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1. ������������Introduction
Polymer nanocomposites have attracted con-

siderable attention due to their potential use as 

materials with improved properties. Polylactic 
acid (PLA) nanocomposite filled with carbon 
nanotubes (CNT) is one of the promising mate-
rials due to its lightness, biodegradability and 
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The work investigated the effect of carbon nanotubes (CNTs) on the properties of polylactic 
acid. It was found that the addition of CNTs does not alter the chemical structure of the poly-
mer, but substantially influences its crystallinity, thermophysical, conductive and mechanical 
characteristics. Analysis of structural features showed the absence of new chemical bonds, but 
structural ordering of the matrix and changes in morphology were recorded. It is shown that 
the degree of crystallinity and melting temperature increase with a CNT content of up to 0.6%, 
and decrease when this value is exceeded. The electrical conductivity increases significantly 
after reaching the percolation threshold (0.5%), which indicates the formation of a conductive 
network. The mechanical properties show a nonlinear dependence with a minimum at a content 
of 0.5% CNT due to the agglomeration of nanotubes. The results obtained indicate the need to 
optimize the composition of the composite to achieve the desired characteristics.
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Зв’язок між структурою та властивостями в полімерних нанокомпозитах 
на основі полімолочної кислоти та вуглецевих нанотрубок. 
Є.А. Лисенков, В.Л. Демченко, М.М. Лазаренко

У роботі досліджено вплив вуглецевих нанотрубок (ВНТ) на властивості полілактиду 
(ПЛА). Встановлено, що додавання ВНТ не змінює хімічну структуру полімеру, але 
суттєво впливає на його кристалічність, теплофізичні, електропровідні та механічні 
характеристики. Аналіз структурних особливостей засвідчив відсутність нових хімічних 
зв’язків, однак зафіксовано впорядкування матриці та зміну морфології. Показано, що 
за вмісту ВНТ до 0,6 % зростає ступінь кристалічності та температура плавлення, а при 
перевищенні цього значення відбувається їх зниження. Електропровідність різко зростає 
після досягнення порогу перколяції (0,5 %), що свідчить про формування провідної сітки. 
Механічні властивості демонструють нелінійну залежність з мінімумом при 0,5 % ВНТ, 
обумовленим агломерацією нанотрубок. Отримані результати вказують на необхідність 
оптимізації складу композиту для досягнення бажаних характеристик.
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excellent electrical properties [1]. The introduc-
tion of CNTs into the matrix of the PLA leads 
to percolation phenomena, which significantly 
affect the functional properties of the nanocom-
posite [2].

With increasing concentration of CNTs, a 
critical threshold is reached, known as the per-
colation threshold, after which the material 
changes from a non-conducting to a conducting 
state [3, 4]. Most polymer-CNT systems have a 
low percolation threshold value [5, 6]. For ex-
ample, a number of studies have shown that 
the introduction of CNTs into PLA leads to a 
significant improvement in electrical conduc-
tivity, and the percolation threshold depends 
on factors such as the aspect ratio and disper-
sion of the CNTs [7-9].

The structure of PLA-CNT nanocomposites 
plays a decisive role in their functional proper-
ties. The directional or random distribution of 
CNTs in the PLA matrix can significantly affect 
the formation of a percolation network within 
the polymer matrix [10, 11]. In addition, CNT 
parameters, such as aspect ratio, play a key 
role; higher aspect ratios usually lead to lower 
percolation thresholds and improved dielectric 
properties [12, 13]. 

The enhancement of electrical properties in 
PLA-CNT nanocomposites is primarily attrib-
uted to the conductive nature of carbon nano-
tubes. When CNTs are added to PLA, their 
high aspect ratio facilitates the formation of 
conductive pathways within the polymer ma-
trix, leading to a significant increase in elec-
trical conductivity. For instance, Zhang et al. 
reported that the introduction of CNTs leads to 
a step-like change in the electrical conductiv-
ity of PLA-based nanocomposites [14]. In this 
case, percolation behavior is observed, and the 
percolation threshold value for such systems 
was 1.45%. It is also reported in this work that 
MWCNTs, acted as nucleating agent and accel-
erated the crystallization process of composites. 
Beltrán et al. explained that electrical conduc-
tivity in these composites can reach substan-
tial levels depending on the volume fraction of 
CNTs used, highlighting the potential of the 
material for electronic applications [15]. Ad-
ditionally, it has been shown that CNTs can 
induce a percolation threshold, affecting the 
thermal properties of composites by altering 
their crystallinity [16].

