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Abstract. Additive manufacturing technologies, also known as 3D printing, are currently undergoing rapid development and gaining
wide popularity, complementing and, in some cases, replacing traditional manufacturing methods. Particular attention is being paid
to the fabrication of products from metallic, ceramic, polymeric, and composite materials. Among the seven commonly recognized
methods of additive manufacturing, material extrusion stands out, which includes the Fused Deposition Modeling (FDM) technology.
The heightened interest in FDM is due to the accessibility of equipment and the wide range of starting materials available, ranging from
classic polymers such as PLA and PETG to composite materials, including metal- and ceramic-filled filaments. The objective of this
study was to systematize and summarize the existing knowledge on the fabrication process of polymer-ceramic products using ceramic-
filled filaments. The paper provides an analysis of the main stages of production, including material selection, filament fabrication, and
the 3D printing process. Areas of research and potential applications are also examined.
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AHHoTayms. TexHOIOTUK aJIUTHBHOTO MPOM3BOJICTBA, TAK)KE M3BECTHbIC Kak 3D-medarh, HaxoisTcs B (ase aKTHBHOIO Pa3BUTHS
Y HAOMPAFOT IUPOKYIO MOMYJSIPHOCTh, 3aMCHSISL M IOTIOJHSS TIPH STOM TPAJAUIIMOHHBIC CIIOCOOBI Ipon3BojcTBa. Oco00e BHUMAaHUE
YACSCTCS OTYUCHHIO U3/ICITHIA U3 METAIUTMYCCKUX, KEPAMUUECKHUX, TIOJIMMEPHBIX U KOMITO3UIIMOHHBIX MaTepuasioB. Cpeau 7 ooie-
MPUHSTBIX METOIOB aJIMTUBHOIO MPOU3BOJICTBA OTACIBHO BBIICISAIOT SKCTPY3uto Matepuana (material extrusion — MEX), xoTopas
BKJIIOYAeT B ce0sl TEXHOJIOTHIO TOCIIOHOr0 HartaBieHus marepuana (FDM). [ToBbieHHOE BHUMaHHE K HEH 0OBSICHSACTCS JOCTYII-
HOCTBIO 000PYIOBaHUSI K BOBMOYKHOCTBIO HCIIOIB30BAHMUS IIMPOKOTO CIICKTPA UCXOMHBIX MATEPUAIOB (OT CTABIIMX KJIACCHYCCKUMHU
noiumepoB PLA, PETG u ap. 10 KOMITO3MIMOHHBIX MATEpPUAIOB, B TOM YHCIC METAl0- M KePaMOHAIOJHCHHBIX HHTEH). Llens
HACTOSIICH PabOThI 3aKIIF0YAIACh B CUCTEMATH3AIMU U 0000IICHUH CYIIECTBYFOIIMX 3HAHUN O TMPOIECCEe U3TOTOBICHHUS MOTUMEP-
KEPaMHUCCKUX U3JICIUN C MCIOJIB30BAHUEM KEPAMOHAIMOJICHHHBIX (prmamenToB. [IpencTaBicH aHalM3 OCHOBHBIX JTAllOB MPOU3-
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Introduction

In recent decades, there has been significant growth
in the development of new materials and manufactu-
ring methods, driving the advancement of additive
manufacturing (AM) technologies, also known as
3D printing. These are considered innovative fab-
rication processes capable of partially replacing or
optimizing traditional manufacturing methods [1-4].
An advantage of AM is its ability to reduce material
waste during production by building products with
diverse geometries layer by layer. This approach
allows for creating complex shapes in a single tech-
nological process. AM technologies enable scientists
and engineers to drive unique innovations through
the use of advanced materials and cutting-edge solu-
tions [5-9]. One of these innovations is the imple-
mentation of AM processes for producing polymer-
ceramic materials [10]. Interest in these materials
is driven by the combined benefits of polymers and
ceramics: the manufacturing flexibility of polymers
and the unique properties of ceramics, such as high
strength, hardness, and electrical characteristics.

This review provides a detailed examination
of the process for fabricating polymer-ceramic compo-
sites (PCC) using FDM (Fused Deposition Modeling)
technology (see Fig. 1). An overview of the 3D printing
method for polymer-ceramic materials is presented,

Ceramic filler

S,

O3S

Finished filament

BN e -
Polymer

along with an analysis of the process for obtaining
ceramic-filled filament. The specifics of FDM print-
ing with these materials are described, current trends
in research and manufacturing of PCCs by 3D printing
are highlighted, and conclusions are drawn on the cur-
rent state of FDM printing with polymer-ceramic
materials.

3D printing
with polymer-ceramic materials

The production of polymer-ceramic products is
advancing, driven by developments in new materials,
designs, and components for functional applications.
A well-established traditional manufacturing method
for these materials is injection molding [11-13]. Among
the AM methods used for producing PCC, FDM and
stereolithography (SLA) [14-17] are widely applied,
along with other technologies [18; 19].

The FDM method has been in use since the late
20™ century when the U.S. company Stratasys paten-
ted it as “Fused Deposition Modeling” [20; 21]. This
method works by sequentially depositing layers of fila-
ment, heated to a viscoelastic state, through a nozzle
to build up the product layer by layer [22]. Today,
many commercially available machines are based on
this technology, commonly as desktop systems that

3D printing process

Polymer-ceramic
composite

Fig. 1. Key stages in ceramic-filled filament production, from raw material selection to final product

Puc. 1. OcHOBHBIE CTaJliy MPOU3BOACTBA KEPAMOHAIIOJIHEHHOI'O (bHJ'[aMCHTaZ oT BI)I60pa CBIPbS 10 KOHEYHOI'O U3CITUsL
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construct products within the build platform’s plane.
FDM printers are classified by their material feeding
systems, which vary by feeder placement:

—direct extruder, where the feeder is attached
directly to the print head;

—bowden extruder, where the feeder is mounted
on the printer’s frame, and the material is channeled
to the print head via a tube [23-25].

Direct extruders are preferred for flexible, brittle,
and composite materials as they reduce the risk of nozzle
clogging and polymer deformation in the feeding chan-
nel during printing.

In FDM technology, polymer filaments of varying
diameters, tailored to equipment specifications, are
used as feedstock. Currently, many manufacturers offer
both standard 3D printing polymers and advanced mate-
rials with improved compositions that provide better
mechanical strength, wear resistance, shape memory,
and higher operating temperatures. Research continues
to enhance existing thermoplastic filaments for FDM
printing and develop new formulations with improved
properties based on various material types [26—28].

Key aspects of producing
ceramic-filled filament

Filament production is a crucial step in the fabrica-
tion of PCC, as it significantly influences the properties
of the final products and affects the entire production
cycle — from 3D printing to the finished item.

