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FIG. 7. Confocal microscope images of a reference sam-
ple of PLA material after tribological testing immersed in:  
a) CI2, b) H2O in relation to PLA material with the addition of 
SiO2 immersed in: c) CI2, d) H2O, e) swimming pool water.
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Additionally, the PLA surface morphology can be impacted 
by processing conditions, such as temperature, cooling 
rate, and pressure. The PLA material is hydrophilic, so it 
can easily absorb moisture from the environment, includ-
ing water. Being soaked in H2O, PLA can swell and soften, 
which leads to a decrease in its mechanical strength and 
stiffness [17,18]. The degree of swelling and changes in the 
PLA properties depend on the duration, temperature, and 
pH of the water. Soaking the samples for 7 days did not 
cause significant changes in the morphological structure 
of the material. On the contrary, wetting PLA in a chlorine 
solution can lead to its dissolution and degradation. Chlorine 
is a strong oxidant and can react with ester groups in the 
PLA polymer chains, which leads to acid hydrolysate and 
polymer decomposition [16,19].

The result of wetting PLA in chlorine dilution depends on 
the duration and concentration of the solution. In the images 
from the confocal microscope (FIGs 6b and 7b), one can 
observe the surface morphology after 7 days of soaking the 
material in free chlorine. The surface roughness increased. 
The shape was more irregular and the structure was rougher. 
It proves that chlorine affects the morphological properties 
of PLA, thus changing its mechanical properties. In turn, 
the PLA behavior in pool water shows its susceptibility to 
hydrolysis, which is a chemical reaction that occurs when 
water molecules break down the polymer chains in the 
material. This can reduce the material mechanical strength 
and other physical properties over time [20]. However, if the 
PLA material is properly reinforced and protected from the 
effects of H2O and chlorine solution, it can retain its strength 
and shape. The PLA enriched with modifiers such as basalt 
and SiO2 increases its resistance to various environments.

Analyzing the above confocal microscope images, it can 
be seen that the surface of PLA with the addition of basalt 
(FIGs 6c, d, e) is rougher than the surface with SiO2 (FIGs 
7c, d, e). The reason lies in the nature of basalt, as it is 
a volcanic mineral with a rougher surface than silica [6].  
These differences can affect surface properties, such as 
adhesion and wettability. The addition of SiO2 also sup-
ports a regular distribution of grains on the PLA surface, 
which can affect mechanical properties, such as stiffness 
and tensile strength. In the presence of basalt, there is  
a more random distribution of grains on the surface, which 
affects the mechanical properties. The addition of SiO2 or 
basalt may influence the PLA structure. In the presence of 
silica (FIGs 7c, d, e), a more even and regular fibers distri-
bution is visible in the entire structure of the PLA material.  
On the other hand, the basalt addition results in an irregular 
structure with protrusions of irregular shapes (FIGs 6c,d,e).

The study using the ball-disk friction node on the Anton-
Paar device (Tribometer - TRN, Corcelles-Cormondrèche, 
Switzerland) and a profilographometer provided information 
on the mechanical properties of PLA, PLA/basalt and PLA/
SiO2 samples. This study also assessed the properties 
changes after the samples were immersed in pool water, 
chlorine solution, and distilled water for 7 days. The pa-
rameters such as: average coefficient of friction (FIG. 8), 
average area of   the wear trace (FIG. 9) and volumetric wear 
(FIG. 10) were determined. The results are presented in the 
form of graphs.

FIG. 8 shows the average coefficient of friction for the 
tested samples. The higher the friction coefficient, the greater 
the friction force that occurs between the two surfaces [21].  
Based on the given graph, it is possible to compare the 
resistance of each sample and identify the samples with 
greater resistance to friction. The PLA_CI2 sample has the 
lowest average friction coefficient (μ = 0.301), which proves 
its higher resistance to friction as compared to the other 
samples. On the other hand, the PLA_H2O sample has  
a higher average friction coefficient (μ = 0.443), which sug-
gests its lower friction resistance compared to the PLA_CI2 
sample. The highest average coefficient of friction is 0.486 
for the PLA_SiO2_CI2 sample. Thus, this sample is the least 
resistant to wear in contact with chlorinated substances, 
compared to the other samples containing an admixture 
of SiO2 or basalt. FIG. 9 represents the Area Wear Track 
obtained during the tribological test. The values differ sig-
nificantly between individual samples, which means that the 
presence of the modifier and immersion of the material in 
the solutions had a significant impact on their wear.