The mechanical performance of PLA-CNT 
nanocomposites typically reflects considerable 
enhancements over pure PLA due to the effec-

tive stress transfer between the CNTs and the 
polymer matrix. Several studies, including that 
of Mohan et al., have shown that the addition 
of CNTs can lead to increased tensile strength 
and elastic modulus, which is critical for struc-
tural applications [17]. 

Therefore, establishing the percolation 
threshold and studying the system properties 
near the percolation threshold is a key issue 
in the development of CNT-based nanocom-
posites. The behavior of properties near the 
percolation threshold and its correlation with 
the structural features is crucial for optimiz-
ing the functional characteristics of PLA-CNT 
nanocomposites for their further practical ap-
plication. In this work, the correlation between 
structure and properties of PLA-CNT nanocom-
posites is investigated. 

2. Experimental

2.1. Materials
 Polylactic acid (PLA), manufactured by 

Devil Design (Poland), was selected as the poly-
mer matrix. At T = 20 °C, PLA is a solid with a 
density of ρ = 1250 kg/m3. Before use, the poly-
mer was dehydrated by heating for four hours 
at 80 °C.

Multi-walled CNTs manufactured by “Spets-
mash”, LTD (Ukraine) were made of ethylene 
by chemical vapor deposition. The content of 
mineral impurities was no more than 0.1%. 
Fig. 1 shows transmission electron microscope 
micrographs of carbon nanotubes used in this 
study. According to the manufacturer, the spe-
cific surface area is 190 m2/g, the outer diame-
ter is 15 nm, the length is (5÷10) μm, the aspect 
ratio L/d ≈ 250 ± 170, and the density of CNTs 
is ρ = 2045 kg/m3.

2.2. Preparation of nanocomposites 
To prepare the materials for the study, the 

polymer was dissolved in a mixture of solvents 
of dimethyl sulfoxide and dimethylacetamide 
(1:1). In this case, a 10% solution of the poly-
mer was prepared. Nanocomposites were pre-
pared by ultrasonic mixing in the polymer solu-
tion using an ultrasonic disperser UZD A-650 
(Ukraine). Dispersion continued for 5 min at 
a frequency of 22 kHz, the ultrasound power 
was 300 W. The CNT content was varied with-
in (0.1  ÷  1.5) wt. %. (hereinafter %). After ul-
trasonic treatment, the resulting mixture was 
poured onto a glass surface and dried until the 
solvents were completely removed at a temper-
ature of 80-100 °C. 
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2.3. Experimental 
Microphotographs of polymer-CNT systems 

were obtained using a Sigeta optical micro-
scope equipped with a digital video eyepiece 
DMC-800 and an image processing system. The 
samples were placed in a glass cell with a thick-
ness of 80 μm. 

FTIR spectra of the samples were obtained 
using a Shimadzu IR Tracer-100 spectrometer, 
equipped with a QATR 10 Single-Reflection 
ATR with a Diamond Crystal, operating with 
a resolution of 0.5 cm–1 in the mid-IR spectral 
range (4000–400 cm–1). The spectra were ac-
quired in adsorption mode using 28 scans for 
each sample.

The structure of the obtained samples was 
investigated by the method of wide-angle  
X-ray diffraction on an XRD-7000 diffractom-
eter (Shimadzu, Japan), using CuKα radiation 
(λ  =  1.54 Å) and a graphite monochroma-
tor. The measurements were carried out in 
automatic step-scanning mode at U = 30 kB,  
I = 30 mA in the scattering angle range from 
3.0 to 80 degrees, the exposure time was 5 s.

The temperature dependence of the heat 
flow was studied in a dry nitrogen atmosphere 
in the temperature range from 20 oC to 200 oC 
at a heating rate of 5 oC/min using differential 
scanning calorimetry (DSC) on a DSC-60 Plus 
device (Shimadzu, Japan). The thermophysical 
characteristics of DSC curves were analyzed 
using LabSolutions TA Software. It allows lo-
calization of the endothermic peak indicating 
the melting process. The melting point (Tm) is 
then defined as the peak maximum tempera-
ture. The absolute error in determining the 
melting temperature is 0.1 oC. 

The electrical conductivity was studied by 
impedance spectroscopy using an E7-20 imped-
ance meter. The sample was placed between 
the electrodes of the cell, after which its real 
(Z’) and imaginary (Z’’) parts of the impedance 
were subsequently measured. Based on the ob-
tained dependencies of the complex impedance, 
the electrical conductivity at direct current was 
determined assDC DCd SR= , where: S is the 
sample area; d is the sample thickness. Mea-
surements were carried out at room tempera-
ture in the frequency range of 25 Hz – 2 MHz. 
RDC was determined from Nyquist diagrams 
(Z’’(Z’)).

