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INTRODUCTION

The last decade has seen a surge of interest 
in biopolymers, which is related to the unre-
solved issue of disposal of products made from 
plastics produced from fossil fuel derivatives. 
Replacing conventional plastics with biopoly-
mers made from renewable organic materials is 
therefore one of the biggest technological chal-
lenges. Product design now considers the life 
cycle – from manufacture to disposal. From this 
point of view, its ability to biodegrade after use 
is crucial. Not all biopolymers are biodegradable 

(e.g. biopolyethylene), nor are all biodegradable 
biopolymers derived from renewable organic 
materials (e.g. polycaprolactone) [1]. One of the 
bidegradable polymers of biological origin is 
polylactide, first synthesized in 1932 by DuPont 
employee Wallace Carothers by heating lactic 
acid under vacuum [2]. Among the advantages 
of polylactide, in addition to its biodegradability, 
are its good mechanical properties. The disadvan-
tages are low impact resistance, susceptibility to 
thermal deformation and low gas barrier [3].

Currently, polylactide occupies a leading role 
on the biodegradable polymers market [4]. Since 
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1960, it has been used in medicine and pharmacy 
as absorbable implants, sutures and in controlled 
drug release [5, 6]. Currently, it is used in many 
industries: automotive [7, 8], agriculture [9, 10], 
medicine [11, 12], electronics [13, 14], packaging 
[15, 16] and others. Broader use of polylactide 
requires modification of its properties by adding 
natural [17, 18] or synthetic fibres [19], biode-
gradable polymers [20] or other fillers [21, 22].

In 2004, C. Berger et al. [23] and K. Novose-
lov et al. [24] independently reported obtaining 
a two-dimensional graphene by epitaxial growth 
and mechanical graphite exfoliation, respective-
ly. The concept of graphene as a single layer of 
graphite was proposed as early as 1984 by Boehm 
[25], who built on the theoretical work of Walles 
[26]. In 2010 Andre Geim and Konstantin No-
voselov were Nobel Prize awarded “for ground-
breaking experiments regarding the two-dimen-
sional material graphene” [27]. Thanks to its 
excellent mechanical properties, graphene is also 
used as an additive in polylactide composites. 

Graphene is a 2D crystal composed of the 
covalently bonded sp2 carbon atoms arranged 
in honey-comb crystalline lattice [28]. Cova-
lent σ bonds are responsible for extraordinary 
mechanical properties of graphene, the Young’s 
modulus of 1 TPa and an instrinsic strength of 
130 GPa [29]. These properties, combined with 
high thermal conductivity above 3000 W/(m·K) 
[30], excellent gas barrier [31] or the ability to 
withstand extremely high electric current densi-
ties (a million times greater than copper) [32], 
make graphene a good candidate as a filler in 
polymer composites. 

One of the biggest challenges of the technol-
ogy of manufacturing polymer composites with 
graphene filler is to achieve a good dispersion 
of graphene in the polymer matrix. Various ap-
proaches are used to achieve good graphene dis-
persion. In polymerization in situ, monomers in-
tercalate between graphene layers, followed by 
polymerization [33]. In the mixing-in-solution 
method, the polymer is dissolved in a solvent, 
then graphene filler is added. Polymer macro-
molecules in solution easily intercalate between 
graphene layers. After evaporation of the sol-
vent, a composite with well-dispersed filler is 
obtained [34]. Both approaches ensure good 
incorporation of graphene into the structure of 
the polymer; however, they are difficult to ap-
ply on a scale larger than the laboratory scale. 
The only method that allows the development 

of industrial technology for the production of 
graphene-filled composites is melt blending us-
ing single- twin-screw extruders [35].

In the article, we describe the process of 
preparing samples of polylactide composites 
containing from 0.1 to 2 wt.% of graphene. The 
target composites are obtained from our own 
masterbatch containing 25 wt.% of graphene. 
The use of a masterbatch improves the compos-
ite production process by significantly facilitating 
the dosing of the nanomaterial. We examined the 
obtained composites in terms of filler dispersion 
in the matrix, possible changes in the chemical 
structure of the polymer matrix, the influence of 
graphene content on the melt flow rate, thermal 
and mechanical properties of the composites. 