In the initial stage, the matrix material and func-
tional filler are selected according to the desired
characteristics of the final product. The polymer
matrix is typically made from common thermoplas-
tic materials used in FDM printing, such as polylac-
tic acid (PLA) [29; 30], acrylonitrile butadiene sty-
rene (ABS) [31; 32], and, less frequently, polyethylene
terephthalate glycol (PETG) [33; 34] and polyamide-12
(PA12) [35; 36]. Ceramic fillers often include techni-
cal ceramics, such as aluminum oxide (AlL0,), sili-
con dioxide (Si0,), zirconium oxide (Zr0O,), titanium
oxide (TiO,), and silicon carbide (SiC) [12; 37]. These
materials are widely used due to their unique physical,
mechanical, electrical, and thermal properties. In addi-
tion, piezoceramic powders — such as barium titanate
(BaTiO,) and barium strontium titanate (BaSrTiO;) —
are used to enhance electrical properties. During mate-
rial selection, the particle size of the ceramic powder
is also determined, as it affects both the properties
of the PCC and the quality of 3D printing. Table 1 pre-
sents different combinations of ceramic-filled filament
materials, including commercially available options
and those developed in research studies.

Following the selection of the raw material com-
position, the next steps are PCC preparation and fila-
ment production. The primary stages of this process
include creating the composite mixture and manu-
facturing the ceramic-filled filament for 3D printing.
Preparation and intermediate steps often involve mois-
ture removal from the initial materials. Additionally,
various additives such as acetone, stearic acid, and
others are used to enhance the adhesion of ceramic
particles to the polymer and to improve dispersion
(see Table 1).

This filament production process is detailed in nume-
rous studies by various research teams. For example,
in [40], researchers from the Institute of Nanoscience
and Nanotechnology, N.C.S.R. Demokritos (Greece)
produced composite filament from PLA granules
(Gorinchem, Netherlands) as the matrix, combined
with SiC powder (particle size 8.3 um) (Struers,
Denmark). The polymer granules were pre-dried and
then mixed with the ceramic powder. Acetone was
added to enhance adhesion between the granules and
ceramic particles. The prepared mixture was then dried
(100 °C for 24 h). The resulting raw material was pro-
cessed through a single-screw extruder (Felfil Evo,
Italy) at 185-195 °C, yielding five types of composite
filaments with a diameter of 1.75 mm and varying SiC
content (from 1 to 3 wt. %).

A similar combination of materials was cho-
sen by a team of researchers from the Department
of Mechanical Engineering at Stevens Institute
of Technology, New Jersey, USA [39]. However,
instead of polymer granules, PLA (74 um) and SiC
(15 pm) powders were used as the starting materials.
Before further processing, the materials were pre-dried
at 70 °C for 4 h. Mixing was conducted in a rotary tum-
bler using chromium steel balls. Filament production
was carried out on a single-screw extruder. To further
study the dispersion of SiC in PLA, filament sam-
ples containing 50 wt. % SiC were analyzed. Based
on image analysis (Fig. 2), it was concluded that SiC
particles were adequately dispersed within the PLA
matrix. This is supported by scanning electron micros-
copy (SEM) images showing a substantial reduction
in ceramic powder particle size from the initial 15 pm
to approximately 5 um during mixing.

A similar filament fabrication method was used
in [45], where researchers from the Czech Technical
University in Prague (Department of Electrotechnology,
Faculty of Electrical Engineering) employed PETG
granules and TiO, powder (50-300 um) as starting
materials. Filaments with varying TiO, content were
produced for the study. In two cases, PETG was filled
with titanium dioxide (10 and 20 wt. %) to increase
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Table 1. Results of analyzing the process of producing ceramic-filled filament

Tabnuya 1. Pe3yabraThl aHAJIM3a IPOLECCa OJyYeHHs] KepAMOHANIOJHEHHOr0 (UIaMeHTa

Polymer

Ceramic

Brief description of filament extrusion technology

Source

Zr0O,

Material by Zetamix, France

[38]

PLA

SiC

Starting materials: PLA powder (74 um) and SiC powder (15 um). The powders
were dried at 70 °C for 4 h, then mixed in a rotary tumbler at 64 rpm with steel
balls for better dispersion. A single-screw extruder was used to produce filament.
Melt temperature was 180 °C, and screw speed was 35 rpm. Various filaments
were produced with SiC contents of 10, 20, 30, and 40 wt. %. Comparison was
made with pure PLA and PLA with added graphite (C) or a SiC + C mix

[39]

Starting materials: PLA granules and SiC powder (8.3 um). PLA granules were
dried at 100 °C for 24 h, then mixed at 75 °C with added acetone. The resulting
mixture was dried at 100 °C for 24 h. Filament was produced using a single-
screw extruder. Extrusion temperature was 185-195 °C, and extrusion speed
was 50 cm/min. Five composite types were obtained with SiC contents of 1.0,
1.5,2.0,2.5,and 3.0 wt. %

[40]

Si,N

Ceramic-filled filament made of PLA/Si;N, in a mass ratio of 95/5 using a twin-
screw extruder

[12]

BaSrTiO,

Starting materials: ABS granules and BaSrTiO, ceramic powder. ABS granules
were dissolved in acetone at a 1:1.5 mass ratio. The mixture was blended with
the ceramic powder, poured into molds, and dried at room temperature for
48 h. The resulting composites were granulated and dried at 80 °C for 48 h.
Filament production was carried out using an extruder at 220 °C and 60 rpm.
The maximum ceramic powder content reached 50.27 wt. %

[41]

ABS

BaTiO,

Starting materials: ABS granules and BaTiO, ceramic powder (3 pm). ABS
granules were mixed with BaTiO, particles in volume ratios of 10, 20, 30, 35,
40, 45, and 50 %, with 1.1 wt. % stearic acid added as a surfactant. The raw
material was dried for 24 h at 130 °C. Filament was produced using a Noztek
Pro single-screw extruder (UK) at temperatures between 185 and 210 °C

[42]

Starting materials: ABS granules and BaTiO, microparticles (<3 um). ABS
granules were dissolved in acetone, then barium titanate was added. The resulting
suspension was placed in molds to allow acetone evaporation. Solidified
composite sheets were ground and dried at 70 °C. Filament production was
carried out using a Noztek Pro single-screw extruder at 190+210 °C

[43]

Starting materials: ABS granules and BaTiO, microparticles. Octyl gallate and
dibutyl phthalate were used as surfactants and plasticizers. Filament production
was based on the previous work of Castles F. et al. [43].

