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Research Progress on Silicon—based Ceramic Precursors for 3D Printing
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Abstract  Preceramic polymers can be processed or shaped using conventional polymer—forming techniques , which
show unique advantages in the preparation of high—performance ceramics and composites. The application of 3D printing
technology in ceramic precursor molding provides a new possibility for the preparation of ceramic parts with complex
structure. In this paper, the research progress on preparation of SiCO, SiCN, SiC, as well as B, Zr and other elements
containing silicon—based ceramic precursors by 3D printing in recent years are systematically summarized from the aspects

of precursor resin types, 3D printing technologies and their applications. The challenges and research direction faced by

3D printing ceramic precursors are pointed out in combination with the future development needs.
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Tab.1 Main types, compositions and methods of silicon—based ceramic precursors for 3D printing
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Fig. 1 The chemical structure of TEGO RC 711, polysiloxane
powders , polyvinylmethoxysiloxane and poly (mercaptopropyl)
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Fig. 2 Proposed structure of MK—TMSPM resin after sol - gel reactions between the MK siloxane resin and TMSPM and UV exposure
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microreactor with chemical resistance

6 4HiE

T Wi 2 T KA P 3 A o 1 R R AE IR A A5
P B P 25 25 4 PR 28 o % s ELAT R A g
1, IEAE 52 31) B 5 il 3 ol 8 ok sk 22 174 O 1 A EE AL
2o B A JLAR PR & R, mIF9E AT 26 SR A Sbe
RrE bt R EE AR RIS B Ze 55 90 K ik g 4 i 0K
KA 3D ATER AT T K5, I BUS 1 — 5 i i
JB o RJR i L P T R AR B A o 1 B R 1 BF 5 A
I FH R — A 2 1 TAE  FE AR 28 L 200 Ak il
11 RE B T AN 45 D7 THATSAF AR AR 2238 V)75 B fif ke
Il 2 B4

(1) & JBE OB 3D T EN A 28 A P RE 57
F4) R R P T ORAA , BT, = BT TORE4E 3D
FTER Y w5 B B = SR S M B R IR AR, DA TR
TR Z S8R SiOC B % RTIRIRIBFSE ,
At A 2 Ak Pl T SR AR ) AF AR X B A 3B DD
B FEEE R SiC L SICN L SiBCN 45 /&5 1 ik i %8 114 516 [
1k 3D FTER T AR A4 ;

(2)$&5 3DFTER R Bl 4 PEBE . Pl P 1T 9k i
FTEN % 3D Tl 4475 RSk ) 25 Wi s il 42 1) o A v — i
PRl R MR FR IS 4, 25 5 77 A B B 3R B0 A i
B, 6T B 5 1l 42 B M e 7 AR AR O AN R s . ey
L FTERA BHA R FTERRIAR DL R B et T. 221
ek, B i P B il PR RE , 75 BT R IR AR 5T

)i ROCEA R, BHET, DGR Ak 5L
BERTIRAR A Z b, BT 2R FHO'G [T £ 35 A DA DS A6 T2 T 5

FHMELTZ http://www.yhclgy.com  20224F 45 11



R 3, 5 B IS A5 2 00 ik e Bl e P S R O
JUHE B FE T SiCLSiCN | SiBCN 25 ik LR A Ak 4y B
AL RE o DR, Ane) i i 5 | A B e A A
B R R AR IR B DG AR R, 7 i e O [ A 3
FOFT ERG BE A4 () i B AR P I P e rh A S5 i, 2
LI B — T R

SR, X T4 P B i 9K AR SR -5 ) 3D AT ER
AR I FHBIE S 1 Ak R 20 B BE , 3 A7 T8 1 22 IR 3 Bk
1, 4% 07 1B TARERA fy itk — 2D IR AT . (HFRAT]
FAAR B BT 04 3D 4T BB T 20 W 5 iy X 4 b et
SR B CARAR AET 5E 1A W gk g, 3D 9T Bk BE Bl
B AR A B R KA R R ), AR 2 B
IVAEE S

Sk

[1] COLOMBO P, MERA G, RIEDEL R, et al. Polymer—
derived ceramics: 40 years of research and innovation in
advanced ceramics[J]. Journal of the American Ceramic Society ,
2010, 93(7):1805-1837.

[2] MERA G, NAVROTSKY A, SEN S, et al. Polymer—
derived SiCN and SiOC ceramics—structure and energetics at the
nanoscale [J]. Journal of Materials Chemistry A,2013, 1(12):3826.

[3] LONG X, SHAO C, WANG J. Continuous SiCN fibers
with interfacial SiC N~ phase as structural materials for
electromagnetic absorbing applications [J]. ACS Applied
Materials & Interfaces, 2019, 11(25):22885-22894.

[4] BARROSO G, LI Q, BORDIA RK, et al. Polymeric
and ceramic silicon—based coatings—a review [T]. Journal of
Materials Chemistry A, 2019, 7(5):1936-1963.

