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Self-propagating high-temperature synthesis
of high-entropy materials: A review
A. R. Bobozhanov®, A. S. Rogachev

Merzhanov Institute of Structural Macrokinetics and Materials Science of the Russian Academy of Sciences
8 Academician Osip’yan Str., Chernogolovka, Moscow Region 142432, Russia

&3 bobozhanov.anis@mail.ru

Abstract. High-entropy alloys (HEAs) and compounds, first studied in 2004, represent a new class of materials with promising applications
across various technologies and industries. Currently, they include metallic alloys based on disordered solid solutions, ceramic materials
based on multicomponent oxides, borides, carbides, silicides, nitrides, and their combinations, as well as ceramic-metal composites.
Among the methods for producing high-entropy materials, such as the crystallization of multicomponent melts, mechanical alloying
in ball mills, and others, self-propagating high-temperature synthesis (SHS) holds a special place. This review presents the current
state of research and development on high-temperature materials produced using the SHS method. It has been shown that the synthesis
of metallic high-entropy alloys via SHS is only possible when thermally coupled reactions are employed. This is realized in metal-
lothermic processes and in the synthesis of ceramic-metal composites from elements. The SHS of refractory high-entropy carbides,
nitrides, borides, and other compounds can also be performed following the classical element-based synthesis approach. At the same
time, the combination of SHS with pre-mechanical alloying of metallic components proves to be effective. For the consolidation of
SHS-produced powder products, spark plasma sintering is most commonly used. Additionally, the method of solution combustion
synthesis for producing high-entropy ceramics based on oxides is discussed. It has been demonstrated that SHS technology, combined
with mechanical activation, mechanical alloying, electric spark plasma sintering, and hot pressing, allows for solving many practical
problems in the production of a variety of ceramic, ceramic-metal, and metallic materials based on high-entropy phases.

Keywords: self-propagating high-temperature synthesis (SHS), high-entropy alloys (HEAs), high-entropy compounds, powder metallurgy,
carbides, nitrides, oxides, borides
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CaMopacnpocTpaHsaowmncs
BbICOKOTEMMNepaTypPHbIA CUHTE3
BbICOKOHTPONUMHBbIX MaTepuanos: O63op

A. P. boooxxanoB®, A. C. Poraues

HHCeTHTYT CTPYKTYPHOIT MAKPOKHHETHKH U NPOG/ieM MaTepHaI0BeleHUsl
uM. A.I. Mep:xanoBa Poccuiickoii akageMun Hayk
Poccust, 142432, MockoBckas 00i1., I. YepHoronoBka, yi. Akaj. OcunbsHa, 8

&3 bobozhanov.anis@mail.ru

AHHOTaLMs. BEICOKOOHTPOIHITHBIE CIUIABBI H COCANHEHNSI, [IePBbIC NCCIIEIOBAHMUS KOTOPBIX ObLIH omyOnukoBansl B 2004 1., mpeicTas-
JISIOT HOBBIM KJIACC MAaTepuasioB, IMEPCHEKTUBHBIX JUIS MCIIONB30BAaHUS BO MHOTHX TEXHOJOTHSAX M IPOM3BOJCTBAX. B Hacrosiiee
BPEMSi OHH BKJIIOYAIOT B Ce0sl METAJUNIMYECKUE CIUIABbI HA OCHOBE Pa3yHopsIO4EHHBIX TBEPABIX PACTBOPOB, KEPAMHYECKHE MaTepUaIIbI
Ha OCHOBE MHOTOKOMITOHEHTHBIX OKCHI0B, OOPHJIOB, KapOH/I0B, CHIIMIIH/IOB, HUTPUIOB U MX KOMOWHAIIHNI, a TAK/Ke KepaMUKO-MeTall-
JIMYECKUE KOMIMO3UTHI. Cpeli METO/IOB MOJNYYCHHUs BBICOKOIHTPONMITHBIX MaTepHaoB, TAKUX KaK KPUCTAJUTM3ALMs MHOTOKOMIIO-
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W3BECTUA BY30B

HEHTHBIX PAaCIUIaBOB, MEXaHNUECKOE CIUIABJICHUE B IIAPOBBIX MEIBLHHIIAX U JIP., 0C000€ MECTO 3aHUMAEeT CaMOPaCIPOCTPAHSIOINICS
BeICOKOTeMneparypHuslii cuare3 (CBC). B 0030pe mpeacTaBiieHO cOBPEMEHHOE COCTOSHHE HMCCIEHOBAHMI M Pa3pabOTOK BBICOKO-
TeMIIepaTypHbIX MaTepUaloB, NoiydaeMbIX ¢ ucnoibzoBanueM Mmeropa CBC. Iloka3aHo, 4TO CHHTE3 METAUIMYECKUX BBICOKOIH-
TpOIUUHBIX cIIaBoB MeToxoM CBC BO3MOXKEH TOJIBKO IIPU UCIOIb30BAHUM TEPMUUECKU COIPSDKEHHBIX peakuuil. 1o peanusyercs
B IIPOLIECCAX METAIUIOTEPMHUYECKOTO TUIIA, & TAKIKE B CHHTE3€ KePaMUKO-METAIUINUECKUX KOMIIO3UTOB U3 311eMEeHTOB. OCylIecTBICHUE
CBC TyromiaBkux BBICOKOIHTPOIMHHBIX KapOHI0B, HUTPUIOB, OOPHIOB U JPYTUX COSIMHEHHI BO3ZMOXKHO 1 MO KJIACCHYECKOH cxeMe
CHHTe3a U3 21eMeHToB. [Ipn stoM addexruBabIM OKas3biBaeTcst codeTanne CBC ¢ npenBapUTeNbHBIM MEXaHHIECKHM CIUIABICHUEM
METaJUIMYECKUX KOMIIOHEHTOB. [l KOHCOIMAAauuKu NOPOLKOBbIX NpoxykroB CBC uwamie Bcero MCHONIB3yeTCs 2JIEKTPOUCKPOBOE
IUIa3MEHHOE clieKaHue. PaccMOTpeH Takke METOZ CHHTE3a FOPECHUEM PACTBOPOB UL IOJIyYEHUs! BHICOKOIHTPOIUMHON KepaMUKU
Ha ocHoBe okcui0B. ITokazano, uro Texnonorus CBC B coueTaHny ¢ MEXaHUYECKUM aKTUBUPOBAHUEM, MEXAHOCILIABICHUEM, DJICK-
TPOUCKPOBBIM IUIA3MEHHBIM CIHEKAHUEM U TOPSIYMM IIPECCOBAHUEM I103BOJICT PELIaTh MHOIME IPAKTUYECKUE 3aJadd MOTyYCHUs
Pa3HOOOPa3HBIX KEPAMUYECKHX, KEPAMUKO-METAUTMIECKIX U METAININYSCKUX MAaTePHAIoB Ha OCHOBE BEICOKOIHTPOIHUITHBIX (a3.

KnioueBbie croBa: camopacmnpocTpansiomuiics Beicokotemneparypubiii  cuate3 (CBC), BbicokoanTponuitnbie crassl  (BOC),
BBICOKOHTPOIUHHBIC COCMHEHHUS, TOPOIIKOBAS METAILUTYPIHsl, KApOU/IbI, HUTPHIbI, OKCHIbI, GOPHJIBI
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Introduction

A new class of materials, known as “high-entropy,”
encompasses metallic alloys based on disordered solid
solutions, ceramic materials based on multicompo-
nent oxides, borides, carbides, silicides, nitrides, and
their combinations, as well as ceramic-metal compo-
sites. The history of their development spans only two
decades — a very short period for metallurgy. The first
publications on high-entropy alloys (HEAs) appeared
in 2004 [1; 2]. These alloys represented single-phase
solid solutions of five or more metals, taken in equal or
comparable concentrations. This distinguishes HEAs
from traditional alloys, in which the base is typically
one metal (at most two), with other components added
in small concentrations. Mixing five or more different
types of atoms in the crystal structure of disordered
solid solutions results in a sufficiently high configura-
tional mixing entropy to stabilize the solid solution.

As is well known from thermodynamics, the stable
state of a system corresponds to the minimum value
of the Gibbs free energy:

G=H-TS, (1)

where H is enthalpy, S is entropy (considering only
the mixing entropy), and 7 is the absolute temperature
in Kelvin. Thus, the stability of a phase at temperature
T is ensured if any change in the structure of the phase
leads to an increase in Gibbs free energy:

AG =AH — TAS > 0. )

For example, the decomposition of a disordered
solid solution into ordered intermetallic phases (com-

6

pounds) can be thermodynamically favorable due
to a reduction in enthalpy (AH <0), but at the same
time, the mixing entropy will decrease as more ordered
phases are formed (AS < 0), causing the second term
in equation (2) to be positive (—TAS > 0). The phase
will remain stable only if the increase in free energy
due to the formation of ordered phases is greater than
the decrease due to the reduction in enthalpy. The sta-
bility condition from (2) can be rewritten as

|AS| >

AH
7‘ 3)

Here, the magnitudes of AS and AH are compared,
as both quantities are negative in this case. Therefore,
a sufficiently high mixing entropy is required to sta-
bilize the phase. According to Boltzmann’s formula,
the mixing entropy of N types of atoms (alloy compo-
nents) in equal proportions can be approximated as

AS = RInN, 4)

where R is the universal gas constant. The more com-
ponents there are in an equiatomic alloy, the higher
the mixing entropy.

For five or more components

AS > 1.61R = 13.4 J/(mol ‘K). 5)

This is the condition of high entropy that gave these
new alloys their name [2; 3]. It should be noted that
the stabilizing role of entropy in the formation of multi-
component solid solutions is still not entirely clear.
Therefore, in addition to the most common name “high-
entropy alloys”, other terms are used in the scientific
literature for this class of materials, such as complex
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concentrated alloys, multi-principal element alloys
(MPEASs), and others. The rapid development of HEAs
is reflected in thousands of publications, the results
of which are analyzed in several reviews [4—11] and
monographs [12—-14].

Ten to fifteen years after the first publications on
HEAs, research on high-entropy ceramics (HECs)
began to emerge. Initially, these were multicomponent
oxides [15], followed by carbides and nitrides [16—18],
borides [19; 20], and other compounds. A common fea-
ture of these materials is the presence of five or more
types of atoms in the lattice sites of the crystal struc-
ture, with smaller non-metal atoms occupying the inter-
stitial spaces between the metallic atoms. Thus, HECs
can be considered as solid solutions of several binary
compounds. For example, carbides such as TiC, ZrC,
HfC, NbC, and TaC can dissolve in each other to form
the high-entropy carbide TaNbHfTiZrC,.

The intense research and development in the field
of HEAs and HECs can be explained by their excep-
tional properties, including high mechanical strength
and toughness at both low (down to cryogenic)
and high temperatures, wear resistance, heat resis-
tance, and corrosion resistance, as well as unusual
electrical and magnetic characteristics. Powder metal-
lurgy methods, particularly mechanical alloying and
self-propagating high-temperature synthesis (SHS),
are highly promising for the production of HEAs
and HECs. To date, there is no specialized review on
the application of SHS for the synthesis of HEAs and
HECs. Therefore, the goal of our work was to assess
the current state of research on SHS of various high-
entropy materials — HEAs, HECs, and their composites.

1. SHS of high-entropy
metallic alloys

1.1. Thermally coupled reactions

For the SHS process to proceed, sufficient heat must
be released during the reaction to sustain the propaga-
tion of the combustion wave. This requires a highly
negative enthalpy change AH. For example, in the reac-
tion Ni + Al = NiAl, the enthalpy is —118 kJ/mol, while
in the reaction Ti + C = TiC, it is =209 kJ/mol. Clearly,
this contradicts the stability condition (3) for the for-
mation of a disordered solid solution. In [21], the fol-
lowing semi-empirical criterion for HEA formation
was proposed:

o TuAS
AH

> 1.1, (6)

where T is the melting temperature of the alloy.

This leads to a constraint on the heat of the SHS
reaction:

G =|AH| <0.91T, AS = 20+30 kJ/mol. (7)

This value is an order of magnitude lower than
typical SHS reaction enthalpies. Therefore, direct SHS
from elemental metallic HEAs through a reaction such
as A+B+ C+ D+ E=ABCDE becomes impossible
for two reasons. First, the heat released during the mix-
ing of metals, such as in the Cantor alloy CoCrFeNiMn,
is insufficient to sustain a self-propagating reaction.
Second, even if five metals are found that release
enough heat upon mixing, a solid solution will not
form due to the constraint presented in equation (7),
and instead, several intermetallic phases will form.

This problem can be solved using the method of ther-
mally coupled reactions proposed by A.G. Merzha-
nov [22], where two reactions participate in the SHS
process — one weakly exothermic and the other
strongly exothermic. The heat released from the first
reaction provides additional heating for the second.
Merzhanov referred to these as “thermally coupled”
reactions. This scheme is well-suited for the synthe-
sis of HEAs because the weakly exothermic process
of forming a metallic solid solution becomes possible
due to the additional heat from another SHS reaction,
such as the formation of aluminum oxide, titanium car-
bide, or similar compounds. Currently, two approaches
to thermally coupled synthesis of metallic HEAs can be
distinguished, which can be termed the “metallother-
mic” and “cermet” approaches. Both of these methods
are discussed further below.

1.2. Metallothermic synthesis of HEAs

The first results on the aluminothermic synthesis
of HEAs with the composition CoCrFeNiMnAl (where
x =0.2+2.0) were obtained in 2016 [23]. For example,
the chemical equation of the coupled reactions for
the synthesis of equiatomic HEAs can be written as

0.33Co,0, + 0.5Cr,0, + 0.5Fe, O, + NiO +
+MnO, +4.22Al = CoCrFeNiMnAl + 2.11ALO;. (8)

In this case, the highly exothermic reaction
is the oxidation of aluminum, which reduces all
the oxides to form molten Al,O,. The heat released
during this process is sufficient to melt all the reduced
metals, which then mix to form a six-component metal-
lic melt. The total heat release for this process is 480 kJ
per mole of product, and the combustion tempera-
ture exceeds 2500 °C, which is higher than the melt-
ing points of all the components and products. Since

7
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the metallic and oxide melts do not mix and have differ-
ent specific gravities, they separate under the influence
of gravity. Centrifugal machines are used to accelerate
this separation by artificially increasing gravitational
force by several hundred times. As a result, the metallic
melt accumulates at the bottom of the crucible, while
the lighter aluminum oxide melt remains at the top.
After cooling, two separate crystalline products are
formed — a HEA ingot and solid aluminum oxide.

Using this method, HEAs such as CuAlIZrTiLi_and
CuAlZrTi(LiCr) , which have submicron microstruc-
tures and low specific gravities, have also been syn-
thesized [24]. HEAs synthesized by the metallother-
mic method, like the Cantor alloy CoCrFeNiMn, can
be applied in laser welding [25; 26] and friction stir
welding [27]. The addition of carbon to the initial ther-
mite powder mixture allowed the production of Cantor
alloys strengthened by dispersions of Me,,C -type
carbides [28].

HEAs suchas Co CrFeNiAI[29], CoCrFeNiAlxMoy [30]
and CoCrFeNiAGCuy [31] were also synthesized
using the metallothermic process, but without the use
of a centrifugal separator. The combustion occurred

Fig. 1. Powder of heat-resistant NiAl-Cr—Co + 15 % Mo alloy
obtained by metallothermic SHS followed
by plasma spheroidization [32]

Puc. 1. TToporIok ’apornpoyHOro CIIaBa
NiAl-Cr—Co + 15 % Mo, moiry4eHHBI METOIOM
Mmetamutorepmuueckoro CBC ¢ nocnenyromeit
a3MeHHol cdeponanzanuei [32]

in a powder mixture of oxides and aluminum, with
the bulk density placed in a copper crucible. The sepa-
ration of the metallic melt and slag occurred under
natural gravitational forces. This demonstrated the eco-
nomic efficiency of this method for HEA production.

One promising application of metallothermically
synthesized HEAs is the production of spherical-
shaped powders for additive manufacturing technolo-
gies. SHS-produced ingots are crushed and ground
in planetary mills, and the resulting narrow pow-
der fractions are then spheroidized in an electric arc
plasma torch. Using this method, heat-resistant alloys
of NiAl-Cr-Co + 15 %Mo with an average particle
size of 14.8 um were produced [32]. The morphology
of the resulting powder is shown in Fig. 1. Individual
inclusions of aluminum oxide are observed on the sur-
face of the particles (Fig. 1, b).

A four-component (medium-entropy) alloy AITiVCr
was recently obtained via metallothermy without cen-
trifugal forces in steel crucibles [33]. The separation
of the metallic melt and slag apparently occurred due
to capillary forces, and the solidified alloy and oxide
inclusions were then mechanically separated.

Finally, it is worth mentioning the work on the me-
tallothermic synthesis of the AlCoCrFeNi HEA in
graphite crucibles within a centrifugal machine [34].
Although the authors of this work claimed the method
to be “new,” it essentially replicates the technology
described in [23] a year earlier. Moreover, centrifugal
SHS-metallothermy has been known for more than
30 years [35], and metallothermy in general for over
120 years [36].

In conclusion, it can be noted that the metallo-
thermic synthesis of HEAs is currently the most deve-
loped among the methods for producing metallic HEAs
using SHS processes.

1.3. SHS of high-entropy cermets

The production of ceramic-metal composites using
the SHS method is also based on the aforementioned
principle of thermally coupled SHS reactions. In
this case, the highly exothermic reaction is typically
synthesis from elements. Reactions between transi-
tion metals and carbon or boron are often used, for
example:

Ti + C = TiC + 230 kJ/mol, )

Ti + 2B = TiB, + 290 kJ/mol. (10)

As mentioned earlier, the allowable heat for the for-
mation of metallic HEAs is much lower than the heat
of these chemical reactions, so the HEA components
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added to the exothermic mixture act as inert diluents.
The SHS reaction scheme can be represented as:

(1 =x)(Ti+ C)+x(Co + Cr+ Fe +

+Ni+ Mn) = (1 —x)TiC + xCoCrFeNiMn. (11)

The heat released during the reaction between
titanium and carbon (9) is sufficient to raise the tem-
perature above the melting points of all the metals.
The melts of Co, Cr, Fe, Ni, and Mn combine and,
after cooling, crystallize as an HEA. Instead of adding
individual metals, pre-prepared HEA powder obtained
by other methods (such as mechanical alloying) can be
added to the reaction mixture:

(1 —x)(Ti + C) + xCoCrFeNiMn =

= (1 —x)TiC + xCoCrFeNiMn. (12)
The addition of HEA, ecither as a mixture of metal-
lic powders or as a pre-synthesized alloy, to the highly
exothermic composition leads to a reduction in
the combustion temperature. Fig. 2 shows the results
of thermodynamic calculations of the adiabatic com-
bustion temperature and experimental measurements
of the combustion rate for compositions similar to (12),
depending on the HEA content [37]. They indicate that

combustion of such mixtures is possible with HEA
content up to 40-50 wt. %, provided the combus-
tion temperature remains above the melting points
of the metals.

As a result of the SHS reaction, a solid framework
of titanium carbide grains is formed, impregnated with
a multicomponent metallic melt. Unlike in the metallo-
thermic process, the ceramic and metallic phases do not
separate, and upon cooling, a ceramic-metal composite
(cermet) forms, consisting of TiC grains and a high-
entropy metallic binder. An example of the microstruc-
ture and element distribution in such a cermet is shown
in Fig. 3. Some features of the structure formation
of these materials were studied in [38].

To consolidate ceramic-metal composites with
a multicomponent binder based on the Cantor alloy,
a method of hot SHS pressing was applied, where
the workpiece is subjected to quasi-isostatic compres-
sion in a sand-filled mold immediately after the com-
bustion wave passes through it [39]. This method,
known as the technology for synthetic hard tool materi-
als (STIM technology), had previously been developed
for cermets with simpler binder compositions, such as
TiC-Ni, TiC-Ni-Mo, TiC-Ni—Cr [35; 36; 40; 41].

The range of ceramic-metallic materials with HEA
binders also includes:

3500
3000
2500

M 2000

Tad

1500

1000

500

3.0

U, cm/s

60 80 100

Binder content, wt. %

Fig. 2. Adiabatic combustion temperatures (thermodynamic calculation)
and combustion rates (experiment) of Ti + C + HEA mixtures, depending on the composition and mass content of HEA:

CoCrFeNiMn (1, 4); CoCrFeNiTi (2, 5); CoCrFeNiAl (3, 6) [37]
Dashed lines indicate the melting temperatures of the metals

Puc. 2. Annabarudeckue TeMreparypbl TOpeHust (TepMOJMHAMUYECKHI pacyer)
U ckopocTH ropenus (9xcnepument) cmeceit Ti + C + BOC B 3aBucHMOCTH OT cocTaBa U MaccoBoro coaepkanus BOC:
CoCrFeNiMn (1, 4); CoCrFeNiTi (2, 5); CoCrFeNiAl (3, 6) [37]
H_ITpI/IXOBBIMI/I JIMHUSAMH IIOKa3aHbl TEMIIEPATYPLI IIJIABJICHUS METAJIJIOB
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60TiC + 40CoCrFeNiMn

80TiC + 20CoCrFeNiTi

80TiC + 20CoCrFeNiAl
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Fig. 3. Microstructure and elemental distribution in some SHS cermets with high-entropy binders [37]

Puc. 3. MuKpOCTpYKTYypa 1 pacrpesielieHne 31eMeHToB B HeKoTopbix CBC-kepMeTax ¢ BEICOKOIHTPOITMHHBIMU CBsi3KaMu [37]

* WC—CoCrFeNiMn [42],

* Ti(C,N)—-CoCrFeNiAl [43; 44],

* TiB,~CoCrFeNiTiAl [45; 46],

* TiB,~CoCrFeNiAl [47],

* TiB ~TiC-CoCrFeNiTiAl [48] and others.

The authors of [49] proposed considering such
materials as a new class of cermets. However, in studies
[42-48], pre-synthesized ceramic powders of carbides,
borides, and carbonitrides were used, so SHS reac-
tions did not occur. The material was formed during
processes such as spark plasma sintering or hot press-
ing, where heating occurs not due to chemical reactions

10

but from passing an electric current through the mold
or the powder itself. There are few studies where such
materials are produced without external heating, rely-
ing solely on the heat generated from the SHS reac-
tion. However, thermodynamic calculations and initial
experimental results indicate that these processes are
entirely feasible, suggesting an expansion of research
into high-entropy SHS cermets in the near future.

Recently, new types of high-entropy cermets have
emerged. In these materials, the high-entropy phase is
a multicomponent ceramic, while the binder consists
of conventional metals or alloys. These materials will
be discussed in the next section.
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2. SHS of high-entropy The exothermic SHS reaction can proceed in mix-

ceramic phases

The crystalline structure of high-entropy ceramic
phases consists of two sublattices: a cationic and
an anionic one. In the cationic sublattice, there are
metal cations of several types (no fewer than five),
which are randomly distributed across the lattice sites.
This random arrangement provides these compounds
with high mixing entropy, which should stabilize
the high-entropy ceramics (HECs) and prevent their
decomposition into simpler phases. The anionic sublat-
tice consists of atoms of a single type — oxygen, boron,
carbon, or nitrogen. Depending on the type of anion,
these materials are classified as high-entropy oxides,
borides, carbides, or nitrides. It is theoretically possible
to combine several anions in the anionic sublattice, such
as in carbonitrides or oxycarbonitrides, but the realiza-
tion of such HECs remains a task for the future. High-
entropy ceramics can be considered as solid solutions
of corresponding simple compound.

