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Abstract: In recent years, a significant increase in the development of new composite materials with desirable mechanical, thermal
or surface properties has been observed. One of the popular polymers on the market is polylactide. This article explores how to modify
the polymer using steel fibres and organosilicon compounds (SSQ-SH, SSQ-SH-OCT, and SSQ-SH-OFP) to enhance its properties.
Test samples were obtained by injection molding with varying concentrations of 0.5%, 1%, 1.5%, 2.5%, and 5% of steel fibres. Mechanical
tests, including tensile strength, elongation at break, and impact strength, were conducted, along with an analysis of the contact angle.
The modified samples showed higher impact strength values, with the PLA /steel fibres /SSQ-SH sample seeing an increase of 12%.
The addition of modifiers with fluoroalkyl groups led to a contact angle increase of 8.5% compared to neat PLA. Thermal tests (TGA)
were also carried out to determine the influence of fibres and organosilicon compounds on decomposition.
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1. INTRODUCTION

For several years, researchers have been exploring new
composite materials that exhibit desirable mechanical, thermal, or
surface characteristics. A widely studied polymer in this regard is
PLA, which belongs to the family of polyester polymers. PLA is
considered a highly promising option to replace petroleum-based
materials as it is derived from sustainable sources such as corn
starch or sugarcane [1]. Not only does PLA possess excellent
mechanical and thermal properties, but it is also both degradable
and biocompatible, making it a highly appealing alternative [2].

Polylactide can be produced through polycondensation of lac-
tic acid or ring-opening polymerization of cyclic lactic diester
(lactide) [3]. Notably, this process is more cost-effective than
petroleum-based polymers, requiring significantly less energy
(25-55% less). With advancements in technology, it is projected
that this energy reduction could decrease to less than 10% in the
future [4]. Furthermore, the production of PLA has a significantly
lower carbon footprint, generating far fewer greenhouse gas
emissions when compared to traditional plastics.

Polylactide is a remarkably versatile material that can be uti-
lized in a wide range of manufacturing processes. These include
injection molding, extrusion, and 3D printing, making it a highly
sought-after choice for various industries such as construction,
automotive [5], packaging [6], clothing [7], and electronics [8]. Its
extensive applications encompass from bottles [9], tea bags,
dishes [10], to packaging for cosmetics [11]. One of the most
significant advantages of PLA is its high biocompatibility, which

makes it an ideal material for biomedical purposes. In the medical
field, it is commonly used to create bioresorbable sutures, im-
plants, orthopedic devices, vascular scaffolds, and drug delivery
systems [12].

Polylactide is a versatile material whose properties can be in-
fluenced by a variety of factors such as the isomer ratio, pro-
cessing temperature, crystallinity, and molecular weight [13-15].
One of the key advantages of PLA is its favorable processing
qualities, high transparency, and good strength. However, it also
has certain drawbacks that may limit its suitability for some spe-
cialized applications. These drawbacks include in particular high
brittleness and a relatively slow degradation rate [16]. Given these
limitations, researchers are actively exploring new modifiers that
an enhance the desired properties of PLA. These modifiers can
take the form of natural or chemical fillers, each with their unique
set of benefits and drawbacks e.g. calcium carbonate [17], dia-
toms [18], wood fiber [19], straws [20], husks [21], TiO2 [22-23],
glass fibres [24], graphene [25], graphite [26]. Currently, many
works describe the combination of PLA with metallic particles [27-
29]. The addition of steel fibers can improve the mechanical prop-
erties [30-31]. Steel fibers are often used as reinforcement in
composite materials to provide added strength and toughness. In
3D printing, when incorporated into PLA, they can enhance the
overall structural integrity of the printed objects [30,32]. Steel is a
material commonly used in medicine, it is used to produce, among
others: surgical tools, elements of prostheses and orthoses. Spe-
cial grades of stainless steel are used in medicine, which are
characterized by high corrosion resistance and low biological
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reactivity [27]. However, it is worth noting that the metallic parti-
cles do not integrate with the matrix material (PLA). Therefore,
modifiers are being sought to improve the bonding of the metallic
particles to the composite matrix. Ultimately, the choice of modifier
will depend on the specific needs of the application at hand. One
of the effective approaches to modifying polymers is through the
incorporation of organosilicon compounds, including silsesquiox-
anes, silanes, and polysiloxanes, into the polymer matrix [33-34].
These compounds can have a significant impact on various physi-
cal and chemical properties, such as rheological or thermal prop-
erties, as well as mechanical properties [34]. Silsesquioxanes are
a type of hybrid organosilicon compound with a general formula of
RSi03/2, consisting of a core (Si-O-Si) and attached reactive or
inert groups like isobutyl or phenyl groups [35]. Silsesquioxanes
typically exhibit high biocompatibility and lack of cytotoxicity.
Scientific literature provides data demonstrating the high biocom-
patibility and absence of cytotoxic effects of silsesquioxanes with
various functional groups, including those substituted with amino
or thiopropyl groups [36]. A detailed description of fillers for poly-
mer applications can be found in our previous review [37].