[5] VAKIFAHMETOGLU C, ZEYDANLI D, COLOMBO
P. Porous polymer derived ceramics [J]. Materials Science and
Engineering: Reports, 2016, 106, 1-30.

[6] ZHAO H, CHEN L, LUAN X, et al. Synthesis,
pyrolysis of a novel liquid SiBCN ceramic precursor and its
application in ceramic matrix composites [J]. Journal of the
European Ceramic Society, 2017, 37(4):1321-1329.

[7] FUS Y, ZHU M, ZHU Y F. Organosilicon polymer—
derived ceramics: An overview [J].
Ceramics, 2019, 8(4):457-478.

(8] NGO T D, KASHANI A, IMBALZANO G, et al.

Additive manufacturing (3D printing) : A review of materials,

Journal of Advanced

methods, applications and challenges [J]. Composites Part B:
Engineering, 2018, 143, 172-196.

[9] CHEN Z W, LI Z Y, LI J J, et al. 3D printing of
ceramics: A review [J].
Society, 2019, 39(4):661-687.

[10] ECKEL Z C, ZHOU C Y, MARTIN J H, et al. 3D
printing additive manufacturing of polymer—derived ceramics
[J]. Science, 2016, 351(6268):58-62.

[11] ZANCHETTA E, CATTALDO M, FRANCHIN G, et
al. Stereolithography of SiOC ceramic microcomponents [J].
Advanced Materials, 2016, 28(2):370-376.

FABH T L

Journal of the European Ceramic

http://www.yhelgy.com 20224 25 1

[12] DE HAZAN Y, PENNER D. SiC and SiOC ceramic
articles produced by stereolithography of acrylate modified
polycarbosilane systems [J]. Journal of the European Ceramic
Society, 2017, 37(16):5205-5212.

[13] BRIGO L, SCHMIDT JEM, GANDIN A, et al. 3D
nanofabrication of SiOC ceramic structures [J].
Science, 2018, 5(12):1800937.

[14] BRINCKMANN S A, PATRA N, YAO J, et al
Stereolithography of SiOC polymer—derived ceramics filled with

Advanced

SiC  micronwhiskers [J]. Advanced Engineering Materials,
2018, 20(11):10.

[15] SCHMIDT J, COLOMBO P. Digital light processing
of ceramic components from polysiloxanes [J]. Journal of the
European Ceramic Society, 2018, 38(1):57-66.

[16] WANG X, SCHMIDT F, HANAOR D, et al
Additive manufacturing of ceramics from preceramic polymers:
A versatile stereolithographic approach assisted by thiol-ene
click chemistry [J]. Addit. Manuf. , 2019, 27:80-90.

[17] LIZ, CHEN Z, LIU J, et al. Additive manufacturing
of lightweight and high—strength polymer—derived SiOC ceramics
[J]. Virtual and Physical Prototyping, 2020,15(2):1-15.

[18] SCHMIDT J, BRIGO L, GANDIN A, et al
Multiscale ceramic components from preceramic polymers by
hybridization of vat polymerization—based technologies [J].
Addit. Manuf. , 2019,30: 30100913.

[19] WEI L, LI J, ZHANG S, et al. Fabrication of SiOC
ceramic with cellular structure via UV-assisted direct ink writing
[J]. Ceramics International, 2020, 46(3):3637-3643.

[20] BRODNIK NR, SCHMIDT J, COLOMBO P, et al.
Analysis of multi-scale mechanical properties of ceramic trusses
prepared  from polymers  [J]. Additive
Manufacturing, 2020, 31:100957.

[21] HUNDLEY JM, ECKEL ZC, SCHUELLER E, et al.
Geometric characterization of additively manufactured polymer
derived ceramics [J]. Additive Manufacturing, 2017, 18:
95-102.

[22] BAUER J, CROOK C, GUELL IZARD A, et al.
Additive manufacturing of ductile, ultrastrong polymer—derived
nanoceramics [ J]. Matter. , 2019, 1(6):1547-1556.

[23] XI L, LIU Z, SU J, et al
hydrosilylation of (Me—Cp) Pt (Me) ;: Enhanced photocatalytic

preceramic

UV-activated

activity, polymerization kinetics, and photolithography [J].
Journal of Applied Polymer Science, 2019, 136(47) :48251.

[24] O'MASTA MR, STONKEVITCH E, PORTER KA, et al.
Additive manufacturing of polymer - derived ceramic matrix
composites [J]. Journal of the American Ceramic Society, 2020,
103(12):6712-23.

[25] PIERIN G, GROTTA C, COLOMBO P, et al. Direct
ink writing of micrometric SiOC ceramic structures using a
preceramic polymer [J]. Journal of the European Ceramic
Society, 2016, 36(7):1589-1594.