The dissolution of binary compounds into each other
under external heating was used to produce the first
HECs. Using this method, high-entropy diborides were
synthesized [50]:

* (Hf,Zr, ,Ta ;Mo , Tig ))B,,

* (Hfy ,Zry ,Ta  ,Nb , Ty ,)B,,

* (Hf, ,Zr, ,Nb, , Mo, , Tiy ))B,,
* (Hfy ;Mo ,Tay ,Nb ,Tiy ,)B,,
* (Mo ,Zry ,Tay ,Nby ,Tiy ,)B,,
* (Hf, 71, ,Ta, ,.Cry , Tiy ))B,.

In this process, a mixture of simple diborides (e.g.,
TiB,, ZrB,, etc.) was processed for 6 h in a Spex
8000D shaker ball mill (SPEX SamplePrep LLC, USA)
and then subjected to spark plasma sintering (SPS)
for 5 min at a temperature of 2000 °C and a pressure
of 30 MPa. The result was the formation of multicom-
ponent hexagonal phases, some of which have ultra-high
melting points. A similar method was used to obtain
high-entropy carbides (V ,Nb,,Ta ,Mo,,W,)C from
a mixture of simple carbides, with milling time reduced
to 2 h and SPS carried out at 2200 °C and 30 MPa for
10 min [51]. However, this approach is not applicable
to SHS. As mentioned earlier, SHS of multicomponent
ceramics from mixtures of pre-formed simple com-
pounds is not possible due to insufficient heat from
the reaction (with some oxide combinations being an
exception). Therefore, to produce HECs via combus-
tion or thermal explosion, mixtures of metallic and
non-metallic reagents must be used, which react with
significant heat release.

tures of metals with carbon or boron, during mechani-
cal treatment in high-energy planetary ball mills and
during SPS. Using this approach, carbides such as
(HfTaTiNbZr)C, (HfTaTiNbMo)C and (TiZrHfTaNb)
C were synthesized [52-54]. If the chemical reaction
leading to the formation of new phases occurs due
to heating during SPS, this process is called “reaction
SPS” [55]. It can, in principle, be considered a type
of SHS process, although there is insufficient data on
the temperature conditions inside the molds to deter-
mine whether self-heating or the formation of self-
propagating combustion waves occurs during mechani-
cal alloying and SPS.

High-entropy carbides such as TaZrH{NbTiC, [56-59],
TaTiNbVWC,, and TaNbVMoWC; [58] were directly
synthesized using SHS, revealing two key features.

1. Direct synthesis from a mixture of elemental metal
and carbon powders often leads to the formation of a
multiphase mixture of carbides. This is likely because
each metal reacts with carbon separately in the combus-
tion zone. For example, titanium melts at a relatively low
temperature (1670 °C) and forms TiC particles before
tantalum (3017 °C) melts and reacts with the remaining
carbon. Once the simple carbide particles are formed,
it becomes difficult to dissolve them into each other.
Therefore, a three-stage process was proposed:

—a mixture of metallic powders is processed in
planetary mills to form a powder of a high-entropy
solid solution of metals;

— carbon (soot) is added to the solution, and addi-
tional processing in planetary mills is carried out;

—the resulting reaction mixture is used for SHS
of carbides.

2. Some highly refractory HEC components (e.g.,
Mo, W, V) release little heat during their reaction with
carbon, so it is advisable to conduct SHS in the thermal
explosion mode, using additional heating of the sam-
ples to the point of self-ignition.

Through preliminary mechanical activation of metal
mixtures in a planetary mill under an argon atmo-
sphere, followed by SHS in a nitrogen atmosphere,
the high-entropy nitride (Hf,,.Ti ,.Cr,,(FeV),,s)N
was synthesized in [60], and by combining metallo-
thermic synthesis and SHS from elements, the HEC

ALO,/(NbTaMoW)C was obtained [61].

Finally, a new trend of adding a metallic binder
to HECs should be noted [62; 63]. Although such mate-
rials, belonging to the class of sintered hard alloys, have
so far been produced by traditional powder metallurgy
methods, the use of SHS (e.g., via STIM technology)
appears to be a promising approach in this area.

il



DM v on

W3BECTUA BY30B

W3BECTUA BY30B. [TOPOLWKOBAA META/IIYPTUA U ®YHKLUOHANBHBIE MOKPbITUA. 2024;18(6):5-16
boboxaHos A.P., Pozayes A.C. CaMopacnpoCTPaHsIOLWMIACA BbICOKOTEMMEPATYPHbIA CUHTE3 BbICOKOIHTPOMMMAHBIX ...

Sci16Y 116L8116C€1116PT1 16Ny 1 6SM, 1 By Gd, 16 T, Dy, HOy By Ty YD, Ly, FEO,

Reaction solution Solution combustion

Jici.iics] Se X La

Fig. 4. Scheme of the solution combustion synthesis process and distribution of elements in the product nanoparticle [66]

Puc. 4. Cxema mporiecca CHHTE3a TOPEHHEM PACTBOPOB U pacrpe/ieieHHe IeMEHTOB B HAHOYACTHUIIE TPOIYKTa [66]

3. Synthesis of high-entropy phases
by solution combustion

Solution Combustion Synthesis (SCS) is a varia-
tion of SHS that allows the production of nanopow-
ders of oxides and other compounds, including mul-
ticomponent materials [64]. The process proceeds as
follows: metal nitrates are dissolved in water along
with an organic compound (such as glycine, urea, or
citric acid). The solution is then heated to a relatively
low temperature of 120-140 °C, causing the water
to evaporate, after which the resulting gel ignites.
The combustion product is a loose powder composed

Green powder
mixture

Combustion

of particles ranging in size from 10 to 100 nm. Since
all the components are mixed at the molecular level
in the solution, they are also uniformly distributed in
the nanoparticles of the product. This enables the com-
bination of many elements in solid solutions and sin-
gle-phase compounds. Using this method, high-entropy
oxides such as (Co,,Cu,,Mg;,Ni ,Zn,,)O have been
produced. Another example is a “record-breaking” fer-
rite in terms of the number of components [66], which
exhibits valuable magnetic properties. The schematic
of the SCS process and X-ray maps showing the homo-
geneous distribution of many elements in the nanopar-
ticles of the product are presented in Fig. 4.

Powder

\ products

Thermal P
explosion LR
Oy

Compacted
products

Fig. 5. Scheme of possible pathways for obtaining high-entropy materials using SHS

Puc. 5. Cxema BO3MOXHBIX MapUIPyTOB MOIYYEHHUs BHICOKO3HTPOIMHHBIX MaTepHalIOB ¢ ucrons3oBaHueM CBC

12



,9 POWDER METALLURGY AND FUNCTIONAL COATINGS. 2024;18(6):5-16
ST PMeFC Bobozhanov A.R., Rogachev A.S. Self-propagating high-temperature synthesis of high-entropy ...
Conclusion 12. Murty B.S., Yeh J.W., Ranganathan S., Bhattacharjee P.P.

The SHS technology, in combination with mechani-

cal activation, mechanical alloying, spark plasma sin-
tering, and hot pressing, provides solutions to many
practical challenges in the production of various
ceramic, ceramic-metal, and metallic materials based
on high-entropy phases. Possible technological path-
ways for producing such materials are illustrated in
the diagram in Fig. 5. It seems highly likely that this
scientific and technological field will experience rapid
development in the coming years.
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Synthesis of Co-Mn catalysts
for deep oxidation of CO and propane based
on natural opoka by low-temperature combustion
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Abstract. Natural opoka from the Taskalin deposit in the Republic of Kazakhstan was used as a support for Co-Mn catalysts

in the deep oxidation of CO and hydrocarbons. After preliminary preparation of the opoka samples by water washing (opoka /),
calcination at 500 °C (opoka /), HCI treatment (opoka /II), or combined HCI treatment and calcination at 500 °C (opoka /V),
an active phase (AP) consisting of 5 wt. % Co + 5 wt. % Mn (based on metals) was applied via low-temperature combustion
of a metal nitrates and urea mixture. The support and catalyst samples were analyzed using XRD and SEM/EDS, and their
specific surface area was measured by the BET method. The primary phases identified in the support and catalyst compositions
were various modifications of SiO,, as well as Na-, Ca-, and Mg-aluminosilicates. Due to their low content, AP components
in the form of cobalt oxyhydroxide and potassium manganite were detected only on two of the catalyst samples. According
to SEM/EDS data, the original nanoscale honeycomb structures on the opoka surface were almost completely destroyed during
opoka processing and after AP application. Elemental composition showed notable variability across different granules of both
the support and the catalyst, likely due to the natural structural heterogeneity of opoka. It was established that as the complexity
of opoka treatment increased, its specific surface area tripled, from 21.0 to 64.1 m?/g. In contrast, the specific surface area of cata-
lysts based on these opoka samples varied irregularly. Testing of the resulting catalysts in the deep oxidation of CO and propane
over a temperature range of 150540 °C revealed substantial activity, with the best performance observed in the catalyst based
on water-washed opoka without further treatment. This sample achieved 100 % CO conversion at 7= 500 °C and 97 % propane
conversion at 540 °C. Thus, natural opoka with minimal processing can serve as an effective support for deep oxidation catalysts
for CO and hydrocarbons.

Keywords: opoka, support, low-temperature combustion, Co-Mn catalysts, carbon monoxide, propane, deep oxidation
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CuHTe3 B npouecce HU3KOTEMNEpPaTYPHOro ropeHus
Ha ocHoBe npupoaHou onokn Co-Mn-katanusaTtopos
rny6okoro okucnenusa CO v nponaHa
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AHHoTaywms. Tpupoanas onoka TackannHCKOro MecTopoxaeHust Pecrybnuku Kazaxcran ucnonb3oBaHa kak Hocutens Co—Mn-kara-

nm3atopos rybokoro okucienus CO u yraeBogoponos. Ilocine mpeaBapuTenbHON MOATOTOBKH €€ 00pas3loB ITyTeM MPOMBIBKH
Bozoit (omoka /), mpokanku npu temneparype 500 °C (omoka /1), obpadorku HCI (omoka ///) nnn o6paborkn HCl u mpokamku
mpu 500 °C (omoka /V) Ha HEX B MpoIlecce HU3KOTEMIIEPATyPHOTO TOPEHUSI CMECH HUTPATOB METAJJIOB U MOYEBHHBI Oblila HaHE-
cena axktuBHas ¢aza (AD) cocrasa 5 mac. % Co + 5 mac. % Mn B mepecuere Ha MeTamnbl. OOpa3Ibl HOCUTENS U KaTalu3aTopa
uccnenosanuch merogamu POA m SEM/EDS, n3mepena ynensHas moepxHocTs mo BOT. Ilokazano, 4To OCHOBHBIMHU (hazaMu
B COCTaBe HOCHTENEH M KaTajlu3aropoB ABJIAIOTCA pasnudnble Monudukamuu SiO,, a Tawke Na-, Ca- 1 Mg-almoMOCHINKaTHL.
Kommonentsr AD BcieAcTBHE MX HHU3KOTO COAEPKaHWSA B BHAE OKCOTHAPOKCHJA KOOalbTa M MaHTAHWTA Kaius ObUTH OOHapy-
JKEHBI TOJIBKO Ha ABYX 00pasmax karanniatopoB. CormacHo ganHeIM SEM/EDS B xome 00paboTku OMOKH 1 1ociie HaHeceHust AD
HCXOJHbIE HAHOPA3MEPHBIE COTOBBIE CTPYKTYPHI Ha ITOBEPXHOCTH MPAKTUIECKHU MOIHOCTBIO pa3pymiaioTcs. MiMeeT MecTo HepaBHO-
MEPHOCTb EMEHTHOTO COCTaBa Ha MOBEPXHOCTH PAa3HbBIX TPAHYIN KaK HOCHUTEINS, TAK U KaTaJIu3aTopa, CBs3aHHAsI, O-BHINMOMY,
C HEOTHOPOAHOCTHIO MPHUPOAHON CTPYKTYpHI OTOKH. YCTAaHOBIEHO, YTO 1O Mepe YCIOKHEHUs] 00pabOTKH OMOKH ee yAelabHas
MOBEPXHOCTH MOHOTOHHO Bo3pacTaeT B 3 pasza — ¢ 21,0 1o 64,1 m*/r. C apyroit CTOpPOHBI, yA€NbHas MOBEPXHOCTh KaTaJIn3aTopOB
Ha OCHOBE 3THX 00pa3ll0B OMOKH M3MEHSETCS HeperymspHO. MchbITaHus MONyYeHHBIX KaTalM3aToOpOB B MpOIEcCce ITyOOKOro
okxucnenns CO u npomana B nHTepBaie Temneparyp ot 150 1o 540 °C BBISBHIM UX TOCTaTOYHO BBICOKYIO AKTHBHOCTH, PHUEM
HAWITy4IlIne XapaKTePUCTHKH MOKa3ajl KaTajJu3aTop Ha OCHOBE MPOMBITON BOJIOW OMOKHM Oe3 mocienyroneil oo0padorku. Ha stom
o6pasie 100 %-nas kouepcust CO Obina momyuena yxe mpu 7' = 500 °C, a kousepcust npornana mpu 540 °C nocturna 97 %. Takum
00pa3om, IPUPOJHAS OMOKA C MHHUMAJILHONH 00pabOTKONH MOXKET CIYKHTh d((EKTHBHBIM HOCHUTEIIEM KaTaIu3aToOpPOB IITyOOKOTO
oxucnerns CO u yrieBOZOpOIOB.

KnioueBble cnoBa: OII0Ka, HOCHUTECJIb, HU3KOTEMIICPATYPHOE T'OPCHHUEC, CO*MH-KaTaJ'II/BaTOpLI, OKCUJ yIieponaa, IpoIiaH, rny601<oe

OKHCJICHUEC

BbnarogapHocTy: Pabora Bemonnena B pamkax ['oczamanus ICMAH u npu ¢urancoBoii mogaepxke AO LeHTp MeXTyHapOIHBIX TIPO-

rpamM «bomamaxy PecryOmuku Kazaxcras.
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memaniypeus u yHkyuonansrvie nokpuimusi. 2024;18(6):17-27. https://doi.org/10.17073/1997-308X-2024-6-17-27

and environmental friendliness. The primary challenge
usually involves standardizing these natural materials
since even within a single deposit, their composition

Introduction

Supported catalysts represent the most widely used

class of heterogeneous catalysts. Active phases (AP)
are very often deposited on supports made of simple
and complex oxides of elements from the main sub-
groups of the middle of the Periodic Table, such as
y-AlLO,, SiO, (typically in hydrated form as silica
gel), amorphous and crystalline aluminosilicates, and
their complexes with oxides of transition and rare-earth
metals. Generally, synthetic materials with a fixed set
of physicochemical properties are used. However,
there remains significant interest in using natural high-
porosity materials as supports due to their low cost

18

and properties can vary considerably.

The literature documents the use of natural mine-
rals such as bentonite clays (specifically montmoril-
lonite), which are hydroxylated nanoscale-layered
aluminosilicates, as acid-base catalysts [1], catalyst
supports [2; 3], and photocatalysts [4; 5]. Of particular
interest is their dehydrated modification — multilayered
aluminosilicate nanotubes known as the natural mine-
ral halloysite [6; 7]. Another popular catalyst sup-
port in various processes discussed in the literature is
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the highly porous silica rock, diatomite [8; 9]. Closely
related to diatomite in composition and properties is
opoka — a microporous, high-silica sedimentary rock
containing up to 92-98 wt. %' SiO,. It is widely used
in construction as a thermal and sound insulation mate-
rial, and due to its high adsorption, filtration, and ion-
exchange properties, opoka is also employed as an
adsorbent and filter filler [10—14]. However, there is no
information in the literature regarding its use as a sup-
port for AP in catalysis.

Deep catalytic oxidation processes are essential
for purifying anthropogenic gas emissions and have
long been crucial from an environmental standpoint.
Additionally, these processes are applied in flame-
less heat generators, catalytic burners, fuel cells,
and gas composition monitoring systems within fire-
and explosion-hazardous industries, among others.
According to the literature, catalyst development
for these applications is advancing rapidly. It is well
established that the most effective catalysts for such
reactions are those with AP containing noble metals,
effective in both CO oxidation [15; 16] and the deep
oxidation of hydrocarbons [17-19].

However, aside from their high cost, a major
drawback of noble metal catalysts is their low resis-
tance to catalytic poisons (see, for example, [20]).
Consequently, a significant focus in the global literature
is on developing and researching new catalytic systems
based on non-noble transition and rare-earth elements,
particularly in nanoscale forms. Among the most active
elements in these systems, Co and Mn are often high-
lighted, both as supported catalysts on various sub-
strates — such as sialon [21], the previously mentioned
diatomite [8], y-Al,O, [22], silica gel modified with
aluminum oxide [23], foamed silicalite-1 [24], and
nanostructured CeO, [25] — and in monolithic complex
oxide forms [26-29].

One of the promising methods for producing sup-
ported catalysts is the low-temperature combus-
tion method, also known as self-propagating sur-
face thermosynthesis [22; 23; 30; 31]. This method
involves impregnating the support with a solution mix-
ture of oxidizers (usually nitrates of active metals) and
a reducer or fuel (a water-soluble organic compound),
followed by drying and heating the sample to initiate
the combustion reaction. This technique offers several
advantages over traditional impregnation methods,
including low energy consumption, short reaction time,
the formation of highly dispersed (including nanoscale)
oxide and/or metallic active phases on the pore surfaces
of the support, and the absence of harmful gas emis-
sions (typically only CO,, nitrogen, and water vapor

! All percentages are by weight (wt. %) unless otherwise indicated.

are released). The low combustion temperature (in our
practice, < 360 °C) minimizes the interaction between
the AP and the support, preventing particle sintering
of the resulting AP.

Previously, using this method, we produced Co-,
Mn-, and Ni-containing catalysts on various sup-
ports [7;22; 23], which demonstrated high activity
in the deep oxidation of propane and CO.

The aim of this study is to synthesize and examine
the physicochemical and catalytic properties of new
5% Co—5 % Mn catalyst samples, with the active
phase deposited on pre-treated opoka from the Taskalin
deposit in Kazakhstan [32] (referred to hereafter as
5Co5Mn/opoka I-1V). These catalysts were evaluated
in the deep oxidation of propane and CO.

Before applying the AP, the natural opoka samp-
les underwent several preliminary treatment proce-
dures. A common step for all samples was washing
to remove impurities of water-soluble salts and easily
washable clay contaminants. The purpose of calcina-
tion at 500 °C was to burn off organic impurities in
the air and to dehydrate the remaining clay impurities.
Treatment with HCI solution was performed to remove
oxide impurities, complex oxides, and carbonates
containing transition metals, primarily iron, as well
as alkaline earth metal carbonates. These procedures
were applied to different samples to assess the impact
of each treatment step.

Research methodology

Before use, all opoka samples were ground to a par-
ticle size of 0.1-0.3 mm, washed several times with
distilled water, and dried in an oven at 90 °C. The first
part (opoka I) was set aside without further treat-
ment, the second (opoka /7) was additionally calcined
at 500 °C, the third (opoka [II) was washed with
a 10 % HCI solution and then rinsed with distilled
water, while the fourth (opoka /V) was also washed
with a 10 % HCI solution, rinsed with distilled water,
and then calcined at 500 °C.

The prepared supports, each weighing 5 g, were
impregnated with a solution mixture of metal nitrates
(Co(NO,)-6H,0 + Mn(NO,),6H,0) and urea, with
concentration ratios calculated to yield the pure metals.
The sample was dried at 90 °C and placed in a flat-bot-
tomed quartz tube reactor, sealed with a dust collection
system and purged with argon. The heater at the bottom
of the reactor was turned on, and its power remained
constant throughout the process. Temperature was
monitored by a thermocouple placed in the sample
layer at the center of the reactor. After the reaction
and cooling, the sample in the argon-filled reactor was
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stabilized with a 5 % H,O, solution to prevent sponta-
neous ignition of any highly dispersed metallic phases
in the active phase. The sample was then washed with
distilled water and dried at 90 °C. Particles smaller
than 0.1 mm were removed from the resulting catalyst.
The setup and synthesis procedure were previously
described in detail [22; 23].

X-ray diffraction analysis (XRD) of the samples was
conducted using a DRON-3M diffractometer (Russia)
with FeK  radiation.

The morphology and elemental composition
of the catalyst surfaces were examined with a high-reso-
lution field-emission scanning electron microscope,
the Zeiss Ultra Plus, based on the Ultra 55 platform
(Carl Zeiss, Germany), equipped with an INCA Energy
350 XT microanalysis system from Oxford Instruments.
The specific surface area was measured through nitro-
gen physical adsorption by the BET method on an appa-
ratus designed according to GOST 23401-90.

The obtained samples were tested on a catalytic
setup with a flow-through quartz reactor containing
a fixed bed of catalyst (I cm? of 0.1-0.3 mm fraction).
Analysis of the initial gas mixture and reaction products
from deep oxidation was conducted using a 5-compo-
nent gas analyzer, Avtotest 02.03P, with zero-class
accuracy (Meta, Russia). The initial gas mixture had
the following composition by vol. %: propane — 0.15,
CO - 0.6, O, — 1.6, nitrogen — up to 100 %. The gas
flow rate was 120,000 h™!. Experiments were carried
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out within a temperature range from 150 to 540 °C
in 50 °C intervals. CO and propane conversions during
deep oxidation were calculated using the formula

Cro=Crr 1000,
R0

Xpr =

where C,  and C, , are the concentrations of the reac-
tant (CO or propane) in the initial gas mixture and
at the reactor outlet at temperature 7, respectively,
vol. %.

Results and discussion

Fig. 1 shows thermograms of the catalyst synthe-
sis process on opoka samples prepared as described
above. The self-ignition temperatures (7) at the start
of the combustion wave and the maximum tem-
peratures (7 ) within the combustion wave were
recorded. As shown, the T values for samples on
opokas / and /I are nearly identical, though the T
on opoka /I is noticeably higher. The highest self-
ignition (192 °C) and combustion (322 °C) tempera-
tures were recorded during synthesis on sample /1.
Secondary peaks at lower temperatures, likely cor-
responding to the afterburning wave, were observed
on opokas /-III. This phenomenon was also noted in
our previous synthesis of a similar AP-based catalyst
on y-Al,O, [22]. Synthesis on opoka IV proceeded in

a low-intensity mode, with minimal 7gand T .

