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Dynamic mechanical analysis (DMA) is an important method for evaluating the viscoelastic properties 
of polymeric materials, especially when investigating their mechanical response to various manufactu-
ring parameters and surface treatments. In recent years, DMA analysis has been intensively used, among 
others, for the analysis of polylactide (PLA) produced by the fused filament fabrication (FFF) additive 
technology. The present study focuses on the effect of DCSBD plasma treatment on the dynamic-me-
chanical properties of PLA samples with different infill geometries (Line, Rectilinear and Concentric). In 
the study, experimental PLA samples were subjected to DMA analysis in the temperature range of 40 °C 
to 90 °C in order to analyze the changes in their viscoelastic properties after plasma discharge surface 
treatment. The results showed a decrease in the glass transition temperature (Tg) for all tested samples, 
while the extent of the decrease depended on the infill geometry used. The most significant changes were 
observed in samples with Rectilinear infill, which showed the best mechanical stability after plasma tre-
atment. The study shows that plasma treatment can influence the mechanical properties of PLA produ-
cts, opening new possibilities for optimizing their processing, reuse and application in technical areas 
requiring controlled mechanical response. 

Keywords: Polylactic acid (PLA), Dynamic mechanical analysis (DMA), DCSBD surface treatment, Additive man-
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 Introduction  
Dynamic mechanical analysis (DMA) is one of the 

key experimental methods used to evaluate the visco-
elastic behavior of polymeric materials under various 
temperature and mechanical conditions. In recent 
years, this technique has been widely used to study the 
mechanical properties of polylactide (PLA) produced 
by additive technologies, especially by the fused fila-
ment fabrication (FFF) method [1]. Its importance lies 
in the ability to quantify the influence of various man-
ufacturing parameters and surface treatments on the 
mechanical and dynamic-mechanical behavior of PLA 
[2,3]. 

One of the basic factors affecting the mechanical 
properties of PLA is its surface modification. Kohu-
tiar et al. investigated the effect of plasma discharge 
on the dynamic-mechanical properties of PLA and 
demonstrated that this modification changes the me-
chanical behavior of the material, in particular the 
glass transition temperature,  storage and loss modulus 
and tan δ [4]. Similar conclusions were also reached by 
Baran and Erbil, who analyzed the surface modifica-
tion of 3D printed PLA samples using different 

technological processes and emphasized their im-
portance for improving adhesive and mechanical 
properties [5]. Tümer and Erbil, in their study, focused 
on various applications of PLA composites produced 
by extrusion 3D printing and showed that process pa-
rameters and additives can fundamentally affect the 
mechanical response of PLA [6]. Cristea et al. dealt 
with the dynamic mechanical analysis of renewable 
PLA materials and emphasized the importance of 
DMA analysis in determining critical temperature 
transitions and long-term mechanical stability of PLA 
products [7]. Similar research was also carried out by 
Struz et al., who compared different testing method-
ologies for PLA samples produced by the FDM 
method and pointed out the correlation between the 
internal geometry of the filler and mechanical proper-
ties [8]. Plamadiala et al. also focused on the analysis 
of the parameters of internal fillers, concluding that 
the right choice of filler structure can significantly af-
fect the mechanical response of PLA products [9]. 

The mechanical and dynamic-mechanical proper-
ties of PLA can also be influenced by the addition of 
fillers, as demonstrated by the study by Pavona et al., 
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where the effect of CaCO3 fillers on the strength and 
thermal stability of PLA samples produced by the 
FDM method was investigated [10]. Liao et al. ana-
lyzed the effect of porosity and crystallinity on the me-
chanical properties of 3D printed PLA and showed 
that structural characteristics can significantly affect 
the final mechanical properties of the material [11]. 
Hedayati et al. focused on the degradation of PLA 
over time and its impact on the mechanical response, 
emphasizing that changes in the structure can lead to 
a gradual decrease in the strength and stability of the 
material [12]. 

The presented study describes the analysis of PLA 
samples produced by the additive technology fused fil-
ament fabrication (FFF) with different geometries of 
their infill. The study compares PLA samples made 
from standard filament with PLA samples made from 
filament surface-modified by DCSBD plasma dis-
charge. PLA samples were surface-modified by plasma 
discharge in order to accelerate the degradation of 
PLA material in case it is used for the production of 
test models. 

 Materials and methods 
In the experiment, PLA samples produced by the 

fused filament fabrication (FFF) additive technology 
with different geometries of their internal filling (infill) 
and an infill density of 70% were analyzed. Using 
DMA analysis, PLA samples made from standard fil-
ament were measured and compared with PLA sam-
ples made from filament surface-modified by DCSBD 
plasma discharge. Three infill geometries were se-
lected for the PLA samples, namely Line (PLA 1), 
Rectilinear (PLA 2) and Concentric (PLA 3), which are 
shown in Fig. 1. The plasma-modified samples were 
given the corresponding designation PLA 1-3P, ac-
cording to the geometry of the infill. The modification 
of the PLA filament was carried out at atmospheric 
pressure and at laboratory temperature, with a plasma 
reactor power of 350 W. The filament passed three 
times through a set of support rollers, with which it 
was possible to unwind it onto two concave plasma 
dielectrics to ensure modification of its entire surface 
[13,14]. 