Mechanical tests of the obtained systems 
were carried out under uniaxial tension on 
an AGS-10kNX testing machine (Shimadzu, 
Japan) at a linear speed of 50 mm/min. To in-
crease the accuracy of the measurements, they 

Fig. 2. FTIR spectra for unfilled polylactic acid 
(1) and nanocomposites containing 0.5% (2) and 
1.5% (3) CNTs

Fig. 1. Photographs of carbon nanotubes
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were carried out three times with subsequent 
averaging of the results.

3. Results and discussion

3.1. Structural features of PLA-CNT-
based materials 

Fig. 2 shows the FTIR spectra of unfilled 
polylactic acid (PLA) and nanocomposites con-
taining CNTs. The following characteristic 
peaks are observed in the IR spectrum of PLA: 
one of the strongest and most pronounced peaks 
is at 1746 cm–1, corresponding to the stretching 
vibrations of the carbonyl group (C=O) in the 
ester bonds that comprise it; a group of peaks 
at 1180–1260 cm–1, corresponding to the asym-
metric and symmetric vibrations of the C–O–C 
bonds in the fragments of the polyether chain; 
peaks of deformation vibrations of the CH3 
groups (methyl groups) at 1452 and 1351 cm–1, 
which are part of the side radicals of polylactic 
acid; weaker maxima at 2995 and 2946 cm–1, 
corresponding to C–H stretching vibrations in 
CH and CH3 groups; weak peaks at 868 and 
754 cm–1, attributed to vibrations of different 
types of C–C bonds and, possibly, vibrations 
associated with the structural features of the 
amorphous and crystalline phases of polylactic 
acid [18]. These absorption bands are typical 
for most polylactic acid-based systems [19].

Analyzing the curves for PLA-CNT nano-
composites, we can see that they have the same 
absorption peaks as the curve for unfilled poly-
lactic acid. This suggests that no new bonds or 
strong chemical interactions are formed in the 
nanocomposites.

The diffraction patterns (Fig. 3) for sys-
tems based on PLA and CNT show that all 
the studied systems are partially crystalline, 
as evidenced by the presence of intense peaks. 
The proportion of the crystalline phase can be 
estimated by calculating the relative degree of 
crystallinity using equation (1) [20]:

	 ccr
cr

cr am

Q
Q Q

=
+

×100% ,	 (1)

where Qcr  is the area of ​​the diffraction peak, 
which characterizes the crystal structure of the 
amorphous-crystalline polymer, ( )Q Qcr am+  is 
the total area of ​​the diffraction peak.

The values ​​of the relative degree of crystal-
linity depending on the content of carbon nano-
tubes for polylactic acid-based nanocomposites 
are shown in Fig. 4. It is seen that carbon nano-
tubes significantly affect the structure of the 
polymer matrix. When introducing CNTs into 
PLA, the degree of crystallinity changes un-
evenly: it increases in the concentration range 
from 0 to 0.6%, reaching a maximum at 0.6% 
CNTs; then, in the concentration range (0.6%-
1%) a decrease in the degree of crystallinity to 
the level of unfilled PLA is observed. This be-
havior can be explained as follows. CNTs can 
act as nucleating agents, contributing to the 
nucleation of crystalline regions of the polymer 
matrix. This leads to an increase in the degree 
of crystallinity of PLA at low concentrations of 
nanotubes (concentration range up to 0.6%). 
However, with an increase in the CNT content, 
a decrease in crystallinity is possible due to ag-
glomeration of nanotubes and limitation of the 
mobility of polymer chains.

3.2. The influence of CNT content on 
the thermophysical characteristics of 
PLA-based materials 

Fig. 5 shows the DSC curves obtained as a 
result of the first heating for PLA-CNT systems. 
The first heating graphs record temperature 
transitions reflecting the structure of the mate-
rial formed during the manufacturing and stor-

Fig. 3. Wide-angle X-ray scattering curves for 
unfilled PLA (1) and nanocomposites containing 
0.25% (2), 0.5% (3), 1% (4) and 1.5% (5) CNTs.

Fig. 4. Dependence of the relative degree of crys-
tallinity on the content of carbon nanotubes for 
polylactic acid-based nanocomposites.
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age of the samples. PLA and its nanocompos-
ites are characterized by a melting transition 
temperature Tm, associated with the destruc-
tion of crystalline regions formed during the 
manufacturing of materials. In this state, the 
material retains residual crystallinity, which 
is determined by the cooling conditions after 
processing. Figure 6 shows the dependences of 
melting temperatures and the degree of crys-
tallinity on the content of nanotubes. 