[44]

PETG

TiO

Ceramic-filled filament prepared in collaboration with Prusa Polymers,
Czech Republic. Starting materials: PETG granules and TiO, particles
(50-300 um). PETG granules were mixed with ceramic particles and melted for
homogenization. Composite filaments with TiO, contents of 10 and 20 wt. %
were produced using a screw extruder

[45]

PA12

ZrO
ALO,

Starting materials: PA12 granules, Al,O,, and ZrO, powders. A two-step
surface modification of the ceramic powders was conducted: etching and
chemical treatment. Preliminary drying: PA12 at 50 °C for 10 h, ceramic
powders at 150 °C. Compounding was done with a twin-screw extruder,
and filament production used a single-screw extruder (Dr. Collin GmbH,
Germany)

[46]

PMMA

ZrO

Starting materials: PMMA and ZrO, nanoparticles (20-80 nm). Preliminary
drying was conducted at 100 °C for 2 h. Filament production was performed
using a Haake Rheomix 252p single-screw extruder (Thermo Fisher Scientific,
USA)

[47]
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Fig. 2. SEM image of the cross-section
of PLA-based ceramic filament containing 50 wt. % SiC [39]

Puc. 2. COM-u300paskeHre TIOTIEPEYHOTO CeUSHHUS
KepaMH4YeCcKoro ¢puiamMmeHTa Ha ocHoBe PLA
¢ conepxanueM SiC 50 mac. % [39]

Fig. 3. Microscope images of filaments produced [45]

1—pure PETG; 2 - PETG + 10 wt. % TiO,;
3 —PETG + 20 wt. % TiO,

Puc. 3. 300paxkenns: GUIaMEHTOB, OTyYCHHbIC
C TTOMOIIBIO MUKpOCKoTIa [45]

1 — aucrteiii PETG; 2 - PETG + 10 mac. % TiOz;
3 —PETG + 20 mac. % TiO,

dielectric permittivity, while a third filament was com-
posed of pure PETG (Fig. 3).

The specifics of the process can depend on
the methods used to prepare the composite mix-
ture based on the starting components. For instance,
study [41] describes a method of producing a poly-
mer-ceramic composite that differs from previous

approaches. Researchers in the United Kingdom mixed
ABS granules with acetone, dissolving the polymer
to create a viscous mixture. To this solution, they added
piezoceramic BaSrTiO, powder (particle size <0.5 um)
and mixed for 10 min. The resulting composite mix-
tures were poured into specialized molds, where comp-
lete solidification occurred over 48 h. The composites
were then subjected to mechanical granulation, addi-
tional drying, and extrusion to produce filament.

Thus, the analysis presented in this section reflects
the essence of producing ceramic-filled filament
using various technological methods and materials.
This approach is adaptable for working with different
combinations of polymer and ceramic compositions,
making it one of the most versatile and widely used
methods.

3D printing process features

The process of 3D printing with ceramic-filled fila-
ments involves several technological considerations,
linked both to equipment specifics and the challenges
of working with filled, particularly high-filled, poly-
mers. The particles in the filament increase its brittle-
ness, which can lead to nozzle clogging and filament
breakage during printing [48; 49]. Addressing these
and other issues in PCC 3D printing is feasible
by maintaining optimal conditions, including print
temperature, speed, layer height, and feed rate, among
others [50-53] (Table 2).

Study [54] explores key FDM printing parameters,
including printing speed, track width, layer height,
and infill structure (Fig. 4), and examines their effects
on the dielectric properties and quality of printed
items. The findings indicate that printing speed sig-
nificantly influences interlayer adhesion and bonding
to the build platform. As shown in Fig. 4, a, printing
speed has a notable impact on surface quality and
pore formation, both of which directly affect the final
properties of the printed products. A speed range
of 10-20 mm/s provided the best print quality, with no
visible defects.

Samples were prepared using the specified para-
meters to measure dielectric characteristics. Results
indicated a significant decrease in dielectric permitti-
vity (e, =7.38) compared to a sample produced
by injection molding (¢ = 10). To identify the cause
of this discrepancy, surface analysis was conducted
using an optical microscope, which revealed air
gaps between the print tracks. The solution involved
reducing the extrusion width from 0.5 to 0.45 mm
(Fig. 4, ¢), which helped increase relative dielectric
permittivity and reduce the dielectric loss tangent.
Additionally, the influence of layer height on dielectric
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Table 2. Key parameters of FDM printing with ceramic filaments

Tabauya 2. OcHoBHbIe TapamMeTpbl FDM-neyaTtu KepaMoOHaNnoJHeHHbIMH (pHIIAMEHTaMU

Material Ceramic Print Print speed, ' Nozzle ’Layer Source
content, wt. % | temperature, °C mm/s diameter, mm | height, mm

PLA/ZrO, 86 190 40 0.60 0.20 [38]
ABS/BaSrTiO, 50 250 40 0.55 0.10 [41]
PETG/TiO, 10 and 20 250 - 0.40 0.15 [45]
PLA/Si;N, 5,10 and 15 200 40 0.40 0.15 [12]
PLA/SiC 1-3 200-210 50 1.00 - [40]
ABS/Ceramic (Premix Oy) - 260 10-20 0.50 0.30 [54]

characteristics was studied (Fig. 4, d), showing that
dielectric properties improve as layer height increases.
It was also found that adjusting the material infill
allows effective control over the dielectric properties
of 3D-printed structures (Fig. 4, e).

Many studies use commercially available desk-
top FDM printers. For example, in [45], samples
of PETG polymer filled with TiO, particles (10
and 20 wt. %) were produced using the 13 MK3S
3D printer by PRUSA Research (Czech Republic),
which is equipped with a direct extruder. A 0.4 mm

10 mm/s 20 mm/s-30 mmis: 4

nozzle was used to print samples with a 0.15 mm layer
thickness and 100 % infill rate, ensuring high density
and minimizing porosity. In study [38], equipment
from the same company was selected for fabricating
samples from various materials, including PLA with
50 % ZrO, particles and polyolefin with different
levels of TiO. In this case, a 0.6 mm nozzle was used,
with a layer height of 0.2 mm.

An analysis of published studies shows that larger-
diameter nozzles are frequently used due to the specific
challenges of printing with filled polymers, which can

10 0.08 10 0.06 10 0.025
ey 2 2
= 4 0.07 = = 0.020
E 9 r E 9t £ 0.05 R= 8 -
E 4 0.06 g o & E i
g E 8 , —— | £ g =
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° 7r 4 0.03 3 o 7+ - 0.03 g o) 4 0.010 2
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c d e

Fig. 4. Research results on the influence of printing parameters on sample quality and dielectric properties [54]

a — influence of printing speed on sample quality; b and ¢ — influence of extrusion width on track spacing and dielectric properties;
d and e — layer height and material infill on dielectric properties

Puc. 4. Pe3ynbrarhl HCCIICIOBAHUS BIMSHUS TAPAMETPOB TEYaTH Ha KAYeCTBO 00PA3IOB U AUDICKTPHUYCCKIE CBOMCTBA [54]

a — BIIUAHUE CKOPOCTH I1€YaTH HA Ka4€CTBO 06pa3u013; b v ¢ — BusHUE IMUPUHBI OKCTPY3HUU HA PACCTOAHUEC MEXKIAY TPEKaMU
U JUDIEKTPUIECKUEC CBOﬁCTBa; d v e — BIUSIHHE BBICOTHI CIIOST U K03(1)(1)I/IIII/ICHT3, 3aII0JIHCHUS Ha MUDJICKTPUYICCKUE CBOMCTBa
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gradually clog the nozzle. Brass nozzles, commonly
used in FDM printing, are prone to rapid wear when
exposed to ceramic particles, prompting researchers
to opt for wear-resistant nozzles. Additionally, nozzle
diameter affects the uniformity of material extru-
sion; increasing the diameter can help reduce the risk
of defects (such as pores and cracks) caused by mate-
rial inconsistencies.