The smaller the average area of the wear trace, the 
greater the wear resistance and durability of the mate-
rial [21]. It can also be concluded that PLA in contact 
with water has the highest average wear trace area 
(714750 µm2), so this material is the least resistant to 
abrasion compared to the other tested samples. The 
PLA_basalt_H2O sample has a lower value (126500 µm2)  
than the PLA_SiO2_H2O one with the average of 132250 µm2, 
which proves its better wear resistance. Among the samples 
in contact with chlorine, the PLA_basalt_CI2 one revealed 
the highest average surface of the wear trace (474,750 µm2). 
The PLA_SiO2_CI2 obtained the lower wear surface value 
(113925 µm2) than PLA_CI2 (169000 µm2). It can be con-
cluded that the PLA_basalt_CI2 is the least resistant to 
abrasion in contact with chlorine chemicals. Summing up, 
as compared to basalt, SiO2 is a better modifier of PLA 
matrix in terms of abrasion resistance, in the presence of 
chlorine, water, or pool water which usually reduce this re-
sistance. Analyzing the volumetric wear results in FIG. 10,  
the smallest wear occurred in the PLA_basalt_H2O 
(2.531·10-3 mm3/Nm) sample, i.e. during the water test.  
On the other hand, a higher consumption was observed in 
the PLA_H2O sample (1.43·10-2 mm3/Nm) but this value was 
several times higher than in the other samples. Comparing 
the results for each sample, the presence of chlorine in the 
environment reduced the volume consumption in the sam-
ples” PLA_basalt_CI2 (9.498·10-3 mm3/Nm), PLA_SiO2_CI2 
(2.279·10-3 mm3/Nm) and PLA_CI2 (3.381·10-3 mm3/Nm),  
as compared to the samples without chlorine. However,  
in the PLA_basalt_pool sample, the presence of pool wa-
ter significantly increased the volume consumption (1.324 
·10-2 mm3/Nm), compared to the PLA_SiO2_pool sample 
(2.511·10-3 mm3/Nm). It is also worth mentioning that the 
smallest standard deviation (the smallest variability of the 
results) was revealed by the PLA_basalt_H2O sample 
(7.026·10-5 mm3/Nm).

The micromechanical tests using the Micro Combi Tester 
MCT3 device, determined the hardness and elasticity modu-
lus of the samples - parameters important when choosing 
the right materials for medical applications and 3D print-
ing. Thanks to the indentation (cavities), the load-unload 
curves (FIGs 11 and 12) were recorded for each sample to 
obtain information about the hardness and other mechani-
cal properties. The following parameters were calculated: 
the Young’s instrumental modulus, instrumental hardness, 
work of elastic and plastic deformation, total indentation 
work, maximum indentation depth, and elastic component 
of indentation work.
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FIG. 8. Average friction coefficient.

FIG. 10. Volumetric wear.

FIG. 9. Average wear trace area.
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TABLE 1. Results of micromechanical test samples, EIT - indentation modulus of elasticity, HIT – hardness,  
Wel – elastic forces, Wpl - plastic forces, Wtot – total forces, Hmax - maximum indentation depth, ηIT - elastic 
component of indentation work.

FIG. 11. Example of load-unload curves after  
indentation for PLA_SiO2_pool samples.

FIG. 12. Example of load-unload curves after  
indentation for PLA_basalt_Cl2 samples.

Name EIT [GPa] HIT [MPa] Wel [ΜJ] Wpl [ΜJ] Wtot [ΜJ] Hmax [Μm] ηIT  [%]