400
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100 |-
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0
300
250
200 -
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Fig. 1. Thermograms of the synthesis process for catalysts SCoSMn/opoka / (a), II (b), 11 (c), and IV (d)

Puc. 1. TepmorpamMsl poriecca cuHTe3a kataiauzaropoB SCoSMn/omnoka [ (a), 11 (b), I1I (c), IV (d)
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XRD patterns of the prepared supports and their
corresponding catalysts are shown in Figs. 2 and 3.
Notably, opoka samples / and // contain complex oxide
impurity phases of iron and magnesium, which dis-
appear after HCI treatment (see Fig. 2). The primary
phases present are various modifications of SiO,, along
with Na-, Ca-, and Mg-aluminosilicates, with a signifi-
cant portion of amorphous phases also observed.

As shown in Fig. 3, Co- and Mn-containing APs
appeared only on two catalyst samples — those based
on opokas I and /1], and separately: in sample 7/, likely
as trivalent Co oxyhydroxide, and in opoka /// as potas-
sium manganite. This likely results from the low AP
component content, which is near the detection limit
of the XRD analysis. Aluminosilicate phases were
preserved only in samples based on opokas / and /1,
while in samples with supports /// and [V, the amount
of silica phase modifications increased.

The morphology and surface elemental composi-
tion of supports // and 7V, as well as the catalyst based
on opoka /1, were studied using SEM/EDS. The results
are shown in Figs. 4-6.

700
1-Si0,,, [30-65-0466] a
2-5i0,,.. [10-86-1560]
600 - 5 3 NaAL(AISi)O, .., [10-76-5970]
4 Mg, niFe, (Mg, Fe, ,,0,) [10-76-2889]
500 - 5 Ca(ALO,).0., [72-0755]
=}
S 400
2
7
E) 300
=
=
200
100
0
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1-Si0,,., [10-77-1060] ¢
2 (CaNa), AL(Si,Al),0,(OH),xH,0[58-2041]
500 I 3 Na,(ALMg).Si,0,(OH),-4H,0, . [29-1498]
5 400
{“. 2
2300 (i -
17 3l
b5 2
=
= 200 -
2
100 -
0 1
10 20

20, deg

It can be noted that a characteristic feature
of the support granule surfaces, both before (Fig. 4)
and after (Fig.5) acid washing, is the presence
of nanoscale honeycomb structures with wall thick-
nesses of < 50 nm, which are clearly visible in Fig. 4.
After HCI treatment and calcination, the honeycomb
walls appear to melt and thicken noticeably (Fig. 5),
though only the application of AP almost completely
destroys these formations (Fig. 6). Only isolated ele-
ments of the honeycomb structures remain. Notably, as
the sample treatment procedures become more complex
(opoka I — opoka Il — opoka /1] — opoka IV, followed
by AP application), the morphology of the support and
catalyst granule surfaces takes on an increasingly frag-
mented, amorphous appearance.

Elemental microanalysis data show significant
variability in the element content across individual gra-
nules of both the supports and the catalyst. This applies
not only to impurity elements but also to the primary
structural elements (Si, Al). This variability may be
related to the structural heterogeneity of natural mine-
rals, as noted above. Some samples show detectable

600

1-Si0,,., [30-66-0466] b
2-8i0,,, [10-77-8638]
500 3= NaAL(AISi)O,, o [10-76-5970]
, 4 —FeMgO,
400
i 2
300 i
200
100
0 1 1
600
1-Si0,,,, [10-77-1060] d
2 (Ca,Na), AL(Si,Al),0,,(OH), xH,0[58-2041]
500 - I 3-MgSi,0,(OH),"6H,0,, [29-1492]
400 | ’
300
200
100

20, deg

Fig. 2. XRD patterns of support samples opoka I (a), II (b), Il (c), and IV (d)

Puc. 2. Pentrenorpammbl o0pasios Hocurels onok / (a), 11 (b), 111 (¢), IV (d)
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Fig. 3. XRD patterns of catalysts SCo5SMn/opoka I (@), II (b), III (c), and IV (d)
Puc. 3. Pesynbrarel POA o6pasios karaianzaropoB SCoSMn/omnoka [ (a), 11 (b), 111 (c), IV (d)

Element content, wt. %
Area 0 | Na | Mg | Al Si K Ca | Fe
1 58.18 | 0.14 | 0.83 8.68 | 28.18 | 1.29 042 | 2.30
2 5739 | 0.10 | 0.82 8.50 | 28.71 | 1.59 0.14 | 2.77
3 65.16 0 0.66 | 6.31 | 25.61 [ 0.88 0.08 1.32
Average | 60.24 | 0.08 0.77 7.83 | 27.50 | 1.25 0.21 2.13

Fig. 4. Surface morphology of opoka /7 sample (SEM) and elemental composition at marked points

Puc. 4. Mopdosnorus noBepxHocTr 06pasua ornoku [/ (COM) u 27IeMeHTHBIN cOCTaB B OTMEUEHHBIX 00JIacTsIX
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, Element content, wt. %
Pt T e | AL | S K Ti | Fe

1 62.65 | 0.29 3.04 | 10.58 | 0.15 | 22.59 | 0.70
2 57.52 | 042 4.58 | 35.79 | 0.69 0.21 0.78
3 65.74 | 0.12 5.19 | 22.04 | 1.78 0.75 4.41
4 70.59 | 0.25 2.87 | 25.39 | 0.46 0.06 0.40
5 76.34 | 0.18 298 | 1991 | 0.28 0.03 0.28
6 64.15 | 0.61 921 | 23.07 | 1.05 0.32 1.59
7 61.48 | 0.06 0.90 | 37.29 | 0.11 0 0.16

Average | 65.50 | 0.28 4.11 | 24.87 | 0.64 342 1.19

Fig. 5. Surface morphology of opoka 7V sample (SEM) and elemental composition at marked points

Puc. 5. Mopdonorus moepxHoctu oopasia omnoku [V (COM) u 371eMEHTHBIN COCTaB B OTMEUCHHBIX TOUKAX

-

; Element content, wt. %
Pomt =T Mg | Al | i | K | T | Mo | Fe | Co

1 6439 | 050 | 4.56 | 26.05 | 0.34 | 0.07 1.50 | 0.84 1.73
2 3839 | 099 | 035 | 3577 | 1.86 | 0.57 | 555 | 339 | 5.12
3 14.66 0 21.22 | 3.54 | 0.19 0 17.19 | 21.98 | 21.23
4 505 | 0.83 | 3.66 | 47.53 | 1.61 320 | 16.08 | 590 | 16.15
5 36.58 | 0.74 | 7.40 | 3093 | 1.63 | 0.17 | 9.03 | 4.46 | 9.05
6 55.00 | 0.89 | 7.40 | 2452 | 0.79 | 0.23 | 438 1.63 | 5.14

Average | 35.68 | 0.66 | 7.43 | 28.06 | 1.12 | 0.71 8.96 | 635 | 9.68

Fig. 6. Surface morphology of the 5Co5Mn/opoka I7 catalyst sample (SEM) and elemental composition at marked points

Puc. 6. Mopdomnorus nmoBepxHocTH 06pasua karanuzaropa SCoSMn/onoka /7 (COM) U aeMeHTHBIH COCTaB B OTMEUSHHBIX TOUKaX
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amounts of titanium, which does not appear in XRD,
likely due to its low concentration, even if present in
compound form. Conversely, magnesium, which con-
stitutes a fraction of a percent on the surface, is con-
sistently detected in the form of magnesium silicate
on diffractograms, particularly for the opoka /7 sample
(see Fig. 2, d). The application of AP to the opoka I/
sample resulted in a noticeable reduction in oxygen
content on its surface (compare the data in the Tables
in Figs. 4 and 6), even considering that the surface
was stabilized with a hydrogen peroxide solution after
synthesis. It can be assumed that a portion of weakly
bonded oxygen on the support surface reacted during
the combustion process when the AP was applied.
Significant variations in Co and Mn concentrations on
the catalyst granule surfaces are also observed, both in
absolute terms and in their relative ratios. This variabi-
lity likely stems from the structural heterogeneity noted
earlier, especially in the number of open pores, where
the AP precursor solution penetrates through capillary
action prior to synthesis.

The specific surface area (Ssp) of certain support
and catalyst samples, determined by the BET method,
is shown below, in m%/g:

Opokal .............. 21.0
Opokall.............. 42.0
OpokalV.............. 64.1
S5CoSMn/opoka l........ 40.6
5Co5Mn/opoka Il . . ... .. 29.5
S5CoSMn/opoka IV . ... ... 62.8

A distinctive feature of the support treatment pro-
cess is evident: as the treatment becomes more com-
plex, the specific surface area of the samples increases,
likely due to the exposure of an increasing number
of fine pores. However, the application of the AP has
varying effects on this value. As can be seen, the cata-
lyst based on opoka / has twice the specific surface
area S_ of the initial support. Conversely, for the cata-
lyst based on opoka /I, this trend is reversed, while
for the 5Co5Mn/opoka IV sample, there was almost
no change. This may indicate differences in the dis-
persion of the AP formed during synthesis, depending
on the surface morphology and, to some extent, the ele-
mental composition of the different support samples.

A series of catalysts based on treated opoka was
tested in the deep oxidation of propane and CO.
The results are shown in Fig. 7. According to these
data, the opoka-based catalysts demonstrated fairly
high activity in both CO oxidation and propane deep
oxidation. In the first case, 100 % CO conversion
was achieved at 500 °C on the 5Co5Mn/opoka I cata-
lyst (Fig. 7, @), with its activity being higher across
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Fig. 7. Temperature dependences of CO (a) and propane (b)
conversions on catalyst samples

1 —5Co5Mn/opoka 1, 2 — 5Co5Mn/opoka I, 3 — 5Co5Mn/opoka IV

Puc. 7. 3aBucumoctu kousepcuii CO (a) u npornana (b)
OT TeMIIEpaTyphl Ha UCCIIEAYEMbIX 00pa3iiax Karaau3aTopoB
1 —5Co5Mn/omoka I, 2 — 5Co5Mn/omoka 71, 3 — 5Co5Mn/omioka IV

the entire temperature range. In the second case, this
same catalyst achieved a propane conversion of 97 %
at 540 °C (Fig. 7, b). The sample based on opoka IV
showed the lowest activity in these processes, despite
having the highest specific surface area among the sam-
ples. It should be noted that for the SCo5Mn/opoka I/
and 5Co5Mn/opoka IV samples, propane conversion in
the high-temperature region (> 500 °C) exceeded CO
conversion.

Conclusion

For the first time, catalysts with a CoMn active
phase (5% +5 % based on metals) on differently
treated opoka were obtained using the low-tempera-
ture combustion method with mixtures of Co and Mn
nitrates and urea. XRD analysis showed that, follow-
ing acid treatment and subsequent calcination, iron-
magnesium complex oxide impurities are removed
from the opoka samples, with the main phases being
various modifications of silica, along with Na-, Ca-,
and Mg-aluminosilicates, and a significant proportion
of amorphous phases.
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SEM/EDS analysis of the morphology and surface
elemental composition of the supports and catalyst
revealed degradation of the initial nanoscale honey-
comb structures as opoka processing became more
complex, with further degradation upon AP application.
A significant variability in elemental content among
individual granules of both supports and catalysts was
observed, likely due to the structural heterogeneity
of this natural mineral.

The specific surface area of the support samples
increased with more complex processing steps, but
thesurfaceareaofthecatalystsvariednon-monotonically.
Testing of several catalysts showed the activity order in
the deep oxidation of both CO and propane as follows:
5Co5Mn/opoka I > 5Co5Mn/opoka I > 5Co5Mn/opo-
ka IV, with CO conversion reaching 100 % at 500 °C
and propane conversion reaching 97 % at 540 °C
on the 5Co5Mn/opoka / sample. The sample based
on opoka IV demonstrated the lowest activity in these
processes, despite having the highest specific surface
area among the catalysts studied (62.8 m?/g).

Thus, natural opoka with minimal processing can
serve as an effective support for deep oxidation cata-
lysts for hydrocarbons and CO.
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Self-Propagating High-Temperature Synthesis
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Azide self-propagating high-temperature synthesis
of a highly dispersed AIN-SiC powder composition
using polytetrafluoroethylene
A.P. Amosov®, Yu. V. Titova, I. A. Uvarova, G. S. Belova

Samara State Technical University
244 Molodogvardeyskaya Str., Samara 443100, Russia
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Abstract. Composite ceramics from aluminum nitride with silicon carbide (AIN-SiC) is promising for applications in both metallurgy
and mechanical engineering as a refractory and structural material with enhanced properties, as well as in electronics and photonics
as an advanced material for creating various high-performance devices. To fabricate products with optimal properties, compositions
(mixtures) of highly dispersed AIN and SiC powders with particle sizes of less than 1 um must be used. This study is dedicated
to improving a simple, energy-efficient method of azide self-propagating high-temperature synthesis (SHS) for such powder compo-
sitions, using mixtures of sodium azide (NaN,) powder and elemental powders of aluminum, silicon, and carbon with the addition
of polytetrafluoroethylene (PTFE) powder as an activating and carbidizing additive. During the combustion of these mixtures in a bulk
or pressed form in a reactor under 3 MPa of nitrogen gas pressure, the temperature, pressure, and yield of solid combustion products
were evaluated. Scanning electron microscopy and X-ray phase analysis were employed to determine the microstructure and phase
composition of the combustion products. The addition of PTFE helped to eliminate, in most cases, the drawbacks of the traditional
azide SHS approach using halide salts such as (NH,),SiF, AIF,, and NH,F. While maintaining the high dispersity of the synthesized
AIN-SiC powder compositions, their phase composition, particularly in pressed charges, became significantly closer to the targeted
theoretical composition, with a substantial increase in SiC phase content and the elimination of undesirable by-products such as silicon
nitride and the water-insoluble cryolite salt Na,AlF .

Keywords: aluminum nitride, silicon carbide, powder compositions, self-propagating high-temperature synthesis, sodium azide,
polytetrafluoroethylene, combustion products, composition, structure
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A3npHbIM caMopacnpoCTpaHAKLWMUNCS
BbICOKOTEMMepaTypPHbIM CUHTE3 BbICOKOAUCTEPCHOM
nopowkosou komnosnuum AIN-SiC
C NpUMeHeHneM nonuteTpaPpTopaTUiieHa

A.II. AmocoB %, 0. B. TutoBa, I1. A. YBaposa, I. C. benosa

Camapckuii rocy1apcTBeHHbIH TeXHUYECKHI YHUBEPCUTET
Poccus, 443100, r. Camapa, yn. Monogorsapaeiickast, 244
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AHHoTayms. KoMo3uimonHas KepaMuka U3 HUTpuaa amoMuHus ¢ kapoumom kpemuunsi (AIN-SiC) siBisieTcs MepCreKTHBHOM st

NPUMEHEHHs KaK B METAJUTYPIUH M MAIIHHOCTPOCHHUHU B Ka4€CTBE OTHEYTOPHOTO ¥ KOHCTPYKIIMOHHOTO MaTepHala C MOBBIILIEHHBIMU
CBOWCTBAaMH, Tak M B JIEKTPOHHKE M (OTOHUKE B Ka4eCTBE HOBOI'O MarepHalia JUisi CO3JaHHs COOTBETCTBYIOLINX Pa3HOOOPa3HBIX
BBICOKOA()(EKTUBHBIX YCTpOHCTB. [l M3rOTOBICHUS M3 HEe M3/eIMil C HAWIy4YIIMMH CBOWCTBAMH HEOOXOAMMO MCIIONB30BAThH
KoMTo3uIuH (cMecH) BeicokoancnepcHsx mopomkoB AIN u SiC ¢ pasmepom yactun Mmeree 1 MxM. Hactosimast paboTa mocsiieHa
YCOBEPIIEHCTBOBAHUIO TPOCTOTO HEProcOeperaroniero MeToia a3uaHOr0 CaMOPaCIPOCTPAHSIOIIETOCs BBICOKOTEMIIEPATypHOTO
cunTesa (CBC) KOMIO3MIMI TaKKUX TOPOLIKOB M3 CMECEH mopoka asuaa Harpus (NaN,) ¥ oJ€MEHTHBIX TIOPOLIKOB AIFOMHHHS,
KPEMHHS M YIVIEpOZa 3a CYET NMPUMEHEHUs aKTHBHPYIOIIEH M KapOuau3upyromieil 100aBKH ITOPOIIKOBOIO MOIUTETPAdTOPITH-
nerna (IIT®D). [Ipu cxxuranuu 3TUX cMecell B HACBIITHOM WJIH ITPECCOBAHHOM BHIE B PEAKTOpE C JABICHHEM Ta3000pa3HOro a30Ta
3 MIla oleHMBAJINCh TEMIepaTypa U JaBICHHUE, a TAKXKE BBIXOA TBEPABIX HPOAYKTOB ropeHus. C MpUMEHEHHEM CKaHUpPYOIIeH
9JIEKTPOHHOH MUKPOCKOIIMH M PEHTIeHO(a30BOr0 aHAIN3a ONPEASISINCh MUKPOCTPYKTYpa U (ha30BBbIil COCTAB MPOYKTOB FOPEHHMSI.
ITpumeHeHue n06aBku [ITPD 1O3BOIWIO yCTPaHUTh B OONBLUIMHCTBE CIy4aeB HENOCTATKH TPAAUIMOHHOTO MOAXOAA A3HIHOTO
CBC c¢ ncnionb3oBanneM ranouanbix coneii (NH,),SiF , AIF; u NH,F. IIpu coxpaHeHMH BBICOKOH TMCTIEPCHOCTH CHHTE3MPOBAHHBIX
xomno3ummid mopomkoB AIN—-SiC ux ¢a3oBblii cocTaB, 0COOCHHO B Cllydae IPECCOBAHHBIX LIMXT, CTAJ 3HAYUTEIBHO OJIIKe K 3a/1a-
BacMOMY TEOPETHYECKOMY COCTaBy, TAK)KE CYIIECTBEHHO BBIpOCIO coaepkanue ¢a3pl SiC, ncye3nu HekelarenbHble TOOOUHBIE

(ba3pl HUTPH/Ia KPEMHHSA M BOJIOHEPACTBOPUMOIi conn kpronuTa Na,AlF .

KnioyeBbie csioBa: HUTPU ATIOMUHNS, KapOUI KPEMHHUSI, KOMITO3UIIUH TTOPOIIIKOB, CAMOPACIIPOCTPAHSIONINIICS BEICOKOTEMIIEPATyPHBIH
CHHTE3, a3HJ HaTPHsl, TOIUTETPaPTOPITHIICH, IPOLYKTHI TOPEHUS, COCTAB, CTPYKTypa

BbnarogapHocTy: Pabora BrinonHeHa pu nojauepkke Poccutickoro HayaHoro donzia B pamkax rpanta Ne 23-29-00680.

Ansa yntnposaumsa: Amocos A.I1., Turosa F0.B., Veaposa 1. A., Benosa I.C. A3uaHblii caMOpacrpoCTPaHsIIOUIMIACS BBICOKOTEMITEpa-
TYPHBI CHHTE3 BBICOKOIHCIIEPCHOI moporkoBoii kommnosunun AIN-SiC ¢ npumenennem nonurerpadropaTuieHa. Mzeecmus 6y306.
Topowkosas memannypeust u gynxyuonanshsie nokpoimust. 2024;18(6):28-43. https://doi.org/10.17073/1997-308X-2024-6-28-43

Introduction

Aluminum nitride (AIN) is one of the foremost
materials in technical ceramics [1]. It exhibits an excep-
tional combination of physical, electrical, and chemi-
cal properties: low density, high melting (or decom-
position) temperature, thermal conductivity, electrical
resistance, hardness, strength, wear resistance, and heat
resistance, as well as resistance to thermal shock, acids,
and molten metals, and stability at elevated tempera-
tures in various gaseous environments. Owing to these
characteristics, aluminum nitride has long found appli-
cations across diverse industrial sectors, particularly
for high-temperature applications. It is widely used
as a refractory material for lining tanks, electrolyzers,
and containers in metallurgy and chemical engineering,
as well as for producing protective sheaths for metal-
lic thermocouples and manufacturing crucibles. AIN
ceramics are among the most widely used electrical

insulating materials. Furthermore, aluminum nitride is
employed as a structural material for parts operating
in aggressive environments and in cutting tools [2].
Intensive research to enhance its physical and mecha-
nical properties continues [3].

However, due to the unique physical properties
of AIN, its application in electronics and photonics
has recently expanded rapidly [4; 5]. In electronics,
this expansion is driven by its excellent heat dissipa-
tion capabilities in electronic devices, attributed to its
uniquely high thermal conductivity combined with
high electrical resistance and a coefficient of thermal
expansion (CTE) close to that of silicon. This has led
to a transition to aluminum nitride in nearly all areas
of electronic component production, where the highly
toxic beryllium oxide was traditionally used [4].
In photonics, AIN’s wide bandgap, broad transparency
window (covering the range from ultraviolet to mid-
infrared), and significant second-order nonlinear optical
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effect have further broadened its utility. Additionally,
AIN exhibits piezoelectric and pyroelectric effects,
enabling its use in opto-mechanical devices and pyro-
electric photodetectors, respectively [5]. However, in
both these fields and in high-temperature structural
applications, the use of aluminum nitride is constrained
by its brittleness, specifically its relatively low fracture
toughness and thermal shock resistance [6].

In this regard, significant attention is being drawn
to the development of composite ceramics of aluminum
nitride with silicon carbide (SiC), which, in addition
to its high thermal conductivity and heat resistance,
possesses substantially improved mechanical proper-
ties (hardness, fracture toughness, thermal stability,
and creep resistance) [7; 8]. Silicon carbide is also
attractive due to its crystal structure, which is similar
to that of aluminum nitride, allowing it to form a single-
phase homogeneous solid solution with AIN, enhan-
cing flexural strength and fracture toughness, thereby
reducing brittleness [9; 10]. Additionally, in a two-
phase state with sintered, spatially separated powder
components of AIN and SiC, AIN-SiC composites
exhibit significantly better toughness and thermal sta-
bility [8; 11]. By controlling the grain size of AIN and
SiC, it is possible to obtain AIN-SiC material with high
thermal conductivity [12]. Notably, reducing grain size
is another important approach to improving nearly all
properties of AIN ceramics and AIN-SiC ceramic com-
posites as a whole [13; 14].

AIN-SiC composite ceramics have shown promise
not only for applications in metallurgy and mechani-
cal engineering as a refractory and structural material
with enhanced properties but also, as noted above, in
electronics and photonics for the creation of a variety
of high-performance devices [4; 5; 15].

Traditional energy-intensive methods for producing
AIN-SiC ceramics include pressureless sintering of SiC
and AIN ceramic powders, hot pressing, and injection
molding, all of which require temperatures of around
2000 °C and prolonged holding times of several
hours [16—19]. More modern and less energy-intensive
methods include spark plasma sintering, microwave
heating, and additive 3D-printing technologies; howe-
ver, these require costly equipment [20-22].

