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AHHOTANUA

B nocieonue 200vi peanuzyemcs mpeno Ha MUHUAMIOPUZAYUIO DYHKYUOHATLHBIX KEPAMUUECKUX YCIMPOUCME Npu YIyylie-
HUY ux xapakmepucmux. IIpu 5mom cUIbHO YCIO0AHCHACMCA NPOYECC UX ObICMPO20 NPOMOMUNUPOBAHUSA U YEBEIUYUBAENCA Ce-
becmoumMocms npu UCNOIb308AHUL KILACCUYECKUX MEXHOI02UL NPOU3B00CMEA.

Asnasace passusarowelica mexronozuel, myarbmumamepuanvias 3D-neuames cnocobna He MoavbKo obecneuums co30anue
KepAMUYECKUX U30eUll CONACHBIX (hopM (8KIOUASE HeOOCmYNHble NPU UCNOIb306AHUU KIACCUYECKUX MEXHON02ULL), HO U HA
NOPAOKU YCKOPUMb CKOPOCHIb NPOMOMUNUPOBAHUA NPU 3HAYUMENbHOM CHUNCEHUU cebecouMOoCmil.

B oannoii cmamve paccmampusaiomes nocieonue 0ocmudicenus 6 001acmu Mmemooog myismumamepuaivhou 3D-nevamu,
a maxace nPogoOUMCs BCECMOPOHHEe UCCIe008AHUe PYHKYUOHATLHBIX KePAMUYECKUX MAMEPUATIO8 U NPOYECCO8, NPULOOHbIX
ona 3D-nevamu, 011 pasnuuHbiX QYHKYUOHATILHBIX KEPAMUUECKUX YCMPOUCME, BKII0UASL KOHOEHCAMOpbl, MHO20CIOUHbIE NOO-
JIOJCKU U MUKPONONIOCKOBble anmenHbl. Kpome mozo, onpedenenvl Kiouesvie npooiemvl U nepcnekmusbl (YHKYUOHANIbHbIX
Kepamuueckux ycmpoticme ¢ 3D-neuamvio u3 HECKOIbKUX MAMEPUATLO8 U 0OCYHCOeHbl HanpasieHus Ha Oyoyuee.
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ABSTRACT

In recent years, there has been a trend towards miniaturization of functional ceramic devices while improving their char-
acteristics. At the same time, the process of rapid prototyping becomes much more complicated and the cost increases when
using classical production technologies.

Being an evolving technology, multimaterial 3D printing is able not only to create ceramic products of complex shapes
(including those inaccessible when using classical technologies), but also to accelerate the prototyping speed by orders of
magnitude with a significant reduction in cost.

This article reviews the latest developments in the field of multimaterial 3D printing techniques, as well as a comprehensive
study of functional ceramic materials and processes suitable for 3D printing for various functional ceramic devices, including
capacitors, multilayer substrates and microstrip antennas. In addition, the key problems and prospects of functional ceramic
devices with 3D printing from several materials were identified and future directions were discussed.
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BBEJAEHUE

OyHKIMOHAIBHBIE KEPAMHUYECKHE YCTPOMCTBA HCIIOJNB3Y-
I0TCS B CaMbIX Pa3HOOOpPa3HBIX O0IACTAX, TAKMX KaK aBHANNs,
ABTOMOOMJIECTPOCHHE, UHTETPAIIbHBIE CXEMBI, CBSI3b, MEIMIIMHA
U SHEPreTHKa U Ap. bonbmmHCTBO (DyHKIIMOHATBHBIX KepaMHie-
CKHX YCTPOWCTB, TAKNX KaK MHOTOCIIOMHBIE KepaMUYECKHE KOH-
JICHCATOpbl, MHOTOCIIOMHBIC KEPaMUYECKHE ITO/UI0KKH, (DUIIb-
TPbI, AaHTEHHBI ¥ T.J. MOTYT OBITh U3TOTOBJICHBI METO/IOM BBICO-
KOTeMIIepaTypHOi kepaMHuKH ¢ coBMecTHbIM HarpesoM (HTCC)
WJIN HU3KOTEMIIEPATYPHOH KEpaMUKH C COBMECTHBIM HAarpeBOM
(LTCC). Oti mporecchl BKIIOYAIOT B ce0s HECKOJIBKO ATAIOB!
(1) noaroToBka Marepuana Juis KEpaMUYECKHX JICHT U (DYHKIH-
OHAJIBHBIX TAcT, (2) ITaMIOBKA 3€JICHBIX JICHT [UISi CKBO3HOTO
(dbopmoBanusi, (3) 3amoiHeHUE ¥ METAITU3AIHUS [T (POPMHUPOBA-
HUSI BEPTUKAIBHBIX IPOBOJHUKOB M TOPU30HTAILHOTO PHCYHKA,
(4) yxiazka v JJaMHHUpOBaHUE Uil (POPMHUPOBAHUST TpEXMep-
HOT'0 KepaMUIeCKOT0 3eJIeHOT0 Teia (5) coBMecTHOE 00X 1 (6)
noceayronias 00padoTka, BKIOYasi METaJUIM3AIMIO U Maiiky. B
pe3ynbTaTe HaHECEHUs] METAJUIMYECKUX (HampHMep, Ha OCHOBE
cepebpa, 30J710Ta, BOIb(ppama M MOITHO/ICHA) H PE3UCTOPHBIX MACT
Ha KepaMUYeCKYI0 MOJUIOKKY MOTYy4atoTCs MHOTOCJIOWHBIE Kepa-
MHYECKHE KOMIOHEHTHI. OCHOBHBIM HEJOCTATKOM 3THX TEXHO-
JIOTHH SIBJISIETCSI OTCYTCTBHE BO3MOKHOCTH WX HCIIOJIB30BAHUS
JUlsl OBICTPOTO MPOTOTUIIMPOBAHMUS U3-3a CII0KHOCTH MPOLIECCOB
U UX BBICOKOW cromMocTH. IloMHMO mpouero, CHIBHO OTpaHH-
YeHa IeOMETPHsI CO3/1aBaEMbIX TAKUM 00pa30oM H3/EINH, a TAKKe
HEBO3MOXXHA MX MUHHATIOPH3ALIUSL.