MATERIALS AND METHODS

Materials

As a polymer matrix polylactide produced by 
Total-Corbion (Gorinchen, Netherlands) with the 
trade name Luminy® LX175 was used. Basic prop-
erties of used polylactide: density of 1.24 g/cm3, 
stereochemical purity 96% (L-isomer), glass and 
melting temperature of 60 °C and 155 °C respec-
tively. For masterbatches containing 25 wt% gra-
phene, a polymer in powder form with a size rang-
ing from 100 to 600 μm was used. The composites 
were made of polylactide in the form of granules.

Graphene nanoplatelets (GNP) were provided 
by The Institute of Carbon Technologies (Toruń, 
Poland). The thickness of the used GNPs is 3 nm, 
diameter 1.5 µm, specific surface area 800 m2/g.

Composite production technology

The composite production process consisted 
of two stages:
 • first stage: obtaining a polylactide masterbatch 

containing 25 wt.% graphene from polylactide 
in powder form with a size from 100 to 600 µm

 • second stage: obtaining target composites con-
taining from 0.1 to 2.0 wt.% graphene using 
the masterbatch obtained in the first stage and 
polylactide in granules form.

Before extrusion, both the masterbatch and 
the composites, all ingredients were dried in POL-
EKO SLW 180 STD dryer (POL-EKO sp.k., Po-
land) at 80 °C for 8 hours.
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Masterbatch preparation – first stage

Premixed PLA in powder form with 25 wt.% 
GNP was used to obtain the masterbatch by ex-
trusion. Twin-screw Bühler BTSK (Switzerland) 
co-extruder with a screw diameter of 20 mm and 
a L/D (length to diameter) of 40 was used. Used 
configuration included four zones responsible 
for mixing and grinding the molten material 
(Fig. 1). In the first zone were two kneading ele-
ments – KBW 90/2/15 and KBW 45/5/20. The 
subsequent zones contained elements, whose 
task was to retain the melt in the mixing zone for 
a longer time. The reverse mixing and grinding 
segments present in this zone are responsible for 
this. The screw system used is characterized by 
good mixing and grinding properties intensified 
by the presence of reverse elements. The master-
batch was extruded at a speed of 100 rpm using 
the temperature profile: 170 °C (Zone 1), 175 °C 
(Zone 2), 180 °C (Zone 3), 185 °C (Head). 

Composite preparation – second stage

The masterbatch obtained in the first stage 
was used to produce composites. For this pur-
pose, the appropriate amount of masterbatch, 
required to obtain composites with carbon fill-
er from 0.1 wt.% to 2.0 wt.%, was mixed with 
polylactide in the form of granules. The material 
was then extruded at a speed of 150 rpm and in 
temperatures of 170 °C (Zone 1), 175 °C (Zone 
2), 180 °C (Zone 3), 185 °C (Zone 4), 180 °C 
(Head), using the same extruder and plasticizing 
system which one was used to receiving mas-
terbatch. As a result, composites containing: 0.1 
wt.% GNP, 0.3 wt.% GNP, 0.5 wt.% GNP, 1.0 
wt.% GNP, 2.0 wt.% GNP were obtained, which 
were marked respectively as: 0.1% GNP/PLA, 
0.3% GNP/PLA, 0.5% GNP/PLA, 1.0% GNP/
PLA, 2.0% GNP/PLA. The composites were 
compared with a sample without the addition of 

graphene, which was also subjected to the same 
extrusion process as the composites. This sam-
ple was named PLA.

Material characterization

Microscopic analysis

A Hitachi SU8010 (Japan) scanning electron 
microscope (SEM) was used to evaluate the dis-
persion, presence of agglomerates and uniformity 
of distribution of the graphene filler in the poly-
mer matrix. The pictures were taken after coating 
a thin layer of gold onto the surface of the samples 
in order to increase its electrical conductivity, at 
an acceleration voltage of 10 kV.

FTIR-ATR analysis

Fourier transform infrared spectrometer Cary 
630, Agilent Technology, Santa Clara, CA, USA 
coupled with attenuated total reflectance mod-
ule equipped with diamond crystal was used for 
recording of infrared absorption spectra in the 
range of 400–4000 cm-1 , with resolution 2 cm-1 
and signal to noise ratio (1 min, RMS) 30000:1.