In both methods, the starting material must be a com-
position (mixture) of AIN and SiC powders. To achieve
the best properties of the resulting AIN-SiC ceramics,
these powders should be as fine as possible: highly
dispersed (submicron) with particle sizes d <1 pm or
even nanoscale with d <100 pm (0.1 pm) [13; 23].
There are two approaches to producing AIN and SiC
powder mixtures: ex-situ and in-situ. The first approach
is the simplest and most common for producing com-
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posite ceramics and involves mixing ready-made AIN
and SiC powders, compacting, and sintering them.
However, for highly dispersed powders, especially
nanopowders, two issues arise: high cost and the near
impossibility of achieving uniform mechanical mixing
due to the strong tendency of nanoparticles to form
durable agglomerates that are challenging to break up
during mixing. The in-situ processes for producing
composite ceramics involve the chemical synthesis
of AIN and SiC powder particles within the compo-
site from a mixture of significantly cheaper starting
reagents, allowing for better dispersion of the syn-
thesized particles. These technologies are thus more
favorable for obtaining mixtures of highly dispersed
and nanoscale AIN and SiC powders [13; 23].

Traditional in-situ methods for producing mixtures
of AIN and SiC powder components, or their solid
solutions (furnace method, plasma-chemical synthesis,
carbothermal synthesis, gas-phase deposition, etc.),
are known for their high energy consumption, comp-
lex equipment requirements, and inconsistent ability
to yield nanoscale powders and nanopowder composi-
tions [10; 13; 14; 16; 24-26].

Self-propagating high-temperature synthesis (SHS),
or “combustion synthesis”, presents distinct advan-
tages over conventional technologies [16; 27-29].
The in-situ SHS approach is notably more cost-effec-
tive, as the AIN-SiC composite synthesis is driven by
self-sustained combustion heat, requiring only simple
equipment and low-cost precursor reagents, such as Al,
Si, C (carbon black), Si,N, powders, and gaseous N,.
This method has therefore garnered significant research
interest, with various powder mixtures being examined
for their combustion efficiency in producing AIN-SiC
composites [27; 30-33]. A review of these studies [34]
reveals that, in all cases, the synthesized AIN-SiC
ceramics exhibit micron-sized particle structures.

To achieve a composition of highly dispersed
(d <1 pm) AIN-SiC powders, the authors investigated
a variant of synthesis known as azide SHS technology,
where sodium azide (NaN;) powder serves as the nitri-
ding agent. Additionally, various activating halide salts
are introduced alongside elemental reagents, promot-
ing relatively low combustion temperatures, the for-
mation of significant intermediate vapor-gas reaction
products, and the generation of condensed and gaseous
by-products that effectively separate target powder par-
ticles, thus preventing their agglomeration into larger
particles [34—37]. The main findings of these investiga-
tions are summarized as follows.

Azide SHS technology was employed to synthesize
AIN-SiC powder compositions at five molar ratios
of the target phases aluminum nitride and silicon car-
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bide AIN:SiC =4:1, 2:1, 1:1, 1:2, and 1:4, according
to stoichiometric equations involving the use of halide
salts (NH,),SiF, AIF, and NH,F [37].

xSi-yAl-NaN,-(NH,),SiF ,~(x + 1)C system

Si+ 8Al + 6NaN, + (NH,),SiF, + 2C =

= 8AIN +2SiC + 6NaF + 4H, + 6N,, (1)
Si + 4Al + 6NaN, + (NH,),SiF, + 2C =

= 4AIN + 2SiC + 6NaF + 4H, + 8N,,  (2)
Si+ 2Al1 + 6NaN, + (NH,),SiF, + 2C =

=2AIN +2SiC + 6NaF + 4H, +9N,, (3
3Si + 2A1 + 6NaN, + (NH,),SiF, + 4C =

= 2AIN +4SiC + 6NaF + 4H, +9N,,  (4)
7Si+ 2A1 + 6NaN, + (NH,),SiF, + 8C =

= 2AIN + 8SiC + 6NaF + 4H, +9N,. (5)

xSi-yAl-NaN,-AlF ;-xC system

2Si + 7Al + 3NaN, + AlF, + 2C =
= 8AIN + 2SiC + 3NaF + 0.5N,, (6)

2Si + 3A1+ 3NaN, + AlF, + 2C =

= 4AIN + 2SiC + 3Na, + 25N, (7
2Si+ Al + 3NaN, + AIF, + 2C =
= 2AIN + 28iC + 3NaF + 3.5N,, )
4Si+ Al +3NaN, + AlF, + 4C =
= 2AIN + 4SiC+ 3NaF +3.5N,, )

8Si + Al + 3NaN, + AIF, + 8C =

=2AIN + 8SiC + 3NaF + 3.5N,. (10)
xSi-yAl-NaN,-NH F-xC system
Si+4Al+NaN; +NH,F+C=
=4AIN + SiC + NaF + 2H,, (11)
Si+2Al+NaN, +NH,F+C=
=2AIN + SiC + NaF + 2H, + N, (12)
Si+Al+NaN, + NH,F +C =
=AIN + SiC + NaF + 2H, + 1.5N,, (13)

28i+Al+NaN, + NH,F +2C =

= AIN + 2SiC + NaF + 2H, + 1.5N,, (14)
4Si + Al + NaN, + NH,F +4C =

= AIN +48iC + NaF + 2H, + 1.5N,. (15)

The initial reagent mixtures (charges) from equations
(1)—~(15) were burned in bulk form with a relative den-
sity of 0.4 in a tracing paper cup with a diameter of 30
mm and a height of 45 mm inside a 4.5 L azide SHS
reactor at a nitrogen gas pressure of 4 MPa. The cooled
combustion product was removed from the reactor,
crushed to a loose powdered state in a porcelain mor-
tar, and washed with water to remove the by-product
sodium fluoride (NaF). In most cases, the combustion
product consisted of a highly dispersed powder of com-
plex composition, appearing as equiaxed submicron
particles with sizes ranging from 100 nm to 1 um
and fibers with diameters of 50-500 nm and lengths
up to 5 pm, with a tendency toward an increased propor-
tion of finer particles as the SiC content in the AIN-SiC
composition increased. This is illustrated in Fig. 1 for
the system with the halide salt NH,F, and in study [34]
for the system with (NH,),SiF. The results comparing
the phase composition of the washed solid combustion
products from charges (1)—(15) (determined experi-
mentally) with the theoretical composition of the tar-
get phases expected according to the stoichiometric
equations (1)—(15) are presented in Table 1. As shown,
the experimental phase composition of the azide SHS
products significantly deviates from the expected theo-
retical composition of the AIN-SiC powder composi-
tions. First, the content of the target phases AIN and
SiC is lower than theoretically expected, particularly
the SiC phase, whose quantity is on average half
of the theoretical amount. Second, an undesirable
side phase of silicon nitride in a- and B-modifications
is present in considerable amounts (up to 22.1 and
15.2 wt. %, respectively). Third, there is a noticeable
amount (from 4.1 to 9.8 wt. %) of an unwanted water-
insoluble impurity, the cryolite salt Na,AlF .

In this context, the aim of this study was to bring
the experimental composition of the target highly dis-
persed AIN and SiC powder mixture closer to the theo-
retical composition according to the stoichiometric
equations of azide SHS Technology by adjusting
the composition of the initial reagents and the condi-
tions of the azide SHS process. Primarily, it is essential
to significantly increase the content of the SiC carbide
phase in the azide SHS product. Several approaches
are known [38] to promote the formation of SiC during
the combustion of a silicon and carbon black powder
mixture via the weakly exothermic reaction
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(11) Si + 4Al + NaN, + NH,F + C

:I- o . ’ " - 1 um
1 —

(12) Si + 2A1 + NaN, + NH,F + C

(14) 2Si + Al + NaN, + NH,F +2C

(15) 4Si + Al + NaN, + NH,F + 4C

Fig. 1. SEM images of combustion products of charges with NH4F according to equations (11)—(15)

Puc. 1. MuxpoctpykTypa npoaykros ropenus muxt ¢ NH,F B cootsercTBuu ¢ ypasnerusmu (11)—(15)

Si+C — SiC: (16)

— preheating the charge;
— applying an electric field;
— mechanical activation of the charge;

— conducting combustion in a gaseous nitrogen or
air atmosphere;

— chemical activation with catalytic powder additi-
ves.

Most of these approaches can lead to submicron or
even nanoscale SiC powders in the combustion mode.
In this study, the simplest approach was chosen — using
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the most effective catalytic additive, powdered poly-
tetrafluoroethylene (PTFE) [39; 40].

In the first study on this topic, the chemical transfor-
mation mechanism and combustion modes in the sili-
con—carbon—PTFE system were investigated, depending
on the ratios of the starting components, the pressure
of'the inert atmosphere, ignition source temperature, and
sample diameter [39]. Subsequently, combustion in this
system was studied in a nitrogen atmosphere at varying
pressures to produce SHS composite ceramic powders
of Si,N,—SiC and silicon carbide [41]. It was found that
without PTFE, the synthesized Si;N,~SiC composites
contained between 5 and 60 wt. % SiC, whereas the use
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Table 1. Theoretical and experimental phase composition of washed solid products of azide SHS

Tabnuya 1. Teopernyeckuii U 3KCIIePUMEHTAIbHBIN (a30Bble COCTaBbI IPOMBITHIX TBePAbIX NPOAYKTOB a3ugHoro CBC

Content, wt. %
React.ion GINEE Theoretical Experimental
equation (mol)
AIN | SiC | AN | SiC |aSiN, | BSiN, | NaAIF,
xSi—yAl-NaN,~(NH,),SiF ~(x + 1)C
1) 4:1 80.4 19.6 69.3 8.5 8.0 7.0 7.2
2) 2:1 67.2 32.8 54.6 10.3 13.2 12.1 9.8
3) 1:1 50.6 49.4 38.0 19.2 22.1 13.2 7.5
@) 1:2 33.8 66.2 29.9 28.0 21.4 14.0 6.7
%) 1:4 20.4 79.6 18.5 42.1 19.6 15.2 4.6
xSi—yAl-NaN,~AlF,—~xC
(6) 4:1 80.4 19.6 73.6 8.2 5.7 8.4 4.1
@) 2:1 67.2 32.8 58.0 17.9 11.2 7.4 5.5
®) 1:1 50.6 49.4 47.0 24.6 13.0 9.1 6.3
) 1:2 33.8 66.2 239 34.8 19.7 15.0 6.6
(10) 1:4 20.4 79.6 13.5 47.2 214 12.6 53
xSi—yAl-NaN,-NH,F-xC
(11) 4:1 80.4 19.6 72.5 7.9 8.2 7.1 43
(12) 2:1 67.2 32.8 64.0 12.9 9.6 8.5 5.0
(13) 1:1 50.6 49.4 39.0 25.0 18.1 11.9 6.0
(14) 1:2 33.8 66.2 25.4 33.5 21.2 13.6 6.3
(15) 1:4 20.4 79.6 14.4 46.2 21.9 12.3 52
of an activating additive at 5-15 wt. % increased the SiC 2SiF,(g) + 2SiF,(g) — 2.5SiF (g) + 1.5Si(1), (19)
content to 100 %. Study [42] demonstrated that partially
replacing carbon with PTFE led to complete carbidizing Si(l) + C(s) — SiC(s). (20)

in the reaction Si+0.9C +0.05C,F, = SiC + 0.1F, in
a nitrogen atmosphere at 3 MPa, producing SiC partic-
les with an average size of around 200 nm. Study [43]
showed that PTFE can be used not only as an activating
additive but also as a carbidizing reagent when fully
replacing technical carbon during combustion of a bulk
Si + PTFE mixture in gaseous argon at 0.5 MPa, resul-
ting in the synthesis of silicon carbide in the form
of fibers with diameters of 100—500 nm and equiaxed
particles of 0.5-3.0 um, which aggregate into clusters.
However, the yield of SiC synthesis was very low: only
about 10 % of the total charge mass reacted to form
fibrous SiC, with the remainder consisting of unreacted
carbon and silicon [43].

The reactions for silicon carbide formation invol-
ving polytetrafluoroethylene (-C,F,~) can be repre-
sented as follows [43; 44]:

2(-CF), — CF(g) +2CFy(g) + C(s),  (17)
4Si(1) + 2CF,(g) + 2CF,(g) —
— SiF,(g) + 2SiF,(g) + SiF,(g) + 4C(s),  (18)

The first stage (17) involves the exothermic decom-
position of PTFE in the preheating zone into gaseous
fluorides and solid carbon particles. The intermediate
stages (18) and (19) represent interactions between
the gaseous fluorides with each other and with mol-
ten silicon particles, while the final stage (20) depicts
the reaction between silicon and carbon particles
(both the original carbon in the form of carbon black
and the carbon generated from PTFE decomposition)
to form the target silicon carbide. The completion
of all stages results in the formation of highly dis-
persed SiC, whereas only the first stage yields gaseous
fluorides and carbon black particles [43]. Combustion
involving PTFE occurs at a high rate with intense gas
release, which may cause dispersion of the charge
components, preventing the silicon and carbon par-
ticles from reacting with each other, a reaction that is
unlikely to proceed in the gas phase [43]. Therefore,
a PTFE-containing charge should be in a pressed,
rather than bulk, form, as a briquette with a diame-
ter of at least 30 mm, and combusted under excess
gas pressure in the SHS reactor to prevent PTFE
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decomposition products from escaping the reaction
zone [39; 42-44].

In the present study, these findings were used
to increase the SiC phase content in the target compo-
sition of highly dispersed AIN-SiC powders produced
via azide SHS technology with PTFE, aiming to bring
the experimental composition of the target highly dis-
persed AIN and SiC powders closer to the theoretical
composition in accordance with the stoichiometric
equations of azide SHS.

Research methodology

In the study of AIN-SiC composition synthesis pro-
cesses using azide SHS technology with PTFE, the fol-
lowing initial charge components were used (here and
throughout: wt. %):

— silicon powder, grade Kr00 (main substance con-
tent > 99.9 %, average particle size d = 40 pm);

—aluminum powder, grade PA-4 (>98.0%, d=
=100 pum);

— sodium azide powder, analytical grade (> 98.71 %,
d =100 um);

— polytetrafluoroethylene (PTFE), grade PN-40
(=299.0 %, d =40 um);

— technical carbon black, grade P701 (> 88.0 %,
d =70 nm, in the form of agglomerates up to 1 pum).

PTFE was used as an activating and carbidizing
additive, partially replacing technical carbon black.
Based on the findings from studies [39;41;42],
a carbidizing mixture of technical carbon and PTFE
of various compositions was used to carbidize silicon,
equivalent to 1 mole of carbidizing carbon:

0.9C +0.05C,F,, (4)
0.8C +0.1C,F,, (B)
0.7C +0.15C,F,. (€)

These mixtures correspond to PTFE concentrations
of 5 to 15 %, necessary for obtaining pure SiC through
reaction (16) and achieving an increased SiC content
in composites with silicon nitride [41]. Sodium azide
(NaN;) was added to the charge in an amount sufficient
to neutralize the fluorine released during the complete
decomposition of PTFE, binding it into the water-
soluble compound NaF, which can be easily removed
from the azide SHS product by washing with water.
As a result, the stoichiometric equations of the azide
SHS for AIN-SiC powder compositions with 5 molar
ratios of target phases AIN:SiC =4:1, 2:1, 1:1, 1:2 and
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1:4 using carbidizing mixture (4) with PTFE under
combustion in gaseous nitrogen are as follows:

4AL+ Si+0.9C + 0.05C,F, +
+0.2NaN, + 1.7N, = 4AIN + SiC + 0.2NaF, (21)
2A1+ Si+0.9C + 0.05C,F, +
+0.2NaN, + 0.7N, = 2AIN + SiC + 0.2NaF, (22)
AL+Si+0.9C +0.05C,F, +
+0.2NaN, + 0.2N, = AIN + SiC + 0.2NaF, (23)
AL+28i + 1.8C +0.1C,F, + 0.4NaN, =
= AIN + 2SiC + 0.4NaF + 0.2N,, (24)
Al+48i +3.6C +0.2C,F, + 0.8NaN, =
= AIN + 4SiC + 0.8NaF + 0.7N,. (25)

To achieve an AIN-SiC composition with the maxi-
mum silicon carbide phase content (AIN:SiC = 1:4)
carbidizing mixtures (B) and (C) with an increased
PTFE content were also used:

Al+4Si+3.2C+0.4C,F, + 1.6NaN, =

= AIN +48iC + 1.6NaF + 1.9N,, (26)
Al +4Si+2.8C+0.6C,F, +2.4NaN, =
= AIN +48iC + 2.4NaF + 3.1N,. (27)

The initial reagent mixtures (charges) from equations
(21)—(27), with an average mass of 22 g, were burned
in a 4.5 L azide SHS reactor under a nitrogen gas pres-
sure of 3 MPa, both in bulk form in a tracing paper cup
with a diameter of 30 mm and height of 45 mm, and as
briquettes pressed at a pressure of 7 MPa with a diameter
of 30 mm and an average height of 22 mm. Combustion
was initiated with an electric tungsten coil. The maximum
gas pressure generated in the reactor during combustion
was recorded using a manometer, and the maximum
combustion temperature was measured with a tungsten-
rhenium thermocouple of 200 um in diameter, inserted
into the charge. The cooled combustion product was
removed from the reactor, ground to a loose powder state
in a porcelain mortar and washed with water to remove
the by-product sodium fluoride (NaF).

The phase composition of the synthesized products
was determined using an ARL X’TRA powder X-ray
diffractometer (Thermo Fisher Scientific, Switzerland)
equipped with a copper anode X-ray tube. Diffraction
pattern analysis and quantitative phase composition
assessment were performed using the Rietveld method
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in the HighScore Plus software with the COD-2024
crystallographic database. The morphology and par-
ticle size of the synthesized compositions were exa-
mined using a JSM-6390A scanning electron micro-
scope (Jeol, Japan).

Results and discussion

The results of experimental determination
of the parameters for azide SHS of AIN-SiC powder
compositions according to equations (21)—(25) are
presented in Table 2. As the data indicate, combus-
tion of bulk mixtures occurs more intensively than that
of pressed mixtures, with higher maximum tempera-
tures and pressure spikes, accompanied by greater dis-
persion of the SHS reactants and products. The higher
the aluminum content in the charge, the greater
the combustion parameters (temperature and pressure);
however, at maximum aluminum content, the mass loss
of the product due to dispersion is offset by mass gain
from increased absorption of gaseous nitrogen during
aluminum nitride formation. Mass loss is highest in
the synthesis of AIN-SiC compositions with roughly
equal molar ratios, especially in the case of bulk mix-
tures. However, this loss decreases as the SiC content
in the combustion product increases, accompanied
by a reduction in combustion parameters

The X-ray diffraction (XRD) patterns of phase ana-
lysis of water-washed solid combustion products from
bulk and pressed mixtures are shown in Figs. 2 and 3,
respectively.

The data in Fig. 2 show that the XRD patterns
of water-washed combustion products from bulk char-

ges used for synthesizing AIN-SiC composites with
higher and equal molar content of the AIN phase, i.c.,
AIN:SiC =4:1, 2:1 and 1:1, contain strong reflections
only for the target phases AIN and SiC, along with weak
reflections from free silicon impurities. For the com-
bustion products with increased SiC phase content, i.e.,
AIN:SiC =1:2 and 1:4, in addition to the AIN, SiC,
and Si reflections, distinct peaks of the undesirable
by-product phase Si;N, appear, particularly noticeable
in the sample with the maximum SiC content. The XRD
patterns of combustion products from pressed charges
shows only the target phases AIN and SiC for four
ratios AIN:SiC =4:1, 2:1, 1:1 and 1:2 (with a Si impu-
rity for AIN:SiC = 2:1) and the appearance of an addi-
tional undesirable by-product phase, Si,N,, in one case,
AIN:SiC = 1:4, with maximum SiC content (Fig. 3).

Table 3 presents the results of quantitative analy-
sis of the XRD patterns, showing the quantitative
phase content in the washed combustion products
from charges (21)—(25) with carbidizing mixture (A4)
and minimal PTFE content, as well as for equa-
tions (26) and (27) to obtain an AIN-SiC composi-
tion with the maximum silicon carbide phase content
(AIN:SiC = 1:4) using mixtures (B) and (C) with
increased PTFE content. These experimental data are
compared with the theoretical results for the target
phases AIN and SiC content in the reaction products
according to stoichiometric equations (21)—(27).

Table 3 shows that, compared to the azide SHS
products without PTFE presented in Table 1, the use
of equations (21)—(25) with the first carbidizing mix-
ture (4), containing minimal PTFE (0.9 +0.05C,F ),
led to several notable changes:

Table 2. Combustion parameters of initial powder mixtures for reactions (21)—(25)

Tabnmya 2. [lapamMeTpsl TOpeHNsT HCXOAHBIX MOPOIIKOBBIX cMeceil peakuuii (21)—(25)

React.ion il o cl\f;)];ilr;slgﬁl Maximum Yield of solid | Mass
equation | pressure, MPa | products, g loss, %
Bulk initial powder mixtures

21) 4A1+Si+0.9C +0.05C,F, + 0.2NaN, 3270 4.38 26.18 0.38
(22) 2A1+8Si+0.9C +0.05C,F, + 0.2NaN, 3270 4.20 25.07 0.23
(23) Al+Si+0.9C+0.05C,F, + 0.2NaN, 2870 4.14 17.76 26.27
(24) Al+2Si+1.8C+0.1C,F, + 0.4NaN, 2790 4.19 14.26 38.90
(25) Al +48i+3.6C + 0.2C,F, + 0.8NaN, 2620 4.09 15.99 26.68

Pressed mixtures
(21) 4A1+Si+0.9C + 0.05C,F, + 0.2NaN, 3180 3.89 26.25 0.11
(22) 2A1+8Si+0.9C +0.05C,F, + 0.2NaN, 3120 3.61 25.10 0.11
(23) Al+Si+0.9C+0.05C,F, + 0.2NaN, 2720 3.51 11.41 26.27
(24) Al+2Si+1.8C+0.1C,F, + 0.4NaN, 2690 3.81 20.61 11.69
(25) Al+48Si+3.6C +0.2C,F, + 0.8NaN, 2550 3.71 20.80 4.60
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Fig. 2. XRD patterns of combustion products from bulk charges (21)—(25)

Puc. 2. PentrenoBckue TudpakTorpaMMbl IIPOIYKTOB FOPEHHUsI HACBIMHBIX MHUXT (21)—(25)
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Fig. 3. XRD patterns of combustion products from pressed charges (21)—(25)

Puc. 3. PentrenoBckue qudpakTorpaMMbl IIPOIYKTOB FTOPEHUsI IPECCOBAaHHBIX HXT (21)—(25)
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— the undesirable, water-insoluble impurity of cryo-
lite salt Na,AlF, completely absent from the combus-
tion products of both bulk and pressed charges, which
represents a significant improvement;

— the presence of the undesirable Si;N, by-product
phase is eliminated or substantially reduced to 15 %
(observed in bulk charges with AIN:SiC ratios of 1:2
and 1:4, and in pressed charges with an AIN:SiC ratio
of 1:4);

— impurities of free silicon and carbon are reduced
or even absent, particularly in pressed charges, where
only 2 % free silicon was detected at an AIN:SiC ratio
of 2:1;

— the experimental content of the target phases AIN
and SiC for most ratios closely aligns with the theo-
retical content, especially in pressed charges, with
the exception of bulk charges at AIN:SiC ratios of 1:2
and 1:4 and pressed charges at an AIN:SiC ratio of 1:4.