The melting temperature and degree of 
crystallinity of polylactic acid exhibit a charac-
teristic nonlinear dependence with increasing 
carbon nanotube content. In the CNT concen-
tration range from 0% to 0.5%, an increase in 
these parameters is observed, whereas with a 
further increase in the nanofiller content, they 
decrease to values ​​close to the initial ones.

The increase in the melting temperature 
and degree of crystallinity at low CNT concen-
trations may be due to the action of nanotubes 
as nucleation centers [21]. CNTs contribute to 
the ordering of PLA macromolecular chains, 
which facilitates their packing into crystalline 
domains and increases the energy barrier for 
melting. However, with a CNT content exceed-
ing 0.5%, agglomeration of nanotubes occurs, 
which reduces their effective interaction with 
the polymer matrix. This leads to the formation 
of defects in the crystal structure, a decrease in 
the degree of crystallinity and a corresponding 
decrease in the melting temperature.

The obtained results are consistent with the 
known phenomena characteristic of polymer 
nanocomposites containing CNTs [22] and con-
firm the importance of optimal selection of the 
nanofiller concentration to achieve improved 
physical and mechanical characteristics of the 
polymer material.

3.3. Effect of CNT content on electrical 
conductivity of PLA-based materials 

Fig. 7 shows the dependence of electrical 
conductivity at constant current sDC  on CNT 
concentration for the studied polylactic acid-
CNT systems. The graph exhibits the percola-
tion behavior typical of nanocomposite systems 
containing conductive fillers. It is seen that at 
a low CNT content (~ 0.4 %) the value of sDC  
remains extremely low (≤ 10-11 S/cm) corre-
sponding to the dielectric nature of the polymer 
matrix. However, with an increase in the CNT 
content, starting from ~0.5%, a sharp increase 
in electrical conductivity by several orders of 
magnitude is observed, which indicates the for-
mation of a percolation network of conductive 
particles in the PLA matrix. This dependence 
is well described by the classical percolation  
model, where the electrical conductivity chang-
es according to a power law [23]:
	  s sDC m c

t
cC C C C= -( ) for  >  ,  	 (2)

where sDC , sm  are electrical conductivities of 
the composite and matrix, respectively; Сс is 
the percolation threshold, i.e. the lowest filler 
content at which a continuous cluster of par-
ticles is formed; t is the critical conductivity  
exponent.

The percolation behavior of PLA-CNT nano-
composites was analyzed using equation (2). 
The percolation threshold (Сc) is defined as 
0.5%, and the critical conductivity exponent 
above this threshold is t = 3.3.

The percolation threshold of 0.5% observed 
in PLA-CNT nanocomposites is relatively low, 
indicating the effective formation of an electri-
cally conductive network with minimal CNT 
filling. This value is close to or even lower than 

Fig. 6. Dependences of the degree of crystallin-
ity and melting temperature on the content of 
carbon nanotubes for polylactic acid-based nano-
composites.

Fig. 5. DSC curves for systems based on PLA (1) 
filled with 0.25% (2), 0.5% (3), 1% (4) and 1.5% 
(5) CNTs.
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the threshold values obtained for other poly-
mer-carbon nanotube composites. For similar 
systems, Сc value ​​typically ranges from 0.1 to 
1% and depends on factors such as CNT disper-
sion, aspect ratio, and polymer-CNT interac-
tion. For example, polyethyleneglycol-CNT and 
polypropyleneglycol-CNT systems are often 
characterized by percolation threshold values ​​
in the range of 0.4–0.6% [24].

3.4. Effect of CNT content on mechani-
cal properties of PLA-based materials

Fig. 8 shows the concentration dependences 
of tensile strength and elongation at break for 
PLA-CNT systems. It can be seen that these 
parameters exhibit extreme behavior: they de-
crease, reach a minimum, and then increase 
with increasing CNT content in the system. 
This behavior of mechanical parameters is of-
ten observed in polymer-filler systems and can 
be explained by several factors, namely disper-
sion, interfacial interaction and stress transfer 
mechanisms. At very low CNT content, up to 
0.5-1%, nanotubes tend to agglomerate due to 
strong Van der Waals forces between filler par-
ticles. Instead of improving mechanical prop-
erties, agglomerates create weak points in the 
matrix, causing microcracks under load [25]. 
That is, in the concentration range from 0 to 
~1% CNT, the negative effect of agglomeration 
and poor dispersion dominates, which causes a 
drop in tensile strength. The minimum at 1% 
CNT is the result of these competing effects, 
when the system has not yet transitioned to ef-
fective strengthening [26].