Thermal behaviour analysis

The differential scanning calorimetry (DSC) 
technique was used to assess the impact of the ex-
trusion process and the addition of graphene on 
the thermal properties of the composites. Ther-
mograms were recorded using a Mettler Toledo 
DSC1 calorimeter. The measurement was carried 
out in three stages: two heats and one of cooling, 
separated by two isothermal stages. In the first 
stage - Heating 1, the sample was heated at a rate 
of 10 °C/min from 0 °C to 300 °C. Then the sam-
ple was kept at a temperature of 300 °C for 5 min. 
After this isothermal step, the sample was cooled 
at a rate of 10 °C/min to 0 °C. Cooled sample was 

Fig. 1. Screw configuration with marked heating zones of extruder, SK - feeding 
segments, SE - conveying segments, KBW - kneading elements, elements marked as Li 

- backward elements, numbers encode: angle (KBW only)/step/length in mm
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rpm (end of injection), pressure mold closure 1627 
Bar, pressing time 35 sec, cooling time 20 sec, mold 
temperature 40 °C, injection volume 28.8 cm3 for 
1A specimens and 20.8 cm3 for bars. Before injec-
tion, the composites were dried for 4 hours at 80 °C.

The TIRAtest 27025 (TIRA Maschinenbau 
GmbH, Germany) testing machine was used to 
measure mechanical properties of samples in static 
tension. The tests was made in accordance with 
PN-EN ISO 527-(1-2) standard [41]. Testing ma-
chine was , equipped with a 3 kN measuring head. 
Measurement parameters: Test speed: 1.0 mm/min 
to determine the modulus and 50 mm/min for other 
measured parameters, gauge length: 50 mm. Ac-
cording to standard, means were calculated from 
five replicates. The TIRAtest 27025 testing ma-
chine was also used to perform three-point bending 
tests. Measurements were made with use a 3 kN 
measuring head, support spacing 64 mm and test-
ing speed 2 mm/min. Five replicates were tested for 
each sample and the average values were reported.

IMPats-15/50 test stand (ATSFAAR S.p.A., 
Italy) was used to perform Charpy impact tests. 
Measurements were made with accordance to 
PN-EN ISO 179-1 [42] standard. Hammer used 
to break the specimens had impact energy 1 J 
and velocity at impact of 2.90 m/s. Notched us-
ing NOTCH VIS (CEAST) machine samples in 
a shape 1eA, with 8 mm width under notch, was 
measure. After notching, specimens were con-
ditioning by at least 16 hours in standard condi-
tions. Ten replicates were tested ror each sample.

RESULTS

Extrusion process analysis

During the extrusion of the composites, the 
following parameters were recorded: stock tem-
perature (Tt), main drive torque (M0), power main 
drive (W), and efficiency (Y). Parameters values 
are show in Table 1. Extruded composites in the 
form of granules were characterized by a smooth, 
shiny surface. No major differences were found in 
the recorded process parameters between individ-
ual samples containing graphene. There are slight 
differences between the pure polylactide sample 
and the composites. Unfunctionalized GNP plates 
produce hydrodynamic slip and alignment in the 
shear flow direction, causing a decrease in the 
viscosity of the composites and thus reducing 
processing resistance [43].

kept at 0 °C for 5 min. Then was heated again - 
Heating 2, at a rate of 10 °C/min from 0 °C to 300 
°C. Measurements were made in an inert atmo-
sphere – nitrogen (gas flow over the sample 60 
cm3/min). Samples sealed in aluminum crucibles 
weighing 5 to 7 mg were used. The percentage of 
the crystalline phase in the polymer was calcu-
lated using the equation [36]:

 𝑋𝑋𝐶𝐶 = (∆𝐻𝐻𝑚𝑚 −  ∆𝐻𝐻𝑐𝑐𝑐𝑐
𝑤𝑤∆𝐻𝐻𝑚𝑚

0 ) · 100% 

 

 (1)

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

m – 
melting enthalpy of 100% crystalline PLA 
(93 J/g [37]); w – fraction of the polymer 
in the composite materials. The analysis 
was performed in agreement with ISO 
11357-(1–3) standards [38]. The accuracy 
of temperature determination was ± 0.8 
°C and enthalpy ± 0.5 J/g.