B mocnennue roapl ObUIO MOKa3aHo, 9To 3D-mevarh mo3Bo-
JSIET HUBEIMPOBATh OOJBIIMHCTBO BBIICOMICAHHBIX MPOOJIEM.
BbIsIBIICHHBIE JK€ HEIOCTATKU MPOLIECCOB aJUIMTHBHOI'O MPOU3-
BOJICTBA (DYHKIIMOHAJIBHBIX KEPAMUIECKUX U3/1e/INi 0003HAYAI0T
MYTH JajJbHEHIIEro pa3BUTHSI.

Kak wuTOr, TexHOJOTMH MyJbTHMarepualibHoi 3D-neuyarn
(YHKIIMOHAIBHBIX KEPAMUIECKUX YCTPOHCTB HAXOIATCS HA paH-
Heil ctajuy pa3paboTKy U 00J1a1at0T OOJIBIION MCCIIEA0BaTEIb-
CKOM MOTHBaLMEW U NOTEHUHMAIOM NpUMEHEeHUs. B pesynbrate
paboT KOJUIEKTHBA J1a00PATOPUH «AJJITUTUBHOE MPOU3BOJCTBO
anexktporukm» PTY MUPDA B pamkax ['ocymapcTBenHoro 3a-
nanust «lccienoBanust M pa3pabOTKM METOJIOB aJUIMTHBHOTO
MIPOM3BO/ICTBA AIEKTPOHUKHY» 0]l PYKOBOJCTBOM JI.T.H. Paryt-
KnHa AnekcaHzipa BukropoBnda ObUIO BBISBICHO, YTO MAaKCH-
MaJIbHBIM MOTEHIINAJIOM K MYJbTUMaTepUAILHON NeyaTH Kepa-
MHYECKHUX DJIEKTPOHHBIX KOMIIOHEHTOB OOJIQIAI0T TEXHOJIOTHU
CTpyHHOTrO HaHeceHus: mMatepuana (MJ), mpsMoro HaHeceHHMs
yepumt (DIW), MomennpoBaHus METOIOM TIOCIOHHOTO HAaIIaB-
nerns (FDM) B coderaHuu ¢ TEXHOIOTHUSME (OTOIIOIUMEPHOM
nedatu (SLA u DLP), Hanpumep, /UiT HAaHECEHUSI TOHKUX TIO-
KpBITHH. B 1aHHOI cTaThe paccMaTpUBaIOTCS MOCIEIHNE JIOCTH-
KEHUsI B 00J1acTH MyJIbTUMaTepuanbHON 3D-nevatn GyHKIHO-
HaJIbHBIX KEPAaMHYECKUX YCTPONCTB, BKIIOYAsl OMBIT Jlaboparo-
puM «AIUTUBHOE MPOU3BOACTBO AeKTpoHUKN» PTY MUPDA.
B Buay TOTO, 9TO 0030PHBIX MYOJUKAIM U PEBBIO OITYOIHKO-
BaHO JIOBOJIBHO MHOI'O, HA OCHOBE MX aHAJIM3a M OIbITa PadOTHI
aBTOPOB JAHHON MyOJMKALUH, U1 PACCMOTPEHHUS ObUIM BBI-
opanst FDM, SLA, DLP u ruOpuaHbIi METOJ MyJIETHMATEPH-
anbHOM 3D-mevatn. OG03HAUCHBI CYIIECTBYOLINE TPOOIEMBbI 1
Oymymiye HarrpaBJICHUs Pa3BUTHS MyJIbTHMaTepHaibHON 3D-1e-
4aTh (YHKIHOHAJIBHBIX KEPaMHUYECKUX YCTPOMCTB, 4TO, Kak
O’KUJIAeTCsl, MOJIEPXKUT Oy yIIre UCCIEI0BaHNS.
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INTRODUCTION

Functional ceramic devices are used in a wide variety of
fields, such as aviation, automotive, integrated circuits,
communications, medicine and energy, etc. Most functional
ceramic devices such as multilayer ceramic capacitors, mul-
tilayer ceramic substrates, filters, antennas, etc. can be man-
ufactured using high-temperature coheated ceramics
(HTCC) or low-temperature coheated ceramics (LTCC).
These processes include several steps: (1) preparation of the
material for ceramic tapes and functional pastes, (2) stamp-
ing of green tapes for end-to-end molding, (3) filling and
metallization to form vertical conductors and a horizontal
pattern, (4) laying and lamination to form a three-dimen-
sional ceramic green body (5) joint firing and (6) subse-
quent processing, including metallization and soldering. As
a result of applying metal (for example, on the basis of sil-
ver, gold, tungsten and molybdenum) and resistor pastes to
a ceramic substrate, multilayer ceramic components are ob-
tained. The main disadvantage of these technologies is the
inability to use them for rapid prototyping due to the com-
plexity of the processes and their high cost. In addition, the
geometry of the products created in this way is severely lim-
ited, and their miniaturization is also impossible.

In recent years, it has been shown that 3D printing can
eliminate most of the problems described above. The re-
vealed disadvantages of the processes of additive manufac-
turing of functional ceramic products mean the ways of fur-
ther development.

As a result, the technologies of multimaterial 3D print-
ing of functional ceramic devices are at an early stage of
development and have great research motivation and appli-
cation potential. As a result of the work of the team of the
laboratory "Additive Manufacturing of Electronics" of RTU
MIREA within the framework of the State Task "Research
and development of methods of additive manufacturing of
electronics" under the guidance of a Doctor of Technical
Sciences. It was revealed by Alexander V. Ragutkin that the
technologies of inkjet material deposition (MJ), direct ink
application (DIW), layer-by-layer deposition (FDM) mod-
eling in combination with photopolymer printing technolo-
gies (SLA and DLP) have the maximum potential for mul-
timaterial printing of ceramic electronic components, for
example, for applying thin coatings. This article discusses
the latest achievements in the field of multimaterial 3D
printing of functional ceramic devices, including the expe-
rience of the laboratory "Additive Manufacturing of elec-
tronics" of RTU MIREA. Since there are quite a lot of re-
view publications and reviews published, based on their
analysis and the experience of the authors of this publica-
tion, FDM, SLA, DLP and a hybrid method of multimaterial
3D printing were chosen for review. The existing problems
and future directions for the development of multimaterial
3D printing of functional ceramic devices are outlined,
which is expected to support future research.