A Bambu Lab X1 Carbon 3D printer was used to 
produce test samples. PLA filament (Bambu Lab PLA 
Basic) with a diameter of 1.75 mm was used as the ma-
terial. The PLA filament passed through a nozzle with 
a diameter of 0.4 mm, which was heated to 220 °C and 
then deposited on a printing substrate in the form of 
layers with a thickness of 0.2 mm. The dimensions of 
the samples were chosen according to the Dual Can-
tiliver geometry used in DMA analysis of plastic sam-
ples (Fig. 2). For this geometry, it is necessary to use 
sample dimensions of 60 mm x 12.8 mm x 3.2 mm. 
The printed samples were then conditioned at room 
temperature for 8 hours before measurement. 

The measurements were performed using a dy-
namic-mechanical analyzer DMA Q800 from TA In-
struments, which is designed to analyze the viscoelas-
tic properties of materials. The TA Universal Analysis 
software ver. 4.5A was used to process the measured 
data, and the output of the DMA analysis is the curves 
of the storage modulus (E′), loss modulus (E′′) and 
loss angle (tan δ) as a function of temperature, on the 
basis of which the transition temperatures of individ-
ual materials were determined and compared accord-
ing to the ASTM D4065 standard [15]. 

 
Fig. 1 Schematic representation of three types of infill geometry  
 

DMA analysis of PLA 1-3 and PLA 1-3P samples 
was carried out in the temperature range from 40 °C 
to 90 °C, with a heating rate of 3 °C.min-1, at a fre-
quency of 10 Hz and an amplitude of 15 µm. The re-
sult of the experiment is a comparison of the meas-
ured data of the samples in the basic form and the sur-
face-modified form within the same and different infill 
of the PLA samples. The output is the curves E′, E′′ 
and tan δ and the measured values of the temperatures 
Tg, which are subsequently compared within the indi-
vidual groups of PLA samples. 

 
Fig. 2 Dual Cantiliver geometry used in DMA analysis 

 Results 
By comparing the storage modulus curves of 

samples PLA 1 and PLA 1P (Fig. 3) in the temperature 
range from 40 °C to 90 °C, it can be observed that the  
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E′ values of the PLA 1P sample are slightly higher 
compared to the PLA 1 sample, gradually decreasing 
after ≈ 56 °C, when there is a sharp decrease to a tem-
perature of ≈ 70 °C. Above this temperature, the ma-
terial is in a rubbery state. The E′ values of the PLA 1 
sample gradually decrease after ≈ 59.5 °C, when, as in 
the modified sample, there is a sharp decrease to a 
temperature of ≈ 70 °C. By comparing the glass tran-
sition temperature (Tg) from the E′ curves of both 
samples, it can be stated that the Tg temperature of the 
PLA 1 sample (59.60 °C) is higher compared to the 
PLA 1P sample (56.02 °C) (Fig. 6). Based on a com-
parison of the Tg temperatures of both samples, it can 
be concluded that the mechanical failure of the PLA 
1P sample occurs at a lower temperature compared to 
the PLA 1 sample, while it retains its performance 
properties after a temperature of ≈ 56 °C. 

 
Fig. 3 Storage modulus curves of PLA 1 and PLA 1P 

samples 

 
Fig. 4 Loss modulus curves of PLA 1 and PLA 1P 

samples 
 

By comparing the loss modulus curves of samples 
PLA 1 and PLA 1P (Fig. 4) in the temperature range 
from 40 °C to 90 °C, it can be stated that the PLA 1P 
sample shows slightly different E′′ values compared to 
the PLA 1 sample. In the case of sample PLA 1, a 
sharp increase in E′′ values occurs at a temperature of 
≈ 57 °C, while in the case of PLA 1P this increase is 
not so sharp and begins at a temperature of ≈ 49 °C. 
The glass transition itself based on E′′ has a slower 
course in the PLA 1P sample compared to the PLA 1 
sample. Based on the measurement of Tg from the 
maximum peak values of both E′′ curves, it can be 

stated that the Tg temperature of the PLA 1P sample 
(61.81 °C) is lower compared to the PLA 1 sample 
(64.25 °C) (Fig. 6). 

