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INTRODUCTION

The increased interest in environmentally 
friendly technologies in the last few years has 
drawn the attention of industry and scientists to 
replacing traditional polymers obtained from pe-
troleum products with their counterparts derived 
from renewable sources. One such polymer that 
is enjoying growing interest is polylactide [1]. 
It is one of the oldest, most interesting and has 
many applications in the automotive [2, 3], agri-
culture [4, 5], medicine [6, 7], electronics [8, 9], 
packaging [10, 11] and others industry. Currently, 
PLA holds the first position on the market from 
biodegradable polymers [12]. In 1932, Wallace 
Carothers, an employee of DuPont, was the first 
to synthesize polylactide. He obtained a short 
chain polymer by heating lactic acid under vac-
uum [13]. Since 1960s, polylactide has been used 

in medicine and pharmacy as absorbable implants, 
sutures and in controlled drug release [14, 15].

The advantages of polylactide are its good 
mechanical properties and the possibility of bio-
degradation. Unfortunately, this polymer also has 
its weaknesses. Low impact strength, susceptibil-
ity to thermal deformation and low gas barrier 
limit its wider use [16]. These and other proper-
ties can be improved by adding natural or glass 
fibres, other biodegradable polymers and fillers to 
polylactide [17, 18, 19, 20, 21]. 

The addition of carbon nanotubes (CNT) is 
one of the alternatives to improve the properties 
of the composite. CNTs were discovered in soot 
resulting from the evaporation of a graphite elec-
trode in an electric arc in 1991 by Sumio Iijima 
[22]. A distinction is made between singlewall 
nanotubes (SWCNT), which are a single layer 
of graphene rolled into a cylinder, and multiwall 
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nanotubes (MWCNT), which are made of many 
coaxial cylinders. Nanotubes with diameters rang-
ing from one to several tens of nanometres and 
lengths ranging from several tens to hundreds of 
micrometres have a very high aspect ratio. CNTs 
have excellent mechanical properties. Tensile 
strength reaching values between 25–66 GPa [23, 
24] and a Young’s modulus greater than 1 TPa [25, 
26]. The excellent mechanical properties of the 
carbon nanofiller are responsible for the increased 
strength of PLA composites with carbon nano-
tubes [27]. The strengthening effect depends of the 
percentage CNT content and the quality of their 
dispersion in polymer matrix. In particular, the 
presence of CNT agglomerates leads to a reduc-
tion in mechanical performance [28]. The appro-
priate distribution of CNTs in the polymer matrix 
can be achieved by selecting optimal processing 
conditions influenced by the filler content [29]. 
Article focuses on the extrusion process of PLA/
CNT composites with filler content from 0.1 to 2 
wt%. The target composites are obtained from our 
own masterbatch containing 25 wt% of multiwall 
carbon nanotubes. The masterbatch allows for pre-
cise dosing of small amounts of nanomaterials into 
the composite. We examined the obtained compos-
ites for filler dispersion and possible changes in 
the structure of the polymer matrix and the influ-
ence of MWCNT content on the melt flow rate and 
strength properties of the composites.

SAMPLE PREPARATION 
AND TEST METHODS

Materials
In our research, we used polylactide (PLA) 

produced by Total-Corbion (Gorinchen, Nether-
lands), available under the trade name Luminy® 
LX175, as the polymer matrix. The used PLA is 
characterized (according to data sheet)  by den-
sity of 1.24 g/cm3, stereochemical purity 96 % 
(L-isomer), residual monomer content of ≤0.3 

%. Glass transition and melting temperature of 
LX175 is 60 °C and 155 °C, respectively. The 
polymer was used in two forms: powder, with a 
grain size of 100 to 600 μm to obtain masterbatch 
and in the form provided by the manufacturer – 
granules, for sample composites. Multiwall car-
bon nanotubes (MWCNT) purchased from The 
Institute of Carbon Technologies (Toruń, Po-
land) were used as the filler in obtained samples. 
The nanotubes have lengths in the range of 5 to 
20 μm, diameters of 10 to 30 nm and a specific 
surface area of 80 m2/g.