This paper discusses the enhancement of polylactide by using
steel fibers and organosilicon compounds which were used to
modify fibers. To gauge the effectiveness of these modifications,
different mechanical tests such as tensile strength and impact
strength were conducted. Additionally, tests were carried out to
determine the impact of these additives on surface properties,
specifically through an analysis of the contact angle. Thermograv-
imetric analysis was also performed to determine the effect of
fibers and compounds on thermal stability. The results showed
that by adding a small amount of modifiers, the polymer becomes
more flexible and has higher contact angle values. This paper
presents an effective and economical method of modifying poly-
mers.

2. MATERIALS AND METHODS

Materials: Polylactide (PLA) Ingeo 2003D type was purchased
from NatureWorks (Minnetonka, MN, USA). Low-alloy steel fibers
with the following composition were used in the work: Fe, 0.295 %
Si, 0.525 % Mn, 2.08 % Ni, 0.535 % Cr, 1.29 % Mo, 0.52 % V,
0.11 % Cu. The chemicals were purchased from the following
sources: 3-Mercaptopropyltrimethoxysilane (99%) from UNISIL;
methanol p.a. from P.P.H Stanlab; hydrochloric acid (35-38%),
toluene, tetrahydrofuran from Chempur. Azoisobutyronitrile (AIBN)
(98%) was purchased from FLUKA, octene (OCT) (97%) from
ABCR and chloroform-d from Merck Group. Allyl 2,2,3,3,4,4,5,5-
octafluoropentyl ether (Allyl-OFP) was synthesized according to
the method described by Maciejewski et al. in the literature [38].
Toluene was degassed and dried by distilling it from P205 under
an argon atmosphere. (3-thiopropyl)polysilsesquioxane was pre-
pared according to the literature [39-40] and our previous article
[41] (Fig.1).

Synthesis of chemical modifiers: A crystalline and amorphous
product was obtained by the hydrolytic condensation reaction of 3-
thiopropyltrimethoxysilane. The amorphous product (hereinafter
referred to as SSQ-SH), which is a viscous, thick oil, consists of
closed cages (T8) and incompletely condensed silanols. Two
derivatives, partially substituted with hydrophobic groups, were
obtained by a radical reaction initiated by AIBN. The functionaliza-
tion was carried out according to literature data [41] with octene
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(hereinafter ~ SSQ-SH-OCT) and  allyl  2,2,3,3,4,4,5,5-
octafluoropentyl ether (hereinafter SSQ-SH-OFP). Modifiers con-
taining both reactive thiol and hydrophobic groups (octyl, fluoroal-
kyl) were obtained.
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Fig.1. Products of the hydrolytic condensation reaction
of 3-thiopropyltrimethoxysilane

Preparation of samples: Stage 1: The first stage covered the
modification of steel fibers with organosilicon compounds. For this
purpose, 2 g of a modifier (SSQ-SH or SSQ-SH-OCT or SSQ-SH-
OFP) and 100 ml of THF were added to 100 g of fibers, and then
mixed on a laboratory evaporator for 2 h at room temperature.
The solvent was allowed to evaporate slowly and then the modi-
fied fibres were dried at 50°C for 1 hour. Stage 2: The second
step involved obtaining a concentrate. The polymer and modified
steel fibres were homogenized using a laboratory two-roll mill
ZAMAK MERCATOR WG 150/280. A portion of 900 g of PLA
Ingeo™ 2003 D was mixed with 100 g steel fibres until the final
concentration of the additive of 10% w/w. The mixing was per-
formed at the rolls temperature of 215°C for 15 min., getting to full
homogeneity of the concentrates. Masterbatch was granulated by
a grinding mill WANNER C17.26 sv.

The prepared masterbatches were diluted 1:1 with PLA direct-
ly in the Engel e-victory 170/80 injection molding machine. Stand-
ardized specimens for mechanical tests were obtained according
to PN-EN ISO 20753:2019-01. Final system concentrations of
steel fibres were 0.5% wiw, 1% wiw, 1.5% wiw, 2.5% wiw, 5%
wiw.