The purpose or objectives of the study:

This article examines the latest achievements in the field
of multimaterial 3D printing of functional ceramic devices
and describes the results of the authors' work in this direc-
tion. Since there are quite a lot of review publications and



Technique and technology of silicates. Volume 31, Nol, 2024

Hens uiam 3aga4n HCCJIAeT0BAHNS:

B nanHOl cTaThe paccMaTpUBarOTCS MOCIEIHNE JOCTUKEHUS
B 00JacT MyIbTHMaTepruabHON 3D-mevaT GyHKIMOHATBHBIX
KEepaMHUYECCKUX YCTPOMCTB, a TaK)KE OMHUCBHIBAIOTCS PE3YJIBTAThI
paboTHI aBTOPOB B JAHHOM HAIIpaBIeHHUU. B BUIy TOTO, YTO 00-
30PHBIX MyOJIMKAIUI U PEBBIO OITyOIMKOBAHO JTIOBOJIEHO MHOTO,
Ha OCHOBE MX aHaJIM3a U OIbITa paboThl aBTOPOB JTAHHOMW 1Ty OJIH-

reviews published, based on their analysis and the experi-
ence of the authors of this publication, FDM, SLA, DLP and
a hybrid method of multimaterial 3D printing were selected
for consideration. The existing problems and future direc-
tions of development of multimaterial 3D printing of func-
tional ceramic devices are outlined, which is expected to
support future research.

KaIuy, Ui paccMoTpeHus 0pin BeiOpanst FDM, SLA, DLP u
THOPUIHBIN MeTO/I MyJbTUMaTepranbHoi 3D-nedatn. OGo3Ha-
YeHBI CYIIECTBYIOIINE MPOOIeMbl 1 Oy IyIine HAapaBICHUs pa3-

BUTHS MYyJIbTUMaTepuasibHoi 3D-neyaTn yHKIMOHAIBHBIX Ke-
PaMUYECKHX YCTPOICTB, UTO, KaK 0>KHUIACTCS, OJICPKUT Oyy-

e UCCICAOBAHUA.

MaTepHaJ’IbI U METOAbI UCCJICJ0OBAHUA

Amnanu3, 06001meHre 1 KOHKpeTH3auus HHOPMaIU B paM-
Kax Ieu padoThl, aHAJIU3 JTUTEPATYPHBIX HCTOUHUKOB, 3KCIIEPHU-
MEHTAJIbHBIE HCCIIEIOBAHUS.

Materials and methods

Analysis, generalization and concretization of infor-
mation within the framework of the purpose of the work,
analysis of literary sources, experimental research

TABJULA 1. KPATKOE OITMCAHUE PASPABOTAHHbBIX ®YHKIIMOHAJIbBHBIX YEPHNJI
Table 1. Brief description of the developed functional inks

THunbl YepHUI MeToabl neyaTn I[Ipumenenue JJIeKTpHYecKHe CBOCTBA
Ink types Printing methods Application Electrical properties
1 2 3 4
0,08-4,74 Om - m™! nocne 1 u cnexanus npu 150 °C [6];
CepelpsiHble yepHuna | Hocumas — 3IeKTpOHHKA 04 On - o) 30
MNPs; EHD [5], P [6] [5.,6] s OM M mocne 30 MHH TePMUYECKOTO CIIEKAHHUS IIPH
250 °C [5]
Hedepmenrarusabie 0,06 Om - cm ™! nociie 30-MUHYTHOTO TEPMUYECKOTO CIIe-

UYepHma ¢ MeTauIH-
YECKUMU HaHO4Ya-
crunamu (MNPs)

3osoteie uepuuiaa MNPs;
1P [7], AJP [8]

3JIEKTPOXUMHUYECCKHE JIaT-
quku [7]; MHUKpPOIUIUTKH

(8]

kanus pu 100 °C [7]; 8,7 £2,5 uOm - cm mocne 1 1 Tep-
mudeckoro cnekanus npu 120 °C ¢ nocaenyromum 250 °C
B TeuyeHue 4 4 [§]

- .
Mesbie depruna MNP IIpoBomsmue  gopoxkku | 6,18 Om - M~ ' mocne momaun 5454 sueprum [9]; 9,20 pOm
[39]; MuKpossIEKTPOHHBIE | - cM mocne | 4 Tepmudeckoro cnekanus npu 230 °C B
1P [9], END [10] v ;
ycrpoiictsa [10] unepTHOH atMocdepe [10]
~102 C/em™! [11]; 22,32 C/ecm™! GBLIO IOCTHTHYTO TIOCIE
I'uOxas 3JIEKTPOHHUKA

HuukoBbie YepHUIA
MNPs; P [11], AJP [12]

[11]; o©wmopezopbupyemas
371eKTpoHHKa [12]

2 Mc cniekanus npu 1 Benbiike ¢ sueprueii 25,88 Iix/cm?,
a KOHeyHas npoBoauMocTh 34,72 C/em™! Gbuta mocTur-
HyTa IIPH ONTUMAJIbHOM MOIIHOCTH J1a3zepa [12]

HpOBOI{}IHlI/Ie oJin-
MEPHBIC YCpHUJIA

HNEJOT: uepnuna PSS;
1JP [13], AJP [14]

Opranuyeckue  COJIHeu-
Hble 31eMeHThl [13]; pe-
HICTKA L-UTOJIbYATBIX
NIEKTPo10B [14]

0,02 C - cm ! mocie 20 MHUH TEPMUYECKOTO OTHKUTA IPU
120°C (tommumna 120 um) [13]; 0,323 £0,075 C - em™! [14]

BBL: uepnuna PEI; Ilo-
KpBITHE pacrbuIeHueM

[15]

OpraHudeckue 3JIEKTPo-
XUMHYECKHUE TpaH3H-
CTOPBI M OHMOAJIEKTPOHUKA
[15]

8 C - oM ! mociie 2-4acoBOro TEPMUYECKOTO OTHKUIA IPH
140°C B cpene a3ora [15]

YepHuia Ha OCHOBE
KepaMH4eCKUX Ha-
nouactuil (CNP)