At the same time, increasing the amount of PTFE in
carbidizing mixtures (B) and (C), along with a higher
proportion of sodium azide NaN, for fluorine neutra-
lization in equations (26) and (27), leads to the appea-
rance of the undesirable cryolite salt impurity Na,AlF
(from 4 to 8 %) in the combustion products of both

bulk and pressed charges. It also significantly increases
the content of the undesirable Si;N, by-product phase
and, consequently, substantially reduces the proportion
of the target phases AIN and SiC compared to their
theoretical content.

The microstructures of the washed powder combus-
tion products from bulk and pressed charges according
to the stoichiometric reaction equations (21)—(25) are
shown in Figs. 4 and 5. These figures reveal a trend
of decreasing particle size in the combustion products
as the SiC content increases in the AIN-SiC powder
compositions, corresponding to the trend of decreasing
maximum combustion temperature as the SiC content in
the product rises (see Table 2). The powders are largest
at an AIN:SiC ratio of 4:1, with particles up to 5 um
for bulk charges and up to 2 um for pressed charges.
In other compositions with lower AIN content, the syn-
thesized powders are highly dispersed, consisting
of submicron equiaxed particles ranging from 100 nm
to 1 um and nanofibers with diameters of 50-500 nm
and lengths up to 5 um. As the SiC content in the pro-
duct increases, the proportion of the smallest equiaxed
particles, measuring 100-300 nm, also increases.
The AIN:SiC ratio of 1:4 composition, with the highest

Table 3. Theoretical and experimental phase composition of water-washed solid products
of azide SHS according to equations (21)—(27) for bulk and pressed charges

Tabnunya 3. TeopeTnueckuii U 3KCIePUMEHTAIbHBIN (a30Bble COCTABBI IPOMBITHIX TBEPAbIX POAYKTOB
azuanoro CBC cornacHo ypaBHeHUsiM (21)—(27) aJisi HACBIMHBIX H MPECCOBAHHBIX IIUXT

. . Content, wt. %
Eg;;?;? A(IE;SI;C Theoretical Experimental
AN | SiC | AIN | SiC | SiN, | Si | C |NaAlF,
Bulk charges
21 4:1 80.4 19.6 81.0 15.0 - 4.0 - -
(22) 2:1 67.2 32.8 62.0 36.0 - 2.0 - -
(23) 1:1 50.6 49.4 47.5 51.5 - 1.0 - -
(24) 1:2 33.8 66.2 20.0 65.0 15.0 - - -
(25) 1:4 20.4 79.6 33.7 49.5 15.9 - 0.9 -
(26) 1:4 20.4 79.6 6.1 46.4 36.5 3.0 4.0 4.0
27) 1:4 20.4 79.6 11.1 424 344 4.0 - 8.1
Pressed charges
21 4:1 80.4 19.6 80.0 20.0 - - - -
(22) 2:1 67.2 32.8 66.0 32.0 - 2.0 - -
(23) 1:1 50.6 49.4 51.0 49.0 - - - -
(24) 1:2 33.8 66.2 38.0 62.0 - - - -
(25) 1:4 20.4 79.6 18.0 67.0 15.0 - - -
(26) 1:4 20.4 79.6 19.0 46.4 27.6 3.0 4.0 7.0
(27) 1:4 20.4 79.6 17.0 42.4 31.6 4.0 - 5.0
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(21) 4A1 + Si + 0.9C + 0.05C,F, + 0.2NaN,

(22) 2A1 + Si + 0.9C + 0.05C,F, + 0.2NaN,

(25) Al +4Si + 3.6C + 0.2C,F, + 0.8NaN,

Fig. 4. SEM images of combustion products from bulk charges (21)—(25)

Puc. 4. MUKpOCTPYKTypa IPOIYKTOB FOPSHUS HACBITHEIX mmXT (21)—(25)

silicon carbide content, forms agglomerates of these
small particles.

Nanofibers are practically absent in compositions
with a high AIN content in the combustion products
of both bulk and pressed charges, as well as in compo-
sitions with a high SiC content in the combustion pro-
ducts of pressed charges. The highest presence of nano-
fibers is observed in compositions with an equal phase
content of AIN and SiC in the combustion products
of both types of charges, as well as in compositions
with a high SiC content in the combustion products
of bulk charges.

Conclusion

The results of this study indicate that incorporating
polytetrafluoroethylene (PTFE) in azide SHS techno-
logy has a highly positive impact on the production
of AIN-SiC ceramic powders. While the traditional
approach of azide SHS using sodium azide (NaN,)
as a nitriding agent and activating halide salt addi-
tives (NH,),SiF, AlF;, and NH,F enabled the produc-
tion of highly dispersed AIN-SiC powder composi-
tions with particle sizes below 1 um from a mixture
of elemental aluminum, silicon, and carbon pow-
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(25) Al +4Si +3.6C + 0.2C,F, + 0.8NaN,

Fig. 5. SEM images of combustion products from pressed charges (21)—(25)

Puc. 5. MUKpOCTpYKTypa IPOYyKTOB TOPEHUS MPECCOBAHHBIX MHXT (21)—(25)

ders — a clear advantage of this technology — the phase
composition of these compositions had significant
drawbacks. Ideally, the phase composition should
match the various targeted theoretical ratios of alumi-
num nitride and silicon carbide phases in accordance
with the initial stoichiometric equations. However,
the experimentally obtained target phases AIN and SiC
were substantially below the theoretical values, partic-
ularly for the SiC phase, whose quantity was, on ave-
rage, half of the theoretical amount. Additionally,
significant amounts of undesirable by-product phases,
including silicon nitride and the water-insoluble cryo-
lite salt Na,AlF, were present.

40

Introducing PTFE as an activating and carbidizing
additive, partially replacing carbon in the carbidizing
mixture 0.9C + 0.05C,F, during azide SHS, resolved
most of the traditional approach’s limitations across
various AIN and SiC target ratios.

This adjustment maintained the high dispersity
of the synthesized AIN-SiC powders while brin-
ging their phase composition — especially in pressed
charges — much closer to the theoretical target.
The SiC phase content also increased significantly,
and the unwanted by-products of silicon nitride and
the water-insoluble cryolite salt Na,AlF, were elimi-
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nated. However, for AIN-SiC compositions with
the highest relative SiC content, it was not possible
to completely avoid the formation of the silicon nitride
by-product phase.

10.
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Self-propagating high-temperature synthesis
of highly dispersed Si;N,-TiC composition
using sodium azide and various carbon sources
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Abstract. The main properties of the highly dispersed Si,N,~TiC composition are presented, demonstrating the potential for using nitride-
carbide composite materials across various industries. An in-situ process was employed to synthesize composite ceramics by chemi-
cally producing nitride and carbide nanoparticles directly within the composite volume. The study details the development of the tech-
nology for synthesizing the highly dispersed Si,N,~TiC composition using the azide SHS method during the combustion of mixtures
of Ti, C, and sodium azide (NaN,) powders with polytetrafluoroethylene (PTFE, (C,F,),) serving as an activating and carbiding addi-
tive. Thermodynamic calculations of these reactions showed that the adiabatic temperatures were sufficiently high to sustain a self-
propagating combustion mode. Experimental investigations into the microstructure and phase composition of the combustion products
are also presented. The synthesized compositions consist of highly dispersed equiaxed particles, which include a mixture of nanosized
(less than 100 nm) and submicron (100-500 nm) particles of titanium carbide and nitride, as well as silicon nitride fibers with diame-
ters of 50-200 nm and lengths of up to 5 um. The use of PTFE as a partial replacement for carbon in the mixture during azide SHS
eliminated, in most cases, the limitations of traditional approaches for achieving various ratios of target phases of Si,N, and TiC.
This enabled the synthesis of highly dispersed Si;N,~TiC powder compositions with a phase composition closely aligned with theo-
retical calculations. Thus, the application of the azide SHS method proved effective for obtaining highly dispersed ceramic powder
compositions, including Si,N,~TiC and Si;N,~TiN-TiC.

Keywords: silicon nitride, titanium carbide, composite ceramics, self-propagating high-temperature synthesis, sodium azide, poly-
tetrafluoroethylene, halide salts, combustion, composition
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BbICOKOTEMMepaTypPHbIM CUHTE3 BbICOKOAUCTEPCHOM
komnosuuum Si;N,-TiC ¢ ucnonbzosaHmem
asupa HaTpusa M pasfIMYHbIX UCTOYHUKOB yrnepopaa

10. B. TutoBa®, A. ®. fIky6oBa, I. C. benoBa

Camapckuii rocy1apcTBeHHbIH TEXHUYECKHiT YHUBEPCUTET,
Poccus, 443100, r. Camapa, yn. Momnonorsapaeiickasi, 244
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AHHoTauus. Vccrenosanbl OCHOBHbIE cBoiicTBa Kommosuiuu Si;N,~TiC, KOTOpble MOKa3bIBAIOT IEPCHEKTUBBI HCIIONb30BAHMUS

HUTPHHO-KapOUIHBIX KOMIO3HIIMOHHBIX MaTEPHAJIOB B PA3IMYHBIX OTPACIISAX POMBILIICHHOCTH. [IpUMEHeH in-situ pouece noiy-
YEHUSI KOMIO3MI[MOHHON KEePaMHKHU IyTEeM IPOBEACHUS XMMUYECKOTO CHHTE3a HUTPUIHBIX U KapOMJHBIX HAaHOYACTHIl B 00beMe
KOMIIO3MTa, TaK KaK M3BECTHO, YTO IOJIyYCHHbIC 3apaHee OYeHb MEJIKUE YACTHLbI PAa3INyuHbIX (a3 He MOTYT ObITh PABHOMEPHO
pacrpezieeHbl B 00beMe KOMIIO3HTa ITyTeM MEXaHHYeCKOTO CMEIIMBaHKs TOPOLIKOB (ex-situ nporecc). IIpeacraBieHs! pe3ylibTaThl
PasBUTHSA TEXHONOrUK nomydenus kommosuimu Si,N,~TiC metomom asunnoro CBC npu cxurannu cmeceit noporxos Ti, C, NaN,
C aKTUBHMpYOIIeH M KapOuausupyromei nobaskoit nomurerpadropstunena (C,F,) (IITDD). Pesynsrarsl TepMOTMHAMHYECKHX
pAcyeToOB TUX PEaKLHil MOKA3aJHM, YTO aJNadaTHYECKUE TEMIIePATyPbl JOCTATOYHO BBICOKH JUIS PEAIM3allii CaMOIO/IeP/KUBAIO-
merocs pexuma ropenust. [IpeacTaBieHbl SKCIIEPUMEHTANIBHBIC UCCIEI0BaHU MUKPOCTPYKTYPbI M (pa30BOro cocraBa MPOJYKTOB
ropernsi. CHHTE3UPOBAHHBIC KOMIIO3UIIUK COCTOST U3 BBICOKOJIMCIIEPCHBIX YACTHI] PABHOOCHOW (h)OPMBI, IIPEACTABISIONIMX COOOH
cMmech HaHopasMmepHbIx (MeHee 100 HM) u cyOMukpoHHBIX (0T 100 mo 500 HM) uyacTui KapOuIa M HUTPUAA TUTAHA, a TAKKe
BOJIOKOH HHUTpHIa KpeMHHA TuaMeTpoM oT 50-200 uM u amuHOo# 10 5 MkwM. IIpumenenune IITDD ¢ wactuuHol 3aMeHO yrie-
pona B cocrase cMeceid B a3uaHoM CBC 10o3BOIMIIO YCTPAHUTh B OOJBIIMHCTBE CIIy4aeB HEJOCTATKH TPaJUIMOHHOTO TTOAXO0AA UL
PasJIMYHBIX COOTHONIEHUH 1eneBbX (a3 Si,N, u TiC u cuHTe3UpOBaTh BBICOKOIUCIIEPCHBIE TTOPOIIKOBBIE Kommosuimuu SiN,~TiC
¢ (a30BBIM COCTaBOM, 3HAYUTENBHO O0JIee OIM3KUM K PACCUMTAHHOMY TEOPETHYECKOMY cOCTaBy. TakuM 00pa3oM, pacCMOTPEHHOE
npuMeHeHre MeTosa azuaHoro CBC mo3BoJIMIO MOJTyYMTh BHICOKOIMCIIEPCHBIC KOMIIO3UIMK KepamudeckuX nopomikos Si;N,~TiC

u Si,N,~TiN-TiC.

KnroueBble cnoBa: HUTpUI KPEMHUA, Kapﬁl/lﬂ TUTaHa, KOMIIO3UIIMOHHAA KEpaMUKa, CaMOpaCHpOCTpaHS{IOH.[PIfICH BLICOKOTeMHepaTypHBIﬁ
CHUHTE3, asu/l HaTpus, HOJ'II/ITeTpa(bTOpSTI/IJ'IeH, TraJIOUJHBIC COJIU, TOPEHUE, COCTaB

BnaropgapHocTy: Pabora BoimonHeHa npu GUHAHCOBO# moaepkke Poccuiickoro Hay4gnoro ¢onaa B pamkax mpoekra Ne 23-29-00680.

Ansa yntnposarHus: Turosa 10.B., SIkybosa A.®., benosa I.C. CamopacnpocTpaHsIOIINICS BHICOKOTEMIIEPATYPHbIH CHHTE3 BBICOKO-
nucniepcHoit komnosuiuu Si;N,~TiC ¢ HCcrosb30BaHMEM a3K/1a HATPUS M PA3IUYHBIX HCTOYHUKOB yriiepona. Mseecmus 6y3o06. Ilo-
pouwkogas memainnypeus u @ynuxyuonanshsie nokpoimus. 2024;18(6):44-55. https://doi.org/10.17073/1997-308X-2024-6-44-55

Introduction

Silicon nitride ceramics exhibit excellent mechani-
cal and thermal properties, making them an ideal mate-
rial for high-temperature applications such as aero-
space structural components and turbine engines [1].
Their microstructure after sintering resembles that
of composites reinforced with B-Si,N, whiskers, which
act as reinforcing elements [2—4]. Adequate fracture
toughness, high hardness, and good wear resistance
are critical characteristics for advanced ceramics,
which find applications in cutting tools and automo-
tive components such as cam rollers and ball bea-
rings in diesel engines [5—7]. Recently, silicon nitride
ceramics have attracted significant interest due to their
high mechanical properties, wear resistance, and cor-
rosion resistance [8—12]. Thermal shock resistance is
a key property for their high-temperature applications.
However, most studies on silicon nitride nanocompo-

sites focus on optimizing fracture toughness and flexu-
ral strength. To expand the application areas of silicon
nitride ceramics, improvements in shock resistance and
high-temperature creep resistance are essential [13].

Considerable efforts have been made to improve
the mechanical properties of Si,N, by controlling
the microstructure or creating various types of com-
posites. During the densification process, B-Si;N, fibers
significantly increase fracture toughness as cracks
interact with these large grains [14].

Tensile strength is widely recognized as one
of the most important factors for enhancing the ther-
mal stability of ceramics [15; 16]. Incorporating se-
cond-phase particles into a ceramic matrix can enhance
the mechanical properties of ceramics. Studies have
also shown that the addition of a secondary phase can
improve crack initiation and propagation resistance in
various ways [17-20]. For example, adding TiC par-
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ticles to a silicon nitride matrix enhances mechanical
performance, thermal shock behavior, and fatigue resis-
tance, with an optimal TiC content of 10 wt. % [13].
Other researchers [21-23] have also reported the influ-
ence of TiC particles on the Si;N, matrix.

Moreover, silicon nitride is extremely hard and
non-conductive, making machining with conventional
diamond tools challenging and costly, significantly
increasing the final cost of ceramic components.
Consequently, new electrically conductive composites
based on silicon nitride have been developed for more
cost-effective electrical discharge machining by incor-
porating certain amounts of electrically conductive
particles such as TiC, TiN, or TiCN into the ceramic
matrix [24; 25]. For instance, a Si;N, + TiN composite
with critical TiN content can be machined using inex-
pensive electrical discharge machining [26].

A Si;N,~TiC nanocomposite with high mechani-
cal properties was obtained by hot pressing with
the addition of 10 wt. % nanosized Si,N, particles and
15 wt. % TiC to a submicron Si;N, matrix, using Al,O;
and Y,0, as sintering aids. Layered composites dem-
onstrated high strength, fracture toughness, and wear
resistance due to the presence of compressive sur-
face stresses in the layers. A ceramic nanocomposite
Si;N,~TiC was fabricated using a Si,N, micro-matrix
with nanosized Si;N, and TiC particles. Cutting tools
made from this ceramic exhibited better wear resistance
than those made from sialon. Wear occurred mainly
through abrasion and adhesion, whereas sialon cutting
tools predominantly experienced abrasion, adhesion,
thermal cracking, and delamination [27; 28].

The addition of secondary phases, namely the pro-
duction of composites with ceramic matrices, offers
many significant advantages, such as improved fracture
toughness compared to unreinforced ceramics [29; 30].
Moreover, recent studies have shown that in-situ phase
formation provides additional opportunities com-
pared to composites produced using traditional ex-sifu
methods. The main advantages of in-situ manufactur-
ing methods include enhanced mechanical properties,
the ability to achieve unique microstructures, process
simplicity, and inexpensive raw materials [27].

One promising in-situ technology is the self-prop-
agating high-temperature synthesis (SHS) process,
which enables the production of a wide range of refrac-
tory compounds, including nitrides and carbides, by uti-
lizing the heat released during combustion in simple,
compact equipment with short processing times [30].

To produce highly dispersed (d < 1 pm) Si,N,~TiC
powder compositions, the authors of this article inves-

tigated the use of azide synthesis, a variation of SHS
where sodium azide (NaN;) powder serves as the nitrid-
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ing agent, and various activating halide salts are used
alongside elemental reactants. This approach results in
relatively low combustion temperatures, the formation
of numerous intermediate vapor-gas reaction products,
and final by-products consisting of condensed and
gaseous phases. These by-products separate the target
powder particles and prevent their agglomeration into
larger particles.

The study summarizes the results of azide SHS syn-
thesis of Si;N,~TiC ceramic compositions with various
nitride-to-carbide phase ratios of Si;N,:TiC = 4:1, 2:1,
1:1, 1:2, and 1:4, according to the following stoichio-
metric equations, using halide salts such as Na,SiF,
and (NH,),SiF [33; 34].

Si-Ti-NaN,-Na,SiF ,-C system

11Si + Ti + 4NaN, + Na,SiF, + C =
= 4Si,N, + TiC + 6NaF, (1)

5Si + Ti + 4NaN, + Na,SiF, + C =
= 2Si,N, + TiC + 6NaF + 2N,, )

2Si + Ti + 4NaN, + Na,SiF, + C =
=Si,N, + TiC + 6NaF + 4N,, 3)

2Si + 2Ti + 4NaN, + Na,SiF, + 2C =
= Si;N, + 2TiC + 6NaF +4N,, (4)

2Si + 4Ti + 4NaN, + Na,SiF, + 4C =
= Si;N, + 4TiC + 6NaF + 4N, . (5)

Si-Ti-NaN,-(NH,),SiF ,-C system

11Si + Ti + 6NaN, + (NH,),SiF, + C =
=4Si)N, + TiC + 6NaF + 4H, +2N,, (6

58i+ Ti + 6NaN, + (NH,),SiF, + C =
= 2Si,N, + TiC + 6NaF + 4H, + 6N,, @)
2Si + Ti + 6NaN, + (NH,),SiF, + C =
= Si,N, + TiC + 6NaF + 4H, + 8N,, 3
2Si+ 2Ti + 6NaN, + (NH,),SiF, +2C =
= Si,N, + 2TiC + 6NaF + 4H, + 8N,, ©)

2Si + 4Ti + 6NaN, + (NH,)2SiF, + 4C =

=Si,N, + 4TiC + 6NaF + 4H,+8N,.  (10)

In these stoichiometric reactions, the composition
of the reaction products is expressed in moles. When
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converted to weight percent (wt. %), the following
ratios are obtained for the expected theoretical com-
position of the target Si,N,~TiC compositions after
the removal of the water-soluble byproduct salt, NaF,
from the condensed reaction products:

(1), (6)  4Si,N, + TiC = 90.4 % Si,N, + 9.6 % TiC,
(2),(7)  2Si,N, + TiC = 82.4 % Si,N, + 17.6 % TiC,
(3),(8)  Si,N,+ TiC =70.1 % Si,N, +29.9 % TiC,
(4), (9)  Si,N, + 2TiC = 53.9 % Si,N, + 46.1 % TiC,

(5), (10) Si;N, +4TiC =36.9 % Si,N, + 63.1 % TiC.

The results of the phase composition analysis
of the washed solid combustion products from reac-
tions (1)—(10), determined experimentally, are pre-
sented in Table 1. In most cases, the products consist
of a highly dispersed powder with a complex compo-
sition, appearing as submicron equiaxed particles ran-
ging in size from 100 nm to 1 pm (Fig. 1).

From the data in Table 1, it is evident that the expe-
rimental phase composition of the products from azide
SHS differs significantly from the expected theoreti-
cal composition of Si,N,~TiC powder compositions.
The content of the target carbide phase TiC is signifi-
cantly lower than its theoretical value (ranging from 2.7
to 19.9 %), the amount of Si,N, is excessive, and an
undesirable secondary phase, titanium nitride, is pre-
sent (ranging from 1.9 to 19.2 %). These results can be
attributed to the fact that very fine and lightweight par-
ticles of technical carbon may be partially or completely
removed from the burning, highly porous bulk charge

sample by gases released during the decomposition
of'sodium azide and halide salts, preventing their partici-
pation in the formation of titanium carbide. As a result,
silicon nitride forms in larger quantities, and titanium
nitride forms due to an excess of nitrogen (since com-
bustion in a nitrogen atmosphere is essential for in-situ
nitride formation in SHS compositions), while tita-
nium carbide forms in smaller amounts than predicted
by the initial stoichiometric reaction equations and ther-
modynamic calculations. Additionally, the synthesized
compositions may contain impurities of unreacted free
silicon (up to 1.9 %) or carbon (up to 1.5 %).

To address these shortcomings, several directions
for further research on applying the SHS process
to produce highly dispersed Si;N,~TiC compositions
can be pursued. The simplest approach is to use poly-
tetrafluoroethylene (PTFE (C,F,),) as an activating
and carbon-containing additive in the charge, promo-
ting the formation of TiC, as successfully demonstrated
in previous studies [35; 36].

In this context, the aim of the present study was
to maximize the convergence of the theoretical and
experimental compositions of the Si,N,~TiC powder
composition by modifying the initial reactant compo-
sition with full or partial replacement of carbon with
PTFE and optimizing the conditions of the azide SHS
process.

