e.g. talc) are often added to amorphous polymers for accel-
erating or initiating the crystallisation process [23].

In this study, all the tested composites showed a glass 
transition effect, as well as a relaxation effect on the enthalpy 
of cold crystallisation, recrystallisation, melting and crystal-
lisation. The corresponding results are presented in Table 1, 
and the data are plotted in Fig. 3. According to the results, 
the addition of fillers did not affect the Tg values of the tested 
composites, and their introduction did not contribute to the 
relaxation of the PLA chain segments, mainly due to the size 
of the fibres, which were much larger than the PLA chain 
segments. These findings have also been confirmed in previ-
ous works [24]. In addition, in the case of pure PLA and its 
BF composites, no effects of cold crystallisation were vis-
ible during cooling, which indicated that the material used 
in the tests was difficult to crystallise. On the other hand, 
in the composites with WF, the crystallisation effect was 
visible even with the content of 7.5 wt%, and in the case of 
PLA/15W ΔHcc was 17.51 J/g, while for pure PLA the value 
was 0.62 J/g during the first cooling cycle (Table 1).

The addition of fibres caused the temperature of cold 
crystallisation (Tcc) to reduce compared to neat PLA. More-
over, with the increase in fibre content, Tcc decreased, with 
the lowest values recorded for PLA/15W. The introduction 

Fig. 2   Coefficient of thermal expansion of neat PLA and its compos-
ites

Table 1   Temperatures of glass transition (Tg), cold crystallization (Tcc), melting (Tm), crystallization (Tc) and results of cold crystallization 
enthalpy (ΔHcc), melting enthalpy (ΔHm), crystallization enthalpy after 1st and 2nd heating cycle

Description of samples Tg (°C) Tcc (°C) Tm (°C) Tc (°C)

1st heating 2nd heating 1st heating 2nd heating 1st heating 2nd heating 1st heating 2nd heating

PLA 60 60 99 103 180 177 99 98
PLA/7.5W 61 60 90 92 180 177 100 96
PLA/15W 61 60 89 91 178 178 101 94
PLA/7.5B 61 60 95 97 180 176 99 97
PLA/15B 62 60 94 96 180 178 97 95

ΔHcc (J/g) ΔHm (J/g) ΔHc (J/g) Xc (%)

PLA 30.47 29.14 43.31 44.34 4.68 0.62 13.80 16.34
PLA/7.5W 25.92 18.36 41.25 42.76 10.34 1.31 16.65 26.50
PLA/15W 19.38 7.01 34.44 36.00 17.51 3.43 16.34 31.46
PLA/7.5B 27.55 23.60 40.64 40.51 5.91 0.46 14.22 18.37
PLA/15B 20.15 21.01 32.35 33.53 4.36 0.24 13.24 13.59
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of fibres had an effect on the reduction of energy production 
during the crystallisation process, and the lowest energy was 
released by the composites with 15 wt% of WF after the 
second heating cycle (7.01 J/g). The crystallinity transforma-
tion occurred faster in composites than pure PLA, and the 
earliest transformation was observed in PLA/15W (74 °C). 
This effect was associated with the role played by fibres as 
nucleating agent, which allowed initiating the transforma-
tion. The nucleation effect of natural fibres has been increas-
ingly described in the literature [25]. Similar relations have 
been reported in the work of Ying, which confirmed that 
the introduction of BF can promote the cold crystallisation 
of the matrix PLA [26]. The addition of fibres also affected 
the increase of the degree of crystallinity (Xc) of PLA com-
posites, which was confirmed by strength tests—with the 
increase in crystallinity, the stiffness of materials increased. 
The neat polymer had strong bonds between the chains, 
whereas the introduction of the filler increased the chance 
of bond breaking, which enabled the easier formation of 
crystals [27]. In addition, it is possible that the increase in 
crystallinity was due to the increased availability of nuclea-
tion sites, which could led to faster transcrystallinity and 
formation of spherulites [28]. However, a deeper analysis of 
the molecular structure is needed to confirm this statement.

The highest degree of crystallinity was noted for WF 
composites (31.46%) after the second heating cycle. This 

effect was associated with a much higher specific surface 
area of WFs compared to BFs, which had much smaller fibre 
diameters, as confirmed by the fractographic analysis.

Mechanical Properties

The data on density, un-notched impact strength and VST 
recorded during the tests at room temperature are presented 
in Table 2. It was observed that the density of composites 
with WF did not change significantly (approximately 2%, 
0.01–0.03 g/cm3). These results were confirmed by other 
researchers in their study on polymer composites prepared 
with lignocellulose additives [19]. However, the increase in 
density of composites with BF ranged from 4% (PLA/7.5B) 
up to 8.8% (PLA/15B). This effect was related to the high 
density of BF (2.67 g/cm3) introduced into the PLA matrix 
(1.24 g/cm3).