Methods: Water contact angle (WCA) measurements were
performed using the sessile drop technique (5 pL) at room tem-
perature and atmospheric  pressure with a  Kriss
DSA100goniometer (Kriiss Optronic GmbH, Hamburg, Germany).

Tensile tests of the obtained specimens were performed on a
universal testing machine INSTRON 5969 with a maximum load
force of 50 kN. The traverse speed for the tensile strength meas-
urements was set at 2 mm/min.

The Charpy impact strength test (unnotched samples) was
performed according to I1SO 179-1 on an Instron Ceast 9050
impact pendulum tester.

Thermogravimetry (TG) was performed using a NETZSCH
209 F1 Libra gravimetric analyser (Selb, Germany). Samples of 4
+ 0.2 mg were placed in Al203 crucibles. Measurements were
conducted under nitrogen (flow of 20 ml/min) in the range of 30-
1000°C and a 10°C/min heating rate.

Images of steel fibres and composites were taken with the dig-
ital light microscope Keyence VHX-7000 (Keyence International
NV/SA, Osaka, Japan) with a VH-Z100R wide angle zoom lens
(Keyence International NV/SA, Osaka, Japan) at 100x magnifica-
tion. The images were taken using the function of depth composi-
tion and 3D image creation.
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3. RESULTS AND DISCUSSION

From the microscopic analysis, it can be seen that the steel fi-
bers are characterized by different sizes. The length range deter-
mined by the optical microscope was from about 40 um to 2000
pm (Fig.2). Based on the literature review, it has been determined
that no research has been conducted to date on the incorporation
of modified steel fibers with organosilicon compounds into a pol-
ylactide matrix.

The article describes the process of producing polylactide
composites reinforced with steel fibers and steel fibers modified
with organosilicon compounds having reactive thiol groups and/or
hydrophobic groups, respectively. An analysis of tensile strength
and impact strength was carried out, as well as surface tests were
performed, which allowed to characterize the degree of hydropho-
bicity of the materials.

111323y
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Fig. 2. Optical microscopic images of steel fibres

Fig. 3 presents optical microscope images of the surfaces
(left) and fracture surfaces (right) of composites at the highest
fiber concentrations (5% wt). Based on these images, the effect of
different silsesquioxane (SSQ) additives (SSQ-SH, SSQ-SH-OCT,
SSQ-SH-OFP) on the material structure can be observed. The
surface of neat PLA is relatively homogeneous, and the fracture
surface is smooth. Figure 3B-B’ clearly shows steel fibers on the
PLA surface, with sharp and distinct boundaries between the
fibers and the matrix in the fractures. The fracture surface is
rough, indicating poor adhesion between the fibers and PLA. The
addition of SSQ-SH improves the adhesion of steel fibers to the
PLA matrix, resulting in a more integrated structure and reduced
visibility of fibers in the fractures (Fig. 3C-C’). Similarly, SSQ-SH-
OCT leads to better dispersion and homogeneity of the material
(Fig. 3D-D’). In contrast, the addition of SSQ-SH-OFP shows the
presence of fiber agglomerates mainly on the surface (Fig. 3E-E’),
which may indicate uneven dispersion and potentially inferior
mechanical properties of the material. This is related to the high
hydrophobicity of fluoroalkyl groups, leading to poorer miscibility
between the system components. The surface of the fractures
with additives is less rough, indicating better embedding of the
fibers in the matrix.

Fig. 4 shows the impact strength results for neat PLA, steel fi-
ber reinforced PLA, and modified filler/PLA. The measurement
method used is characterized by large standard deviations, which
is visible on the graph in the form of errors bars. Neat PLA's im-
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pact strength is 17.1 kJ/m2 (black straight line in the graph - refer-
ence). The addition of steel fibers did not significantly affect the
impact resistance, and the changes in values are within
1 1.0 kd/m2.

Fig. 3. Microscopic images of composites: A) neat PLA, B) PLA + 5%
steel fibres, C) PLA + (5% steel fibres/SSQ-SH), D) PLA + (5%
steel fibres/SSQ-SH-OCT), E) PLA + (5% steel fibres/SSQ-SH-
OFP)