Research methodology

To synthesize the target Si;N,~TiC composition
with phase molar ratios ranging from 2:1 to 1:4, chemi-
cal reaction equations involving full (11)—(14) and
partial (15), (16) substitution of carbon with polytetra-
fluoroethylene (PTFE) were used:

Table 1. Experimental phase composition of washed solid products from azide SHS

Ta6bnumya 1. DxkcnepuMeHTAIbHBIN (Pa30BbIi COCTAB NPOMBITBHIX TBePABIX NPOAYKTOB a3uaHoro CBC

) Si.N :TiC Content, wt. %
Equation N - - - - -
(mo) | oSiN, | p-SiN,| TN | TiC | C | i
Si-Ti-NaN,-Na,SiF ~ C system

@) 4:1 51.2 34.8 7.9 6.1 - -
2) 2:1 43.2 29.8 18.9 8.1 - -
3) 1:1 55.7 29.2 1.9 11.3 - 1.9
“4) 1:2 51.6 203 2.3 153 1.5 -
5 1:4 48.6 27.6 4.0 19.9 0.8 -
(6) 4:1 65.5 25.0 5.0 2.7 - 1.8
@) 2:1 60.8 24.0 5.1 9.3 - 0.7
(8) 1:1 48.6 27.6 19.2 4.7 - -
) 1:2 43.2 29.8 18.9 8.1 - -
(10) 1:4 43.0 21.1 16.1 8.9 - -
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(2) 5Si + Ti +4NaN; + Na,SiF, + C

(9) 28i + 2Ti + 6NaN; + (NH,),SiF, + 2C (10) 2Si + 4Ti + 6NaN, + (NH,),SiF, + 4C
Fig. 1. Microstructure of combustion products from charges according to equations (1)—(10)

Puc. 1. MukpocTpyKTypa MpoayKTOB TOPEHHS ILIHXT B COOTBETCTBUH ¢ ypaBHeHUs MU (1)—(10)
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12Si + 2Ti + 4NaN, + C,F, + 3.25N, =

=4Si,N, + 2TiC + 4NaF + 1.25N,,  (11)
6Si + 2Ti + 4NaN, + C,F, =
=2Si,N, + 2TiC + 4NaF + 2N, (12)
3Si + 2Ti + 4NaN, + C,F, =
= Si;N, + 2TiC + 4NaF + 4N, (13)
3Si + 4Ti + 8NaN, + 2C,F, =
= Si,N, + 4TiC + 8NaF + 10N, (14)
3Si+ 2Ti + 0.32NaN, + 1.84C + 0.08C,F, +
+1.52N, = Si,N, + 2TiC + 0.32Na,  (15)
3Si + 4Ti + 0.64NaN, + 3.68C + 0.16C,F, +
+1.04N, = Si,N, + 4TiC + 0.64NaF.  (16)

To achieve the Si;N,~TiC composition with the maxi-
mum titanium carbide phase content (Si,N,:TiC = 1:4),
carbiding mixtures with increased PTFE content were
also used:

3Si+4Ti+ 0.8NaN, +3.6C + 0.2C,F, +

+0.8N, = Si;N, + 4TiC + 0.8NaF, (17)
3Si+4Ti + 1.6NaN, +3.2C + 0.4C,F, =

= Si,N, + 4TiC + 1.6NaF + 0.4N,, (18)
3Si +4Ti + 2.4NaN, +2.8C + 0.6C,F, =

= Si,N, + 4TiC + 2.4NaF + 1.6N,. (19)

Thermodynamic calculations were conducted using
the Thermo software [37] to predict the feasibility
of combustion reactions by determining thermal effects
(enthalpies), adiabatic temperatures, and the composi-
tions of synthesis products.

The following raw materials were used in the
experiments:

— silicon powder, grade Kr0 (main substance con-
tent >98.8 wt. %, average particle size d = 5 pm;

—titanium powder, grade PTOM-1 (98.0 wt. %,
d =30 pm);

—sodium azide powder,
(>98.71 wt. %, d = 100 um);

— carbonblack, grade P701 (>99.7 wt. %,d = 70 nm,
agglomerates up to 1 um);

— polytetrafluoroethylene, grade PN-40 (>99.0 %,
d =40 pm).

analytical  grade

Combustion of the starting reactant mixtures
(charge) with a bulk relative density of 0.4 was con-
ducted in a paper crucible with a diameter of 30 mm
and a height of 45 mm. The experiments were per-
formed in a laboratory SHS-Az reactor with a volume
of 4.5 L, equipped with two thermocouples, under
a nitrogen pressure of 4 MPa. The thermocouples were
used to measure combustion temperatures and calculate
the combustion rate. The pressure variation in the reac-
tor during the combustion process was monitored with
a pressure gauge.

The synthesized product was weighed and com-
pared to the theoretical yield calculated from reactions
(11)—(19). The combustion product was washed with
water to remove water-soluble impurities, and the pH
of the wash water was measured to assess the pre-
sence of free sodium in the combustion product and
the completeness of the chemical reaction. The phase
composition of the synthesized combustion products
was determined using an automated ARL X’trA X-ray
diffractometer (Thermo Scientific, Switzerland). Cuk
radiation was employed with continuous scanning
over the angular range of 26 = 20-80° at a scan rate
of 2°/min. The resulting spectra were processed using
the WinXRD software package. The surface topo-
graphy and powder particle morphology were exami-
ned using a JSM-6390A scanning electron microscope
(Jeol, Japan) equipped with a Jeol JED-2200 energy-
dispersive spectroscopy attachment.

Results and discussion

The results of thermodynamic calculations for reac-
tions (11)—(19) performed using the Thermo software
are presented in Tables 2—4.

From the presented data, it is evident that all reac-
tions exhibit high adiabatic temperatures sufficient for
the realization of the SHS process in a combustion
mode. The reaction products contain all the phases
corresponding to the right-hand sides of equations
(11)—(19), including the target phases of silicon nitride
(Si;N,) and titanium carbide (TiC), the water-soluble
byproduct salt NaF, and minor impurities of free sili-
con (Si) and titanium (T1).

The results of the microstructural analysis
of the combustion products of the initial powder mix-
tures (charges) from reactions (11)—(19) after washing
with water to remove the byproduct salt NaF are shown
in Fig. 2.

As shown in Fig. 2, the combustion products
of charges from reactions (11)—(19) consist of highly
dispersed equiaxed particles, comprising a mix-
ture of nanosized (less than 100 nm) and submicron
(100-500 nm) particles of titanium carbide and tita-
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Table 2. Thermodynamic analysis results for reactions (11)-(14)
Ta6bnuya 2. Pe3yabTaTbl TEPMOIUHAMUYECKOT0 aHAIM3a peakuuii (11)—(14)
Reaction 7 T Combustion products composition, mol AH,
equation | "¢’ F(g) | Na(g) | Si(g) | Ny(g) | NaF(g) | NaF(l) | TiC(s) | Si,N,(s) | KkJ
(11) 3033 | 0.0314 | 0.0314 | 2.0400 | 2.6100 | 3.9686 - 2.0000 | 3.3200 | -5271
(12) 2984 | 0.0253 | 0.0253 | 1.0602 | 2.7068 | 3.9747 - 2.0000 | 1.6466 | —3695
(13) 2893 | 0.0196 | 0.0196 | 0.3998 | 4.2666 | 3.9804 — 2.0000 | 0.8667 | —2908
(14) 2810 | 0.0284 | 0.0284 | 0.3246 | 10.2164 | 7.3922 | 0.5794 | 4.0000 | 0.8918 | —5027
Table 3. Thermodynamic analysis results for reactions (15), (16)
Tabnumya 3. Pe3yabTaTsl TEpMOAMHAMUYECKOr0 aHaau3a peakuuii (15), (16)
Reaction o5 Combustion products composition, mol AH,
equation o F(g) | Na(g) | Ny(g) | Si(g | Ti(g) | NaF(g) | TiC(s) | Si;N,(s) kJ
(15) 3702 | 0.0117 | 0.0117 | 0.0074 | 0.0056 | 0.0002 | 0.3083 | 1.9998 0.9981 —1342
(16) 3380 | 0.0108 | 0.0108 | 0.0025 | 0.0019 | 0.0023 | 0.6292 | 3.9999 0.9994 —1896
Table 4. Results of thermodynamic analysis of reactions (17)—(19)
Ta6nuuya 4. Pe3yabTaThbl TePMOIUHAMHYECKOT0 aHan3a peakuuii (17)—(19)
Reaction T K Combustion products composition, mol AH,
equation | "¢’ F(g) | Na(g) | Ny(g) | Si(g) | NaF(g) | TiC(l) | TiC(s) | Si;N,(s) | kJ
(17) 3426 | 0.0199 | 0.0199 - 0.6002 | 0.7801 | 3.9999 - 0.7999 | —1964
(18) 2271 | 0.0114 | 0.0114 | 0.8959 | 0.7438 | 1.5886 — 4.0000 | 0.7521 -2304
(19) 2937 | 0.0157 | 0.0157 | 2.0485 | 0.6728 | 2.3843 - 4.0000 | 0.7757 | —2645

nium nitride, as well as silicon nitride fibers with dia-
meters of 50-200 nm and lengths of up to 5 pm.

The results of X-ray phase analysis for the washed
combustion products of systems with the maximum
titanium carbide phase content (Si,N,:TiC = 1:4) are
presented in Fig. 3.

The results of quantitative processing of the XRD
spectra presented in Fig. 3 are summarized in Table 5.
These results show the phase content in the washed
combustion products of charges with the maximum
titanium carbide phase fraction (Si;N,:TiC = 1:4)
under various conditions: full replacement of carbon
black with PTFE (reaction 14), carbiding mixtures with
minimal PTFE content (reaction 16), and carbiding
mixtures based on reactions (17)—(19) to synthesize
the Si;N,~TiC composition. The experimental data are
compared with theoretical phase compositions of tar-
get products Si;N, and TiC based on the stoichiometric
equations (11)—(19).

Fromthe datain Table 5, itis evident thatusing PTFE
as a carbon source for synthesizing nitride-carbide com-
positions via azide SHS is a promising research direc-
tion. A comparison of the experimental phase composi-

50

tions of combustion products from charges (11)—(14)
with theoretical values indicates that full replacement
of carbon black with PTFE is not advisable, although
the titanium carbide phase content increases compared
to azide SHS without PTFE. For example, the titanium
carbide content in the combustion products of charge
(5): 28i + 4Ti + 4NaN, + Na,SiF, + 4C with the maxi-
mum TiC content (Si,N,:TiC=1:4), is 19.9 wt. %.
With full replacement of carbon black by PTFE in
charge: 3Si + 4Ti + 8NaN, + 2C,F,) the titanium car-
bide content increases to 31.0 wt. %. However, partial
replacement of carbon black and its combined use with
PTFE as a carbon source allows the titanium carbide
content to reach 52.3 wt. % in the combustion pro-
ducts of charge (16): 3Si + 4Ti + 0.64NaN, + 3.68C +
+0.16C,F, + 1.04N,.

The best results were obtained using carbi-
ding mixtures with increased PTFE content accor-
ding to equations (17)—(19), where the TiC con-
tent in the experimental products ranged from
58.6 to 61.7 wt. %. Furthermore, the use of PTFE
reduced the content of the secondary phase, titanium
nitride, to 2.0—4.0 wt. % in the products of carbiding
mixtures (17)—(19).
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170.00 nm

94.34 nm

(17) 3Si + 4Ti + 0.8NaN, + 3.6C + 0.2C,F, + 0.8N, (18) 3Si + 4Ti + 1.6NaN, + 3.2C + 0.4C,F,

(19) 3Si + 4Ti + 2.4NaN, + 2.8C + 0.6C,F,

Fig. 2. Microstructure of combustion products from charges according to equations (11)—(19)

Puc. 2. MukpocTpyKTypa MpoAyKTOB TOPEHHS ILIKXT B COOTBETCTBUH ¢ ypaBHeHUs MU (11)—(19)

51



’OI'IM u ®r W3BECTUA BY30OB. [TOPOLIKOBAA METANNYPTUA U GYHKLLMOHANBHBIE MOKPbITUA. 2024;18(6):44-55
' usBECTA 8Y308 Tumoea F0.B., fikybosa A.®., benosa I.C. CamopacnpoCTPaHAIOLLMIACA BbICOKOTEMMNEPATYPHbIV CUHTES ...

(14) 3Si + 4Ti + 8NaN, + 2C,F,

100
® 03-065-0414: Titanium Nitride [Osbornite, syn]'NTi
B 01-074-3491: Silicon Nitride/Si,N,
2 80 + A 01-074-0554: Silicon Nitride [@a-Si,N,, trisilicon tetranitride]/Si,N,
) @ 00-002-0943: Titanium Carbide/TiC
=
S 60
<
o A
)
=40 |
17}
g A
= M
S 20
0 1 ‘ 1 1 I m H Lot Wbl U H i A
(16) 3Si + 4Ti + 0.64NaN, + 3.68C + 0.16C,F, + 1.04N,
200
e @ (01-074-3491: Silicon Nitride/Si,N,
W 03-065-0965: Titanium Nitride/NTi
160 | " A 00-003-0529: Silicon/Si
@ 01-076-0503: Silicon Nitride [Nierite, syn@a-Si,N,]-Si,N
¥ 00-06-0614: Titanium Carbide/TiC
120 |

Intensity, arb. units

(17) 3Si + 4Ti + 0.8NaN, + 3.6C + 0.2C,F, + 0.8N,

160
P @ 01-074-3491: Silicon Nitride/Si,N
. B 01-074-1219: Titanium Carbide [Khamrabaevite, syn]/TiC
R~ A 03-065-0965: Titanium Nitride:NTi
g 120 @ 01-074-3492: Silicon Nitride/Si,N
=
=
<
>
=
=
17}
=
Q
et
=
[Se=
(18) 3Si + 4Ti + 1.6NaN, + 3.2C + 0.4C,F,
160

@ 03-065-0965: Titanium Nitride/NTi

B 01-074-3491: Silicon Nitride/Si,N,
8 A 00-001-0787: Silicon/Si
E 120 + @ 00-006-0614: Titanium Carbide/Ti(
=
=
<
>
=
=
17}
=
Q
Pt
=)
[Se=

(19) 3Si + 4Ti + 2.4NaN, + 2.8C + 0.6C,F,

100
A ® 03-065-0965: Titanium Nitride/NTi
[ W 01-083-0700: Silicon Nitride [Nierite, syn@a-Si,N,J'Si.N,
80 4 A 01-074-3491: Silicon Nitride/Si,N,
@ 01-071-3770: Silicon [Silicon, syn}:Si
¥ 00-002-0943: Titanium Carbide/TiC

Intensity, arb. units

L
40 44 48 52 56 60 64 68

20, deg

Fig. 3. X-ray diffraction patterns of combustion products from charges (14), (16)—(19)

Puc. 3. PentrenoBckue nudpaktorpaMMel IpoaykToB ropenust muxr (14), (16)—(19)
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Table 5. Theoretical and experimental phase compositions of washed products
from azide SHS according to equations (11)—(19)

Tabnuya 5. TeopeTuyeckuii M IKCIIEPUMEHTAIbHBIN (pa3oBble COCTABBI MPOMBITHIX MPOAYKTOB
asuHoro CBC corntacno ypaBHenusim (11)—(19)

) ) ) Content, wt. %
}::l?acggg SI3(Nm4(;1];IC Theoretical Experimental
Si,N, | TiC | aSi,N,|p-Si,N,| TiC | TiN Si
(11) 2:1 82.4 17.6 62.0 17.0 12.0 9.0 -
(12) 1:1 70.1 29.9 52.0 20.0 23.0 5.0 -
(13) 1:2 53.9 46.1 53.0 14.0 27.0 6.0 -
(14) 1:4 36.9 63.1 42.0 7.0 31.0 10.0 -
(15) 1:2 53.9 46.1 26.6 14.1 44.1 52 -
(16) 1:4 36.9 63.1 27.8 10.0 523 9.9 -
17) 1:4 36.9 63.1 29.7 7.7 58.6 2.0 2.0
(18) 1:4 36.9 63.1 28.0 9.0 59.0 4.0 -
(19) 1:4 36.9 63.1 28.7 3.0 61.7 3.6 3.0
Conclusion ratios of target phases Si,N, and TiC. This allowed for

The presented results demonstrate that the SHS
technology can make a significant contribution
to the development of methods for producing highly
dispersed Si,N,~TiC nitride-carbide compositions.
The SHS process is attractive for its simplicity and
cost-effectiveness and is one of the promising in-situ
chemical methods for the direct synthesis of ceramic
powders within the desired composition from a mixture
of inexpensive starting reagents.

Traditional azide SHS using NaN, and gasifying
halide fluorides, such as Na,SiF, and (NH,),SiF, is
characterized by comparatively low combustion tem-
peratures, the formation of large amounts of interme-
diate vapor and gaseous reaction products, as well as
final byproduct condensed and gaseous products that
separate the target powder particles. This enabled
the synthesis of a highly dispersed (<1 um) Si;N,~TiC
powder composition, with Si;N, predominantly in
the a-modification phase during the combustion of all
studied mixtures.

However, in all cases of traditional azide SHS
application, the amount of TiC phase synthesized in
the experiments was significantly lower than expected.
Additionally, all synthesized compositions contained
the TiN phase, with its content exceeding that of tita-
nium carbide in mixtures without PTFE additives.
Furthermore, the synthesized compositions may include
impurities of unreacted free silicon (up to 3.0 wt. %).

The use of PTFE as an activating and carbiding
additive with partial replacement of carbon in the mix-
tures (15)—(19) in azide SHS eliminated, in most cases,
the shortcomings of the traditional approach for various

the synthesis of highly dispersed Si,N,~TiC powder
compositions with a phase composition significantly
closer to the calculated theoretical composition.
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The influence of porogen dispersion
on the structure and permeability
of highly porous material from nickel nanopowder

V. S. Shustov®, V. A. Zelensky, M. 1. Alymoyv,
A. B. Ankudinov, A. S. Ustyukhin

A.A. Baikov Institute of Metallurgy and Materials Science of the Russian Academy of Sciences
49 Leninskiy Prosp., Moscow 119334, Russia

&3 vshscience@mail.ru

Abstract. The study investigates the structure, porosity, and permeability of highly porous materials based on nickel nanopowders,
which were synthesized using ammonium carbonate as a porogen. The process of sample fabrication involves three technological
steps: preparation of the initial mixtures of metal nanopowder with a porogen, compaction of the green samples, and subsequent
sintering. The average particle size of the nickel powder was less than 100 nm. Ammonium carbonate powders with particle sizes
of 40-63, 100-160, 200-250, and 315-400 um, obtained by sieving, were selected for the experiments. The porogen’s volume
fraction in the initial mixtures with nickel nanopowder was 60, 80, 85, and 88 %, with a compaction pressure of 300 MPa.
The stages of sintering the nickel nanopowder were preceded by the removal of ammonium carbonate from the green sample
by heating it in an argon flow to 100 °C at a rate not exceeding 1 °C/min. The optimal sintering temperature and time for the nickel
nanopowder were determined to be 550 °C for 120 min. The research aimed to establish the influence of the porogen’s particle
size, its size distribution, and volume fraction on the material’s porosity and permeability. The results showed that increasing
the particle size and volume fraction of the porogen leads to higher porosity and permeability of the material. The maximum
permeability value achieved was 8.4-107'2 m? from a sample with 88.5 % porosity, produced using a porogen with a particle size
0f 315-400 pm. When using porogen powders with two different particle size ranges: 40-50 um and 315-400 pm (or 100-125 pm
and 315-400 um), the permeability was limited to values obtained from samples using only one of these fractions. In this case,
the permeability changed nonlinearly depending on the ratio of each fraction component.

Keywords: permeability, porous material, nanopowder, nickel, ammonium carbonate
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BnusHune gaucnepcHocTtu nopoobpasoBartens
Ha CTPYKTYPY ¥ NPOHULLaEeMOCTb BbICOKOMOPUCTOrO
MaTepuana M3 HaHOMOPOLLKa HUKens

B. C. IllyctoB®, B. A. 3enenckmit, M. V1. AnpimoB,
A. b. Aukypunos, A. C. Ycrioxun

HNHeTUTYT MeTaJLIypruu U MatepuajioBenenust uM. A.A. baiikoBa Poccuiickoii akazeMun Hayk
Poccust, 119334, . Mocksa, JIeHuHCKMid TIp-T, 49

&) vshscience@mail.ru

AHHOTauMﬂ. B pa60Te HCCIICAOBaHbl CTPYKTYpa, MOPHUCTOCTL U NMPOHULACMOCTb BbICOKOIIOPUCTBIX Mar€prajioB Ha OCHOBE HAHOIIO-

POILKOB HHKeJIsI, ITOJTyYSHHBIX C MCIIOIb30BaHMEM KapOOHAaTa aMMOHHS B KadecTBe rmopoobOpasosareins. [Ipomecc M3rotosieHHs
00pa31oB BKIIIOYAET TPU TEXHOJIOTNUECKHE OIEPALMU: IPUTOTOBICHHE HCXOIHBIX CMECeH HaHOIOPOIIKa MeTalla ¢ IIopoodpa3oBa-
TeJieM, IIPECCOBaHNE 3aroTOBOK M UX criekanue. CpefHuil pa3mMep 4acTHIl IIOpoIIKa HUKels coctaBisul Menee 100 um. [lns uccie-
JIOBaHUH BBIOpaHbI HOPOLIKK KapOOHaTa aMMOHHS ¢ YacTuiiamu pazmepom 40-63, 100-160, 200-250 un 315-400 MxM, HoJTy4eHHbIE
METO/IOM CHTOBOTO IpoceBa. OObeMHast 101l HOpooOpa3oBaTesisi B UCXOAHBIX CMECIX C HAHOIIOPOIIKOM HUKelst cocTasisuia 60, 80,
85 u 88 %, napnenue npeccoBanus — 300 MITa. Craauu criekaHUsI HAHOTIOPOIIIKA HUKEJIS MPEIICCTBOBANA CTAAMs YAAICHUS Kap0o-
HaTa aMMOHHS U3 MIPECCOBKU IIyTEM €€ HarpeBaHus B IOTOke aprona jao temmneparypbl 100 °C co ckopoCTbi0, HE MPEBBIIIAIONIEH
1 °C/muH. [{ns HAHOMOPOINKA HHUKEJsl YCTAHOBJCHBI pPAallMOHATBHBIC 3HAUCHUS TEMIICpaTypbl W BpeMeHH crekanus — 550 °C,
120 mun. MccnenoBaHue HalpaBIeHO Ha yCTaHOBJICHHE BIHMSHHS pa3Mepa 4acTHI[ I0pooOpa3oBareis, UX PaCIpEAesICHUs 110
pa3Mepy 1 ero 00bEMHOI 1011 Ha OPUCTOCTH ¥ IIPOHUIIAEMOCTh Marepuaia. [lonmydeHHbIe pe3yapTaThl HOKa3alH, YTO yBeJIHICHHE
pa3Mepa 4acTuil opooOpa3oBaresst ¥ ero 00bEMHOW JIONU MPUBOJIUT K MOBBIICHUIO TOPUCTOCTH ¥ MPOHHUIAEMOCTH MaTepuala.
MakcuManbHoe 3Ha9eHUEe JOCTUIHYTOM NPOHUIaeMoCcTH cocTaBmio 8,4-10712 M2 y o6pasua ¢ mopuctocTbio 88,5 %, moIy4eHHOro
¢ IpUMEHEHHEeM Iopoobpa3zoBaress ¢ pasmMepoM dacturl 315-400 mxm. [1pu HCIIOIB30BaHUH TOPOIIKOB IIOPOOOPA30BATENIS C YACTH-
LaMH cpasy JABYX pasMepHbIX auana3zoHoB: 40-50 u 315400 mxm (6o 100-125 u 315-400 MkM), IPOHUIIAEMOCTh OTPAaHUYUBA-
€TCsl 3HAUCHUSIMU, TTOJIyYSHHBIMH Ha 00pa3iax ¢ MPUMEHEHHEM MOPOIIKa TOIBKO OJJHOW M3 yKa3aHHbIX (pakiuil. [Ipu sToM npoHH-

HaeMOCTb MECHACTCs HEJIMHEHHO B 3aBUCUMOCTU OT COOTHOIICHUS Ka)KI[OfI COCTaBJISIOILCH (l)paKIII/II/I.