PLA_BASALT_POOL 5.488 0.323 0.051 0.127 0.177 4.067 28.652

0.114 0.008 0.002 0.004 0.006 0.029 0.424
PLA_BASALT_CI2 5.366 0.293 0.052 0.13 0.181 4.254 28.51

0.078 0.003 0.001 0.001 0.001 0.018 0.495
PLA_BASALT_H2O 3.192 0.249 0.075 0.135 0.209 4.911 35.594

0.059 0.009 0.002 0.002 0.004 0.057 0.315
PLA_CI2 5.661 0.310 0.049 0.131 0.18 4.099 27.608

0.11 0.022 0.003 0.018 0.015 0.047 3.788
PLA_H2O 5.918 0.336 0.051 0.117 0.168 4.02 30.394

0.498 0.035 0.002 0.011 0.012 0.159 1.761
PLA_SiO2_POOL 4.23 0.27 0.061 0.133 0.194 4.535 31.436

0.1 0.005 0.002 0.001 0.003 0.03 0.481
PLA_SiO2_CI2 3.885 0.264 0.065 0.134 0.199 4.636 32.603

0.116 0.006 0.001 0.003 0.003 0.048 0.735
PLA_SiO2_H2O 3.079 0.247 0.075 0.139 0.214 4.94 35.144

0.11 0.015 0.001 0.002 0.004 0.1 0.107
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TABLE 1 presents results of the indentation modulus 

of elasticity (EIT) for the tested samples. The EIT values 
indicate the material stiffness, i.e. its ability to resist defor-
mation. The higher the EIT value, the stiffer the material.  
The PLA_BASALT_pool and PLA_BASALT_CI2 revealed the 
EIT values of 5.488 and 5.366 GPa, respectively. Both results 
were quite similar, suggesting that the chlorine solution im-
mersion did not significantly affect the EIT value. Therefore, 
basalt as a modifier in the material proved to be relatively 
stiff. The PLA_CI2 samples immersed in chlorine solution 
and the PLA_H2O samples in distilled water revealed their 
EIT values to be 5.661 and 5.918 GPa, respectively. Both 
results were quite high, suggesting that the presence of 
chlorine and water positively effect the material stiffness. The 
PLA_SiO2_pool, PLA_SiO2_CI2 and PLA_SiO2_H2O contain-
ing silica had the EIT values amounting to 4.23, 3.885 and 
3.079 GPa, respectively. Compared to the results for basalt 
and chlorine, these values were lower, indicating that silica 
is less rigid than basalt. The highest instrumental hardness 
value was obtained for the PLA_H2O sample, and the low-
est for PLA_SiO2_H2O. It is worth noting that the samples 
immersed in chlorine dilution (PLA_basalt_CI2 and PLA_
SiO2_CI2) had lower hardness than the samples immersed 
in pool water (PLA_basalt_pool and PLA_SiO2_pool). 
Similarly, the PLA_basalt_H2O sample had a lower hard-
ness than the PLA_basalt_pool sample after immersion in 
the respective environment. Analyzing the results, it can be 
seen that the samples containing additives (basalt, chlorine, 
SiO2) showed HIT values comparable to the samples without 
additives (PLA_H2O, PLA_CI2). In conclusion, the additives 
did not significantly affect the hardness of the PLA material.

The test results also showed the values of elastic forces 
(Wel), plastic forces (Wpl), and total forces (Wtot). Compared 
to the reference samples (without modifiers), the PLA 
samples with basalt showed the higher elastic force, which 
means that the material was more resistant to deformation. 
At the same time, it was less plastic (lower plastic force). 
The samples after immersion in chlorine dilution and H2O 
showed a lower value of elastic and plastic force than the 
control samples. The addition of SiO2 lowered the elastic 
and total force, but the plastic force value was close to the 
one of the control samples. These results suggest that the 
basalt addition can improve the PLA mechanical strength but 
at the expense of its ductility, while the immersion in chlo-
rine dilution and H2O can weaken the mechanical strength. 
The SiO2 addition can negatively affect the elastic and total 
strength, but it minimally influences the plastic strength.

Analyzing the results of the maximum indentation depth 
(Hmax), the PLA with basalt and the PLA with SiO2 reached 
the highest Hmax (4.067 µm and 4.535 µm, respectively). 
This means that these additives in the material increased 
its resistance to deformation. The PLA samples after immer-
sion in H2O and chlorine dilution reached the lowest Hmax 
values (4.02 µm and 4.099 µm, respectively), so the addi-
tives reduced the resistance. The higher the Hmax value, 
the more resistant to deformation the material is. It can 
also be seen that the samples immersion in H2O reduced 
the Hmax more than chlorine, which indicates the greater 
stiffness of the material in chlorine dilution. On the other 
hand, the addition of basalt and SiO2 introduces elements 
with greater hardness into the material, which increases its 
resistance to deformation.