Melt flow rate

A Dynisco LMI 4003 capillary plastometer 
was used to determine the mass flow rate (MFR) of 
the composites. The measurement was performed 
in accordance with the PN-EN ISO 1133 stan-
dard [39]. Measurement conditions: temperature 
190 °C, piston load 2.16 kg, melting time 300 s, 
cutting time 10 s. Before measurement, the com-
posite samples were dried for 4 hours at 80 °C.

Mechanical tests

 Before performing the tests, the samples 
were conditioned for at least 24 hours at a tem-
perature of 23 ± 1 °C and a humidity of 50 ± 5%. 
Mechanical tests were also carried out under the 
same climatic conditions.

The specimens for mechanical tests were 
made using the injection technique in agreement 
with PN-EN ISO 294-1 standard [40]. Two types 
of samples were prepared: shapes in the 1A mold 
(“dog bone” shape, 2 mm of thickness, for tensile 
strength tests) and beams (length/width/thickness 
– 80/10/4 mm, for three-point bending and Charpy 
test). Specimens were made with Battenfeld Plus 
35/75 UNILOG B2 injection molding machine 
with three heating zones, screw diameter of 22 mm 
and L/D 17. Injection parameters: processing tem-
perature 185 °C (all heating zones), dosing speed 
150 rpm, dosing back pressure 232 Bar, injection 
pressure 1627 Bar, screw rotation speed in the in-
jection phase from 126 (start of injection) to 210 
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Microscopic analysis

Figure 2 contains SEM images of original 
GNP agglomerates, the fracture surface of PLA 
masterbatch granules containing 25 wt.% GNP 
and individual composite samples.

The morphology of raw materials is consistent 
with the data provided by suppliers. Polylactide 
powder consists of grains ranging in size from 100 
to 600 µm (Figure 2a), GNPs occur in the form of 
agglomerates composed of graphene plates (Fig-
ure 2b). On the crack surface of the GNP/PLA 
masterbatch filler agglomerates are visible (Fig-
ure 2c). The cracked surface of pure PLA (Figure 
2d) is smooth, indicating the inherent brittleness 
and stiffness of the material. GNP agglomerates 
and smaller graphene structures are also visible in 
photos of the fracture surfaces of composite sam-
ples (Fig. 2e–f). SEM photos indicate that GNP 

is evenly dispersed in the polymer matrix, but we 
did not avoid its agglomeration during extrusion. 
The presence of agglomerates indicates strong in-
teractions between graphene nanoplatelets, which 
could not be overcome both after twice extruding 
the masterbatch and after subsequent extrusion of 
the target composites. No defects were observed in 
the structure of the polymer matrix in the form of 
pores, cracks or other discontinuities.

FTIR-ATR analysis

Figure 3 show a comparison of the FTIR-
ATR composites and PLA recorded spectra. All 
recorded spectra contain bands characteristic of 
polylactide. The crystalline and amorphous poly-
mer phases are represented by bands located at 
754 cm-1 and 865 cm-1 respectively [44]. At 1041 
cm-1 appears stretching modes of C-CH3 groups. 

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

Tt [°C] 210 200 200 205 203 202

Mo [Nm] 21.5 20.2 21.1 20.1 20.2 20.2

W [kW] 0.63 0.61 0.61 0.60 0.61 0.60

Y [kg/h] 3.25 3.12 3.12 3.12 3.12 3.12

Fig. 2. SEM picture of: (a) PLA powder, (b) GNPs, (c) fracture surface of GNP/PLA masterbatch, 
(d) fracture surface of the extruded neat PLA, (e-i) fracture surface of the extruded 

GNP/PLA composite containing 0.1, 0.3, 0.5, 1.0 and 2.0 wt.% of GNP, respectively
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C-O-C symmetric stretching modes can be found 
at 1080 cm-1 and asymmetric at 1179 and 1266 
cm-1. Rocking modes of CH3 groups are visible 
at 1127 cm-1. Symmetric bending modes of CH 
and CH3 appear at 1358 and 1381 cm-1. At 1450 
cm-1 asymmetric bending modes of CH and CH3 
groups can be found. The C=O ester stretching 
modes occur at 1747 cm-1. Low intensity bands at 
2944 and 2995 cm-1 are assigned to the asymmet-
ric stretching modes of CH3 [45,46]. The spectra 
of samples containing GNP do not differ from 
each other and from spectrum of pure polylactide.