UYepnuna ua conoe Al203
CNPs; 1IP [16]

ToHKOIIIICHOYHBIE paauo-
YaCTOTHBIC KOHACHCATOPhI
[15]

Jlvanektpruyeckass NPOHULAEMOCTh HAleyaTaHHOTO CJIOs
amoMuHuA (TommmHAa ~120 HM cO cpeTHEeKBapaTHIHON
IEPOXOBATOCTHIO MOBEpXHOCTH ~0,5 HM 1OCIIe TepMHye-
ckoro omxura npu 400°C) cocrasuia 6,2 [16]

Uepamna BaTiO3; CNPs;

[Ibe30nnexkTpuueckue re-
HepaTopsl [ 17]; koHaeHca-

[Ibe30amekTpruecKnuil reHepaTop MMeJ HanpsKeHUE B
pa3oMKHyTOit nenu ~7 B, miotHOCTh ToKa 0,21 MKA -cM 2

P [17], AJP [18] TOPBl €O  BCTPEYHBIMH | W IUIOTHOCTH MOmHOCTH 0,42 MkBT-cMm 2 [17]; quanekrpu-
KoHTakTam# [ 18] YyecKas IPOHUIIAEMOCTh cocTasisiia 7 [18]
Jusnextpuueckue

Uepauna CNPs 3Y-TZP; | muieHKM O MHUKPOJJIEK-

1JP [19,20] TPOHHBIX YCTpOHCTB | ~
[19,20]

Jwvdnextpudeckas mieHka ZrOx (AuaneKTpudecKkast KOH-

Jwnektpudeckue  cinom | craHTa 10) obOecneunBaia INIOTHOCTh TOKAa YTEUKH 5,4 X

Yepuauna ZrO2 CNPs; 1JP
[21], EHD [22]

JUISL THOKOW 3JIEKTPOHUKH
[21]; pesucTuBHBIC TIEpe-
KJrouaTenu [22]

10-6 A/cm? mpu 1 MB/cm [21]. HaneyaTanHbIH pe3HCTHB-
HBI MepekovaTelb MoKasajl CTabHIbHOE MOBEICHHE
[p¥ OUIOIIPHOM MEMPUCTHBHOM TNEPEKIIOUYCHUH OKOJIO
=3B [22]
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IIpogoaxenue TadauubI 1

3

4

Yepnuna TiO2 CNPs; 1JP

Me3somnopuctsie ciou s
nepeHoca JNIEKTPOHOB
TiO2 anms TEepOBCKUTHBIX

I1epOBCKHUTOBBIN COJHEUHBIH 37IeMeHT umen 3(dexTus-
HOCTB npeoOpazoBanus sueprun 18,29% [23]; BombT-am-

[23,24] COJIHEUHBIX  DJIEMEHTOB | IEpHbIC XapaKTCPUCTUKU NPOBOASALIMX YCTPOUCTB Ha OC-
[23];  mupnextpuueckue | HoBe okcuaa TiO2-Ag mokaszanu moBeneHue auoaa [24]
ciou [24]
. OTHOCHUTENBHASL IHUAIICKTPUYSCKAsl MPOHUIAEMOCTh CO-
Uepnuna Bao.eSro4TiO3 | JudnaekTpuueckue — Clou p P

CNPs; 1JP [25]

JUTSL KOHJIEHCATOpOB [25]

craBuia 28 £ 1,7, a quanexrpudeckue norepu - 0,043 +
0,006 (mpu wacrore 10 x['m) [25]

UepHuia CNPs
CaxNb3O10; AJP [26]

TOHKOIIJICHOYHBIC
3UCTOPEI [26]

TpaH-

ITnenku, Hanecennbie CaxNb3O10 ¢ MaccoBoit mosen 82
Mac.%, MoKa3aIn JTUAJIEKTPUUECKYIO ITPOHUIIAEMOCTh 8,5
n gpmanextpudeckue norepu 0,058 (mpu wacrore 1 MI'm)
[26]

CTeKJIOCHINKaTHBIE 4ep-
Huwia CNPs; 1JP [27]

MHorocnoiiHble THOPHI-
HbIE cXeMbl [27]

nomuumuaneie  (PI) wep-

Konpnencaropsl 11si MUK-

Haneuarannslii koHgeHCcaTop co cinoeM PI Tommmaoi 25

Hua; [JP [28] POSJICKTPOHHbIX + 0,2 MKM noka3an 3HaueHue eMkoctu 103 nd [28]
ycTpoicTB [28]
Jlusnextpudeckue [Mommn-4-BuHnndenons T'ubxue KOHJICHCATOPEL | (. o b xompercarop ¢ TIBII-cioeM TOMImMHON
noauMepHsle  yep- | Hble (PVP) uepnuna; IJP | s Hocumoil  anektpo-
4,5 MKM 10Ka3ai 3HaueHue eMxkoctu 163 nd [29]
HUJIa [29] HuKH [29]

Kpacku Ha monmMBHHMIO-
BoM criupte (IIBA); EHD

3aTBOpHBIC H30JIATOPHI B
OpPTaHNYECKHX  IOJIEBBIX

OpraHudeckne MONEeBble TPAH3UCTOPHI C 3aTBOPHBIMHU
H30JATOpaMH Ha ocHoBe PV A neMoHCTpHpYIOT cTaOHIIb-

[30]

Tpan3zuctopax [30]

HYI0 pa0OTy IpHU HU3KUX TOKaX yTeuku Ha 3aTBope [30]

TABJIULIA 2. IPUMEPbBI MY.JII)TI/IMATEPMI/IAJILHOI?'I 3D-NIEYATHU & YHKIIMOHAJIBHBIX
KEPAMMWYECKUX U3AEJINU
Table 2 Examples of multimaterial 3D printing of functional ceramic products