Applications

Research on products made from polymer-ceramic
filaments can be grouped into three main areas:

— improving dielectric properties;

— investigating the impact of ceramic fillers on
mechanical properties;

— producing ceramic components from high-filled
polymer-ceramic filaments.

A significant portion of research on PCC develop-
ment using FDM printers focuses on dielectric proper-
ties, driven by the ease of fabrication, the broad range
of applications, and the growth of 3D-printed electro-
nics. Polymers produced by 3D printing are commonly
used as insulators [55]. However, adding conductive
carbon fibers or metal particles enables the production
of functional parts that conduct electricity [56; 57],
while incorporating ceramic powder into the poly-
mer matrix improves dielectric properties. Studies
have investigated the effects of TiO,, ZrO,, BaSrTiO,
and other ceramic fillers on the dielectric properties
of polymer-ceramic samples for application in capaci-
tors, dielectric antennas, and other components that
require dielectric materials.

As mentioned in [45], researchers in the Czech
Republic investigated PCC made with PETG polymer
and TiO, ceramic powder. The study involved testing
cylindrical samples of different diameters (19.1 and

BaSrTiO, + ABS : :

a

9.5 mm) and thicknesses (2.8 and 3.0 mm) to assess
the dielectric properties of PCC. The sample with
20 wt. % TiO, yielded the best results, showing a 50 %
increase in dielectric permittivity compared to pure
PETG, reaching a maximum value of 4.4. The study
found that temperature and frequency had no signifi-
cant effect on dielectric permittivity or dielectric losses.

In addition to examining the dielectric properties
of printed samples, research also explores the potential
applications of 3D-printed polymer-ceramic dielectrics
in electronic and radio equipment. A team of resear-
chers from the United Kingdom studied PCC properties
in [41], using a material based on ABS and BaSrTiO,
powder in a 50/50 weight ratio, which achieved a
maximum relative dielectric permittivity ¢ of 6,05.
The study also developed a prototype patch antenna
(Fig. 5) incorporating a semi-spherical polymer-
ceramic dielectric lens. This lens increased the antenna
gain by 3.86 dB, with minimal impact on efficiency.

In addition to studies on the dielectric properties
of PLA-based polymer-ceramic composites, research
is also focused on the impact of ceramic additives
on the mechanical strength of the material. In [12],
the results of mechanical testing on PLA samples rein-
forced with Si;N, powder are presented. The resear-
chers compared samples produced by injection molding
with those printed on an FDM printer. For the injec-
tion-molded samples, three series were prepared with
different polymer/ceramic weight ratios (85/15, 90/10,
95/05). Based on mechanical testing results, a 95/05
ratio was chosen for further studies. These samples
showed better adhesion and fewer defects, resulting
in higher strength values. Using this selected ratio,
the mechanical properties of samples produced by both
methods were compared. The results indicated that
printed samples exhibited reductions in tensile strength,
flexural strength, and impact toughness by 12,0, 15.5,
and 13.5 %, respectively.

Fig. 5. Prototype of the patch antenna

a — process diagram for producing epy polymer-ceramic dielectric lens; b — appearance of the finished antenna [41]

Puc. 5. [IporoTun naTy-aHTEHHBI

a — cxeMa I0JTyYeHHs TIOIMMep-KepaMHUYeCKOH TMAIEeKTPUUYECKOM JTMH3bI; b — BHEITHUN BHJI TOTOBOM aHTEHHBI [41]
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One of the less explored but promising areas in PCC
research is the investigation of how ceramic particles
affect shape memory effect (SME). It is known that
many polymers used in FDM printing can exhibit SME,
generally triggered by thermal stimulation [58-61].
Study [39] examined the influence of SiC additives
in a PLA matrix on shape recovery characteristics.
Results showed that recovery time could be influenced
by the thermal conductivity of the material. Tests were
conducted on extruded filaments (Fig. 6) and printed
samples, revealing that SiC-filled composites reco-
vered shape faster than pure PLA material.

Thus, producing polymer-ceramic composites using
FDM technology is an emerging field with several
challenges and limitations. Key strategies to address
issues such as defect formation (pores, cracks) involve
a comprehensive approach that includes achieving
an optimal filament composition and selecting appro-
priate printing parameters.

However, not all issues regarding material homoge-
neity and defect formation during printing have been
resolved. Aspects like the effects of heat treatment and
mechanical stresses that occur during printing on pro-
duct quality and final properties remain insufficiently
studied and require further research. These challenges

Pure
PLA

PLA
+ 10 wt. %
SiC

PLA
+20 wt. %
SiC

PLA
+30 wt. %
SiC

PLA
+40 wt. %
SiC

Fig. 6. Images of ceramic-filled filaments showing
shape recovery [39]

Puc. 6. 300parkenus, MoyueHHbIE 171 KepaMOHAIOIHEHHBIX
(bUITaMEHTOB, MOKA3bIBAKOIIKE BOCCTAHOBICHHE POPMBI [39]
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provide a scientific basis for continued study of PCCs
and their potential applications in future products.

Conclusion

A detailed analysis of the production of polymer-
ceramic composites using FDM printing has been pre-
sented, covering key technological stages — from raw
material selection to final product creation. A review
of scientific publications highlights the most com-
monly used ceramic additives, such as SiC, ZrO,,
BaTiO, and others. The use of these fillers improves
dielectric permittivity, mechanical strength, and affects
the activation time of the shape memory effect. This
makes ceramic filaments suitable for creating dielec-
tric components in electronic and radio-frequency sys-
tems, sensors, structural elements, and shape-memory
products.

The review provides a foundation for further
research in the development and study of 3D-printed
PCCs. Future work will focus on producing 3D-printed
volumetric PCC items with enhanced dielectric
permittivity.

References / Cnucok nutepatypbl

1. Bhatia A., Sehgal A.K. Additive manufacturing materials,
methods and applications: A review. Materials Today:
Proceedings. 2023;81:1060—1067.
https://doi.org/10.1016/j.matpr.2021.04.379

2. Pereira T., Kennedy J.V., Potgieter J. A comparison of tra-
ditional manufacturing vs additive manufacturing, the best
method for the job. Procedia Manufacturing. 2019; 30:11—
18. https://doi.org/10.1016/j.promfg.2019.02.003

3. Attaran M. The rise of 3-D printing: The advantages of ad-
ditive manufacturing over traditional manufacturing. Busi-
ness Horizons. 2017;60(5):677-688.
https://doi.org/10.1016/j.bushor.2017.05.011

4. Kanishka K., Acherjee B. Revolutionizing manufactur-
ing: A comprehensive overview of additive manufacturing
processes, materials, developments, and challenges. Jour-
nal of Manufacturing Processes. 2023;107:574-619.
https://doi.org/10.1016/j.jmapro.2023.10.024

5. Hajare D.M., Gajbhiye T.S. Additive manufacturing (3D
printing): Recent progress on advancement of materials
and challenges. Materials Today: Proceedings. 2022;58:
736-743. https://doi.org/10.1016/j.matpr.2022.02.391

6. Hasanov S., Alkunte S., Rajeshirke M., Gupta A., Husey-
nov O., Fidan 1., Alifui-Segbaya F., Rennie A. Review on
additive manufacturing of multi-material parts: progress
and challenges. Journal of Manufacturing and Materials
Processing. 2022;6(1):4.
https://doi.org/10.3390/jmmp6010004

7. Mehrpouya M., Dehghanghadikolaei A., Fotovvati B.,
Vosooghnia A., Emamian S.S., Gisario A. The potential
of additive manufacturing in the smart factory industrial


https://doi.org/10.1016/j.matpr.2021.04.379
https://doi.org/10.1016/j.promfg.2019.02.003
https://doi.org/10.1016/j.bushor.2017.05.011
https://doi.org/10.1016/j.jmapro.2023.10.024
https://doi.org/10.1016/j.matpr.2022.02.391
https://doi.org/10.3390/jmmp6010004

Pon e

POWDER METALLURGY AND FUNCTIONAL COATINGS. 2024;18(6):77-88
Zaytsev A.l., Sotov A.V., etc. Additive manufacturing of polymer-ceramic materials ...