Due to the fact that PLA is classified as brittle at room 
temperature, it is extremely important to increase its 
impact strength. It is known that low impact strength is 
a result of weak interfacial adhesion between fibre and 
matrix, which causes debonding, pull-out, fracture of the 
fibre and strain resistance [29, 30]. The addition of lig-
nocellulose fibres has been found to cause a decrease in 
impact strength, and the negative effect of natural fillers 
has also been described in the literature [27, 28]. However, 

Fig. 3   DSC curves of PLA and its composites recorded from 1st and 2nd heating scans
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the addition of other natural fibres such as BFs caused 
an increase in impact strength, and in the composites 
prepared with 15 wt% filler an increase from 20.44 to 
27.76 kJ/m2 was recorded. These results of impact strength 
were confirmed by the analysis of elongation at break, in 
which lower values were found for the composites with 
WF (2.5%—PLA/7.5WF and 2.11%—PLA/15WF) com-
pared to the composites with BF (3.17%—PLA/7.5BF 
and 2.74%—PLA/15BF). In the case of BF composites, 
the elongation at break decreased with an increase in the 
number of fibres; however, due to the high impact-resistant 
properties of BF, the impact strength values were found 
to be increased.

Due to the low Tg of PLA, the products made of this 
material have a low thermal resistance, which signifi-
cantly reduces their use. In order to increase the thermal 
resistance of these composites, two approaches are mainly 
used: increasing Tg or crystallinity and achieving rein-
forcement of composites using a filler. Research shows 
that the incorporation of fibres the into matrix improves 
the heat resistance of composites [31]. In this study, VST 
was observed to be higher for all the composites com-
pared to neat PLA, and the higher the content of fibres 
the higher the VST was. The highest improvement in 
VST was observed for PLA/15B (− 72.5 ± 0.5 °C). Simi-
lar results were obtained for PLA/15W (70.5 ± 0.1 °C) 
and PLA/7.5B (69.5 ± 0.2 °C). The improvement of ther-
mal resistance of composites through the introduction 
of fibres was related to the reduction of the movements 
of the molecular chain, which caused the deformation 
of composites. Composites with BF had a higher VST 
than those with WF because BF composites had higher 
strength, as described in the later part of this paper, and 
additionally, BF was much more resistant to temperatures 
than WF. Furthermore, the fibres acted like a nucleating 
agent and improved the Tg values (from 60 °C (PLA) up 
to 64 °C (PLA/15B)), which also had a positive effect on 
the VST results.

Tensile Properties

Figure  4 shows the results of tensile test (a: tensile 
strength, b: modulus of elasticity and c: strain at break) 
recorded at various temperatures (− 24, 23 and + 80 °C). 
No improvement was observed in tensile strength in 
PLA/WF composites due to the lack of good adhesion 
of the fibres to the matrix. The addition of WF caused 
a decrease in tensile strength, and the values decreased 
by about 19% and 25% in the case of PLA/7.5WF and 
PLA/15WF, respectively, at room temperature. This effect 
was mainly related to the hydrophobic nature of the PLA 
surface and the hydrophilic nature of WF. Many studies 
suggest that the addition of coupling agent or surface treat-
ment of fibres may improve the fibre–matrix adhesion in 
polymer–wood composites [32]. The addition of WF was 
found to be more effective in improving the modulus of the 
composites than the tensile strength. For composites with 
15 wt% WF, Young’s modulus improved by 45% (from 4.2 
to 6.1 GPa). The reinforcement capability of wood fillers 
has been studied in various PLA composites so far [33].

The addition of BF significantly improved both ten-
sile strength and Young’s modulus. As the fibre content 
increased, the values of these parameters increased. This 
effect was independent of the applied test temperature. 
The increase in tensile strength observed in PLA/7.5B was 
3.2% (from 92.73 to 95.94 MPa), while in PLA/15B, it was 
13% (from 92.73 to 105.09 MPa), in comparison to the 
neat PLA investigated at − 24 °C. At room temperature, 
this effect was lower and the increase was from 67.75 MPa 
(neat PLA) up to 69.1 and 72.14 MPa for PLA/7.5B and 
PLA/15B, respectively. The addition of 15 wt% basalt 
improved the stiffness of composites by as much as 86% 
(from 4.2 to 7.8 GPa). Composites with 15 wt% WF and 
7.5 wt% BF showed a similar gain in the value by over 
40%. The differences observed between the values of 
Young’s modulus at room temperature and at − 24 °C were 
insignificant (about 5%).