Reducing the intensity of the bands assigned 
to C=O (1747 cm-1) and C-O-C group (1080 cm-1, 
1179 cm-1) was not observed. Changes in this 
bands may by a result of the shortening of the 

polymer chain [47]. This proves that the applied 
that the addition of graphene filler did not cause 
degradation of the polymer matrix or their impact 
was minimal. 

Thermal behaviour analysis

Recorded temperature values of: Tg – glass 
transition, Tcc – cold crystallization, Tm – melting 
point, enthalpy of: ΔHcc – cold crystallization, ΔHm 
– melting enthalpy are shown in Table 2, thermo-
grams of first and second heating on Figures 4 and 
5. In the thermograms of the first heating, used to 
erase the thermal history of the sample after the 
extrusion process, the first endothermic transition 
can be seen around the temperature of 60 °C. The 

Fig. 3. FTIR-ATR spectra of the tested samples and original polylactide

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

Heating 1

Tg
1 [°C] 60.0 61.6 61.0 61.7 61.7 61.9

Tcc
1 [°C] 111.1 123.8 130.0 - - -

ΔHcc
1 [J/g] 26.0 21.2 4.9 - - -

Tm
1 [°C] 151.6 154.6 155.6 154.6 154.7 155.6

ΔHm
1 [J/g] 26.1 21.8 7.2 22.9 25.8 26.9

Xc
1 [%] 0 0 2.5 24.9 27.9 29.5

Heating 2

Tg
2 [°C] 59.6 59.3 59.4 59.0 58.9 58.8

Tcc
2 [°C] 129.2 126.4 129.7 129.8 124.6 129.2

ΔHcc
2 [J/g] 9.5 18.7 3.7 3.5 16.3 8.4

Tm
2 [°C] 150.0 148.8 149.8 149.3 147.5 149.3

ΔHm
2 [J/g] 9.5 18.9 3.7 3.4 17.0 8.3

Xc
2 [%] 0 0 0 0 0 0
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temperature of this transition is called the glass 
transition temperature. After exceeding this tem-
perature, the polymer chains become movable. For 
samples containing GNP, this temperature is ap-
proximately 1–2 °C higher than for sample without 
filler. The increase in temperature is caused by the 
limitation of the movement of polymer chains by 
GNPs [48].

Cold crystallization was recorded for the 
PLA sample and composites containing 0.1 and 
0.3 wt.% GNP. The temperature of this transi-
tion for these samples increased with the in-
crease in the amount of filler. This effect is re-
lated to the negative impact of the filler on the 
mobility of the polylactide chains [14]. Changes 
in the enthalpy of this process are also visible. 
ΔHcc

1 decreases with increasing filling of the 
composites until this process is completely in-
hibited for samples containing 0.5 wt.% and 
more GNP. The presence of the filler limits the 
space in which crystallites can grow. This results 
in the formation of small, imperfect crystallites 
whose Tcc is higher and ΔHcc is lower compared 
to more perfect structures [15]. For composites 
containing 0.5 wt.% or more of GNPs, no cold 

crystallization process was observed. This may 
mean that GNPs induce the formation of crystal-
lites during the process of obtaining composites. 
As a result, composites with a higher degree of 
crystallinity are created [49]. Xc

1 increases with 
increasing filler content to the level 29.5% for 
2.0% GNP/PLA sample. The melting tempera-
ture recorded during the Heating 1 of the com-
posite samples is approximately 3–4 °C higher in 
comparison to PLA sample. Which is related to 
the melting of a larger number of crystals in the 
samples containing graphene, which were cre-
ated due to the nucleating effect of GNPs [50]. 

During cooling, no transitions related to 
polymer crystallization were recorded. Which 
means that crystallites can only form when heat-
ed in a molten form of polymer. Polylactide 
chains were not able to reorganize into a more 
ordered form in the solid phase [51]. The glass 
transition temperature recorded during Heat-
ing 2 for all samples had a similar value. This 
indicates that the filler had little effect on the 
mobility of the polymer chains [52]. No rela-
tionship was observed between the temperature 
and enthalpy of cold crystallization and GNPs 

Fig. 4. Heating 1 DSC thermograms of samples Fig. 5. Heating 2 DSC thermograms of samples
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content in composites. The melting peaks of all 
samples recorded during the second heating are 
not symmetrical. The asymmetry of the peak is 
caused by the effect of the presence of two types 
of crystallites differing in size in the samples, or 
by a disorder [53]. The lower temperature melt-
ing peak is attributed to the melting of imperfect 
crystallites and its recrystallization to more sta-
ble form. The newly formed crystallites melt at a 
higher temperature [54]. All samples showed in 
second heat amorphous character.