Composite production technology

The procedure of obtaining research sam-
ples was divided into two stages. In the initial 
stage, polymer masterbatch containing 25 wt% 
of carbon nanotubes was prepared. In second 
step, masterbatch was diluted to the target MW-
CNT content in the samples (from 0.1 to 2 wt%). 
Before extrusion, the raw materials and the ob-
tained masterbatch were dried in a dryer for 8 
h at 80 °C (dryer: POL-EKO SLW 180 STD, 
POL-EKO sp.k., Poland).

Masterbatch preparation

The polymer masterbatch was made by ex-
truding pre-mixed PLA powder with 25 wt% 
MWCNT. For extrusion, a twin-screw, co-rotat-
ing Bühler BTSK extruder (Uzwil, Switzerland) 
was used with a screw diameter of 20 mm and 
a L/D (length to diameter) of 40. The extruder 
was equipped with a screw of the K3 configura-
tion (Fig. 1). Used configuration is characterized 
by good mixing properties. Screw contains four 
zones responsible for mixing and grinding the 
extruded material. The first mixing zone contains 
KBW 90/2/15 and KBW 45/5/20 kneading ele-
ments. Following zones, in addition to the knead-
ing elements, contain also return elements whose 
task is to retain the melted mixture in the mixing 

Figure 1. Screw configuration with marked heating zones of extruder, SK - feeding segments, SE - conveying 
segments, KBW - kneading elements, elements marked as Li - backward elements (angle/step/length in mm)
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zone for longer to intensify mixing. The master-
batch was extruded at a screw rotation speed of 
100 rpm and heating zone temperatures (from 1 
to 4) of 170 °C, 175 °C, 180 °C, 185 °C and 185 
°C (head). In order to get rid of MWCNT agglom-
erates, the masterbatch obtained after one extrusion 
was returned to the extruder. More information on 
the properties of highly filled polymer masterbatches 
can be found in our previous publications [30, 31].

Composite preparation

The tested samples containing from 0.1 to 2 
wt% of MWCNT were made by mixing an ap-
propriate amount of the masterbatch prepared in 
the first stage, containing 25 wt% of carbon nano-
tubes, with polylactide granules. The premix was 
extruded using a Bühler BTSK extruder equipped 
with a K3 screw. All composites were extruded at 
150 rpm (screw speed) and a temperature of heat-
ing zones (from 1 to 4): 170 °C, 175 °C, 180 °C, 
185 °C, 180 °C (head). During extrusion, stock 
temperature (Tt), main drive torque (M0), power 
main drive (W), and efficiency (Y) were recorded. 
The tested samples were extruded, unlike the mas-
terbatch, only once. Prepared samples: 0.1%MW-
CNT/PLA, 0.3%MWCNT/PLA, 0.5%MWCNT/
PLA, 1.0%MWCNT/PLA, 2.0%MWCNT/PLA, 
containing 0.1, 0.3, 0.5, 1.0 and 2.0 wt% MW-
CNT, respectively. A sample extruded without the 
addition of filler was marked as PLA.

Material characterization

Microscopic analysis

In order to assess the dispersion, unifor-
mity of distribution and the presence of ag-
glomerates of the nanotube filler, the scanning 
electron microscopy (SEM) method was used. 
Images were recorded using a Hitachi SU8010 
(Japan). The picture were taken after covering 
the sample surface with a thin layer of gold 
to increase its electrical conductivity and at 
an acceleration voltage of 5 and 10 kV and a 
working distance of 8 mm.