By comparing the tan δ curves of PLA 1 and PLA 
1P samples (Fig. 5) in the temperature range from  
40 °C to 90 °C, it can be stated that the PLA 1P sample 
achieves almost the same tan δ value compared to PLA 
1 sample, so the damping ability will be approximately 
the same for both samples. By comparing the Tg tem-
perature of both tan δ curves, it can be stated that the 
Tg temperature of PLA 1P sample (69.43 °C) is slightly 
lower compared to PLA 1 sample (70.66 °C) (Fig. 6).  

 
Fig. 5 Tan δ curves of PLA 1 and PLA 1P samples 

 
Fig. 6 Measured Tg values of PLA 1 and PLA 1P samples 

 
By analyzing the storage modulus curves of the 

PLA 2 and PLA 2P samples (Fig. 7) in the temperature 
range from 40 °C to 90 °C, it can be observed that the 
E′ values of the PLA 2P sample are higher compared 
to the PLA 2 sample, gradually decreasing after  
≈ 57 °C, when there is a sharp decrease to a tempera-
ture of ≈ 70 °C. The E′ values of the PLA 2 sample 
gradually decrease after ≈ 60 °C, when, as with the 
PLA 2P sample, there is a sharp decrease to a temper-
ature of ≈ 70 °C. By comparing the Tg temperature 
from the E′ curves of both samples, it can be stated 
that the Tg temperature of the PLA 2 sample  
(60.29 °C) is higher compared to the PLA 2P sample 
(57.31 °C) (Fig. 10). Based on a comparison of the Tg 
temperatures of both samples, it can be concluded  
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that the mechanical failure of the PLA 2P sample oc-
curs at a lower temperature compared to the PLA 2 
sample, while it retains its performance properties up 
to a temperature of ≈ 57 °C. 

 
Fig. 7 Storage modulus curves of PLA 2 and PLA 2P 

samples 
 

By measuring and comparing the loss modulus 
curves of the PLA 2 and PLA 2P samples (Fig. 8) in 
the temperature range from 40 °C to 90 °C, it can be 
stated that the PLA 2P sample shows slightly different 
E′′ values compared to the PLA 2 sample. In the case 
of the PLA 2 sample, a sharp increase in E′′ values 
occurs at a temperature of ≈ 56 °C, while in the case 
of PLA 2P this increase begins at a temperature of  
≈ 53 °C. The glass transition itself based on E′′ has 
almost the same course in the PLA 2P sample com-
pared to the PLA 2 sample. Based on the measure-
ment of Tg from the maximum peak values of both E′′ 
curves, it can be stated that the Tg temperature of the 
PLA 2P sample (62.32 °C) is lower compared to the 
PLA 2 sample (64.25 °C) (Fig. 10). 

 
Fig. 8 Loss modulus curves of PLA 2 and PLA 2P 

samples 
 

By comparing the tan δ curves of PLA 2 and PLA 
2P samples (Fig. 9) in the temperature range from  
40 °C to 90 °C, it can be stated that the PLA 2P sample 
achieves a lower tan δ value compared to the PLA 2 
sample, so the damping ability will be lower for the 
modified sample. By comparing the Tg temperature of 
both tan δ curves, it can be stated that the Tg tempera-
ture of the PLA 2P sample (69.10 °C) is lower com-
pared to the PLA 2 sample (71.21 °C) (Fig. 10). 

 
Fig. 9 Tan δ curves of PLA 2 and PLA 2P samples 

 
Fig. 10 Measured Tg values of PLA 2 and PLA 2P 

samples 
 

By analyzing the storage modulus curves of the 
PLA 3 and PLA 3P samples (Fig. 11) in the tempera-
ture range from 40 °C to 90 °C, it can be observed that 
the E′ values of the PLA 3P sample are higher com-
pared to the PLA 3 sample, gradually decreasing after 
≈ 55 °C, when there is a sharp decrease to a tempera-
ture of ≈ 70 °C. The E′ values of the PLA 3 sample 
gradually decrease after ≈ 58 °C, when, as with the 
PLA 3P sample, there is a sharp decrease to a temper-
ature of ≈ 70 °C. By comparing the Tg temperature 
from the E′ curves of both samples, it can be stated 
that the Tg temperature of the PLA 3 sample  
(59.07 °C) is higher compared to the PLA 3P sample 
(57.41 °C) (Fig. 14). Based on a comparison of the Tg 
temperatures of both samples, it can be concluded 
that the mechanical failure of the PLA 3P sample oc-
curs at a lower temperature compared to the PLA 3 
sample, while it retains its performance properties up 
to a temperature of ≈ 57 °C.  