Table 2   Density (ρ), Charpy 
impact strength (acU) and Vicat 
softening temperature (VST) for 
neat PLA and its biocomposites

Description of samples Composition ρ (g/cm3) acU (kJ/m2) VST (°C)

PLA Polylactide
Nature Plast PLI003

1.25 ± 0.02 20.4 ± 0.3 60.8 ± 0.2

PLA/7.5W Polylactide + 7.5 wt%
wood fibres

1.26 ± 0.06 13.4 ± 0.2 68.4 ± 0.1

PLA/15W Polylactide + 15 wt%
wood fibres

1.28 ± 0.01 14.1 ± 0.2 70.5 ± 0.1

PLA/7.5B Polylactide + 7.5 wt%
basalt fibres

1.30 ± 0.02 24.1 ± 0.3 69.5 ± 0.2

PLA/15B Polylactide + 15 wt%
basalt fibres

1.36 ± 0.04 27.8 ± 0.4 72.5 ± 0.5
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The lowest values were noted for the composites tested 
at 80 °C, with tensile strength in the range of 19.16 MPa 
(PLA/15 W) to 26.64 (PLA/15B). The mechanical proper-
ties were poor at reduced temperatures, due to the low glass 
transition temperature of PLA (60 °C) [34]. A high (almost 
90%) decrease in stiffness was observed for neat PLA and 
WF composites.

As the content of fibres increased, elongation decreased. 
Composites containing BFs had higher elongation values 
than WF, which was most likely due to the sliding of the BF 
[35]. The pull-out phenomenon was clearly seen in the case 
of BF, which was confirmed by the SEM observations. The 
results could not be determined at 80 °C because the values 
exceeded the scale of the machine (> 20%).

Flexural Properties

The results of the three-point bending test of neat PLA and 
its composites carried out at various temperatures are shown 
in Fig. 5. Similar relationships as in the case of tensile prop-
erties were observed for bending properties. In the case of 

Fig. 4   Comparison of tensile strength (a), Young modulus (b) and 
strain at break (c) of neat PLA and its composites at various tempera-
tures

Fig. 5   Bending properties of PLA and its composites tested at various 
temperature: − 24 °C, + 23 °C, and + 80 °C
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PLA/7.5 W and PLA/15 W composites, the addition of WF 
caused a decrease in the value of flexural strength by 10% 
and 17% and improvement of flexural modulus by 11% and 
38%, respectively, at room temperature. It was observed that 
at all temperatures, the value of flexural modulus increased 
with an increase in the content of fibres. Moreover, no sig-
nificant change was observed in the flexural modulus of 
PLA15/W or PLA/7.5B at any of the studied temperatures. 
The negative effect of the addition of lignocellulosic fibres 
on flexural strength has already been described in the litera-
ture [36–38].

However, a much higher increase of bending strength 
was observed at elevated temperatures, at which the bend-
ing strength of the composites with 15% BFs increased 
three fold compared to the value of neat PLA. Addition-
ally, for composites with WF, the flexural strength signifi-
cantly improved by more than twofold (PLA—21.9 ± 0.8 and 
PLA/15W—48.6 ± 1.0) at elevated temperatures.

Hydrolytic Degradation

Water Uptake

Figure 6 shows the percentage of the mass changes observed 
in neat PLA and its composites. The composites were soaked 
in water at a temperature of 40 ± 3 °C and in saline solu-
tion because such composites are anticipated to be used 
in diagnostic equipment (single use) and as rehabilitation 
products. It was noted that the addition of fillers contain-
ing lignocellulose significantly increased the ability of the 
composites to absorb water. This effect is well known and 
associated with the composition of fibres, which consists of 
hydroscopic substances, such as carbohydrates and lignin, 
that lead to water uptake [38]. The more the addition of 

fibres, the higher the water sorption, and after 28 days the 
mass of PLA/15W increased by 4.7 wt%. Regardless of the 
type of additive added to PLA, together with the increase in 
the time of incubation in water, an increase in the mass of 
the samples was noted. This effect was more intense in WF 
than BF; composites with BF had a similar mass at all incu-
bation times, and after 28 days, gained only approximately 
0.6 wt%. This result indicates a low ability of BF to absorb 
water, which is confirmed in other studies as well [39]. In 
comparison with WF, in which the level of absorbed water 
increased with an increase in filler content, BFs had sev-
eral times lower water-absorbing capacity and were stable 
throughout the whole immersion period. Moreover, in BF 
the water saturation point was reached after 7 days, but in the 
case of WF, the saturation point was not reached even after 
28 days. Composites with BF reached the saturation point 
faster and showed stabilised absorption of water compared 
to composites with WF. This was due to the swelling of 
lignocellulose fibres that led to the cracking of matrix and 
the formation of microchannels through which water could 
further penetrate the sample.