Spectroscope analysis

The impact of the extrusion process on the chem-
ical structure of the polymer matrix was assessed 
using attenuated total reflectance infrared spectros-
copy (FTIR-ATR). The Cary 630 spectrometer from 
Agilent Technology (Santa Clara, California, USA) 
equipped with a diamond crystal was used to record 

the spectra. Measuring range from 400 to 4000 cm-1 
with spectral resolution < 2 cm-1 and signal-to-noise 
ratio (1 min, RMS) > 30000:1.

Thermal behavior analysis

The temperatures: Tg – glass transition, Tc 
– crystallization, Tcc – cold crystallization, Tm – 
melting and the enthalpies of these processes: 
ΔHc – crystallization, ΔHcc – cold crystalliza-
tion, ΔHm – melting were recorded using the dif-
ferential scanning calorimetry (DSC) technique. 
A Mettler Toledo DSC1 calorimeter was used 
to record sample thermograms. Samples of raw 
polymer and composites with masses of 5 to 7 mg 
were placed in the in closed aluminium crucibles, 
measurements were carried out in an inert nitro-
gen atmosphere, with a gas flow over the sample 
of 60 cm3/min and divided in three stages sepa-
rated by two isothermal stages:
 • heating 1:10 °C/min from 0 °C to 300 °C;
 • first 5 min. isothermal stage (300 °C);
 • cooling: 10 °C/min from 300 °C to 0 °C;
 • second 5 min. isothermal stage (0 °C);
 • heating 2: 10 °C/min from 0 °C to 300 °C.

To calculate the degree of crystallinity (Xc) 
at room temperature of the samples, the equa-
tion was used [32]:

 XC = (∆𝐻𝐻m− ∆𝐻𝐻cc
𝑤𝑤∆𝐻𝐻m0

) · 100% (1) 
 

 (1)

where: ΔHm – melting enthalpy (J/g); ΔHcc – cold 
crystallization enthalpy (J/g); ΔH0

m  – melt-
ing enthalpy of 100% crystalline PLA (93 
J/g [33]), w – polymer fraction in the com-
posite. The analysis was made in agreement 
with ISO 11357-(1–3) standards [34]. The 
accuracy of temperature determination was 
± 0.8 °C and enthalpy ± 0.5 J/g.

Melt flow rate

The value of the melt flow rate (MFR) of 
the samples was measured using a Dynisco LMI 
4003 capillary plastometer in accordance with 
the PN-EN ISO 1133 standard [35]. The analyses 
were made with a piston load of 2.16 kg, at 190 
°C and a cutting time of 20 s. For all samples, the 
initial melting time was 300 s. Before measure-
ments samples were dried by 4 hours in 80 °C.
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was used to record the remaining strength param-
eters. Gauge length: 50 mm. The results presented 
are the average of five repetitions. Three-point 
bending was performed using a TIRAtest 27025 
machine, 3 kN measuring head, 64 mm of sup-
port spacing and 2 mm/ testing speed. Also in this 
case, showed values are the average of five rep-
etitions. Measurements was performed in accor-
dance with PN-EN ISO 178 [38]. Charpy impact 
testing was performed on the IMPats-15/50 test 
stand (ATSFAAR S.p.A., Italy). A hammer with 
impact energy of 1 J and velocity at impact of 
2.90 m/s was used. Samples in the shape of 1eA 
with a notch were used for testing. Width under 
the notch 8 mm. The samples notches were done 
with the use of NOTCH VIS (CEAST) machine. 
After notching, specimens were conditioning by 
at least 16 hours in standard conditions. The tests 
were performed in accordance with the standard 
PN-EN ISO 179-1 [39]. The value given is the 
average of ten repetitions.

RESULTS

Sample preparation process analysis
Table 1 shows the processing values recorded 

during the extrusion of individual samples. The 
values of recorded extrusion parameters for indi-
vidual samples did not differ significantly from 
each other. The small used filling of the compos-
ites did not change the values of the recorded pa-
rameters compared to the sample made of pure 
polylactide. No differences were observed be-
tween the set and actual extrusion temperature of 
all samples. All granulates containing MWCNTs 
were characterized by equal colour, gloss, and 
smooth external surfaces.