Composites with the addition of organosilicon modifiers are
characterized by higher impact strength values. This may be due
to three factors: 1) improved dispersion of the modified fibers in
the polymer matrix; 2) plasticizing effect of organosilicon com-
pounds; 3) the influence of thiol groups which may interact with
the polylactide matrix. Thiol groups present in modifiers act as
proton donors, facilitating the formation of hydrogen bonds be-
tween the -SH groups and the carbonyl groups in polylactic acid
(PLA) chains. These hydrogen bonds can influence the degree of
crystallinity in PLA, which in turn affects its mechanical properties.
In our previous work, we presented the impact of (3-thiopropyl)
polysilsesquioxane on the mechanical properties of polylactide,
including potential interactions between the modifier and the
matrix [42]. Modifiers can act as a plasticizer, reducing the brittle-
ness of the polymer, thanks to which the resulting composite is
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able to absorb more energy during impact. The highest values
were obtained for the PLA/steel fibres/SSQ-SH composite, which
may indicate a significant impact of thiol groups on the improve-
ment of the mechanical properties of the polymer. The tests car-
ried out show that the addition of a small amount of organosilicon
compounds by weight in relation to the entire composite affects
the change in the properties of the materials, which gives an
effective method of modification and is also important in the eco-
nomic aspect.
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Fig. 4. Impact strength of composites

Tensile strength tests were also carried out (Fig.5A), exam-
ples of force-elongation curves for selected materials are shown
(Fig. 5B), and elongation at break was determined (Fig.6). Neat
PLA has similar characteristics to PLA+(steel fibres+SSQ-SH), but
the displacement of the sample with the modifier was higher.
Displacement is slightly higher for the samples with modifiers,
compared to neat PLA, but the maximum force values are compa-
rable for all tested materials. However, the differences shown for
the example samples are not statistically significant (Fig. 5B). The
slight differences may be due to the different lengths and uneven
arrangement of the steel fibres. The addition of steel fibers did not
affect the reinforcement of the composite matrix, and changes in
strength values are + 1 MPa. The addition of organosilicon com-
pounds (SSQ-SH-OCT, SSQ-SH-OFP) reduced the tensile
strength value. Composites with the addition of the SSQ-SH-OFP
modifier have the lowest strength. This decrease can be attributed
to the highly hydrophobic characteristics of the fluoroalkyl groups
within the SSQ-SH-OFP modifier. These hydrophobic groups
probably result in diminished interactions between the modifier
and the polymer matrix, which is also observed in microscopic
photos (Fig. 3). For the sample with 5% concentration (steel fi-
bres/SSQ-SH-OFP) the value decreased by 5.1 MPa. The ob-
tained results show that the new materials, which also consist of
organosilicon compounds, are characterized by higher flexibility
and lower strength. This may be due to the plasticizing effect of
modifiers, as well as the presence of discontinuities in the polymer
phase introduced with the addition of filler [33].

Literature data confirm that metal powder act as a weak inter-
face thereby lowering strength and toughness [43]. It is possible
that the use of fibers may similarly deteriorate mechanical
strength. The addition of organosilicon compounds slightly im-
proves the plasticity of composites. Higher elongation at break
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values (Fig.6) indicate increased mobility of the polymer phase,
attributable to the addition of a plasticizing modifier. This is due in
part to the modifier's penetration between the macromolecular
chains of the polymer, which reduces the intermolecular forces
acting along these chains [44]. Similar results can be seen in
impact tests.
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In the study, samples with the highest concentration of steel
fibers were subjected to thermogravimetric analysis in an inert gas
(N2) flow (Fig.7). The onset temperature and temperature at the
maximum rate of mass loss were determined from the TGA/DTG
curves. The results showed a significant decrease in the decom-
position start temperatures of the modified composites (Table 1).
The introduction of steel fibers was found to lower both the onset
temperature and temperature at the maximum rate of mass loss.
The analysis of the composites revealed that the thermal stability
was not affected by the organosilicon compounds. When 5 wt.%
steel fibers or modified steel fibers were added, the onset temper-
ature was lowered from 16.0°C to 18.4°C. Sample fiber/SSQ-SH
was characterized by 32.6°C lower temperature at the maximum
rate of mass loss compared to neat PLA. One possible explana-
tion for this behavior of the samples is that the steel conducts
heat, which results in faster heating of the composite systems and
ultimately leads to lower initial temperatures and temperatures at
maximum weight loss rates. In the study by Sztorch et al., it was
also observed that the addition of metallic powders can lower the
onset degradation temperatures of composites. This phenomenon
is also evident in the case of adding steel fibers to PLA [45].Table
2 summarizes the obtained results.
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Fig. 7. TGA curves of composites