Knrouessbie cnoBa: MPpOHULIAEMOCTD, HOpHCTLIﬁ MaTrepuall, HaHOIIOPOIIOK, HUKEJIb, Kap60HaT AMMOHMUA
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Introduction

Porous materials are used in many industries.
The porous structure, typically regarded as a defect in
structural materials, provides unique properties that
can be utilized for specific purposes [1]. Highly porous
materials can be effectively used as electrodes [2], fil-
ters that separate impurity particles larger than the pore
size [3-5], and are often employed as thermal insula-
tors [6; 7]. Another application of porous materials
is in biocompatible implants [8]. The relatively high
internal surface area makes highly porous materials
excellent catalysts [9; 10].

Depending on the specific application and the re-
quired porous structure, various fabrication methods
can be employed to produce such materials, including
partial sintering, the use of temporary porogens, direct
foaming, and others. In the first case, the powder mate-
rial is sintered in such a way that pores remain between

the particles [11; 12]. This is due either to too low tem-
perature and duration of sintering or to the low den-
sity of the initial green sample. In the second method,
the added porogens decompose into volatile compo-
nents or are washed out of the material during its pro-
duction. The porous structure is controlled by appro-
priately selecting the porogenic substances. For
porous materials produced using dispersed porogens,
the shape and size of the pores depend on the shape
and size of the porogen particles, while porosity is
controlled by the quantitative content of the poro-
gen [13]. This methodology allows for higher poro-
sity values compared to the partial sintering technique.
The approaches applied to the fabrication of highly
porous materials from powders of various natures
with the addition of temporary porogens are seen
by the authors as promising, as they enable wide-rang-
ing control over porosity and pore size in the resulting
material.
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It is important to note that simply having a highly
porous structure is insufficient for certain applica-
tions. For filters and catalysts, it is necessary to cre-
ate a porous material with a high proportion of open
interconnected pores. This ensures good permeability,
an important property for ensuring the reliable operation
of the products in which they are used. Permeability is
defined as the coefficient that relates the pressure gra-
dient to the flow rate of the medium passing through
the sample. It depends on the porous structure and can
vary sharply with changes in the pore size distribution
or the spatial arrangement and shape of the pore chan-
nels [10; 14—17]. It should be noted that a high porosity
value does not always indicate good permeability.

In many studies where the authors create a porous
material and investigate its structure, insufficient
attention is paid to this parameter. However, some
researchers provide permeability data without a tho-
rough analysis of their relationship with the morpho-
logy of the porous space. Most studies focusing on per-
meability examine the flow of media through porous
structures governed by Darcy’s law or Forchheimer’s
law [18-25]. These laws are phenomenological and
do not contain any condition describing the influence
of the material’s microstructure. Therefore, resear-
chers face the pressing task of finding ways to accu-
rately assess permeability based on models developed
considering the material’s microstructure parame-
ters and allowing for predictions of permeability
levels [26; 27]. Existing models do not fully account
for all the features of the porous structures of modern
materials, and creating new models requires a signifi-
cant amount of experimental data on the relationship
between permeability and various structural charac-
teristics. Consequently, to better understand the pro-
cesses, experimental studies are necessary to iden-
tify the connection between the structural features
of the porous material and its permeability.

The aim of this work was to establish the influence
of the porogen particle size and its volume fraction on
the porosity and permeability of the nickel nanopowder
material produced through pressing and sintering.

Research methodology

Nickel nanopowder with an average particle size
of less than 100 nm, produced by wire explosion tech-
nology, was used as the starting material for the pro-
duction of porous samples. This powder contained
a small amount of larger spherical particles, up to 3 pm
in size, which is a characteristic and drawback of this
method for obtaining nanopowders. Ammonium car-
bonate (NH,),CO, powders were used as the porogen.
To study the influence of the volume fraction and dis-
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persion of the porogen on the structure and permeabi-
lity, ammonium carbonate powders with particle sizes
of d=40+63, 100160, 200+250, and 315+400 um
were selected.

To determine the effect of the particle size distribu-
tion of the porogen on the structure and permeability,
additional mixtures of the porogen were prepared, using
particles from two size ranges: 40—-50 and 315400 um,
as well as 100—125 and 315-400 pm. For simplicity,
these porogen powders will hereafter be referred to as
“bidisperse”. In each mixture, the amounts of both
fractions of the powders were varied in steps of 25 % —
from 100 % content of the powder with d = 40+50 pm
(or 100+125 pm) to 100 % content of the powder
with d = 315+400 pm.

The production of porous nickel materials consisted
of three technological operations: preparing the ini-
tial mixtures of nickel nanopowder with the porogen,
compacting the green samples, and sintering them.
The volume fraction of the porogen in the initial mix-
tures was 60, 80, 85, and 88 %, with a compaction
pressure of 300 MPa. The samples were produced
by uniaxial compaction on a hydraulic press (Knuth,
Germany) in a split mold with a diameter of 13.6 mm.
The height of the compacts before sintering was 10 mm.
To remove ammonium carbonate, the compacts were
heated in an argon flow to a temperature of 100 °C
at a rate not exceeding 1 °C/min. The optimal sinte-
ring temperature for the nickel nanopowder was deter-
mined to be 550 °C, with a sintering time of 120 min.
The heating rate to the sintering temperature did not
exceed 2 °C/min, which was necessary for the slow
removal of the decomposition products of the porogen.
Higher heating rates resulted in structural defects in
the samples, such as microcracks. The thermal treat-
ment of the samples was conducted in a tube furnace
(MTI GSL1500X, USA).

Porosity was measured using the hydrostatic weigh-
ing method, with a relative error not exceeding 0.6 %.
The permeability of the obtained porous nickel samples
was determined using a method based on Darcy’s law.
For this, while a liquid flowed through the sample,
the pressure drop across its ends and the flow rate
of the liquid — determined by the known volume
of liquid passing through the sample over a fixed
period — were recorded. The study was conducted
by passing distilled water under pressure at room tem-
perature. The pressure drop across the tested samples
varied from 0 to 0.02 MPa, with the value recorded
using a digital manometer (DM5002M, Manotomy
JSC, Russia) with an allowable measurement error
of 2:10° MPa. The relative error in the permeability
measurement did not exceed 10 %.
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Results and discussion

Fig. 1 presents the microstructure of the fracture
surfaces of samples with porosities of 79.3 and 88.5 %,
sintered in a hydrogen atmosphere at a temperature
of 550 °C. The volume fraction of the porogen in
the mixture from which these samples were pressed
was 80 and 88 %, respectively. Scanning electron
microscopy revealed that, due to the thermal decom-
position of the porogen, a pore structure was formed,
which can be considered a replica of the removed poro-
gen, with some modification in their shape and size as
a result of compaction and sintering. Due to the high
activity of the nanopowders, sintering was conducted
at a relatively low temperature, resulting in samples
with sufficient strength necessary for further investiga-
tion of their permeability.

In samples with an initial porogen content of 88 %,
a significant number of thin walls, with a thickness
of no more than 1-3 pm, were observed, featuring
“windows” formed at the points of contact between
porogen particles as well as from the escape of decom-
position products. The small amount of nickel powder

present in the framework of the highly porous mate-
rial apparently defined a “lace-like” structure in these
walls, characterized by numerous smaller holes or
voids compared to the windows. Moreover, the smaller
the porogen used, the more pronounced this structure
became.

The influence of the volume fraction of the porogen
and its dispersion on the porosity (P) and permeabi-
lity (K) of the sintered material was investigated. Fig. 2
presents the dependencies of the porosity of the sin-
tered material on the particle size (d) of the porogen for
samples in which the volume fraction of the porogen
was 65, 80, 85, and 88 %. It is evident that the value
of P increases with increasing values of d. When using
a porogen with d > 100 pm, the porosity of the sintered
material equals or exceeds the expected value, which is
equal to the volume fraction of the porogen in the ini-
tial mixture. For d =40+63 pm, the value of P was
lower than expected, except for samples with a poro-
gen volume fraction of 65 %. The closed porosity of all
materials did not exceed 1 %. The porogen (NH,),CO,
decomposes during sintering at temperatures below
100 °C. This leads to the release of pore space and

Fig. 1. SEM images of the fracture of nickel nanopowder samples obtained using a porogen
of 80 vol. % (a, b) and 88 vol. % (c, d), and particle sizes of 40—-63 pm (a, ¢) and 315-400 um (b, d)

Puc. 1. POM-u300paskeHust H3oMa 00pa3ioB U3 HAHOMOPOIIKA HUKEIsI, TIOJYYeHHBIX C MPUMEHEHHEM opoodpa3zoBaresst
obovemuoit goneit 80 % (a, b) u 88 % (c, d) n pazmepom uactun 40—63 MM (a, ¢) u 315400 mx™m (b, d)
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the formation of channels that connect the pores
to the free surface of the sample. The interconnection
of pores in such materials determines the high propor-
tion of open porosity and their permeability.

The dependence of permeability on the volume
fraction of the porogen and its dispersion was inves-
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Fig. 2. Diagrams showing the dependence
of the porosity of the sintered material on the particle size
of the porogen for samples with volume fractions
of 65 (a), 80 (b), 85 (¢), and 88 % (d)
The hatching indicates the volume fraction of the porogen
in the initial mixture

Puc. 2. [lnarpaMMbl 3aBUCHMOCTH TIOPHCTOCTH CIIEYEHHOTO
MaTepHaa oT pa3Mepa 4acTHI[ TopooOpa3oBaress
U1 00pasIoB, B KOTOPBIX 00BEMHas! OIS OCIEAHEr0
cocrtaBisna 65 (a), 80 (b), 85 (¢) u 88 % (d)

[ITpuxoBKoii ykazaHa oObeMHast 1015 TOPOOOpazoBaTes
B MCXO/IHOH cMecn
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tigated (Fig. 3). It was found that as the volume frac-
tion of the porogen increases, the permeability also
rises. Additionally, this increase is achieved through
the enlargement of the porogen particle size while
maintaining a constant volume fraction in the ini-
tial powder mixture. For example, with a porogen
content of 65 vol. %, the permeability (K, 107'?)
increases from 0.1 to 0.4 m? at 80 vol. %, it rises
from 1 to 2.9 m?, at 85 vol. %, from 1.8 to 4.6 m?, and
at 88 vol. %, from 3.9 to 8.4 m>.

Fig. 4 illustrates the dependence of permeability
on the porosity of the material for samples obtained
using porogen powder with particles of a specified size
range.

Using the compaction and sintering regimes
described above, samples were obtained from mixtures
of nickel nanopowder and bidisperse porogen, with
the latter fixed at 85 vol. %. Data from Fig. 5 show that
the samples contain pores corresponding to the sizes
of the particles of the porogen used — large pores from
particles with diameters of 315-400 um and small
pores from particles with diameters of 40-50 um
or 100-125 um (Fig. 5, a, b). No inhomogeneity
in the pore distribution within the volume of the samp-
les was detected.

It is noteworthy that in samples containing
the porogen with smaller particle sizes (40-50 um),
there was a greater number of windows on the sur-
faces of the larger pores. These windows are compa-
rable in size to the smaller porogen particles and were
likely formed due to their contact with the larger ones.
It can be hypothesized that a greater number of win-
dows will provide better permeability in this series
of samples, along with the high permeability achieved

9
8 -
7 -
vol. %
I 6 ~
g W 65
8 5 [ 80
S 4L MW 85
L M 88
M 3 -
2 -
1 -
0
40-63 100-160 200-250 315400
d, pm

Fig. 3. Diagram showing the dependence of the permeability
of the nickel nanopowder material on the volume fraction
of the porogen and its dispersion

Puc. 3. lnarpaMmma 3aBUCHMOCTH TIPOHHIIAEMOCTH MaTepHaa
W3 HAHOTIOPOIIIKA HUKEIISI OT 00BEMHO#T 10K OpO0Opa3zoBaress
U €ro JIUCTICPCHOCTH
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Fig. 4. Graph showing the dependence of the material’s
permeability on the total porosity for samples
obtained using porogens of varying dispersion

Puc. 4. I'paduk 3aBUCHMOCTH IIPOHUI[AEMOCTU MaTepHaia
OT 00IIei HOPUCTOCTH JUTsl 00pa3OB, MOIYYESHHBIX
¢ IPUMEHEHUEM ITopoodpa3zoBaTeneil pa3Hoil AUCIIePCHOCTH

by using porogen with particle sizes of 315400 pm.
However, according to the results of the study (Fig. 6),
the samples obtained from mixtures with smaller poro-

gen particles (40-50 um) exhibited lower permeabi-
lity compared to those using powders with diameters
of 100—125 pm. The content of larger porogen particles
(315-400 pm) ranging from 0 to 50 % did not lead
to a significant change in the value of K: for samples
made with porogen of 40-50 um, the permeability
was (1.3+0.1)- 10712 m?, while with 100-125 pum it was
(2.240.2)- 102 m?. Further increasing the proportion
of 315-400 um particles in the porogen resulted in
an increase in K to 4.6-10712 m?2,

Conclusions

As a result of the conducted studies on the struc-
ture and permeability of the obtained porous materials,
the following conclusions were established.

1. The permeability of highly porous materials made
from nickel nanopowders increases with both the volu-
me fraction of the porogen, ranging from 60 to 88 %,
and the particle size of the porogen. The maximum per-
meability achieved was 8.4-107'2 m? in a sample with
a porosity of 88.5 %.

Fig. 5. SEM images of the fracture of porous nickel nanopowder samples obtained using a bidisperse porogen
with particle sizes of 40—-50 and 315-400 um (@), and 100-125 and 315400 pum (b)

The volume ratio of porogen particles of both sizes in the samples was 50:50

Puc. 5. POM-n300paxeHus U3710Ma OPUCTBIX 00Pa3IOB M3 HAHOIOPOIIIKA HUKEIS, MOJTYYCHHBIX C TPUMCHEHHEM
oumucnepcHoro mopoodpasosarens ¢ pazmepom yactuil 40—50 u 315-400 mxMm (@) u 100—125 u 315400 mxwm (b)

O0beMHOE COOTHOLICHUE YaCTUI] TOPOOOpazoBaresst 000uX pazMepoB B 00pa3iax cocTasisiio 50:50
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K, 10" m’

0 25 50 75

100

Fraction of particles, vol. %

Fig. 6. Dependence of the permeability of samples obtained
using a bidisperse porogen on the volume fraction
of particles sized 315-400 um in the initial mixture containing
particles sized 40—50 pm (Z) and 100-125 pum (2)

Puc. 6. 3aBUCHMOCTb IIPOHMIIAEMOCTH 00Pa3I0B, HOJIYIEHHBIX
C MpUMEeHeHNeM OHIUCIIEPCHOTO II0pooOpa3oBaTes,
0T 00beMHOH 1011 ero yacTul pazmepoM 315-400 MM
B UCXOIHO# cMecH aucniepcHOCTh0 40—-50 MkM (1)
n 100-125 MM (2)

2. Using a bidisperse porogen facilitates smoother
regulation of the permeability in nickel nanopow-
der materials. As the proportion of larger particles
(315400 um) in the porogen powder increases,
the samples exhibit enhanced permeability. The lowest
permeability was recorded when only fine porogen
was used (e.g., with particle sizes of 40-50 um or
100-125 pm). When up to 50 vol. % of larger particles
is added, the permeability varies by approximately
10 %. A notable increase in permeability, reaching
4.6-10712m?, is observed at a 100 % volume fraction
of porogen particles sized 315400 pm in the initial
mixture.
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Abstract. The study focused on titanium-based alloys for medical applications, including commercially available grades VT1-0 and VTG,
and a newly developed alloy with the composition (wt. %): Ti-23Nb—5Zr. The surfaces of all samples underwent sandblasting using
six different sand fractions, mechanical grinding, polishing by tumbling, tumbling polishing, and, in the case of the Ti-Nb—Zr alloy,
electrolytic plasma polishing. The effects of surface treatment methods and the chemical composition of medical-grade titanium alloys
on surface roughness, microhardness, wettability, and interaction with mesenchymal stem cells (MSCs) was investigated. Surface
microhardness was measured using the micro-Vickers method with a diamond indenter under varying loads, while surface roughness
was determined using a contact profilometer. It was found that electrolytic plasma polishing enhanced both the microhardness and
roughness of the alloy compared to tumbling polishing. Wettability was characterized by the contact angle of deionized water, measured
using a specialized setup, with the droplet shape described by a 5-point ellipse model. All treated surfaces exhibited wettability;
the contact angle increased as surface roughness decreased. However, sandblasting with mixtures containing a wide particle size distri-
bution increased the contact angle due to the more complex surface relief. To evaluate the biological properties of implants made from
VT6, VT1-0, and Ti-23Nb-5Zr alloys after the described surface treatments, their effects on cell viability and the adhesive characte-
ristics of the materials were studied using a direct contact method with two types of mesenchymal stem cells. The newly developed
alloy, which potentially offers superior biomechanical compatibility compared to commercial materials, demonstrated no compromise
in surface characteristics or adverse effects on cell viability.

Keywords: titanium alloys, medical-grade alloys, surface microhardness, surface roughness, surface wettability, mesenchymal stem cells
(MSCs)
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AHHoTayums. B pabote uccieqoBaIMCh CIUIAaBbl HA OCHOBE THTaHA MEIUIIMHCKOTO Ha3Ha4YeHUs: komMmepueckue mapku BT1-0, BT6

U paspabarbiBacMblii cruiaB, Mac. %: Ti—23Nb—5Zr. [ToBepxHOCTH BceX 00pa3lioB MOABEPraIuch CTPYHHOH 00paboTKe ¢ MpUMEHe-
HHUEM 6 BUIOB Pa3iIMYHBIX (paKIMii Hecka, MeXaHU4eCKOi NITN(OBKE U MOJTUPOBKE METOLOM I'AJITOBKH, a TAKXKE, JJOMOJIHUTEIbHO,
3IIEKTPOIUTHO-TIA3MEHHON ITOIMPOBKE (IS ciutaBa cucTeMbl Ti-Nb—Zr). VcenenoBanocs BIUSHIE MeTO/[a TOBEPXHOCTHOH 00pa-
OOTKM THTAHOBBIX CIUIABOB MEAMIIMHCKOTO HA3HAYCHHUS ¥ X XMMHUECKOTO COCTaBa Ha IEPOXOBATOCTh, MUKPOTBEPOCTh, CMadHBae-
MOCTb IIOBEPXHOCTH U €€ B3aUMOJICHCTBHE C ME3CHXUMAJIbHBIMU CTBOJIOBBIMHU KJIETKaMHU. MHUKPOTBEPAOCTh IIOBEPXHOCTH OIIpe/ie-
JISIIACh MO CXeMe «MUKPO-BHKKepe» ¢ MprMEeHeHneM aaMa3HOTO HHASHTOPA MIPU Pa3IudIHON Harpyske. M3MepeHus mepoxoBaTtocTu
MOBEPXHOCTH IPOBOIMIIHCH C TOMOIIBIO0 KOHTAKTHOTO poduiomerpa. OTMEUIEHO, YTO HIEKTPOIUTHO-IIa3MEHHAS TOJIMPOBKA ITOBBI-
I1aeT MUKPOTBEPAOCTh M IEPOXOBATOCTh MOBEPXHOCTH CILIABA II0 CPABHEHHIO ¢ TanToBKOH. KpaeBoil yron cMaunBanust 00pasoB
JICMOHU3UPOBAHHOM BOIOW M3MEPSUICS MPH MOMOIIM CIELHAIbHOI ycTaHOBKH. [Ipu 3TOM (opma Karuid OnHMChIBajIach MOJEIBIO
SJUTUIICA 0 5 TOYKaM. YCTaHOBIIEHO, YTO BCE CO3AaHHBIE TOBEPXHOCTH CMAYMBAEMBI, YTOJI CMAYUBAHUS BO3PACTAET C MOHIKEHHEM
IIEPOXOBATOCTH MOBEPXHOCTH, OJJHAKO CTPyHHast 00pabOTKa CMECSIMH ¢ MIMPOKUM Pa3dpOCOM YacTHIL IO pa3Mepy HPUBOJHT K €T
MOBBIIICHUIO 33 CUET YCJIOKHEHUS perbeda MOBepXHOCTH. [J1s n3ydeHHs: OHOIOrHYecKnX CBOMCTB MMILIAHTATOB U3 ciuiaBoB BTO,
BT1-0 u Ti-23Nb—5Zr nociie yka3aHHbBIX BHOB HOBEPXHOCTHON 00pabOTKH, a TAKKe UX BIMSHHS HA BBDKUBAEMOCTh KIICTOK U ajire-
3UBHBIE XapaKTEPUCTUKH MaTEpPHATIOB MCIOIb30BAJICS METOA MPSMOTo KOHTaKTa C ABYMs THIIAMU ME3EHXHMAJbHBIX CTBOJOBBIX
KJIeToK. Pa3pabaTpIBaeMbli CIIJIaB, HOTEHINAIBHO 00IAIAIONIH JTydIel OOMEXaHIMYECKOI COBMECTUMOCTBIO, YeM KOMMEPUECKHE,
HE BBI3BAJI YXY/LICHHS ITOBEPXHOCTHBIX XapaKTEPUCTUK M OTPHLATEIILHO HE TOBIIHSI Ha )KU3HEACSTEIEHOCTD KIICTOK.
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metallic alloys (titanium, cobalt, stainless steels),
polymers, and ceramics. However, they exhibit certain
drawbacks, such as low strength and/or high elastic

Introduction

Biomaterials, designed for contact with the living

organism’s environment, are commonly used for man-
ufacturing implants. These materials ensure compa-
tibility with medical devices through a combination
of properties such as superelasticity, low Young’s
modulus, high corrosion resistance, and either bioiner-
tness or adhesiveness [1-3]. Typically, these include
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modulus, which ultimately lead to the degradation
of both the implants and surrounding tissues [4-—8].
Besides organizational factors (e.g., small-scale pro-
duction), the manufacturing of titanium-based pro-
ducts is constrained by technological challenges. One
such issue is the mechanical strength and fatigue pro-
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perties of titanium alloy blanks, which, however, can
be addressed by developing methods for surface struc-
ture modification and optimizing alloy composition.

Shape memory alloys, particularly those in the Ti—Ni
system, exhibit low Young’s modulus and superelastic
behavior, akin to that of living tissues [9—11]. However,
the toxic properties of nickel and the potential for cor-
rosion-related damage (material degradation in operat-
ing environments) limit their application [12—-14].