Microscopic analysis

Figure 2 shows SEM images of both the 
composites components: PLA powder and raw 
MWCNT filler, as well as the fracture surfac-
es of MWCNT/PLA masterbatch (25 wt% of 

Mechanical tests

Tests to determine mechanical properties 
in static tension included: tensile strength (σm), 
stress at brake (σb), strain at strength (εm), strain at 
break (εb), tensile modulus, modulus of elasticity 
under tension (Young’s modulus, Et). Three point 
bending tests were used to determine: flexural 
strength (σfM), flexural strain at flexural strength 
(εfM), flexural stress at conventional deflection 
(σfc), modulus of elasticity in flexure, flexural 
modulus (Ef). Impact strength was determined us-
ing the Charpy method (acN). Before starting the 
tests, the samples were conditioned for at least 24 
hours at a temperature of 23 ± 1 °C and a humid-
ity of 50 ± 5 %. Mechanical tests were also car-
ried out under the same climatic conditions.

Specimens for mechanical tests were made us-
ing a Battenfeld Plus 35/75 UNILOG B2 injection 
moulding machine equipped with a screw with a 
diameter of 22 mm and a length of L/D 17 and 
three heating zones. In accordance with the PN-
EN ISO 294-1 standard [36]. Two types of samples 
were prepared: shapes in the 1A mold (“dog bone” 
shape, 2 mm of thickness, for tensile strength tests) 
and beams 1eA (length/width/thickness – 80/10/4 
mm, for three-point bending and Charpy test). 
Samples were injected at a temperature of 185 °C 
(all zones), using a dosing speed of 150 rpm, a dos-
ing back pressure of 232 Bar, an injection pressure 
of 1627 Bar, with a screw rotation speed at injection 
stage from 126 (beginning of the injection process) 
to 210 rpm (end of the injection process), mold 
clamping pressure of 1627 Bar, pressing time 35 s, 
cooling time 20 s, mold temperature 40 °C, injec-
tion volume: 28.8 cm3 for 1A specimens and 20.8 
cm3 for bars. Before injection, the granulates were 
dried for 4 hours at 80 °C in a POL-EKO SLW 180 
STD dryer. Mechanical properties in static ten-
sion was performed in accordance with PN-EN 
ISO 527-(1-2) standard [37]. The TIRAtest 27025 
(TIRA Maschinenbau GmbH, Germany) testing 
machine, equipped with a 3 kN measuring head, 
was used for the tests. Modulus was determine 
with stretching speed of 1.0 mm/min. 50 mm/min 

Table 1. Parameters recorded during extrusion
Sample PLA 0.1%MWCNT/PLA 0.3%MWCNT/PLA 0.5%MWCNT/PLA 1.0%MWCNT/PLA 2.0%MWCNT/PLA

Tt [°C] 210 203 206 206 206 207

Mo [Nm] 21.5 22.1 21.8 22.1 21.8 20.5

W [kW] 0.63 0.63 0.65 0.64 0.64 0.61

Y [kg/h] 3.25 3.25 3.25 3.25 3.25 3.25
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MWCNTs), extruded neat PLA and MWCNT/
PLA composites. Morphology of the raw compo-
nents agrees with the data provided by the sup-
pliers. PLA grain sizes range from 100 to 600 μm 
(Figure 2a), the carbon filler is a tangle of cylin-
drical structures with a high aspect ratio (Figure 
2b). On the surface of the MWCNT/PLA frac-
ture, well dispersed nanotubes in the PLA matrix 
are visible (Figure 2c). The fractured surface of 
the neat PLA (Figure 2d) is smooth indicating an 
inherent brittle and stiffness of the material. The 
river marking along the crack shown in the image 
is accompanied with very short polymer threads. 
The morphology of the fracture surface changed 
after introduction of MWCNT filler into PLA 
matrix (Figure 2e-f). Although river markings 
are still visible at 0.1 and 0.3 wt% concentrations 
of nanotubes, however, the presence of much 
more elongated polymer threads on the surface 
of the breakthrough is significantly increased. 
In fracture surfaces of samples with MWCNT 
content higher than 0.5 wt%, the river markings 
disappeared and the length and number of PLA 
threads increased. PLA threads with lengths of 
tens of micrometres appeared in fracture sur-
face of composite with 1.0 wt% concentration of 
MWCNTs. It is worth noting that the MWCNTs 