10.

11.

12.

13.

14.

15.

16.

17.

18.

4.0: A review. Applied Sciences. 2019;9(18):3865.
https://doi.org/10.3390/app9183865

Martinelli A., Mina A., Moggi M. The enabling technolo-
gies of industry 4.0: examining the seeds of the fourth
industrial revolution. Industrial and Corporate Change.
2021;30(1):161-188. https://doi.org/10.1093/icc/dtaa060
Sotov A.V., Zaytsev A.l, Abdrahmanova A.E., Popo-
vich A.A. Additive manufacturing of continuous fibre
reinforced polymer composites using industrial robots:
A review. Powder Metallurgy and Functional Coatings.
2024;18(1):20-30.
https://doi.org/10.17073/1997-308X-2024-1-20-30
CotoB A.B., 3aiineB A.l1., AGnpaxmanoBa A.D., ITomo-
BUY A.A. AITATUBHOE NIPOU3BOACTBO HETPEPHIBHO apMH-
POBaHHBIX MOJMMEPHBIX KOMIIO3UTOB C HCIIOIb30BAHUEM
IIPOMBIIIIEHHBIX poboToB: O030p. M3Bectus By30B. [lo-
PpouwiKogass memaniypeus u GYHKYUOHAIbHbIE NOKPLIMUSL.
2024;18(1):20-30.
https://doi.org/10.17073/1997-308X-2024-1-20-30
Kumar R., Singh R., Hashmi M.S. J. Polymer-ceramic
composites: A state of art review and future applications.
Advances in Materials and Processing Technologies.
2022;8(1):895-908.
https://doi.org/10.1080/2374068X.2020.1835013

Czepiel M., Bankosz M., Sobczak-Kupiec A. Advanced
injection molding methods. Materials. 2023;16(17):5802.
https://doi.org/10.3390/mal6175802

John L.K., Ramu M., Singamneni S., Binudas N. Strength
evaluation of polymer ceramic composites: a comparative
study between injection molding and fused filament fab-
rication techniques. Progress in Additive Manufacturing.
2024;1-9. https://doi.org/10.1007/s40964-024-00626-9
FuH.,XuH.,, LiuY., Yang,Z., Kormakov S., Wu D., Sun J.
Overview of injection molding technology for processing
polymers and their composites. ES Materials & Manufac-
turing. 2020;8(20):3-23.
http://dx.doi.org/10.30919/esmm5£713

Li W.D., Wang C., Yin H.Y., Deng J.B., Mu H.B,,
Zhang G.J., Chen Y., Song F.L., Chen Y.L. Additive manu-
facturing of polymer-matrix composite dielectric materi-
als using stereolithography technique. In: International
Conference on Electrical Materials and Power Equipment
(ICEMPE). IEEE. 2021. P. 1-4.
https://doi.org/10.1109/ICEMPES1623.2021.9509221
Colella R., Chietera F. P., Montagna F., Greco A., Catari-
nucci L. Customizing 3D-printing for electromagnetics
to design enhanced RFID antennas. /EEE Journal of Ra-
dio Frequency Identification. 2020;4(4):452—460.
https://doi.org/10.1109/JRFID.2020.3001043

Colella R., Chietera F.P., Catarinucci L. Analysis of FDM
and DLP 3D-printing technologies to prototype electro-
magnetic devices for RFID applications. Sensors. 2021,
21(3):897. https://doi.org/10.3390/s21030897

Edhere E.S. 3D-printing of dielectric antennas through
digital light processing. Master’s thesis. North Carolina
Agricultural and Technical State University, 2022.

Chueh Y.H., Zhang X., Wei C., Sun Z., Li L. Additive
manufacturing of polymer-metal/ceramic functionally

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

graded composite components via multiple material laser
powder bed fusion. Journal of Manufacturing Science and
Engineering. 2020;142(5):051003.
https://doi.org/10.1115/1.4046594

Chaudhary R.P., Parameswaran C., Idrees M., Rasa-
kiA.S., Liu C., Chen Z., Colombo P. Additive manufactur-
ing of polymer-derived ceramics: Materials, technologies,
properties and potential applications. Progress in Mate-
rials Science. 2022;128:100969.
https://doi.org/10.1016/j.pmatsci.2022.100969

Lalegani Dezaki M., Mohd Ariffin M.K.A., Hatami S. An
overview of fused deposition modelling (FDM): Research,
development and process optimization. Rapid Prototyping
Journal. 2021;27(3):562-582.
https://doi.org/10.1108/RPJ-08-2019-0230

Gibson 1., Rosen D.W., Stucker B., Khorasani M., Ro-
sen D., Stucker B., Khorasani M. Additive manufacturing
technologies. Cham, Switzerland: Springer, 2021.
https://doi.org/10.1007/978-3-030-56127-7

GOST 59100-2020. Plastics. Filaments for additive tech-
nologies. Moscow: Standartinform, 2020.

T'OCT P 59100-2020 ITmactmaccel. @uitaMeHThI IS af-
JUTHUBHBIX TexHoNoruit. OOIme TexHu4eckue TpebdoBa-
uust. M.: Crannapruadopm, 2020.

Patel A., Taufik M. Extrusion-based technology in additive
manufacturing: a comprehensive review. Arabian Journal
for Science and Engineering. 2024;49(2):1309—1342.
https://doi.org/10.1007/s13369-022-07539-1

Moetazedian A., Budisuharto A.S., Silberschmidt V.V,
Gleadall A. CONVEX (CONtinuously Varied EXtrusion):
a new scale of design for additive manufacturing. Additive
Manufacturing. 2021;37:101576.
https://doi.org/10.1016/j.addma.2020.101576

Azhar M.A M., Sukindar N.A., Ani M.H., Anuar H.B., Ka-
maruddin S.B., Shaharuddin S.I.S., Mustafa M.Y., Ades-
ta E.Y.T., Arief R.K., Sulaiman M.H. Review on fused de-
position modelling extruder types with their specialities in
filament extrusion process. In: Advances in Manufacturing
and Materials Engineering: ICAMME 2022 (5" Intern.
Conf. on Mechanical Engineering, Kuala Lumpur, Malay-
sia 9-10 August). Singapore: Springer, 2023. P. 407—413.
https://doi.org/10.1007/978-981-19-9509-5 54
Krajangsawasdi N., Blok L.G,. Hamerton I., Longa-
na M.L., Woods B.K.S., Ivanov D.S. Fused deposition
modelling of fibre reinforced polymer composites: A para-
metric review. Journal of Composites Science. 2021,
5(1):29. https://doi.org/10.3390/jcs5010029