At the same time, modern research indicates
that shape memory and superelastic effects can also
be observed in alloys composed exclusively of non-
toxic metals [15-23]. For instance, tantalum [24] and
niobium [17; 25-27], which exhibit high corrosion
resistance and biocompatibility, can be employed as
B-stabilizers in titanium alloys, thereby contributing
to a reduction in the elastic modulus. In particular,
research [23] has demonstrated that the Ti—Nb-Ta
alloy has a lower elastic modulus and higher corro-
sion resistance compared to the Ti—-6Al-4V alloy.
Zirconium is typically used as a neutral strengthening
element [28-31]; however, as reported by the authors
of [20], it may also exhibit B-stabilizing effects in
B-titanium alloys. Furthermore, titanium and nio-
bium have similar atomic radii (0.145-0.146 nm),
whereas zirconium has a slightly larger atomic radius
(0.160 nm). Thus, alloying titanium with zirconium
is expected to increase the interatomic distance in
the alloy, reduce the bonding force between atoms, and
consequently lower the Young’s modulus. Conversely,
alloying titanium with niobium is expected to at least
maintain the lattice parameter of the B-phase.

Therefore, Ti—-Nb—Zr alloys can be considered
excellent candidates for biomedical applications
involving implantation.

Mesenchymal stem cells (MSCs) are an optimal test
system for analyzing the biological activity of materi-
als intended for implant fabrication, as they possess
a high potential for differentiation into cellular ele-
ments of various mesenchymal-derived tissues [32].

The interaction of any material with cells is largely
influenced by the quality of its surface. Therefore,
the aim of this study was to investigate the interaction
of the Ti-Nb—Zr alloy, following various surface treat-
ments, with mesenchymal stem cells in comparison
with materials already used in medical applications.

Materials and methods
Samples for the study were fabricated from the fol-
lowing titanium-based biomedical materials:

— commercially available material VT1-0 (pure tita-
nium), as per GOST 19807-91;

— commercially available alloy VT6 (titanium alloy
with aluminum and vanadium), as per GOST 19807-91;

—a newly developed titanium-based alloy with
the composition (at. %): Ti—23Nb—5Zr.

The starting materials used included iodide tita-
nium, niobium grade Nb-1, and iodide zirconium.
Alloy ingots were melted in an argon-arc melting
furnace with a non-consumable tungsten electrode.
To produce sheets, the ingots underwent homogenizing
annealing in a vacuum, followed by warm rolling with
intermediate annealing and subsequent quenching.

The Young’s modulus of the Ti-23Nb-5Zr alloy
sheet samples was determined using a universal testing
machine, INSTRON 3382 (USA), at room temperature.

The interaction of any material with cells depends
significantly on the quality of its surface; hence, several
surface treatment options were selected for evaluation.
Samples of the VT1-0, VT6, and Ti—23Nb—5Zr alloys,
with a diameter of 20 mm and thickness of 4 mm, were
cut from sheets using a DK 7745 MEI11 electrical dis-
charge machine by Meatec (China). Before sandblas-
ting, the samples were pre-ground using abrasive papers
with grit sizes ranging from 240 to 600 and treated
by tumbling in a KT-100 electromagnetic tumbling
machine (CARLO de GIORGI, Italy) with a metallic
needle abrasive. Additionally, some samples were sub-
jected to electrolytic plasma polishing (EPP) in a 5 %
aqueous solution of a 20 % NH,F + 80 % KF mixture
at a voltage of 300 V and a temperature of 85-88 °C
for 10 min. The sandblasting of sample surfaces was
conducted in a 90 L chamber under 12 atm of high-
purity argon pressure using copper slag (particle
sizes <0.63 mm) and sand fractions of 0.63—1.0 mm,
1.0-1.5 mm, and 0.63-1.5 mm, as well as their 1:1
mixture (0.63—1.5 mm). For the treated surfaces, char-
acteristics such as roughness and wettability were
determined.

Surface roughness was evaluated according to
GOST 25142-82 using a Proton profilometer model
130 (Russia). Prior to measurement, all samples were
cleaned in an ultrasonic bath with a specialized soap
solution, bidistilled water, and alcohol, then carefully
dried.

Surface microhardness (HV) was determined using
the micro-Vickers method as per GOST 9450-76 with
a 401/402-MVD device (Wolpert Group, Germany)
equipped with an optical microscope. A diamond
indenter with a tip size of 10 pm and test loads of 25,
100, 300, and 500 g were used.

The wettability of the samples was characterized
by the contact angle of deionized water, measured
using a Lonroy SDC-350 setup (Dongguan Lonroy
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Equipment Co., LTD, China) at a tilt angle of 0°.
A droplet with a volume of 6 uL was deposited on
the sample, and an image of the droplet was taken 60 s
later. When measuring the contact angle, the droplet
shape was analyzed after a delay following its contact
with the substrate. This delay helps eliminate dynamic
effects that could distort the shape of the elastic droplet
immediately upon impact with the sample. Typically,
the waiting time before droplet shape analysis is
30-60 s after the start of the measurement [33-35].
When calculating the contact angle, the droplet shape
was described using a 5-point ellipse model.

To evaluate the biological properties of implants
made from VT6, VT1-0, and Ti—-23Nb—5Zr alloys fol-
lowing the described surface treatments, as well as
the effect of the samples on cell viability and the adhe-
sive characteristics of the materials, a direct contact
method was employed using two types of mesenchy-
mal stem cells (MSCs): dental pulp stem cells (DPSCs)
from human dental pulp (clone Th44), and immorta-
lized fibroblast-like cells (embryonic connective tissue
cells involved in regeneration and synthesis of proteins
critical for dermal rejuvenation [36], skin MSCs [37]).

For cell viability assessment, the samples were steri-
lized with 70 % ethanol and placed in wells of a 24-well
plate. DPSC cells at the 5" passage were seeded into
the plate wells at a density of 30,000 cells/cm? in
DMEM/F12 medium containing 10 % FBS and sup-
plemented with 100 U/mL penicillin/streptomycin.
The cells were cultured for 24 h at 37 °C in a humidi-
fied atmosphere with 5 % CO,. Following the culture
period, the morphology of the cells in direct contact
with the samples was assessed on the surface of the cul-
ture plastic.

As a negative control, DMEM/F12 medium without
cells was added to the wells. At the end of the cultiva-
tion period, the morphology of the cells on the surfaces
of the tested materials was evaluated, and cell viability
was assessed using fluorescent staining with SYTO 9,
propidium iodide (PI), and Hoechst 33342 reagents. The
fluorescent dye SYTO 9, at an excitation wavelength
(A,.) 0of 450+490 nm and an emission wavelength (A_ )
of 515+565 nm, stains the DNA and RNA of both live
and dead cells green. The intercalating reagent propidium
iodide (PI), with A_ =546 nm and A = 575+640 nm,
stains the nuclei of dead cells red. The fluorescent dye
Hoechst 33342, with A_ =343 nm and A_ =483 nm,
stains the DNA of both live and dead cells blue.

The effect of the tested materials on fibroblast cells
was evaluated by culturing the cells directly in the pres-
ence of the samples. After 24 h, the cell layer was eval-
uated using an inverted microscope based on the fol-
lowing parameters: surface coverage area, cell shape,
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the number of cellular aggregates, and the number
of floating cells. Cell counting was performed using
a Goryaev chamber, and the number of viable and dead
cells was determined using trypan blue staining (0.1 %
solution) [38]. The influence of the Ti-based samples
on the culture morphology of the cells was determined
based on the following metrics:

— viability coefficient: the ratio of live cells to the
total number of cells, %;

— proliferation index: the ratio of the number
of grown cells to the number of seeded cells [39];

—cell death percentage: the ratio of the number
of dead cells remaining after exposure to the com-
pound to the total number of cells after exposure, %.

Statistical analysis of the obtained data was con-
ducted using the methods of variation statistics with
Student’s #-test to assess significance.

The isolation of dental pulp stem cells (DPSCs) was
performed as follows: after opening the crown, the pulp
was extracted, washed with Hank’s solution, minced,
and incubated in a 0.1 % type I collagenase solution
for 30 min at 37 °C. The resulting cell suspension was
centrifuged at 1000 rpm for 5 min. The pellet was resus-
pended in growth medium (DMEM/F12) supplemented
with 10 % fetal calf serum (FCS), 100 U/mL penicil-
lin, 100 U/mL streptomycin, and 2 mM glutamine, and
then transferred into culture flasks. After 3 days, non-
adherent cells were removed, and the fraction of adher-
ent cells was cultured until 80-90 % confluence was
reached. The cells were then suspended using a mixture
of 0.25 % trypsin solution and Versene solution (1:1)
and reseeded at a 1:3 ratio. Passaging of cells in-vitro
was performed using standard methods in culture flasks
within a CO, incubator (37 °C, 5 % CO,, 80 % humi-
dity) with the growth medium changed every 3 days.

Results and discussion

The Young’s modulus of the Ti-23Nb-5Zr alloy
surface in its initial state was E = 56+5 GPa, which is
significantly lower than that of the commercially avai-
lable alloys VT1-0 and VT6 (E > 90 GPa) [40; 41] and
is closer to the values of bone [42].

Six types of samples were prepared for each alloy,
differing in the method of sandblasting and the pre-
sence of electrolytic plasma polishing (EPP). The
results of roughness (R ) and microhardness (HV)
measurements for the samples are presented in Tables 1
and 2, while microphotographs of the polished samples
(tumbling and EPP) are shown in Fig. 1. High surface
heterogeneity after sandblasting prevented reliable
results due to indenter slippage. The R, values for
the samples after tumbling were lower than those after
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EPP. This can be explained by the fact that, in the first
case, a kind of “smoothing” of the surface relief occurs,
while in the latter, preferential etching of certain struc-
tural components and segregation zones may take
place. No correlation was observed between the rough-
ness and microhardness of the samples.

At the same time, electrolytic plasma polishing
contributes to an increase in the hardness of the sur-
face layer (see Tables 1 and 2). This is presumably due
to structural changes in the surface layer of the metal-
lic materials, which influence their mechanical proper-

ties [43]. Notably, as the load decreases, microhardness
increases, since the contribution of the surface itself
becomes more significant compared to the bulk mate-
rial (Table 2). No correlation was observed between
surface roughness and microhardness of the samples.

The effect of treatment on surface roughness is con-
sistent with the results of contact angle measurements
(see Table 1, Fig. 2). A typical trend observed for solid
materials wetted by liquid is that the contact angle
increases (wettability decreases) as surface roughness
decreases [44]. Minimum wettability was observed

Table 1. Results of roughness and Vickers microhardness at 500 g load, and wettability
depending on material surface treatment

Tabnunya 1. Pe3yabTaThl HCCTeTI0BAHNUS IIEPOXOBATOCTH, MUKPOTBepaocTH mo Bukkepcy
npu Harpy3ke S00 r 1 cMaYMBaEeMOCTH B 3aBHCUMOCTH OT 00pa00TKH MaTepHaJIoB

Material Sa}zﬁf le Surface treatment R, pm Microl};r/dness, ar?golzf?;g
1 Copper slag 1.90 £0.10 - 46+2
2 Sand (1.0-1.5 mm) 5.40+0.20 - 31+2
VT1.0 3 Sand (<1.0 mm) 3.10+£0.20 - 43 +2
4 Original sand 5.10+0.20 - 49+2
5 Copper slag + original sand | 4.30+0.20 - 53+2
6 Tumbling 0.46 +0.04 245+ 28 72+2
1 Copper slag 2.50+0.20 - 41+2
2 Sand (1.0-1.5 mm) 5.70 £0.20 - 35+2
3 Sand (<1.0 mm) 3.30+£0.20 - 43+2
vTe 4 Original sand 5.10+£0.20 - 48 £2
5 Copper slag + original sand | 4.20 £ 0.20 - 54+2
6 Tumbling 0.27+£0.02 219419 73+2
1 Copper slag 2.60 £ 0.20 - 43+£2
2 Sand (1.0-1.5 mm) 5.50+£0.20 - 32+2
3 Sand (<1.0 mm) 3.70 £0.30 - 44 +2
Ti-23Nb—-5Zr 4 Original sand 5.10+0.20 - 49+2
5 Copper slag + original sand | 4.10+0.30 - 55+2
6 Tumbling 0.17+0.01 269 + 15 74 +£2
7 Electrolytic plasma polishing | 0.75 £ 0.06 297 + 17 57+2

Table 2. Results of studies of microhardness of polished samples depending on the load

Tabauya 2. Pe3yabTaThl HCC1€10BAHNS MUKPOTBEPI0CTH OJHPOBAHHBIX 00pa31i0B B 3aBHCUMOCTH OT HATPY3KH

S?ﬁfle il Tt Microhardness, HV, at load
25¢ 100 g 300 g
6 Ti—23Nb-5Zr Tumbling 306 £ 61 271 +45 276 £ 21
7 Ti-23Nb-5Zr EPP 363 £42 313+£35 301 £13
6 VT1-0 Tumbling 313 +64 269 + 32 238 £ 31
6 VTé6 Tumbling 358 £ 158 282 + 74 232 +26
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Fig. 1. Microphotographs of samples with smooth surfaces
a — Ti-23Nb-5Zr after tumbling, b — Ti-23Nb—5Zr after EPP, ¢ — VT1-0, d — VT6

Puc. 1. Mukpodororpaduu 06pasIoB ¢ K0! TOBEPXHOCTHIO
a — Ti-23Nb-5Zr nocie rantoBku, b — Ti-23Nb—5Zr nocne DIII1, ¢ — BT1-0, d — BT6

after tumbling. However, a deviation from the direct
relationship occurred for all materials treated with
a mixture of copper slag and original (non-fraction-
ated) sand. This is likely due to the wide range of par-
ticle sizes impacting the surface, resulting in many
small cavities among the larger ones, which locally

80
n M Ti-23Nb-5Zr
70 @ VT6
@ VTI1-0
o 60 -
<
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= _
g 40t
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6 7 1 3 5 4 2
Treatment type

Fig. 2. Dependence of wettability
on surface treatment (see Table 1)
1 — cooper slag, 2 —sand (1.0-1.5 mm), 3 — sand (<1.0 mm),
4 — original sand (0.63—1.5 mm), 5 — cooper slag + original sand,
6 — tumbling, 7 — EPP

Puc. 2. 3aBUCHMOCTh CMaYUBaeMOCTH OT 00pabOTKU
MOBEPXHOCTH (cM. Tabm. 1)

1 — xynepuuiak, 2 — necok (1,0-1,5 mm),
3 —necok (<1,0 mm), 4 — iecok ucxoansiii (0,63—1,5 mm),
5 — kynepuuiak + ecok MCXOJHbIH, 6 — ranroska, 7 — OIIIT
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increased the contact angle. For a similar reason, albeit
to a lesser extent, the contact angle for samples treated
with original sand also deviates from the trend, as
the range of particle sizes is narrower. All three alloys
demonstrated similar surface characteristics after each
type of treatment.

The images in Fig. 3 show the appearance of DPSC
cells at the contact area with the tested materials after
24 h of cultivation. It is evident that none of the mate-
rials inhibit cell growth, demonstrating their biocom-
patibility!. No differences were observed depending on
the alloy composition or treatment type.

Characteristic microphotographs from the first day
of cultivation for samples treated with copper slag
and sand (1.0-1.5 mm) are shown in Fig.4 and 5,
respectively. The surfaces displayed a large number
of “spread-out” cells, evenly distributed with only
a few non-viable ones. This demonstrates that all
sample types were adhesive to cells.

Table 3 presents the culture-morphological proper-
ties of fibroblast cells in contact with the alloys after
sandblasting treatments. All materials showed low
cytotoxicity, highlighting their suitability for medi-
cal applications. No correlation was found between
the cytotoxic properties of the alloys and their compo-
sition or surface treatment methods.

'The study of extracts from these materials is deemed impracti-
cal.
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Fig. 3. Appearance of DPSC cells at the contact area with tested materials 24 h after seeding

a—c: Ti-23Nb—5Zr after EPP (a), treatment with original sand (non-fractionated) (b), and sand with a grain size of 1.0-1.5 mm (c¢);
d and f: VT1-0 after tumbling (d) and treatment with sand (<1.0 mm) (f);
e — VTo after treatment with sand (1.0-1.5 mm)
Puc. 3. Buenrnnii Buj kiaetok DPSC B MecTe KOHTaKTa ¢ MCCIIeyeMbIMH MaTepraiaMu depes 24 4 mocie mocesa

a—c: Ti-23Nb-5Zr nocse DIIII (a), 06pabOTKH MECKOM — HCXOAHBIM (HE pa3iesieHHbIM Ha Gpakiuun) (b) u 3epaucroctsio 1,0-1,5 MM (¢);
d u f: BT1-0 nocne ranrosku (d) 1 06paboTKu meckoM 3epHICTOCTHIO 10 1,0 MM (f);
e — BT6 nocne obpadorku neckom (1,0—1,5 mm)

Table 3. Cytotoxic properties of alloys depending on surface treatment

Tabnmya 3. LluToTOKCHYECKHE CBOICTBA CIVIABOB B 3aBHCHMOCTH OT 00pPa00TKH MOBEPXHOCTH

Material S?}gﬂe Surface treatment P:(?gii‘t;?:;t;)e Viability, % CytotO);iCc':)y index
1 Copper slag 80 83 0,90 £ 0,04
2 Sand (1.0-1.5 mm) 82 84 0,90 + 0,02
VT1.0 3 Sand (<1.0 mm) 82 82 0,90 £ 0,04
4 Original sand 49 74 0,80 + 0,03
5 Copper slag + original sand 82 85 0,90 £ 0,03
6 Tumbling 83 86 0,90 + 0,02
1 Copper slag 60 80 0,90 + 0,04
2 Sand (1.0-1.5 mm) 65 74 0,80 + 0,03
o 3 Sand (<1.0 mm) 51 62 0,70 £ 0,01
4 Original sand 81 85 0,90 + 0,02
5 Copper slag + original sand 79 80 0,90 £ 0,03
6 Tumbling 68 72 0,60 + 0,02
1 Copper slag 79 80 0,90 + 0,02
2 Sand (1.0-1.5 mm) 49 56 0,50 +0,01
. 3 Sand (<1.0 mm) 81 76 0,90 £ 0,04
Ti—23Nb-5Zr
4 Original sand 75 80 0,80 + 0,03
5 Copper slag + original sand 53 67 0,60 £ 0,01
6 Tumbling 80 76 0,80 + 0,03

/1



DM v on

W3BECTUA BY30B

U3BECTUA BY30B. TOPOLIKOBAA META/IIYPTUA U ®YHKLMUOHANDBHLIE MOKPbITUA. 2024;18(6):65-76
Cydapyurosa M.A., HacakuHa E.O. u dp. BAnsiHMe cOCTaBa v LePOXOBATOCTM NOBEPXHOCTU TUTAHOBbIX CM/IABOB ...

100 um 100 pm
—

100
Lt —

100 {ip 100 pm
— —

100 gm 100 fim 100 pm
— — —

100'um 100 pm 100 pm
— — —

a 0 c

Fig. 4. Appearance of DPSC cells incubated on the surface
of titanium alloy samples: TiNbZr (4-C),
VT1-0 (D-F), VT6 (G-I), and control (J-L), after sandblasting
with cooper slag 24 h post-seeding
a — Staining with SYTO 9, b — staining with Hoechst 33342,
¢ — staining with PI

Puc. 4. Baennnit Bun knerok DPSC npu nnky6armu Ha
MTOBEPXHOCTH 00pa3lOB THTAHOBEIX CILIaBoB: TiINbZr (4-C),
BT1-0 (D-F), BT6 (G-I) u xouTponsHoTO (J—L), moce
CTpyitHOI 00pabOTKH KyTNepluIakoM depes 24 9 mocire mocesa
a —okpacka SYTO 9, b — Hoechst 33342, ¢ — PI

Conclusion

The study examined the effects of six sandblasting
techniques and electrolytic plasma polishing (EPP)
on the surface properties and interaction with mesen-
chymal stem cells of two commercially available tita-
nium-based alloys — VT1-0 (pure titanium) and VT6
(a titanium-aluminum-vanadium alloy) — as well as
a newly developed Ti—-Nb—Zr alloy.

EPP was found to enhance microhardness but reduce
surface roughness compared to tumbling.

All treated surfaces exhibited wettability, with
the contact angle increasing as surface roughness
decreased. However, sandblasting with mixtures con-
taining a wide range of particle sizes increased the con-
tact angle, likely due to the creation of a more complex
surface texture. Tumbling produced the highest contact
angle among all alloys, resulting in the most “deve-
loped” surface relief.

All three materials exhibited low cytotoxicity, high
proliferative activity, and excellent cell viability. A sig-
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Fig. 5. Appearance of DPSC cells incubated on the surface of
titanium alloy samples: Ti-Nb—Zr (4-C), VT1-0 (D-F),
VT6 (G-I), and control (J-L), after sandblasting with coarse
sand (1.0-1.5 mm) 24 h post-seeding
a — Staining with SYTO 9, b — staining with Hoechst 33342,
¢ — staining with PI

Puc. 5. Buenrnnii Bug kinetok DPSC npu uHKyOamu Ha
MOBEPXHOCTH 00pa3IoB TUTaHOBBIX ciuiaBoB: TiNbZr (4-C),
BT1-0 (D—F), BT6 (G-I) u xouTponsHoro (J—L), nocie
CTpyiHOI 00paboTKH KpymHBIM nteckoMm (1,0—1,5 mm)
gepe3 24 4 mocie nocesa

a — oxpacka SYTO 9, b — Hoechst 33342, ¢ — PI

nificant number of viable cells were evenly distributed
on the sample surfaces. No definitive relationship was
observed between cytotoxicity parameters and either
the material composition or the surface treatment
method.

The newly developed alloy Ti-23Nb-5Zr, which
shows promise for improved biomechanical compa-
tibility compared to the commercial alloys, demonst-
rated stable surface properties and had no adverse
effects on cell viability.
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Additive manufacturing of polymer-ceramic materials
using fused deposition modeling (FDM) technology:
Areview
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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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AJAMTUBHOE NPOU3BOACTBO NOJIMMEP-KepaMmUeCcKux
MaTepuasioB METOAOM MOC/IOMHOIO HanaBaeHUs
MaTepuana (FDM-TexHonorusa): O63o0p

A. . 3aitueB“, A. B. Cotos, A. 9. A6gpaxmaHoBa, A. A. IlomoBuy

Cankr-IlerepOyprekuii nonurexuudyeckuii yausepcuret Ilerpa Beaunxoro
Poccust, 195251, r. Cankr-IlerepOypr, yi. [Tonutexnuueckas, 29
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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 aJIMTHBHOIO 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
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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



3apeructpupoBaH PeanepanbHon cny>x6ou no Haasopy
B cdpepe cBf3U, MHPOPMaLMOHHBIX TEXHOJIOrUMN

M MaccoBbIX KOMMYHUKaLIMM.

Ceupetenbctio o peructpauun MU Ne ®C77-79230

XypHan pacnpocTtpaHsaeTcsa areHTcTBoM «Ypan-lNpecc»
MoanucHou nHpekc: 80752 (neuaTHas Bepcus)
05108 (anekTpoHHas Bepcusn)