were distributed evenly in the composites and no 
cracks, holes or other types of structure disconti-
nuities were observed in the polymer matrix.

Chemical structure analysis

Figure 3 shows a comparison of the FTIR-
ATR spectra of the tested composite samples and 
neat PLA. All recorded spectra contain bands 
characteristic of polylactide. The crystalline and 
amorphous polymer phases are represented by 
bands located at 754 cm-1 and 866 cm-1 respective-
ly [40]. C-CH3 group stretching modes appears at 
1041 cm-1. The bands located at 1081 cm-1, 1180 
and 1266 cm-1 correspond to the bands of sym-
metric and asymmetric stretching of the C-O-C 
group. Rocking modes of CH3 groups are visible 
at 1127 cm-1. Symmetric bending modes of CH 
and CH3 appear at 1361 and 1381 cm-1. At 1451 
cm-1 asymmetric bending modes of CH and CH3 
groups can be found. The C=O ester stretching 
modes occur at 1747 cm-1. Bands, with low in-
tensity, at 2944 and 2995 cm-1 are attribute to the 
CH3 asymmetric stretching [41,42]. The position 
of individual bands in samples containing nano-
tubes corresponds to the position of these bands 
in original polylactide. The intensity of the bands 

Figure 2. SEM images of: a) PLA powder, b) MWCNTs, c) fracture surface of MWCNT/PLA 
masterbatch, d) fracture surface of the extruded neat PLA, e-i) fracture surface of the extruded 
MWCNT/PLA composite containing 0.1, 0.3, 0.5, 1.0 and 2.0 wt% of MWCNTs, respectively
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recorded for the polymer matrix corresponding 
to carbonyl groups (1747 cm-1) and ester groups 
(1081 and 1180 cm-1) didn’t change during extru-
sion. A change in the intensity (reduction) of these 
bands would indicate a shortening of the length of 
the polymer chains and thus its degradation [43]. 
This proves that the addition of carbon nanotubes 
did not cause degradation of the polymer matrix 
or their impact was minimal.

Thermal behaviour analysis

The results of the DSC analysis are shown in 
Table 2 and Figures 4–5. The first heating is used 
to erase the thermal history of the sample after 
the extrusion process. The transition recorded at 

the lowest temperature in the first heating thermo-
grams was the endothermic glass transition. After 
exceeding this temperature, the polymer chains 
become movable. For composites with MWCNT, 
the temperature of this transition is 60 °C, which 
is the same value as for pure PLA. This means that 
the filler used in the tested range of content in the 
composite had no effect on limiting the mobility 
of polymer chains in this temperature [44]. The 
formation of an ordered domain from the amor-
phous domain was manifested by an exothermic 
peak at 115–129 °C in composites and 111 °C in 
the pure PLA thermograms. The Tcc

1 temperature 
increases with increasing carbon nanotube con-
tent in the sample. The presence of MWCNT is 

Figure 3. FTIR-ATR spectra of the tested samples and original PLA

Table 2. Thermal parameters obtained by DSC
Sample PLA 0.1%MWCNT/PLA 0.3%MWCNT/PLA 0.5%MWCNT/PLA 1.0%MWCNT/PLA 2.0%MWCNT/PLA