Kantaros A., Soulis E., Petrescu F.I.T., Ganetsos T. Ad-
vanced composite materials utilized in FDM/FFF 3D
printing manufacturing processes: The case of filled fila-
ments. Materials. 2023;16(18):6210.
https://doi.org/10.3390/mal6186210

Wickramasinghe S., Do T., Tran P. FDM-based 3D print-
ing of polymer and associated composite: A review on
mechanical properties, defects and treatments. Polymers.
2020;12(7):1529.
https://doi.org/10.3390/polym12071529

85


https://doi.org/10.3390/app9183865
https://doi.org/10.1093/icc/dtaa060
https://doi.org/10.17073/1997-308X-2024-1-20-30
https://doi.org/10.17073/1997-308X-2024-1-20-30
https://doi.org/10.1080/2374068X.2020.1835013
https://doi.org/10.3390/ma16175802
https://doi.org/10.1007/s40964-024-00626-9
http://dx.doi.org/10.30919/esmm5f713
https://doi.org/10.1109/ICEMPE51623.2021.9509221
https://doi.org/10.1109/JRFID.2020.3001043
https://doi.org/10.3390/s21030897
https://doi.org/10.1115/1.4046594
https://doi.org/10.1016/j.pmatsci.2022.100969
https://doi.org/10.1108/RPJ-08-2019-0230
https://doi.org/10.1007/978-3-030-56127-7
https://doi.org/10.1007/s13369-022-07539-1
https://doi.org/10.1016/j.addma.2020.101576
https://doi.org/10.1007/978-981-19-9509-5_54
https://doi.org/10.3390/jcs5010029
https://doi.org/10.3390/ma16186210
https://doi.org/10.3390/polym12071529

DM v on

W3BECTUA BY30B

W3BECTUA BY30B. [TOPOLIKOBAA METANNYPTUA U GYHKLLIMOHANBHBIE MOKPbITUA. 2024;18(6):77-88
3atiyes A.M., Comos A.B. u 0p. ABAUTUBHOE NPOM3BOACTBO NOANMEP-KEPAMUYECKMX MATEPUASIOB ...

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

86

Yang L., Li S., Li Y., Yang M., Yuan Q. Experimental in-
vestigations for optimizing the extrusion parameters on
FDM PLA printed parts. Journal of Materials Engineer-
ing and Performance. 2019;28:169—182.
https://doi.org/10.1007/s11665-018-3784-x

Valerga A.P., Batista M., Salguero J., Girot F. Influence
of PLA filament conditions on characteristics of FDM
parts. Materials. 2018;11(8):1322.
http://dx.doi.org/10.3390/mal11081322

Samykano M., Selvamani S.K., Kadirgama K., Ngui W.K.,
Kanagaraj G., Sudhakar K. Mechanical property of FDM
printed ABS: Influence of printing parameters. The Inter-
national Journal of Advanced Manufacturing Technology.
2019;102:2779-2796.
https://doi.org/10.1007/s00170-019-03313-0
Rodriguez-Panes A., Claver J., Camacho A.M. The influ-
ence of manufacturing parameters on the mechanical be-
haviour of PLA and ABS pieces manufactured by FDM:
A comparative analysis. Materials. 2018;11(8):1333.
http://dx.doi.org/10.3390/mal11081333

Ozen A., Auhl D., Véllmecke C., Kiendl J., Abali B.E. Op-
timization of manufacturing parameters and tensile speci-
men geometry for fused deposition modeling (FDM) 3D-
printed PETG. Materials. 2021;14(10):2556.
http://dx.doi.org/10.3390/ma14102556

Sehhat M.H., Mahdianikhotbesara A., Yadegari F. Im-
pact of temperature and material variation on mechani-
cal properties of parts fabricated with fused deposition
modeling (FDM) additive manufacturing. The Interna-
tional Journal of Advanced Manufacturing Technology.
2022;120(7):4791-4801.
https://doi.org/10.1007/s00170-022-09043-0

Rahim T.T., Abdullah A.M., Akil H.M., Mohamad D.,
Rajion Z.A. The improvement of mechanical and ther-
mal properties of polyamide 12 3D printed parts by
fused deposition modelling. Express Polymer Letters.
2017;11(12):963-982.
https://doi.org/10.3144/expresspolymlett.2017.92
Jafferson J.M., Chatterjee D. A review on polymeric ma-
terials in additive manufacturing. Materials Today: Pro-
ceedings. 2021;46:1349-1365.
https://doi.org/10.1016/j.matpr.2021.02.485

Romero G.F., Maldonado S.R., Arciniaga L.F., Gonza-
les D.A., Villalobos E.B., Potter B.G., Muralidharan K.,
Loy D.A., Szivek J.A., Margolis D.S. Polymer-ceramic
composites for fused deposition modeling of biomimetic
bone scaffolds. Results in Engineering. 2024;102407.
https://doi.org/10.1016/j.rineng.2024.102407

Sofokleous P., Paz E., Herraiz-Martinez F.J. Design and
Manufacturing of Dielectric Resonators via 3D Print-
ing of Composite Polymer/Ceramic Filaments. Poly-
mers.  2024;  16(18):2589.  https://doi.org/10.3390/
polym16182589

Liu W., Wu N., Pochiraju K. Shape recovery character-
istics of SiC/C/PLA composite filaments and 3D printed
parts. Composites Part A: Applied Science and Manufac-
turing. 2018;108:1-11.
https://doi.org/10.1016/j.compositesa.2018.02.017

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

Skorda S., Bardakas A., Segkos A., Chouchoumi N.,
Hourdakis E., Vekinis G., Tsamis C. Influence of SiC
doping on the mechanical, electrical, and optical proper-
ties of 3D-printed PLA. Journal of Composites Science.
2024;8(3):79. https://doi.org/10.3390/jcs8030079

Goulas A., McGhee J.R., Whittaker T., Ossai D., MistryE.,
Whittow W., Vaidhyanathan B., Reaney .M., Vardaxo-
glou J.C., Engstrem, D. S. Synthesis and dielectric char-
acterisation of a low loss BaSrTiO,/ABS ceramic/polymer
composite for fused filament fabrication additive manu-
facturing. Additive Manufacturing. 2022;55:102844.
http://dx.doi.org/10.1016/j.addma.2022.102844

Khatri B., Lappe K., Habedank M., Mueller T., Megnin C.,
Hanemann T. Fused deposition modeling of ABS-Barium
Titanate composites: A simple route towards tailored di-
electric devices. Polymers. 2018;10(6):666.
https://doi.org/10.3390/polym 10060666