Melt flow rate

Composites and reference sample melt flow 
rate values are show in Table 3. Information 
about melt viscosity can be obtained by mea-
suring the melt flow rate. It is a measurement 
performed at a specific, standardized tempera-
ture and piston load, during which the mass of 
molten material flowing through a standard-
ized capillary is measured in a given time unit. 
In this approach, the MFR can be considered 
as an extrusion rheometer representing a spe-
cific point on the shear stress versus shear 
rate curve [55, 56]. The MFR value of pristine 
polylactide used to prepare composite and the 
reference sample was 3 g/10 min. Because the 
increase in the MFR value may be caused by 
the degradation of the polymer related to the 
shortening and disruption of its chains during 
processing with an extruder [57, 58]. Contrary 
to the used polymer processing conditions, the 
addition of GNP to the composites had no ef-
fect on the polymer degradation.

Mechanical tests

Tensile strength – σm, stress at brake – σb, 
strain at strength – εm, strain at break – εb, ten-
sile modulus, modulus of elasticity under tension 
(young’s modulus) – Et, were determined and 
shown in Table 4. The addition of GNP to the 
polymer matrix resulted in an increase in both 
the σm and Et, without a significant change in the 
elongation values   of the samples. The highest 
values   were obtained for the sample containing 
0.5 wt% GNP. For this sample σm increased by 
10% and Et by 19% compared to a sample ex-
truded under the same conditions but without the 
addition of graphene. All samples showed typi-
cal brittle fracture behaviour, without any visible 
yielding phenomenon. The very good strength 
parameters of GNP are responsible for improv-
ing the mechanical properties [59]. Additionally, 
the large specific surface area of   GNP facilitates 
transfer of stresses through filler-polymer inter-
face [60]. Most of the external loads are carried 
by the PLA matrix. Microcracks created during 
stretching initiate and spread in the polymer ma-
trix of composites when the applied load exceeds 
its strength [61]. The increase in the number of 
defects in the continuity of the polymer matrix 
related to the increased number of graphene 
platelets agglomerates may be responsible for 
the decrease in mechanical properties of com-
posites filled above 0.5 wt% GNP [62]. 

In three-point bending tests flexural strength 
– σfM, flexural strain at flexural strength – εfM, 
flexural stress at conventional deflection – σfc, 

Table 3. Composites and reference sample MFR values (standard deviation)
Sample PLA 0.1% GNP/PLA 0.3% GNP/PLA 0.5% GNP/PLA 1.0% GNP/PLA 2.0% GNP/PLA

MFR [g/10 min] 7.07
(0.05)

7.51
(0.06)

7.41
(0.09)

7.44
(0.13)

7.41
(0.10)

7.62
(0.05)

Table 4. Mechanical properties – static tension (standard deviation)
Sample PLA 0.1% GNP/PLA 0.3% GNP/PLA 0.5% GNP/PLA 1.0% GNP/PLA 2.0% GNP/PLA
σm

[MPa]
62.5
(0.7)

64.6
(0.5)

67.1
(0,8)

69.0
(1.0)

68.0
(0.5)

65.9
(0.9)

σb
[MPa]

60.8
(1.0)

62.6
(2.0)

65.6
(0.3)

68.8
(1.3)

67.8
(0.4)

64.7
(2.3)

εm
[%]

4.2
(0.2)

3.9
(0.1)

4.1
(0.1)

3.9
(0.1)

3.9
(0.1)

3.7
(0.1)

εb
[%]

4.5
(0.2)

4.3
(0.2)

4.3
(0.2)

4.0
(0.1)

3.9
(0.1)

3.8
(0.2)

Et
[MPa]

1982
(62)

1966
(149)

2177
(16)

2366
(43)

2333
(109)

2306
(109)
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modulus of elasticity in flexure, flexural modulus 
– Ef were measured and show in Table 5.