Heating 1

Tg
1 [°C] 60.0 60.3 61.0 60.1 59.9 59.7

Tcc
1 [°C] 111.1 115.2 125.3 126.7 129.0 129.0

ΔHcc
1 [J/g] 26.0 27.9 21.7 12.3 12.3 6.9

Tm
1 [°C] 151.6 152.7 155.5 154.3 155.9 154.6

ΔHm
1 [J/g] 26.1 28.5 22.8 13.9 12.7 7.9

Xc
1 [%] 0 0 0 0 0 0

Heating 2

Tg
2 [°C] 59.6 59.1 59.7 59.8 58.3 59.4

Tcc
2 [°C] 129.2 129.0 125.3 127.5 122.0 128.0

ΔHcc
2 [J/g] 9.5 11.8 18.3 16.1 23.6 15.6

Tm
2 [°C] 150.0 150.0 149.3 149.1 147.8

153.6 150.3

ΔHm
2 [J/g] 9.5 11.4 18.5 16.1 23.6 15.9

Xc
2 [%] 0 0 0 0 0 0
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Figure 4. Heating 1 thermograms

Figure 5. Heating 2 thermograms
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responsible for the increase in the cold Tcc
1. In the 

process of crystallite formation, the filler had a 
negative effect on the mobility of polymer chains 
[44]. Changes in the enthalpy of cold crystalliza-
tion were also visible. ΔHcc also decreases with 
increasing MWCNT content in the sample. The 
quality of the formed crystallites was responsible 
for the change in the enthalpy of cold crystalliza-
tion. The presence of filler limits the area in which 
crystals can grow. The result is the formation of 
small, imperfect crystallites whose Tcc is higher 
and ΔHcc smaller than those of better structures 
[45]. The melting point recorded during the first 
heating for the composite samples was higher than 
for pure PLA. The quality of crystallites formed 
during cold crystallization was responsible for the 
simultaneous increase in Tm

1 and decrease in ΔHm
1 

of MWCNT samples [46].
During cooling of all samples, no effects re-

lated to polylactide crystallization were recorded. 
This confirms that crystallites cannot form while 
the sample was cooling. The ordered phase in the 
polymer was formed only during the heating of 
the sample from the molten phase. Therefore, PLA 
was not able to crystallize from the solid phase 
[47]. More information about the interaction of 
the filler with the polymer matrix was provided 
by the second heating. In the thermograms of the 
second heating, no major differences were record-
ed between the glass transition temperatures of 
the samples filled with MWCNTs and the sample 
without this additive. This means that the pres-
ence of the filler had no effect on the mobility of 
the polylactide chain [44]. For samples contain-
ing MWCNT, Hcc

2 was higher and Tcc
2 was lower 

compared to pure PLA. Carbon nanotubes influ-
ence the location of the exothermic cold crystal-
lization peak. The decrease in the cold crystal-
lization temperature and the increase in the en-
thalpy of this process indicate that MWCNTs can 
act as polylactide crystallization nuclei [48]. The 
melting peaks of the samples recorded in the sec-
ond heating thermograms were asymmetric. For 
a sample containing 1% by weight MWCNT, a 
second peak emerged from this asymmetry. Two 
types of crystallites that differ in size and order 
are responsible for the appearance of the two 

melting peaks [49]. Qualitatively inferior crystal-
lites (smaller, with a lesser degree of order) melt 
at a lower temperature and then recrystallize to a 
more stable form. The newly formed crystallites 
melt at a higher temperature [50]. All samples 
showed amorphous character.