Tab. 1. Results of TGA analysis

Temperature
at the
Sample temOZ?:tture AT Maximum AT
P Pe A [°C] Rateof | [°C]
[°Cl Mass Loss
[°C]
Neat
PLA 3422 - 362.1
PLA + 3238 18.4 3295 326
steel fibres
PLA + (steel
fibres + SSQ- 324.2 18.0 332.1 30.0
SH)
PLA+ (steel
fibres + SSQ- 326.2 16.0 333.1 29.0
SH-OCT)
PLA+ (steel
fibres + SSQ- 3245 17.7 3329 29.2
SH-OFP)
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The neat PLA sample has a hydrophilic surface with a contact
angle of 76.5°. The addition of fibres and organosilicon com-
pounds influenced surface changes of the composites (Fig. 8).
PLA/steel fibres materials are characterized by a higher water
contact angle (for a 1.5% sample, the value is 81.7°). Changes
towards higher values may be caused by a change in the micro-
structure to a rougher one, and thus characterized by higher
values of the contact angle. Samples in which SSQ-SH is used
are characterized by lower values compared to neat PLA. The
thiol groups present in the modifier's structure are moderately
polar and hydrophilic because of the difference in the electronega-
tivity of sulfur and hydrogen, which leads to interaction with water,
decreasing the contact angle[46]. SSQ-SH-OCT and SSQ-SH-
OFP are characterized by the presence of both reactive thiol
groups and groups determining the hydrophobic character (octyl,
fluoroalkyl). The highest increase in the contact angle value was
observed for PLA + composites (steel fibres+SSQ-SH-OFP). With
the increase of the organosilicon modifier, the value of the contact
angle increases. For the 5% sample, there is a noticeable change
of 8.5% compared to neat PLA. Fluorinated materials are charac-
terized by low surface energy and exhibit both oleophobicity and
hydrophobicity [47-48]. The addition of the SSQ-SH-OFP deriva-
tive led to an increased contact angle. This rise can be explained
by the hydrophobic fluoroalkyl groups in SSQ-SH-OFP, which
repel water and lower surface energy, thereby enhancing hydro-
phobicity of materials.
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Fig. 8. Water contact angle of composites

4, CONCLUSION

This study presents the first investigation into the modification
of steel fibers with organosilicon compounds (SSQ-SH, SSQ-4SH-
40CT, and SSQ-4SH-40FP), for their incorporation into polylac-
tice matrix. Through a series of mechanical, thermal and surface
property tests, it has been demonstrated that these modifications
lead to significant changes in the properties of the resulting com-
posites. The incorporation of steel fibres and organosilicon com-
pounds into PLA resulted in changes in their strength properties,
including an increase in impact strength and elongation at break
values, as well as a change in the contact angle value. The com-
pounds used acted as plasticizers in the polymer matrix, which
made the material more flexible. Additionally, the hydrophobic
groups in the compounds (primarily fluoroalkyl groups) affected
the surface properties (increase of 8.5% compared to neat PLA).
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By adding small amounts of organosilicon additives, certain prop-
erties were improved, making this an effective, efficient, and
economically advantageous method. These findings suggest a
promising potential for the use of organosilicon-modified steel
fibers in PLA composites. Preliminary tests indicate that this modi-
fication strategy can lead to enhanced composite materials with
improved performance properties. Future research will focus on
further exploring the optimization of these modifications, as-
sessing long-term durability, and evaluating additional applications
to fully realize the potential benefits of this innovative approach.

10.

11.

12.

13.

712

REFERENCES

Madhavan Nampoothiri K, Nair NR, John RP. An overview of the
recent developments in polylactide (PLA) research. Bioresource
Technology. 2010; 101(22):8493-501.
https://doi.org/10.1016/j.biortech.2010.05.092

Raquez JM, Habibi Y, Murariu M, Dubois P. Polylactide (PLA)-based
nanocomposites. Progress in Polymer Science. 2013;38(10-
11):1504-42. https://doi.org/10.1016/j.progpolymsci.2013.05.014
Anderson K, Schreck K, Hillmyer M. Toughening Polylactide. Poly-
mer Reviews. 2008; 48(1):85-108.
https://doi.org/10.1080/15583720701834216

Farah S, Anderson DG, Langer R. Physical and mechanical proper-
ties of PLA, and their functions in widespread applications — A com-
prehensive review. Advanced Drug Delivery Reviews. 2016;107:367—
92. https://doi.org/10.1016/j.addr.2016.06.012

Notta-Cuvier D, Odent J, Delille R, Murariu M, Lauro F, Raquez JM,
et al. Tailoring polylactide (PLA) properties for automotive applica-
tions: Effect of addition of designed additives on main mechanical
properties. Polymer Testing. 2014; 36:1-9.
https://doi.org/10.1016/j.polymertesting.2014.03.007

Swetha TA, Bora A, Mohanrasu K, Balaji P, Raja R, Ponnuchamy K,
et al. A comprehensive review on polylactic acid (PLA) — Synthesis,
processing and application in food packaging, International Journal of
Biological Macromolecules. 2023; 234:123715.
https://doi.org/10.1016/j.ijbiomac.2023.123715