TexHoJsorun
MYyJbTHMATe-
puanbHoii 3d- . Hcrtouy-
Kommno3nuun neuaTH IIpumenenne CpoiicTBa i
Compositions - ] Application Properties
P Multimaterial PP P Source
3D printing
technologies
1 2 3 4 5
Junexrpuk(ueprmia): CaaNaNbsO13 + nzo- TIIOTHOCTS MKOCTH KORACHCATOPA
MPONaHoi + 2-0yTHUIOBBINA CIUPT Jp Konnencatopst coctapiia =210 TTp/mm? P [42]
[IpoBoaHuK (uepHmIA): Ag
Jwanekrpuk (depHmia): Bao.sSro4TiO3-ZnO- Bapakropsl mokazanm HacTpanBae
B203 + OYTWIAMTIMKONG + H30TPOMHIOBBINA P P p o
crmpr + srHmIemToNosa TIpoROIHNE (4ep- 1Jp Bapaxropst MOCTh B auanazoHe or 14,4% no [43]
Hina): Ag 16,4% mpu none HacTpoiiku 5 B/Mkm
Jwmnexrpuk(uepamna): MgTiOs
1Jp
[IpoBoauuK (uepHmIa): Ag Konnencatopst [44]
JlmsnekTpuk (uepHUIA):
Pbo.97La0.02Zr0.53Ti04703 + 3TUNEHTIMKONBL + P
3TaHOJAMHH Konnencatopst [45]
IMpoBomuuk (depHUIa): Ag
Jusnexrpuk(deprua): Bao.sSro.4TiOs + [Tonn N N
(STHIICHIIHKOS) AMAKpHIAT 1P Msuorocnoiinele | MHOroCIOIHBIE KepaMHYeCKHe KOH-
TpoBoHHK (depHiia): A KepaMHU4ecKue JIEHCATOPBI NOKa3aIH INIOTHOCTh M- [46]
p p A8 KOHJICHCATOPBI koctH = 500 TT¢h/mm?>
. Meuorocnoitaeie | Koadduument ycagku MHOTrocCoii-
Jwnexrpuk  (depHmwia): BaO-Al03-SiOz- 1P o o
MnO-TiO; TpoBomk (deprua): Cu KepaMHuIecKue HOMW KepaMH4YeCcKOl MOJUTOKKH cOCTa- [47]
2 Llposoa p ’ TOJITIOKKHU BuaI =15%
AJP + Tpasie MHorocinoiiHasg Kepamudeckas IHOJ-
Tusnexrpu(uepuia): BaTiO e +H:fm)me MHorocinolinple | JOXKa IOKa3aja AUIIEKTPUYECKYIO
I OBOHHILIK 0): pCu ' } e + TOKDEL KepaMU4YecKue npoHunaeMocts = 3000 u AudIeKTpU- [48]
p ’ e p MO/IJTOKKHU yeckue notepu = 7% mnpu yacrore |
MI'g
Mpuorocinoiinsle | MHOrocinoiHble KepaMU4eCKUe HOJ-
Junexrpuk(cycnensus): Al2O3 P
Tiposommux (cycnensms): Bomsdpam SLA + DIW KepaMU4YecKue JIOKKY ToKa3anu Moayns FOnra E = [49]
poBon Y ) P MOATIOKKU 280=11TTIa

38




Technique and technology of silicates. Volume 31, Nol, 2024

IIpoaosxenue Tad MBI 2

1 2 3 4 5

OO6bemublii ZrO2 mokaszajl OTHOCH-
Junextpuk (uepHuia): ZrO2 P + AJP MHUKpOIIOJIOCKO- | TEIbHYIO JUIIEKTPUYECKYIO IPOHHM- 23]
[MpoBomuuk (depHUIa): Ag BBIC AaHTCHHBI 1[aeMOCTb 23 W TaHTeHC yTJia MOTeph

0,0013 Ha MUKPOBOJIHOBBIX YacTOTaX
Jwoanexrpuk(yepumia): SiO2 + rexcaHauos- MUKDOLOIOCKO- CormnpoTtusiienue cocrapisuio 2,43 x
muakpunar (HDDA) + mucynsdonar ankui- 1JP BhIC EHTeHHH 10" OM-cM (ToJIMHA JUINEKTPUYE- [51]
qmudennnoxcnna [posoxuuk (vepanma): Cu ckoro ciost 174,3 Mxm)

COP-Ti02 ¢ 30%-Ho0ii 100aBKOii 110-
Jwanexktpuk(Huth Hakana): TiOz + nukioose- MHKpOTIONOCKo- Ka3aJl OTHOCUTEIILHYIO JIUAJICKTPUYC-
¢unoBeIl IomMmep (COP) [poBognuk (cyc- FDM + DIW CKYI0 IPOHUIIaeMOCTh 4,56 1 TaHTeHC [52]

BbIC aHTCHHBI

neHsus): Ag yraa noteps 0,0016 nocne cnekaHust

npu 1100°C

o -

Jwnexrpuk (punament): NdTi0; + momwmu- M _ 25%-Has marpyska PDMS_NdTlO%
vermcunokcar (PDMS) FDM + DIW HKpOTIOJIOCKO- | TTOKa3aja AMAJIEKTPUUECKYIO MPOHH (53]
Tposomux (cycrensms): Ag BbIC aHTCHHBI aeMocTh 9,22 U TaHIeHC yTJla IOTephb

0,025 ma yactorax 10 17 I'T

MHKpPOTOIOCKOBasi aHTEHHA C YacTo-
Jwonexrpuk (pumament): MgCaTi0z + PDMS FDM + DIW Muxkpononocko- | Toit 19,6 I'T'i moka3ana oOpaTHbIE TO- [54]
[IpoBoanuk (cycnensus): Ag BbIC AHTEHHBI tepu B 20 1b npu 10% mupune mo-

JIOCHI IPOITY CKAHHUS

JKcenepuMeHThI H 00Cy:KIeHHe Pe3y1bTaTOB

JlomkeH OBITh TapaHTHUPOBaH OaJaHC BA3KOCTH M TI0-
BEPXHOCTHOTO HATSDKEHMS, YTOOBI TIPEIOTBPATHTL 00pa3o-
BAaHUEC KallCJib-CaTCIJIMTOB WM YECPHUIIBbHOTO TyMaHa.Be3-
pasmepHoe gncio Z = 1/Oh (Oh — 3to uncno Onesopmka,
BBIYHCIISIEMOE IO YpaBHEHUIO (3)), BIIEPBBIEC ONpPEEICHHOE
DpoMMOM, IHPOKO MCHONB3YETCs Ul OLEHKH MPUTOAHO-
cTH (YHKIIMOHAJIBHBIX YepHWI i nevatu [JP:

VZ2pd
We L

Y
Vpd

I'ne: p — m1oTHOCTH YepHUIL,

1 — BSI3KOCTh YEPHMUII,

Y — HOBEPXHOCTHOE HATSHDKEHHE YEPHUII,

d — xapakrepHas anrHA (OOBIYHO THAMETpP OTBEPCTHS),

V — CKOPOCTb I10JIeTa KaIlIH.