Castles F., Isakov D., Lui A., Lei Q., Dancer C.E.,
Wang Y., Janurudin J.M., Speller S.C., Grovenor C.R.M.,
Grant P.S. Microwave dielectric characterisation of 3D-
printed BaTiO,/ABS polymer composites. Scientific Re-
ports.2016;6(1):1-8. http://dx.doi.org/10.1038/srep22714
WuY., Isakov D., Grant P.S. Fabrication of composite fila-
ments with high dielectric permittivity for fused deposi-
tion 3D printing. Materials. 2017;10(10):1218.
https://doi.org/10.3390/mal10101218

Vesely P., Fro$ D., Hudec T., Sedlacek J., Ctibor P.,
Dusek K. Dielectric spectroscopy of PETG/TiO, compo-
site intended for 3D printing. Virtual and Physical Proto-
typing. 2023;18(1):e2170253.
https://doi.org/10.1080/17452759.2023.2170253
Nakonieczny D.S., Kern F., Dufner L., Antonowicz M.,
Matus K. Alumina and zirconia-reinforced polyamide
PA-12 composites for biomedical additive manufactur-
ing. Materials. 2021;14(20):6201.
https://doi.org/10.3390/ma14206201

Linh N.T.D., Huy K.D., Dung N.T.K., Luong N.X., Hoang
T., Tham D.Q. Fabrication and characterization of PMMA/
ZrO, nanocomposite 3D printing filaments. Vietnam Jour-
nal of Chemistry. 2023;61(4):461-469.
https://doi.org/10.1002/vjch.202200185

Kuznetsova E., Pristinskiy Y.O., Bentseva E., Pinar-
gote N.S., Smirnov A. Rheological behavior and 3D print-
ing of highly filled alumina-polyamide filaments during
fused deposition modeling. High Temperature Material
Processes: An International Quarterly of High-Technolo-
gy Plasma Processes. 2024;28(3):9-24.
https://doi.org/10.1615/HighTempMatProc.2023051057
Angelopoulos P.M., Samouhos M., Taxiarchou M. Func-
tional fillers in composite filaments for fused filament
fabrication: A review. Materials Today: Proceedings.
2021;37:4031-4043.
https://doi.org/10.1016/j.matpr.2020.07.069

Solomon 1.J., Sevvel P., Gunasekaran J. A review on
the various processing parameters in FDM. Materials To-
day: Proceedings. 2021;37:509-514.
https://doi.org/10.1016/j.matpr.2020.05.484


https://doi.org/10.1007/s11665-018-3784-x
http://dx.doi.org/10.3390/ma11081322
https://doi.org/10.1007/s00170-019-03313-0
http://dx.doi.org/10.3390/ma11081333
http://dx.doi.org/10.3390/ma14102556
https://doi.org/10.1007/s00170-022-09043-0
https://doi.org/10.3144/expresspolymlett.2017.92
https://doi.org/10.1016/j.matpr.2021.02.485
https://doi.org/10.1016/j.rineng.2024.102407
https://doi.org/10.3390/polym16182589
https://doi.org/10.3390/polym16182589
https://doi.org/10.1016/j.compositesa.2018.02.017
https://doi.org/10.3390/jcs8030079
http://dx.doi.org/10.1016/j.addma.2022.102844
https://doi.org/10.3390/polym10060666
http://dx.doi.org/10.1038/srep22714
https://doi.org/10.3390/ma10101218
https://doi.org/10.1080/17452759.2023.2170253
https://doi.org/10.3390/ma14206201
https://doi.org/10.1002/vjch.202200185
https://doi.org/10.1615/HighTempMatProc.2023051057
https://doi.org/10.1016/j.matpr.2020.07.069
https://doi.org/10.1016/j.matpr.2020.05.484

Pon e

POWDER METALLURGY AND FUNCTIONAL COATINGS. 2024;18(6):77-88
Zaytsev A.l., Sotov A.V., etc. Additive manufacturing of polymer-ceramic materials ...

51. Dey A., Yodo N. A Systematic Survey of FDM process
parameter optimization and their influence on part charac-
teristics. Journal of Manufacturing and Materials Pro-
cessing. 2019;3(3):64.
https://doi.org/10.3390/jmmp3030064

52. Portoacd A.I, Ripeanu R.G., Dinita A., Tanase M. Opti-
mization of 3D printing parameters for enhanced surface
quality and wear resistance. Polymers. 2023;15(16):3419.
https://doi.org/10.3390/polym15163419

53. Syrlybayev D., Zharylkassyn B., Seisekulova A., Akhme-
tov M., Perveen A., Talamona D. Optimisation of strength
properties of FDM printed parts: A critical review. Poly-
mers. 2021;13(10):1587.
https://doi.org/10.3390/polym13101587

54. Goulas A., Zhang S., Cadman D.A., Jarveldinen J., Myl-
lari V., Whittow W.G., Vardaxoglou J.C., Engstrem D.S.
The impact of 3D printing process parameters on the di-
electric properties of high permittivity composites. De-
signs. 2019;3(4):50.
https://doi.org/10.3390/designs3040050v

55. Zhang Y., Li W.,, Wang C., Xue H., Yuan A., Li D.,
Zhang G. 3D printed polycarbonate support insulator for
quick repair: Insulation and mechanical performance. In:
International Conferebce on High Voltage Engineering
and Applications (ICHVE). IEEE. 2022. P. 1-5.
https://doi.org/10.1109/ICHVES3725.2022.9961392

56. Nabipour M., Akhoundi B., Bagheri Saed A. Manufac-
turing of polymer/metal composites by fused deposition

modeling process with polyethylene. Journal of Applied
Polymer Science. 2020;137(21):48717.
https://doi.org/10.1002/app.48717

57. Galos J., Hu Y., Ravindran A.R., Ladani R.B., Mou-
ritz A.P. Electrical properties of 3D printed continuous
carbon fibre composites made using the FDM process.
Composites Part A: Applied Science and Manufacturing.
2021;151:106661.
https://doi.org/10.1016/j.compositesa.2021.106661

58. Valvez S., Reis P.N.B., Susmel L., Berto F. Fused filament
fabrication-4D-printed shape memory polymers: A re-
view. Polymers. 2021;13(5):701.
https://doi.org/10.3390/polym13050701

59. Ehrmann G., Ehrmann A. 3D printing of shape memory
polymers. Journal of Applied Polymer Science. 2021,
138(34):50847. https://doi.org/10.1002/app.50847

60. Barletta M., Gisario A., Mehrpouya M. 4D printing
of shape memory polylactic acid (PLA) components: In-
vestigating the role of the operational parameters in fused
deposition modelling (FDM). Journal of Manufacturing
Processes. 2021;61:473-480.
https://doi.org/10.1016/j.jmapro.2020.11.036

61. Kong D., Guo A., Wu H,, Li X,, Wu J,, Hu Y,, Qu P,
Wang S., Guo S. Four-dimensional printing of polymer-
derived ceramics with high-resolution, reconfigurabi-
lity, and shape memory effects. Additive Manufacturing.
2024;83:104050.
https://doi.org/10.1016/j.addma.2024.104050

Information about the Authors

Alexander 1. Zaytsev - Engineer at the Russian-Chinese Research
Laboratory “Functional materials”, Peter the Great St.Petersburg
Polytechnic University (SPbPU)