By comparing the loss modulus curves of PLA 3 
and PLA 3P samples (Fig. 12) in the temperature range 
from 40 °C to 90 °C, it can be stated that the PLA 3P 
sample shows almost the same E′′ values compared to 
the PLA 3 sample. In the case of the PLA 3 sample, a 
sharp increase in E′′ values occurs at a temperature of 
≈ 56 °C, in the case of PLA 3P this increase begins at 
a temperature of ≈ 54 °C. The glass transition itself 
based on E′′ has almost the same course in the PLA 
3P sample compared to the PLA 3 sample. Based on 
the measurement of Tg from the maximum peak  
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values of both E′′ curves, it can be stated that the Tg 
temperature of the PLA 3P sample (62.06 °C) is lower 
compared to the PLA 3 sample (63.51 °C) (Fig. 14). 

 
Fig. 11 Storage modulus curves of PLA 3 and PLA 3P 

samples 

 
Fig. 12 Loss modulus curves of PLA 3 and PLA 3P 

samples 
 

By comparing the tan δ curves of the PLA 3 and 
PLA 3P samples (Fig. 13) in the temperature range 
from 40 °C to 90 °C, it can be stated that the PLA 3P 
sample achieves a lower tan δ value compared to the 
PLA 3 sample, meaning that the damping ability of the 
modified sample will be lower. By comparing the Tg 
temperature of both tan δ curves, it can be stated that 
the Tg temperature of the PLA 3P sample (68.68 °C) 
is slightly lower compared to the PLA 3 sample  
(69.72 °C) (Fig. 14). 

 
Fig. 13 Tan δ curves of PLA 3 and PLA 3P samples 

 
Fig. 14 Measured Tg values of PLA 3 and PLA 3P 

samples 
 

By DMA analysis of PLA samples, comparison of 
E′, E′′ and tan δ curves and comparison of measured 
Tg temperatures of individual groups of samples, it can 
be stated that modification of DCSBD by plasma dis-
charge reduced the Tg temperature of all three types of 
PLA samples. It can be assumed that the modified 
samples will retain their performance properties under 
normal conditions of use with a slight reduction in the 
use interval at elevated temperatures.  

 
Fig. 15 Comparison of measured Tg values from E′, E′′ and 

tan δ curves of PLA 1-3 and PLA 1-3P samples 
 

Fig. 15 shows the measured Tg values from the E′, 
E′′ and tan δ curves for all groups of samples. Based 
on the measured Tg temperatures, it can be stated that 
in addition to plasma modification, differences were 
also recorded within the geometry of the internal filler 
used while maintaining the same filler density. The 
most suitable internal filler used in the PLA 2 (Recti-
linear) sample appears to be PLA 1 (Line) and the last 
one is PLA 3 (Concentric). When evaluating the inter-
nal filler, it is necessary to consider the orientation of 
the print and the direction of the load application with 
respect to the arrangement of the individual layers in 
the sample volume, while in this experiment the load 
always acted perpendicularly to the material layers [16, 
17]. 

 Conclusion 
The primary objective of this research was to treat 

the surface of PLA with DCSBD plasma discharge in 
order to accelerate its degradation by disrupting the  
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integrity of the surface structure and at the same time 
verify whether the treated samples retain their me-
chanical properties. The results of this study are par-
ticularly relevant in the field of mechanical engineer-
ing, where the surface treatment of PLA material with 
plasma discharge allows for faster degradation, thus 
facilitating recycling and reuse in 3D printing. This 
fact is especially advantageous for the recycling of test 
models and temporary structural elements. 

Based on the DMA analysis of PLA samples pro-
duced by additive technology, by comparing the re-
sulting curves E′, E′′ and tan δ and by comparing the 
measured Tg temperatures of individual groups of 
samples, it can be stated that the modification of 
DCSBD by plasma discharge reduced the Tg tempera-
ture for all three infill types of PLA samples. The Tg 
value for E′ decreased by an average of 2.74 °C within 
the three types of infills due to the effect of plasma 
discharge. The Tg value for E′′ decreased by an average 
of 2.05 °C within the three infill types due to the effect 
of plasma discharge. The Tg value for tan δ decreased 
by an average of 1.46 °C within the three infill types 
due to the effect of plasma discharge. It can be as-
sumed that the plasma-modified samples will retain 
their performance properties under normal conditions 
of use with a slight shortening of the use interval at 
elevated temperatures.  

Based on the measured Tg temperatures, it can be 
stated that in addition to DCSBD plasma modifica-
tion, differences in Tg were also recorded within the 
geometry of the internal filler used while maintaining 
the same filler density. The most suitable internal filler 
used in the PLA 2 (Rectilinear) sample appears to be 
PLA 1 (Line) and the last one is PLA 3 (Concentric). 

When evaluating the infill, it is necessary to con-
sider the orientation of the print as well as the direc-
tion of the load in relation to the arrangement of the 
individual layers in the volume of the samples, because 
these factors are key to the resulting values of the ma-
terial's mechanical properties. The correct orientation 
of the layers can significantly affect the strength, stiff-
ness and resistance of the samples to external loads, 
while inappropriate arrangement can lead to prema-
ture failure of the structure.  
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