CuuTaeTcs, 9TO Karii CTaOMIBHO BBIOPACKIBAIOTCS MPHU
1 <Z < 10. [Ipr HE3KHUX 3HAYCHUSX Z BA3KOCTH OyJIET Mpe-
MATCTBOBATH OTACJICHUIO Kall€jib OT AIO3bI, YTO IMPUBEIACT K
00pa30BaHMIO IJIMHHBIX TOHKHX XBOCTOB M YBEIMYEHHIO TIe-
pHosia BpeMeHHU Juisi BbIOpoca ofHOW Karum. B cBoro odve-
pelb, IPU BBICOKUX 3HAYCHUSX Z MEPBUYHAS Karljs, BEpo-
SATHO, Oy/IET CONPOBOXIATHCS HECKOJBKUMH KaIUIIMH-Ca-
TEJTUTAMH.

C 0JJHOI CTOPOHBI, AUCTIEPIHPOBAHHBIC YACTHUIIBI pa3Me-
pom menee ~1/50 nmamerpa orBepctHs (0ObryHO 10-100
MKM) MOTYT B 3HaUUTEILHOH CTENICHH YMEHBIIUTH BEPOSIT-
HOCcTh 3acopeHusa. C Apyroil CTOPOHBI, TUCIEPCHOCTb Ya-
CTHI] TAK)KE TECHO CBSI3aHa CO CKOPOCTBIO OCAXKACHHUS, O UeM
roBopuT 3akoH Crokca (ypaBHeHHUE (4)), TOTyUCHHBIH ¢ yue-
TOM JBIKEHUS C(DepUUECKHX YacTHUI] B HU3KOTEMIIEPaTyp-
HOM JKUKOCTHU:

v, = (pp—pr)gd? a
18m9

I'ne: Vs — ckopocth ocaxaeHus,

pp u pf — moTHOCTH YacTHI 1 6a30BOrO MaTepHaia co-
OTBCTCTBCHHO,

g — rPaBUTAIMOHHASI TOCTOSHHAS,

2k

Experiments and discussion

A balance of viscosity and surface tension should be
guaranteed to prevent the formation of satellite droplets or
ink mist. The dimensionless number Z = 1/Oh (Oh is the
Ohnesorge number, calculated by Equation (3)) first defined
by Fromm [70] is widely used to evaluate the printability of
functional inks for 1JP:

(1)
2
3)

Where:

p is the density of the ink,

n is the viscosity of the ink,

v is the surface tension of the ink,

d is the characteristic length (typically the diameter of the
orifice),

v is the velocity of the droplet in flight.

Droplets are stably ejected when 1 <Z < 10. At low val-
ues of Z, the viscous force will prevent droplet separation
from the orifice, resulting in long thin tails and an extended
period of time for single droplet ejection. In turn, at high val-
ues of Z, the primary droplet would likely be accompanied
by several satellite droplets.

On the one hand, dispersed particles smaller than =1/50
of the orifice diameter (typically 10—100 um) can largely re-
duce the occurrence of clogging. On the other hand, the size
of dispersed particles is also strongly associated with the sed-
imentation velocity, as shown in Stokes law (Equation (4))
derived considering the movement of spherical particles in a
base fluid:

“

Where: Vs is the sedimentation velocity,

pp and pf are the densities of the particle and base fluid,
respectively,

g is the gravitational constant, d is the particle diameter,
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d — nmamerp gacrwil,

Mo — BA3KOCTh 0A30BOTO Marepuala,

(¢ — o0BbeMHast OIS TBEPIOTO BEIIeCTBA (YACTHII),

n paBHO 4,75, KOr1a TuaMeTp 4acTUll OONIbIIE, 4eM 2 MKM
u 5,25 st cyOMUKPOHHBIX.

JKenarenbHO TOMYYHTh (PYHKIMOHAIBHBIC YCPHUIIA C
MaKCHUMaJIbHO BO3MOYKHOH TUIOTHOCTBIO ((p) 1 MHHUMAJIBLHO
BO3MOYKHOH BSI3KOCTBIO (1)) IS [I€UaTH OJHOPOHBIX, IIIOT-
HBIX, C HU3KOM ycankoii u 06e3 aedextoB usaenuii. J{is onpe-
JICTICHUSI 3aBUCUMOCTH () — 1] OBLITH TPEJIIOKEHBI PA3JInIHbIC
MOJICJIH, CPEIr KOTOPBIX HAnOOJIee IIMPOKO HCIOJIb3YEeTCS
mojenb Kpurepa—/loreptu

Mo is the base fluid viscosity,

¢ is the solid (particle) volume fraction,

n is 4.75 when the particle diameter is greater than 2 pm
and 5.25 for submicron.

A functional ink with the highest possible density is de-
sirable (¢) and lowest possible viscosity (1) for printing uni-
form, dense, low shrinkage, and defect-free bodies. Various
models have been proposed to determine the ¢ — 1 relation-
ship. Among them, the Krieger—Dougherty model is the most
extensively used,

n=mo(l— _=)~P¢m (5)

I'me: n — BSI3KOCTh YepHUTI,

Mo — BA3KOCTh OCHOBHI,

(¢ — 00beMHast 107151 TBEPAOTO BEIIECTBA,

(m — MaKCHMaJIbHast 00bEMHas1 JI0JIs1 TBEPIOTO BEIIECTBA,

B — «xoapunpent DitHITeHAY MM «BHYTPEHHSIS BSI3-
KOCTb» CO 3HAUCHUEM 2,5.