Melt flow rate

Composites and reference sample melt flow 
rate values are show in Table 3. The mass melt 
flow rate is an expression of melt flowability, 
defined as the mass of molten polymer passing 
through a capillary of standardized diameter and 
length at a specified time and at a specified pres-
sure applied by the weight. Because the MFR val-
ue is determined under constant load conditions, it 
can be considered as an extrusion rheometer rep-
resenting a specific point on the shear stress versus 
shear rate curve. This value is directly correlated 
with the melt viscosity [51,52]. The measured 
MFR value of the extruded sample containing 
only polylactide (7.07 g/10 min) is similar to the 
value measured for polylactide in the form provid-
ed by the manufacturer (7.81 g/10 min). A sharp 
increase in the MFR value may indicate polymer 
degradation [53]. In such a case, the increase in 
flow and the decrease in the viscosity of the ma-
terial are caused by the significant shortening 
(breaking) of the polymer chain as a result of high 
temperature and shear forces [54]. Since both val-
ues are close to each other, it can be assumed that 
the used processing conditions didn’t affect (or the 
impact was minor) on degradation of the polymer. 
The MFR value of MWCNT samples decreased 
with increasing filler loading. The decrease in the 
MFR, samples melt viscosity, was caused by the 
presence of a solid filler and thus an increase in the 
flow resistance of the molten polymer [55].

Mechanical tests

Mechanical properties in static tension are 
shown in Table 4. The addition of MWCNT to 
the polylactide matrix resulted in an increase in 
both tensile strength and Young’s modulus. All 
samples showed typical brittle fracture behaviour, 

Table 3. MFR results for individual samples (standard deviation) 

Sample PLA 0.1%MWCNT/PLA 0.3%MWCNT/PLA 0.5%MWCNT/PLA 1.0%MWCNT/PLA 2.0%MWCNT/
PLA

MFR 
[g/10 min] 7.07 (0.05) 4.53 (0.04) 4.15 (0.09) 3.59 (0.09) 3.17 (0.09) 2.90 (0.06)
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without any visible yielding phenomenon. The 
best strength properties during static tensile tests 
were obtained for a sample containing 1 wt% of 
carbon nanotubes. For this sample, σm it changed 
by 10% and Et by 15% compared to the PLA sam-
ple. The addition of carbon filler did not cause 
changes in elongation at the maximum recorded 
stress and at break. The strengthening effect, as-
sociated with excellent mechanical properties 
of MWCNT is responsible for improving the 
strength parameters [56, 57]. Most of the external 
loads are carried by the PLA matrix. Microcracks 
created during stretching initiate and spread in the 
polymer matrix of composites when the applied 
load exceeds its strength [58]. This phenomenon 
may explain the decrease in strength parameters in 
the sample containing 2 wt% MWCNT. A higher 
content of carbon nanotubes in this sample causes 
disturbances in the continuity of the polymer ma-
trix and thus weakens the composite. Similar ob-
servations were recorded by other researchers [29, 
48, 59]. Table 5 show results obtained from three-
point bending tests. In the case of three-point 
bending, the addition of MWCNT had no effect 
on the test results. The corresponding values of the 
parameters recorded during the test for individual 
samples are similar to each other. Due to the nu-
cleating properties of MWCNTs and thus the in-
crease in the degree of crystallinity of polylactide, 

which results in an increase in the brittleness of 
composites made using them, a deterioration of 
properties could be expected during this test [28]. 
However, rapid specimens cooling during injec-
tion molding, which prevented crystallization of 
the polymer, resulted in no changes in bending 
strength. Impact strength results determined by 
the Charpy method are summarized in Table 6.

A slight upward trend can be seen in the im-
pact strength results of the obtained samples after 
adding MWCNT to the PLA matrix. However, 
the change is so small (within the measurement 
error of the samples) that it is safer to say that this 
parameter has not deteriorated for the composites 
compared to original polylactide. 

CONCLUSIONS

The feasibility of using screw extrusion tech-
nology to produce homogeneous biodegradable 
PLA composites filled with carbon nanotube was 
investigated. Commercial PLA and a masterbatch 
containing 25% MWCNTs were used as starting 
material. For samples with target concentrations 
of filler (0.0–2.0 wt%), no significant changes 
were observed in the mechanical parameters of 
the extrusion process, such as stock temperature, 
main drive torque and efficiency.