Thermal and Mechanical Properties of Treated Composites

The effect of the process of biodegradation on the mechani-
cal properties of composites is shown in Fig. 7. A decrease 
in mechanical properties was seen for all the materials dur-
ing the tensile test which was insignificant and determined as 
only about 5%. According to the DSC results, after 4 weeks 
of incubation the crystallinity of composites was higher than 
that before degradation (Table 3). Although the literature has 
described the positive effect of the increase in crystallin-
ity on the increase of mechanical properties, the parameters 
were found to have reduced values despite the increase in 
crystallinity in the present study. This was related to the 
occurrence of degradation and cracking of polymer chains. 
The highest decreases were recorded for tensile strength 
and Young’s modulus in neat PLA and composites with 15 
wt% WF. For pure PLA, higher decreases were noted due 
to the fact that the degradation proceeded mainly in amor-
phous areas. On the other hand, due to the introduction of 
lignocellulosic fibres into the matrix, when the composites 
were soaked in water, the fibres absorbed water and swelled, 
which additionally contributed to the creation of internal 
stresses. By contrast, non-water-absorbing BF reduced the 
possibility of stress formation due to dimensional stability. 
The hydrolytic process of degradation caused a decrease in 
the strain at break [40].

Table 4 presents the results of the DSC thermal analysis 
of samples after 28 days of incubation in water. Compar-
ing the results with those obtained for untreated materials, 
it can be concluded that hydrolytic degradation increased 
Tg and decreased Tcc and its enthalpy. The reduction in Tcc 

Fig. 6   Weight gain of neat PLA and its composites immersed in 
saline solution at 40 °C
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observed after hydrolysis was caused by a decrease in the 
molecular weight of PLA, which rendered the polymer 
chains with a greater ability to move and create new crystals. 
After the second heating cycle, there was an increase in Tcc 
noted in the treated samples, and the differences were higher 
than that of the untreated materials. Materials subjected to 
hydrolytic degradation showed a higher degree of crystal-
linity than after injection. This phenomenon was related to 
the first stage of degradation involving the splitting of the 
hydrolytic chain with the diffusion of water, which moved 
in the amorphous regions [41]. The increase in the crystal-
linity of polymers after the hydrolytic degradation process 
has also been reported [42]. Higher crystallinity values were 
noted for composites, as also confirmed by mechanical tests, 
because with the increase in crystallinity, the mechanical 
properties of the tested materials increased [43].

Conclusion

The results of the present research showed that the rate of 
biodegradation can be controlled and strength properties 
of PLA composites can be changed by choosing the right 
type and amount of fibre. Natural fibres and renewable raw 
materials of high rigidity and relatively fast biodegradabil-
ity can be used for making biodegradable composites that 
are advantageous when used as disposable products. This 
study showed that the addition of WF and BF significantly 
improved the tensile and flexural modulus of the compos-
ites, confirming the reinforcing effect of both types of fibres. 
These parameters increased as the fibre content increased, 
and the highest values were recorded for PLA/15B com-
posite where improvement was 85% for Young Modulus. 
Despite the slight increase in density, the increase in the 
strength and impact properties of the composites with BF 
was significant and the neat PLA’s density 1.25 g/cm3 and 
acU 20.4 kJ/m2 while for PLA/15B the density was 1.36 g/
cm3 and acU 27.8 kJ/m2. Mechanical properties were con-
firmed by DSC results, which showed an increase in Xc from 
16.34% (PLA) up 31.46% (PLA/15 W) and a decrease in 
Tcc from 103 °C (PLA) to 91 °C (PLA/15 W). In addition, 
the fillers had a positive effect on the thermal properties 
of composites (VST and CTE) which makes the produced 
materials attractive for technical and medical applications 
and the improvement was about 20% and 50% for VST and 
CTE, respectively.

The work allowed demonstrating the differences in the 
biodegradation process of composites prepared with fibres of 
various origins. The addition of WFs rapidly increased both 
water uptake and the process of hydrolytic degradation in 
saline solution, whereas BFs, which are non-water-absorbing 
fibres, did not affect the water uptake process and therefore 
were saturated with water after 14 days. A slight decrease in 

Fig. 7   Mechanical properties of PLA and its composites after injec-
tion moulding and after 4 weeks immersion in water
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the mechanical properties of the samples was observed after 
biodegradation. As shown by the results of mechanical tests 
of the composites subject to biodegradation, these compos-
ites can be successfully used for making products with long-
term application, without significant reduction in strength.
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