ORCID: 0000-0002-3138-8365
8 E-mail: zajtsev_ai2 @spbstu.ru

Anton V. Sotov - Cand. Sci. (Eng.), Leading Researcher of the Labo-

ratory “Material Design and Additive Manufacturing”, SPbPU
ORCID: 0000-0002-7303-5912

@ E-mail: sotov_av@spbstu.ru

Anna E. Abdrahmanova - Engineer of the Laboratory “Material De-
sign and Additive Manufacturing”, SPbPU

ORCID: 0009-0003-4494-7300
& E-mail: abdrahm_ae@spbstu.ru

Anatoliy A. Popovich - Dr. Sci. (Eng.), Professor, Scientific and Edu-

cational Center “Structural and Functional Materials”, SPbPU
ORCID: 0000-0002-5974-6654

& E-mail: director@immet.spbstu.ru

Contribution of the Authors

A. I Zaytsev - literature search and analysis, writing the manu-
script.

A. V. Sotov - development of the main concept, literature search
and analysis, conclusion formulation.

@

)

CBegeHuns 06 aBTopax

Anekcandp Havuy 3aiiyee - VHXKeHEp POCCHUHCKO-KUTAHCKOH
Hay4YHO-UCC/Ie[l0BaTeIbCKOM J1abopaTopun «PyHKLHOHAIbHbBIE
MaTepHasbl», CaHKT-IleTepOyprckuil NoJMTEXHUYECKUN YHUBEp-
cuter [letpa Besmkoro (CII6ITY)

ORCID: 0000-0002-3138-8365
B E-mail: zajtsev_ai2@spbstu.ru

Anmon Baadumupoeuy Comoe - K.T.H., Be/l. Hay4. COTPYAHUK J1a-
6opaTopuw «/lu3aiin MaTepUanoB U aJAUTUBHOTO IPOU3BO/CTBAY,
CIleITyY

ORCID: 0000-0002-7303-5912
& E-mail: sotov_av@spbstu.ru

AHHa 3dyapdoeHa A6OpaxmaHoea - nHxeHep JabopaTopuu «/lu-
3aliH MaTepHaJoB U aAAUTHBHOTO Tpou3BoAcTBay, CII6ITY

ORCID: 0009-0003-4494-7300
€3 E-mail: abdrahm_ae@spbstu.ru

Anamoauti Avamosaveguy Ilonoguy - 1.T.H., npodeccop Hayuno-
06pa3oBaTesIbHOrO LieHTpa «KOHCTPYKIIMOHHbIE ¥ QYHKIMOHAb-
Hble MaTepHuasbl», CII6ITY

ORCID: 0000-0002-5974-6654
€3 E-mail: director@immet.spbstu.ru

Bknap aBTopoB

A. U. 3ailyes - MONCK U aHAINU3 JUTEPATYPbI, HOATOTOBKA TEKCTA
CTaThbU.

A. B. Comos - bopMupoBaHKe 0OCHOBHOUM KOHIEMI[MH, TIOUCK U aHa-
JIU3 JIUTEPATYPbl, OPMYJIUPOBKA BIBO/OB.

87


https://doi.org/10.3390/jmmp3030064
https://doi.org/10.3390/polym15163419
https://doi.org/10.3390/polym13101587
https://doi.org/10.3390/designs3040050v
https://doi.org/10.1109/ICHVE53725.2022.9961392
https://doi.org/10.1002/app.48717
https://doi.org/10.1016/j.compositesa.2021.106661
https://doi.org/10.3390/polym13050701
https://doi.org/10.1002/app.50847
https://doi.org/10.1016/j.jmapro.2020.11.036
https://doi.org/10.1016/j.addma.2024.104050
https://www.spbstu.ru/structure/rossiysko_kitayskaya_nauchno_issledovatelskaya_laboratoriya_quot_funktsionalnye_materialy_quot/
https://www.spbstu.ru/structure/rossiysko_kitayskaya_nauchno_issledovatelskaya_laboratoriya_quot_funktsionalnye_materialy_quot/
https://www.spbstu.ru/structure/rossiysko_kitayskaya_nauchno_issledovatelskaya_laboratoriya_quot_funktsionalnye_materialy_quot/
https://orcid.org/0000-0002-3138-8365
mailto:zajtsev_ai2@spbstu.ru
https://www.spbstu.ru/structure/laboratoriya_dizayn_materialov_i_additivnogo_proizvodstva/
https://www.spbstu.ru/structure/laboratoriya_dizayn_materialov_i_additivnogo_proizvodstva/
https://orcid.org/0000-0002-7303-5912
mailto:sotov_av@spbstu.ru
https://www.spbstu.ru/structure/laboratoriya_dizayn_materialov_i_additivnogo_proizvodstva/
https://www.spbstu.ru/structure/laboratoriya_dizayn_materialov_i_additivnogo_proizvodstva/
https://orcid.org/0009-0003-4494-7300
mailto:abdrahm_ae@spbstu.ru
https://www.spbstu.ru/structure/nauchno-obrazovatelnyy-tsentr-konstruktsionnye-i-funktsionalnye-materialy/
https://www.spbstu.ru/structure/nauchno-obrazovatelnyy-tsentr-konstruktsionnye-i-funktsionalnye-materialy/
https://www.spbstu.ru/structure/nauchno-obrazovatelnyy-tsentr-konstruktsionnye-i-funktsionalnye-materialy/
https://orcid.org/0000-0002-5974-6654
mailto:director@immet.spbstu.ru
https://orcid.org/0000-0002-3138-8365
mailto:zajtsev_ai2@spbstu.ru
https://orcid.org/0000-0002-7303-5912
mailto:sotov_av@spbstu.ru
https://orcid.org/0009-0003-4494-7300
mailto:abdrahm_ae@spbstu.ru
https://orcid.org/0000-0002-5974-6654
mailto:director@immet.spbstu.ru

,OI-IM u o W3BECTUA BY30B. [TOPOLIKOBAA METANNYPTUA U GYHKLLIMOHANBHBIE MOKPbITUA. 2024;18(6):77-88
\

W3BECTUA BY30B

3atiyes A.M., Comos A.B. u 0p. ABAUTUBHOE NPOM3BOACTBO NOANMEP-KEPAMUYECKMX MATEPUASIOB ...

A. E. Abdrahmanova - manuscript revision, conclusion formula-
tion.

A. A. Popovich - scientific supervision, problem formalization, de-
velopment of the main concept.

A. 3. A6dpaxmaHo8a - KOPpPEKTHpPOBKA TeKCTa, GOPMYJHMpPOBKA
BBIBOIOB.

A. A. [lonosuu - Hay4YHOE PYKOBOACTBO, popMasnu3anus 3aJadd,
¢dbopMUpOBaHHE OCHOBHOW KOHLEMIIUH.

Received 05.08.2024
Revised 11.09.2024
Accepted 13.09.2024

CraTbs noctynuia 05.08.2024 r.
Jlopa6orana 11.09.2024 r.
[IpunsTa K ny6aukanuu 13.09.2024 r.

88