Claudio L. Waste Couture: Environmental Impact of the Clothing
Industry. Environmental health perspectives. 2007;115(9):448-54.
https://doi.org/10.1289/ehp.115-a449

Wang J, Yu J, Bai D, Li Z, Liu H, Li Y, et al. Biodegradable, Flexible,
and Transparent Conducting Silver Nanowires/Polylactide Film with
High Performance for Optoelectronic Devices. Polymers.
2020;12(3):604. https://doi.org/10.3390/polym12030604

Kale G, Auras R, Singh S, Narayan R, Biodegradability of polylactide
bottles in real and simulated composting conditions Polymer Testing.
2007; 26 (8):1049-1061.
https://doi.org/10.1016/j.polymertesting.2007.07.006.

Abdelrazek Sh, Abou Taleb E, Mahmoud A, Hamouda T. Utilization
of Polylactic Acid (PLA) in Textile Food Packaging: A Review". Egyp-
tian Journal of Chemistry. 2021;65(3): 725 — 738.

Sikorska W, Rydz J, Wolna-Stypka K, Musiot M, Adamus G, Kwie-
cien |, et al. Forensic Engineering of Advanced Polymeric Materials—
Part V: Prediction Studies of Aliphatic-Aromatic Copolyester and
Polylactide Commercial Blends in View of Potential Applications as
Compostable Cosmetic Packages. Polymers. 2017;9(12):257.
https://doi.org/10.3390/polym9070257

Bergstrom JS, Hayman D. An Overview of Mechanical Properties
and Material Modeling of Polylactide (PLA) for Medical Applications.
Annals of Biomedical Engineering. 2015;44(2):330-40.
https://doi.org/10.1007/s10439-015-1455-8

Ajioka M, Enomoto K, Suzuki K, Yamaguchi A. Basic Properties of
Polylactic Acid Produced by the Direct Condensation Polymerization
of Lactic Acid. Bulletin of the Chemical Society of Japan.
1995;68(8):2125-31. https://doi.org/10.1246/bcsj.68.2125

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

DOI 10.2478/ama-2024-0075

Julio César Velazquez-Infante, J. Gdmez-Pérez, Adrian E, Santana
00, Carrasco F, M. LI. Maspoch. Effect of the unidirectional drawing
on the thermal and mechanical properties of PLA films with different
L-isomer content. 2012;127(4):2661-9.
https://doi.org/10.1002/app.37546

Bai H, Deng S, Bai D, Zhang Q, Fu Q. Recent Advances in Pro-
cessing of Stereocomplex-Type Polylactide. Macromolecular Rapid
Communications. 2017;38(23):1700454.
https://doi.org/doi:10.1002/marc.201700454

Su S, Kopitzky R, Tolga S, Kabasci S. Polylactide (PLA) and lIts
Blends with Poly(butylene succinate) (PBS): A Brief Review. Poly-
mers. 2019;11(7):1193. https://doi.org/10.3390/polym11071193
Piekarska K, Piorkowska E, Bojda J. The influence of matrix crystal-
linity, filler grain size and modification on properties of PLA/calcium
carbonate composites. Polymer Testing. 2017; 62:203-209.
https://doi.org/10.1016/j.polymertesting.2017.06.025

Dobrosielska M, Dobrucka R, Brzakalski D, Frydrych M, Kozera P,
Wieczorek M, et al. Influence of Diatomaceous Earth Particle Size on
Mechanical Properties of PLA/Diatomaceous Earth Composites. Ma-
terials. 2022;15(10):3607. https://doi.org/10.3390/ma15103607

Pilla S, Gong S, O'Neill E, Yang L, Rowell RM. Polylactide-recycled
wood fiber composites. Journal of Applied Polymer Science.
2009;111(1):37-47. https://doi.org/10.1002/app.28860

Mihai M, Ton-That MT. Novel bio-nanocomposite hybrids made from
polylactide/nanoclay nanocomposites and short flax fibers. Journal of
Thermoplastic Composite Materials. 2017;32(1):3-28.
https://doi.org/10.1002/pen.23575

Sabzoi Nizamuddin, Jadhav A, Sundus Saeed Qureshi, Humair
Ahmed Baloch, M. Minhaj Siddiqui, Nabisab Mujawar Mubarak, et al.
Synthesis and characterization of polylactide/rice husk hydrochar
composite. Scientific Reports. 2019;9(1).
https://doi.org/10.1038/s41598-019-41960-1

Chanklom P, Kreetachat T, Chotigawin R, Suwannahong K. Photo-
catalytic Oxidation of PLA/TiO2-Composite Films for Indoor Air Puri-
fication. ACS Omega. 2021;6(16):10629-36.
https://doi.org/10.1021/acsomega.0c06194