The results presented in the ηIT [%] column refer to the 
elastic component of indentation work. The ηIT value of all 
the samples was relatively high, which means that most 
of the indentation work was used for elastic deformation.  
The highest ηIT value of 35.594% was observed for the 
PLA_basalt_H2O sample, so this material has the greatest 
ability to deform reversibly under pressing. The lowest ηIT 
value of 27.608% was revealed the PLA_CI2 sample, which 
means its lower elastic deformation capacity.

The analysis showed that the both basalt and SiO2 

modifiers had an impact on the PLA mechanical properties.  
The addition of basalt slightly shifted the characteristic ab-
sorption bands associated with carbonyl ester groups and 
methyl groups in the FTIR analysis. In turn, SiO2 affected 
the intensity and shape of the absorption bands. Basalt 
facilitated the material strength, which was manifested by  
a greater force required to break it. Basalt also improved the 
material elasticity, which manifested itself in greater resist-
ance to deformation and cracking. In turn, the SiO2 addition 
had a smaller effect on the elastic and plastic strength of the 
material. Based on the EIT results for the tested samples,  
it can be concluded that basalt as a modifier in the material 
is relatively stiff. This was proved by the similar EIT results 
for the samples immersed in pool water and chlorine.  
The lower EIT scores for the silica samples revealed them to 
be less stiff than the basalt ones, as the higher the EIT, the 
stiffer the material. The basalt samples showed the higher 
instrumental hardness than the samples without the modifier. 
They also showed a higher elastic force (Wel), which means 
they are more resistant to deformation, but at the same time 
they are less plastic (lower plastic force – Wpl). In contrast, 
the silica samples had the lower EIT values than the basalt 
ones, thus, silica is less rigid than basalt. The silica sample 
showed the lowest instrumental hardness, proving its lower 
resistance to deformation than the other samples. The EIT 
values for the samples with basalt were quite similar, so the 
immersion in chlorine solution had no significant effect on 
their stiffness. The basalt materials showed the high instru-
mental hardness, proving their resistance to deformation. 
The elastic forces (Wel) for the basalt samples were higher, 
indicating their greater resistance to deformation. Yet, the 
plastic forces (Wpl) were lower, which means the lower 
plasticity. The silica samples showed the lower instrumental 
hardness, which means the lower resistance to deformation 
compared to the basalt samples. In conclusion, in terms of 
the corrosive environment, the basalt-enhanced materials 
showed similar stiffness values, regardless of the immersion 
in different solutions. These materials are relatively stiff and 
deformation resistant, but less ductile. On the other hand, the 
silica-enhanced materials are less stiff and less resistant to 
deformation. Unfortunately, it is not possible to supplement 
the research results with the mechanical properties of the 
pure PLA and the PLA doped in the initial state, as these 
are topics for further research.
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Conclusions

The study aimed to investigate the effects of modifiers, 
such as basalt and SiO2, on the properties of the PLA com-
posite material. The material was obtained through extrusion 
and 3D printing, and its chemical composition was analyzed 
using the FTIR spectroscopy. The immersion tests in dif-
ferent solutions revealed that the characteristic absorption 
bands of the material remained unchanged. The confocal 
microscopy provided the information on the surface structure 
of the tested samples. The immersion in water, chlorine, and 
pool water affected the material mechanical strength and 
physical properties, due to swelling, dissolution, and hydroly-
sis. The presence of modifiers influenced the morphological 
structure. The tribological tests demonstrated that the wear 
characteristics varied significantly between the samples, 
hence the modifiers and the solution immersion affected their 
wear and durability. Basalt enhanced the abrasion resist-
ance, especially in the presence of chlorine, while silica had 
a positive effect on stiffness. Chlorine and water increased 
the material stiffness but the modifiers did not significantly 
affect hardness. The basalt-modified samples showed 
the higher elastic force and resistance to deformation but 
lower plasticity. Overall, the modifiers positively influenced 
the PLA properties, proving a potential for modifying its 
mechanical strength, chemical resistance, and plasticity.  
The research findings contributed to improving the 3D 
printing technology and enhancing the product quality. 
The results led to the better understanding of the material 
behavior at a microscopic level, particularly for advanced 
materials used in water and medical rescue applications.
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