In three-point bending results, a slight in-
crease in the strength of GNP composites can 
be observed. The best results were obtained again 
for the sample containing 0.5 wt% GNP. For this 
sample, the σfm and Ef increased by 15% in compari-
son to PLA sample. The deterioration of properties 
after exceeding 0.5 wt.% of filling is caused by an 
increase in the number of agglomerates in the com-
posite samples, what was seen also in tensile strength 
tests [63]. Table 6 shows the impact strength values 
determined by the Charpy method (acN).

The addition of GNP to the composites did 
not significantly change the impact strength val-
ues   of the samples. Although a slight improve-
ment in this parameter is visible, but it is so small 
that it is more accurate to say that this parameter 
did not deteriorate after adding GNP to the poly-
mer matrix.

CONCLUSIONS

Dividing the production process of polylac-
tide composites with nano graphite plates into 
two stages made it much easier. However, the 
used configuration of the extruder plasticizing 
system did not allow for the complete elimina-
tion of the presence of GNP agglomerates in the 
composite. The increase in GNP filling in the 
composites did not have a major impact on the 
extrusion parameters of the composites. A slight 
decrease in the generated loads and stock tem-
perature was noticed compared to the sample 
without the addition of filler. The difference is 

caused by the decrease in melt viscosity caused 
by the presence of GNP which is confirmed by 
the MFR study. 

Despite extruding the highly filled GNP mas-
terbatch twice, the presence of graphene agglomer-
ates was still found in it. Agglomerates were also 
found in SEM photos of the composites, which 
indicates strong interactions between graphene 
flakes. In the pictures of the masterbatch, sample 
without the addition of filler and composites any 
discontinuities or pores in the polymer matrix were 
found. The presence of voids and pores, resulting 
from the appearance of CO or CO2 in the system, 
may indicate polymer degradation [64].

The results of the FTIR-ATR analysis indicate 
that the addition of GNP during sample preparation 
did not cause any changes in the chemical structure 
of the polymer matrix. The analysis of DSC ther-
mograms allows us to conclude that GNP supports 
the crystallization process of polylactide. However, 
due to the limited mobility of the polymer chains 
by the presence of the filler, the crystallites formed 
were small and imperfect. An increase in the de-
gree of crystallinity of composites with graphene 
may affect the value obtained during mechanical 
tests. Polymers with a more crystalline structure 
are more durable but also more brittle [65].

The presence of GNP did not have a major 
impact on the measured melt flow rate. However, 
the extrusion conditions used resulted in partial 
degradation of the polymer matrix, which resulted 
in an increase in the MFR value compared to the 
data provided by the polylactide manufacturer.

GNP had the greatest impact on the proper-
ties of the obtained composites on the results of 
mechanical tests. Where their small addition (0.5 

Table 5. Mechanical properties – three-point bending (standard deviation)
Sample PLA 0.1% GNP/PLA 0.3% GNP/PLA 0.5% GNP/PLA 1.0% GNP/PLA 2.0% GNP/PLA
σfm

[MPa]
97.0
(2.8)

101.4
(2.2)

106.9
(2.4)

111.8
(4.2)

110.2
(0.3)

108.8
(2.8)

σfc
[MPa]

95.2
(2.6)

99.0
(2.4)

105.0
(3.0)

111.7
(5.3)

109.9
(0.6)

107.4
(4.0)

εfm
[%]

4.3
(0.1)

4.5
(0.2)

4.4
(0.5)

3.9
(0.8)

3.8
(0.1)

4.0
(0.8)

Ef
[MPa]

3290
(181)

2908
(143)

3075
(129)

3709
(261)

3444
(202)

3317
(44)

Table 6. Mechanical properties – impact strength (standard deviation)
Sample PLA 0.1% GNP/PLA 0.3% GNP/PLA 0.5% GNP/PLA 1.0% GNP/PLA 2.0% GNP/PLA

acN
[kJ/m2]

2.73
(0.29)

3.05
(0.37)

3.43
(0.41)

3.41
(0.26)

3.47
(0.46)

3.46
(0.33)
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wt.%) resulted in an increase in tensile strength 
by 10% and young’s modulus by 19% and flexur-
al strength and flexural modulus by 15%, without 
deterioration of the other measured parameters.
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