Sztorch B, Pakuta D, Kustosz M, Romanczuk-Ruszuk E, Gabriel E,
Przekop RE. The Influence of Organofunctional Substituents of
Spherosilicates on the Functional Properties of PLA/TiO2 Compo-
sites Used in 3D Printing (FDM/FFF). Polymers. 2022;14(24):5493.
https://doi.org/10.3390/polym 14245493

Sun'Y, Zheng Z, Wang Y, Yang B, Wang J, Mu W. PLA composites
reinforced with rice residues or glass fiber—a review of mechanical
properties, thermal properties, and biodegradation properties. Jour-
nal of Polymer Research. 2022;29(10).
https://doi.org/10.1007/s10965-022-03274-1

Browne MP, Pumera M. Impurities in graphene/PLA 3D-printing
filaments dramatically influence the electrochemical properties of the
devices. Chemical Communications. 2019;55(58):8374-7.
https://doi.org/10.1039/c9cc03774h

Kjelgard KG, Wisland DT, Lande TS. 3D Printed Wideband Micro-
wave Absorbers using Composite Graphite/PLA Filament. 48th Eu-
ropean Microwave Conference (EuMC). Madrid Spain. 2018;859-
862. https://doi.org/10.23919/EuMC.2018.8541699

Jiang D, Ning F. Fused Filament Fabrication of Biodegradable
PLA/316L Composite Scaffolds: Effects of Metal Particle Content.
Procedia Manufacturing. 2020; 48, 755-762.
https://doi.org/10.1016/j.promfg.2020.05

Sakthivel N, Bramsch J, Voung P, Swink |, Averick S, Vora HD.
Investigation of 3D printed PLA-Stainless Steel Polymeric Composite
through Fused Deposition Modeling based Additive Manufacturing
Process for Biomedical Applications. Medical devices & sensors.
2020;00:10080. https://doi.org/10.1002/mds3.10080
Mohammadizadeh M, Lu H, Fidan I, Tantawi K, Gupta A, Hasanov S,
Zhang Z, Alifui-Segbaya F, Rennie A. Mechanical and Thermal Anal-
yses of Metal-PLA Components Fabricated by Metal Material Extru-
sion. Inventions. 2020;5(3):44. doi:10.3390/inventions5030044



§ sciendo

DOI 10.2478/ama-2024-0075

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

Clarke AJ. Dickson A, Dowling DP. Fabrication and Performance of
Continuous 316 Stainless Steel Fibre-Reinforced 3D-Printed PLA
Composites. Polymers 2024; 16: (63).
https://doi.org/10.3390/polym16010063

Clarke A, Dickson A, Dowling DP. Additive manufacturing of rein-
forced polymer composites with stainless steel fibre. Proceedings of
the 38th International Manufacturing Conference (IMC38) 2022-08-
30. University College Dublin. School of Mechanical and Materials
Engineering;

Pusnik Cresnar K, Aulova A, Bikiaris DN, Lambropoulou D, Kuzmi¢
K, Fras Zemlji¢ L. Incorporation of Metal-Based Nanoadditives into
the PLA Matrix: Effect of Surface Properties on Antibacterial Activity
and Mechanical Performance of PLA Nanoadditive Films. Molecules.
2021;26(14):4161. https://doi.org/10.3390/molecules26144161
Raquez J-M, Habibi Y, Murariu M, Dubois P. Polylactide (PLA)-based
nanocomposites. Progress in Polymer Science. 2013;38(10-11):
1504-1542. https://doi.org/10.1016/j.progpolymsci.2013.05.014

Xie Y, Hill CAS, Xiao Z, Militz H, Mai C. Silane coupling agents used
for natural fiber/polymer composites: A review. Composites Part A:
Applied Science and Manufacturing. 2010;41(7):806-19.
https://doi.org/10.1016/j.compositesa.2010.03.005

Brzakalski D, Sztorch B, Frydrych M, Pakuta D, Dydek K, Kozera R,
et al. Limonene Derivative of Spherosilicate as a Polylactide Modifier
for Applicatons in 3D Printing Technology. Molecules.
2020;25(24):5882. https://doi.org/10.3390/molecules25245882

Shen C, Han Y, Wang B, Tang J, Chen H, Lin,Q. Ocular biocompat-
ibility evaluation of POSS nanomaterials for biomedical material ap-
plications. RSC Advances. 2015;5(66):53782-53788.
https://doi.org/10.1039/c5ra08668;