ABTOpHI TaHHOI pabOTHI CYMTAIOT, YTO pacIpeesiCHIe
10 pazMepaM ¥ 00bEMHYIO JIOJII0 HAMOJIHUTEIS IPU CUHTE3e
YEPHUII CIIEAYET ONpPEIEIATh Ha OCHOBE BBIIIEYKA3aHHBIX
(baxTOpoB.

Oransl co3manus u3nenuit meroqamu HTCC n LTCC
IIpeACTaBJIEHbl HA puc. 1.

CpaBHeHHUE Pa3INYHBIX TEXHOJOTHH MyJIbTUMAaTEpPHUaNIb-
HOM 3d-mevaru, mpuMEHsSEMON /ISl TeYaTH KepaMUIeCKHX
W3JIeIHI pecTaBieHbl Ha puc. 2-6.

PazpaboranHast aBTopamu B 1aOOpaTOPUH «ATUTHBHOE
MIPOMU3BOACTBO AeKTpoHuKkm» PTY MUPDA momuduimpo-
BaHHas ycrtaHoBka DIW ¢ Y®-noaceerxoit u MK-nammnoi
JUISL TEXHOJIOTHH MyJbTHMaTepuanbHoi 3d-mewaru, mpen-
crasieHa Ha puc.7. Ha puc. 8 npezcrasnen pa3paboTaHHbIN
B 1a00paTopun «AIUTHBHOE TPOM3BOACTBO JIEKTPOHUKID
TEH30PE3UCTUBHBIN JATUMK, HalleYaTaHHBIN U3 2IEKTPOIPO-
BOJIAIIETO (priTaMeHTa, HAOJIHEHHOTO YIIIEPOIHBIMU HaHO-
Tpyoxamu (YHT).

PUCYHOK 1

3TAIIBI CO3JAHMS U3JEJIUIA METO-
JAMU HTCC u LTCC

Figure 1

The stages of creating products using HTCC
and LTCC methods

PUCYHOK 2

CXEMbI CJP TEXHOJIOI'MM U DOD
TEXHOJIOI'MH

Figure 2

Schemes of CJP technology and DoD technol-
ogy
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Where: 1 is the viscosity of the ink,

Mo is the viscosity of the base,

¢ is the volume fraction of the solid,

¢m 1s the maximum volume fraction of the solid,

B is the "Einstein coefficient" or "internal viscosity" with
a value of 2.5.

The authors of this work believe that the size distribution
and volume fraction of the filler during ink synthesis should
be determined based on the above factors.

The stages of creating products using the HTCC and LTCC
methods are presented in Fig. 1.

A comparison of various multimaterial 3D printing technol-
ogies used for printing ceramic products is presented in Fig.
2-6.

The modified DIW unit with UV-illumination and IR-lamp
for multi-material 3d-printing technologies developed by the
authors in the laboratory "Additive Manufacturing of Elec-
tronics" of RTU MIREA is presented in Fig. 7. Fig. 8 shows
a strain-gauge sensor developed in the laboratory "Additive
Manufacturing of Electronics", printed from an electrically
conductive filament filled with carbon nanotubes (CNT).
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PUCYHOK 3

NPAHIOMUIIBI PABOTBHI CTPYMHBIX
INPUHTEPOB DOD C IEYATAIOHIUMHU
I'OJIOBKAMMU C PA3JIMYHBIMU ITPHU-
BOJHbBIMU MEXAHU3MAMMU

Figure 3
Principles of operation of DOD inkjet print-

ers with printing machines with various
drive mechanisms

PUCYHOK 4
NPUHIUII PABOTBI AJP TEXHOJIO-

IT'MA MYJbTUMATEPUAJBHOM 3D-
HEYATH

Figure 4
Working principle of AJP multimaterial 3D
printing technology

PUCYHOK 5

MYJbTUMATEPUAJIBHAS 3D-IIEYATDH
KEPAMMYECKHUX KOHAEHCATOPOB

Figure 5

Multimaterial 3D printing of ceramic capaci-
tors
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PUCYHOK 6

MYJIbTUMATEPUAJIBHASA 3D-TIEYATH
KEPAMUYECKHUX NIOAJIOXKEK

Figure 6

Multimaterial 3D printing of ceramic sub-
strates

PUCYHOK 7

PABPABOTAHHASI MOJIN®UIINPOBAH-
HASI YCTAHOBKA DIW C Y®-IIOJICBET-
KO U UK-JIAMIION

Figure 7

Developed modified DIW unit with UV illumi-
nation and IR lamp

3akouenue

MynsTuMaTtepuansHas 3D-medath mpeayaraeT OTINY-
HBIH MHCTPYMEHT ]yl HENOCPEICTBEHHOTO W3TOTOBJICHHUS
U3JIEINI ¢ pa3HOOOpa3ueM MaTepUalioB, yI0BIETBOPSIOIINX
KOHKPETHBIM TPEOOBAaHMSM, TaKHMM KaK T€OMETpHYecKast
CJIO)KHOCTh, MHKpOMAclITad, MHOTO(YHKINOHAILHOCTS,
BpEMs BBITIOJIHEHMSI pabOT M 3KOHOMHUECKas 3(PHEKTHB-
HOCTbh, a TaK)Ke TMO3BOJISIET CO3/aBaTh IPalUCHTHBIE CTPYK-
TYpBI C HACTPAMBAEMbBIMU JUIIEKTPHUECKUMH MM MEXaHH-
YeCKUMH cBoiicTBaMu. HecMOTpst Ha JOCTHKEHHS B 00J1aCTH
MyJIbTHMAaTepranbHoi 3D-neuaTn 3a mociaeTHIne HECKOIBKO
JIeT, MO-IPEKHEMY CYIIECTBYET psii poOIieM, TpeOyIOx
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Conclusions

Multimaterial 3D printing offers an excellent tool for the
direct manufacture of products with a variety of materials
that meet specific requirements such as geometric complex-
ity, micro-scale, versatility, work time and cost efficiency,
and also allows you to create gradient structures with cus-
tomizable dielectric or mechanical properties. Despite the
advances in the field of multimaterial 3D printing over the
past few years, there are still a number of problems that need
to be solved. Among these existing technologies, FDM 3D
printing is the easiest to implement; however, insufficient
surface quality and printing resolution limit its use today to
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pemenust. Cpenu 3TUX CYIECTBYIOIUX TEXHOJIOTHMH MybTH-
marepuanbHOi 3D-newatn FDM sBnsiercst HanOosee mpo-
CTOM B peanu3alli; OJHAKO HE JOCTaTOYHOE KadeCTBO IO-
BEPXHOCTH U PA3PELICHUE [1€YaTU OrPAHUYUBAIOT €€ IIPUMeE-

a number of areas in which very high accuracy and quality
are not required. At the same time, the most commonly used
form factor in the form of threads provides a huge field for
research in the field of creating composite materials.