Table 4. Mechanical properties – static tension (standard deviation) 

Sample PLA 0.1%MWCNT/PLA 0.3%MWCNT/PLA 0.5%MWCNT/PLA 1.0%MWCNT/PLA 2.0%MWCNT/
PLA

σm [MPa] 62.5 (0.7) 63.8 (0.6) 65.1 (0,8) 65.8 (0.7) 68.9 (0.6) 67.7 (0.5)

σb [MPa] 60.8 (1.0) 63.8  (0.6) 64.5 (1.0) 65.8 (0.7) 68.7 (0.6) 67.7 (0.2)

εm [%] 4.2 (0.2) 3.9 (0.1) 4.0 (0.1) 4.1 (0.2) 4.0 (0.2) 3.9 (0.2)

εb [%] 4.5 (0.2) 3.9 (0.1) 4.1 (0.1) 4.1 (0.2) 4.1 (0.3) 3.9 (0.2)

Et [MPa] 1982 (62) 2119 (101) 2120 (111) 2118 (78) 2279 (59) 2178 (102)

Table 5. Mechanical properties – three-point bending (standard deviation) 

Sample PLA 0.1%MWCNT/PLA 0.3%MWCNT/PLA 0.5%MWCNT/PLA 1.0%MWCNT/PLA 2.0%MWCNT/
PLA

σfm [MPa] 97.0 (2.8) 99.0 (2.7) 94.6 (2.5) 97.4 (2.9) 98.9 (1.2) 96.1 (2.3)

σfc [MPa] 95.2 (2.6) 95.8 (4.4) 93.1 (2.5) 96.4 (3.0) 95.8 (1.7) 92.0 (2.3)

εfm [%] 4.3 (0.1) 4.3 (0.2) 4.2 (0.2) 4.3 (0.2) 4.3 (0.2) 4.4 (0.1)

Ef [MPa] 3290 (181) 3386 (128) 3116 (129) 3308 (56) 3208 (161) 3019 (44)

Table 6. Mechanical properties – impact strength (standard deviation) 

Sample PLA 0.1%MWCNT/PLA 0.3%MWCNT/PLA 0.5%MWCNT/PLA 1.0%MWCNT/PLA 2.0%MWCNT/
PLA

acN [kJ/m2] 2.73 (0.29) 2.86 (0.17) 2.90 (0.24) 3.01 (0.32) 2.90 (0.27) 2.78 (0.13)
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The fracture surface of the obtained com-
posites was strongly influenced by the content 
of the MWCNT filler. Addition of the MWCNTs 
resulted in appearance of the PLA threads on 
the fracture surface and disappearing of cracks. 
MWCNTs were distributed evenly in the compos-
ites and no voids were found in the composites. 
Empty spaces and pores, the presence of which 
could be related to the appearance of CO or CO2 
in the sample, may indicate polymer degradation 
[60]. The results of the FTIR-ATR analysis indi-
cate that the applied sample extrusion conditions 
had no or minimal effect on the degradation of 
polylactide. There were also no chemical changes 
in structure of polylactide after the addition of 
MWCNTs during the preparation of composite 
samples. In the tested samples, MWCNT showed 
a nucleating effect on the formation of polylac-
tide crystallites during the second heating of the 
DSC analysis. However, rapid cooling of the 
samples after extrusion did not allow the forma-
tion of polymer crystallites in the composites and 
all samples showed an amorphous character. The 
presence of MWCNTs influenced the change in 
the viscosity of the composites. The change in the 
MFR value is caused by increased resistance to 
polymer flow resulting from the increasing con-
tent of solid filler in the composite. Carbon nano-
tubes had the greatest impact on the properties 
of the obtained composites on the results of me-
chanical tests. Where their small addition (1 wt%) 
resulted in an increase in tensile strength by 10% 
and Young’s modulus by 15%, without deteriora-
tion of the other measured parameters.
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