Sztorch B, Brzakalski D, Pakuta D, Frydrych M, Spitalsky Z, Przekop
RE. Natural and Synthetic Polymer Fillers for Applications in 3D
Prining——FDM Technology Area. Solids. 2022;3(3):508-548.
https://doi.org/10.3390/s0lids3030034

Maciejewski H, Karasiewicz J, Marciniec B. Efektywna synteza
fluorofunkcyjnych (poli)siloksanow. Polimery. 2012;57,6:449-55.
Dumitriu AC, Cazacu M, Bargan A, Balan M, Vornicu N, Varganici
CD, et al. Full functionalized silica nanostructure with well-defined
size and functionality: Octakis(3-mercaptopropyl)octasilsesquioxane.
Journal of Organometallic Chemistry. 2015;799-800:195-200.
https://doi.org/10.1016/j.jorganchem.2015.09.025

Feher FJ, Wyndham KD, Soulivong D, Nguyen F. Syntheses of
highly functionalized cube-octameric polyhedral oligosilsesquioxanes
(R8Si8012). Journal of the Chemical Society. Dalton Transac-
tions.1999;(9):1491-8. https://doi.org/10.1039/a807302¢c

Pakuta D, Przekop R, Brzakalski D, Frydrych M, Sztorch B, Marciniec
B. Sulfur-Containing Silsesquioxane Derivatives Obtained by the
Thiol-ene  Reaction:  Synthesis and Thermal Degradation.
ChemPlusChem. 2022;87:6202200099.
https://doi.org/10.1002/cplu.202200099

Pakuta D, Sztorch B, Romarnczuk-Ruszuk E, Marciniec B, Przekop
RE, High impact polylactide based on organosilicon nucleation agent.
Chinese Journal of Polymer Science. 2024;42,787-797.
https://doi.org/ 10.1007/s10118-024-3095-7

43.
44.
45.

46.
47.

48.

Daria Pakuta:

Bogna Sztorch:
Eliza Romanczuk-Ruszuk:
Bogdan Marciniec:

Robert E. Przekop:

acta mechanica et automatica, vol.18 no.4 (2024)
Special Issue "New Trends in Biomedical Engineering"

Kuentz L, Salem A, Singh M, Halbig MC, SalemJA. Additive Manu-
facturing and Characterization of Polylactic Acid (PLA) Composites
Containing Metal Reinforcements. National Aeronautics and Space
Administration, https://ntrs.nasa.gov/citations/20160010284
Safandowska M, Rézanski A, Gateski A. Plasticization of Polylactide
after Solidification: An Effectiveness and Utilization for Correct Inter-
pretation of Thermal Properties. Polymers. 2020;12(3):561.
https://doi.org/10.3390/polym 12030561

Sztorch B, Romanczuk-Ruszuk E, Gabriel E, Pakuta D, Kozera R,
Przekop RE. Metal and metal oxide particles as modifiers for effec-
tive layer melting and Z-axis strength in 3D printing. Polymer.
2024;294:126684. https://doi.org/10.1016/j.polymer.2024.126684
Klecker C, Nair LS. Matrix Chemistry Controlling Stem Cell Behavior.
Biology and Engineering of Stem Cell Niches. 2017;195-213.
https://doi.org/10.1016/b978-0-12-802734-9.00013-5

Karasiewicz J, Dutkiewicz A, Maciejewski H. Fluorokarbofunkcyjne
silany jako prekursory materiatow silnie hydrofobowych. Chemik.
2014;68(11): 945-956.

Weishuai Di, Wang X, Zhou Y, Mei Y, Wang W, Cao Y. Fluorination
Increases Hydrophobicity at the Macroscopic Level but not at the Mi-
croscopic Level. Chinese Phys. Lett. 2022;39(3):038701.
https://doi.org/10.1088/0256-307X/39/3/038701

https://orcid.org/0000-0001-6741-3019
https://orcid.org/0000-0001-5166-8391
https://orcid.org/0000-0001-5228-4920
https://orcid.org/0000-0001-5203-1376
https://orcid.org/0000-0002-7355-5803

This work is licensed under the Creative Commons
BY-NC-ND 4.0 license.

713


https://orcid.org/0000-0001-6741-3019
https://orcid.org/0000-0001-5166-8391
https://orcid.org/0000-0001-5228-4920
https://orcid.org/0000-0001-5203-1376
https://orcid.org/0000-0002-7355-5803
https://orcid.org/0000-0001-6741-3019
https://orcid.org/0000-0001-5166-8391
https://orcid.org/0000-0001-5228-4920
https://orcid.org/0000-0001-5203-1376
https://orcid.org/0000-0002-7355-5803