HEHHE CeTOTHs PAIOM 00iacTel, B KOTOPHIX He TpeOyroTcs
OYEHb BBICOKHE TOYHOCTb M KadecTBO. [Ipu 3ToM Hamboee
4acTO HCIOJIb3YeMbI (GopM-pakTop B BHUAE HHUTEH aET
OTPOMHOE TIOJie ISl HUCCIEIOBAaHWN B O0JIACTH CO3JaHUs
KOMIIO3UIIMOHHBIX MaTCPUAJIOB.

PUCYHOK 8

PABOTAHHBI UTEH3OPE3HCTI/IBHHI71 JATYHK,
HANIEYATAHHBIU U3 DJEKTPOINPOBOJAAILIEIO ®U-
JIAMEHTA, HAIIOJIHEHHOI'O YHT

Figure 8

Disassembled strain gauge sensor printed from an electrically
conductive filament filled with CNTs

DIW o6magaer HanOoJbIeH afalTHPYEMOCTBIO MaTepHaia
1 00ecrieYnBaeT JyqIie KaueCTBO IIOBEPXHOCTH M pa3pelIcHHue
neJaru, o cpaBHeHno ¢ FDM, 0coOeHHO MpH UCIOIB30BaHUN
MHKPOHACOCOB; OJTHAKO 3TO BIIHSIET Ha TPOM3BOANTEIBHOCTD. MJ
0oJIbIIIe TTIOAXOAUT ISl M3TOTOBJICHUSI MUHUATIOPHBIX JIeTaleil 1
CyOMHUKpPOTOHKHX [JeTajeil; OAHaKO pa3paboTka (QpyHKIMOHAIb-
HBIX YEPHWJI C YHUKAJILHBIMU CBOMCTBaMU (HAIpuMep, peoJiort-
YECKUMH H SJIEKTPUUECKUMH M MEXAHUUECKUMHU XapaKTEPHCTH-
KaMM) Ba)KHa, M 3TO OCTAaeTCs CIIOXKHOM 3anaueit st MJ.

TexHosnoruu, ocHoBaHHbIC HA VP, B Teopuu cmocoOHBI 1aTh
Jydllee pelieHue B YacTH MyJIbTUMaTepruaibHoi 3D-nevaru, ot-
KpBIBasi MHOKECTBO ITyTeH pa3BUTH B CO3/1aHUH CYCIIEH3UI.

Criermmanu3upoBaHHast 3JCKTPOHNKA ObllIa KIFOUYEBHIM (hak-
TOPOM pa3BUTHsI TEXHOJIOTUHI MylbTUMaTepHanbHoil 3D-neuatu
U, BO3MOXKHO, MPOJIOJKUT OCTaBATHCSI KOMMEPUYECKOW MOTHBA-
mueid. B GonbIIMHCTBE CilydaeB MpPH HCIIOJIB30BAHUN ITHUX TEX-
HOJIOTHI 11 M3TOTOBJICHUS TMEYATHBIX IUIAT M DJICKTPOHHBIX
KOMITOHEHTOB Yallle HCIIOJIb3YIOTCS TTOJIMMEPHBIE MaTepHalIbl,
KOTOpBIE paboTaroT JIyyllle, 4eM KepaMmuueckue marepuansl. Oc-
HOBHAsl NIPUYMHA 3aKJIFOYACTCS B TOM, YTO IPH HCIOIb30BAaHUU
KEepaMHUYEeCKUX MaTepHaJIOB 3eJIEHbIE KOpIlyca, HaledaTaHHbIE
Ha MyJIbTUMaTepuansHoM 3D-npuHTepe, HE0OXOANMO OUHUILATH
U OT)KUTaTh TP PA3IMYHBIX PEKUMAX.

Heo0xouMbl TOCTOSIHHBIE YCHIIMSI TI0 pa3paboTKe HOBBIX,
MIEPENIOBBIX M Pa3HOOOPA3HBIX MATEPHUAIOB ISl MOJUICPKAHUS
poCTa U BHEIPEHHs MyJibTUMaTepualibHoi 3D-nevarn ¢yHkuu-
OHAJIBHBIX KepaMHYeCKHX ycTpoiicTB. HeoOxommumo mncmoins3o-
BaTh MHHOBAIIMOHHBIE U YHUBEPCAJIbHbIE OJXO0/IbI K MyJIbTUMA-
TepuanbHO 3D-megaT ¢ BBICOKMM pa3pemieHHeM, BBICOKON
TOYHOCTBIO M SKOHOMUYHOCTBIO.

DIW has the greatest adaptability of the material and
provides better surface quality and print resolution com-
pared to FDM, especially when using micro pumps;
however, this affects performance. MJ is more suitable
for the manufacture of miniature parts and submicrothin
parts; however, the development of functional inks with
unique properties (e.g. rheological and electrical and me-
chanical characteristics) is important, and it remains a
challenge for MJ.

VP-based technologies, in theory, can provide the
best solution in terms of multimaterial 3D printing,
opening up many ways of development in the creation of
suspensions.

Specialized electronics has been a key factor in the
development of 3D multimaterial printing technologies
and may continue to be a commercial motivation. In
most cases, when using these technologies for the man-
ufacture of printed circuit boards and electronic compo-
nents, polymer materials are more often used, which
work better than ceramic materials. The main reason is
that when using ceramic materials, green enclosures
printed on a multimaterial 3D printer must be cleaned
and annealed under various modes.

Continuous efforts are needed to develop new, ad-
vanced and diverse materials to support the growth and
adoption of multimaterial 3D printing of functional ce-
ramic devices. It is necessary to use innovative and uni-
versal approaches to multi-material 3D printing with
high resolution, high accuracy and cost-effectiveness.
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