When the CNT content is above 1%, the sys-
tem forms a percolation network of filler par-

ticles and their aggregates, which improves 
load transfer and strengthens the composite 
[27]. The interconnected network of CNTs can 
bridge cracks and prevent their propagation, 
leading to increased tensile strength.

The differences in the concentration depen-
dences of various characteristics for the poly-
lactic acid-nanotube system, shown in Figs. 4, 
6, 7 and 8, are associated with different mecha-
nisms of the influence of nanotubes on these 
characteristics. For systems containing carbon 
nanotubes, percolation processes (formation 
of a non-permeable cluster of CNTs, which 
permeates the entire volume of the material) 
are observed. In this case, a sharp change in 
properties, for example, electrical conductivity, 
is observed (Fig. 7). A sharp increase in elec-
trical conductivity does not always require the 
formation of direct contacts between CNTs; 
it is sufficient to bring them closer to a “tun-
nel” distance. For the beginning of a change 
in structural characteristics, for example, the 
degree of crystallinity, the formation of direct 
contacts between CNTs is also not necessarily 
required. The degree of crystallinity increases 
when individual CNTs and their small clus-
ters act as nucleating agents and accelerate 
crystallization (Fig. 4 and 6). However, for the 
mechanical characteristics of systems based on 
polylactic acid, the formation of direct contacts 
between CNTs plays a decisive role, when they 
form a strong network with a reinforcing effect 
(Fig. 8). That is why an increase in some char-
acteristics is observed at lower CNT concentra-
tions, and an increase in mechanical character-
istics at higher concentrations.

Fig. 8. Dependence of tensile strength and elon-
gation at break on the nanotube content for 
polylactic acid-based systems

Fig. 7. Concentration dependence of electri-
cal conductivity at direct current for systems 
based on polylactic acid and CNTs. The insets 
show micrographs of the systems obtained at a  
magnification ×100.
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4. Conclusions
In this work, an in-depth investigation of 

the influence of carbon nanotubes on the struc-
tural, thermal, electrophysical and mechanical 
properties of nanocomposites based on poly-
lactic acid was carried out. It was shown that 
the introduction of CNTs does not lead to the 
formation of new chemical bonds, but substan-
tially influences the degree of crystallinity of 
the polymer matrix. An uneven nature of the 
concentration dependence of crystallinity was 
revealed: the maximum at a content of 0.6% 
CNTs indicates their role as nucleating agents, 
whereas at higher concentrations, agglomera-
tion of nanotubes is observed, which limits the 
mobility of polymer chains and reduces the de-
gree of crystallinity.

DSC analysis of PLA-CNT systems con-
firmed changes in temperature characteristics 
with changes in the concentration of nanotubes. 
At low CNT contents (up to 0.5%), an increase 
in the melting temperature and degree of crys-
tallinity is observed, which indicates the role of 
CNTs as crystallization centers. An increase in 
these parameters indicates an increase in the 
ordering of the polymer phase and stabilization 
of its thermal characteristics. However, when 
the concentration of nanotubes is exceeded, 
this effect is leveled out, probably due to the 
formation of agglomerates and disruption of 
the homogeneity of the structure, which nega-
tively affects the thermal properties of the ma-
terial. For PLA-CNT nanocomposites, typical 
percolation behavior of electrical conductiv-
ity was found with a percolation threshold of 
about 0.5%. This suggests the effective forma-
tion of electrically conductive channels in the 
polymer matrix when a critical concentration 
of CNTs is reached. After reaching the thresh-
old value, the electrical conductivity increases 
by several orders of magnitude, which opens 
up the possibility of creating functional mate-
rials with electrical properties. This effect can 
be explained by the formation of a continuous 
spatial network of nanotubes, which ensures 
charge transfer throughout the volume of the 
composite. Mechanical tests revealed a com-
plex relationship between tensile strength and 
elongation at break on the CNT content, with 
a minimum at filler content of 1%. This behav-
ior is explained by the competition between the 
effects of nanotube agglomeration and the for-
mation of a reinforcing network in the polymer 
matrix. The increase in strength at higher CNT 

concentrations is due to the formation of a spa-
tially interconnected structure with CNTs.

Thus, the results of the study emphasize the 
importance of controlling the content and dis-
persion of CNTs in the PLA matrix to optimize 
the physicochemical characteristics of nano-
composites and achieve a balance between their 
structural ordering, thermal stability, electri-
cal conductivity and mechanical strength.
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