[26] SCHMIDT J, ALTUN AA, SCHWENTENWEIN M,



et al. Complex mullite structures fabricated via digital light
processing of a preceramic polysiloxane with active alumina
fillers [J]. Journal of the European Ceramic Society, 2019, 39
(4):1336-1343.

[27] FIOCCO L, ELSAYED H, BADOCCO D, et al.
Direct ink writing of silica~bonded calcite scaffolds from
preceramic polymers and fillers [J]. Biofabrication, 2017, 9
(2):025012.

[28] BERNARDO E, COLOMBO P, DAINESE E, et al.
Novel 3D wollastonite—based scaffolds from preceramic polymers
containing micro— and nano-sized reactive particles [J].
Advanced Engineering Materials, 2012, 14(4):269-274.

[29] FUS Y, HU H R, CHEN J J, et al. Silicone resin
derived larnite/C scaffolds via 3D printing for potential tumor

therapy and bone regeneration [J]. Chemical Engineering

Journal, 2020, 382:122928.

[30] ZOCCA A, FRANCHIN G, ELSAYED H, et al.
Direct ink writing of a preceramic polymer and fillers to produce
hardystonite (Ca,ZnSi,0,) bioceramic scaffolds [J]. Journal of
the American Ceramic Society, 2016, 99(6) :1960-1967.

[31] ELSAYED H, SINICO M, SECCO M, et al. B-
doped hardystonite bioceramics from preceramic polymers and
fillers: Synthesis and application to foams and 3D-printed
scaffolds [J]. Journal of the European Ceramic Society, 2017,
37(4):1757-1767.

[32] ELSAYED H, COLOMBO P, BERNARDO E. Direct
ink writing of wollastonite—diopside glass—ceramic scaffolds from
a silicone resin and engineered fillers [J]. Journal of the
European Ceramic Society, 2017, 37(13):4187-4195.

[33] SHAO D, LU M M, XU D, et al. Carbon dots for
tracking and promoting the osteogenic differentiation of
mesenchymal stem cells [J]. Biomaterials Science, 2017, 5
(9):1820-1827.

[34] GORJAN L, TONELLO R, SEBASTIAN T, et al.
Fused deposition modeling of mullite structures from a
preceramic polymer and y—alumina [J]. Journal of the European
Ceramic Society, 2019, 39(7):2463-2471.

[35] FRIEDEL T, TRAVITZKY N, NIEBLING F, et al.
Fabrication of polymer derived ceramic parts by selective laser
curing [J]. Journal of the European Ceramic Society, 2005, 25
(2/3):193-197.

[36] ZOCCA A, GOMES CM, STAUDE A, et al. SiOC
ceramics with ordered porosity by 3D—printing of a preceramic
polymer [J]. Journal of Materials Research, 2013, 28 (17) :
2243-2252.

[37] ZOCCA A, ELSAYED H, BERNARDO E, et al. 3D-
printed silicate porous bioceramics using a non-sacrificial
preceramic polymer binder [J]. Biofabrication, 2015, 7 (2) :
025008.

[38] LIU G, ZHAO Y, WU G, et al. Origami and 4D
printing of elastomer—derived ceramic structures [J]. Science

Advance, 2018, 4(8):10.

[39] CHEN J, WANG Y, PEI X, et al. Preparation and
of SiC with  high
photosensitivity and ceramic yield [J]. Ceramics International ,
2020, 46(9):13066-13072.

[40] PARK S, LEE D H, RYOO H I, et al. Fabrication of

three—dimensional SiC ceramic microstructures with near—zero

stereolithography ceramic  precursor

shrinkage via dual crosslinking induced stereolithography [J].
Chemical Communications, 2009,32:4880-4882.

[41] MOTT M, EVANS J R G. Solid freeforming of silicon
carbide by inkjet printing using a polymeric precursor [J].
Journal of the American Ceramic Society, 2001, 84 (2)
307-313.

[42] BALDWIN L. A, RUESCHHOFF L. M, DENEAULT J
R, et al. Synthesis of a two—component carbosilane system for
the advanced manufacturing of polymer—derived ceramics [J].
Chemistry of Materials, 2018, 30(21):7527-7534.

[43] CHEN H, WANG X, XUE F, et al. 3D printing of
SiC ceramic: Direct ink writing with a solution of preceramic
polymers [J]. Journal of the European Ceramic Society, 2018,
38(16) :5294-5300.

[44] XIONG H, CHEN H, ZHAO L, et al. SiC/
SiC,reinforced 3D-SiC ceramics using direct ink writing of
polycarbosilane—based solution: Microstructure, composition
and mechanical properties [J]. Journal of the European Ceramic
Society, 2019, 39(8) :2648-2657.

[45] LARSON C M, CHOI J J, GALLARDO P A, et al.
Direct ink writing of silicon carbide for microwave optics [J].
Advanced Engineering Materials, 2016, 18(1):39-45.

[46] PHAM T A, KIM D P, LIM T W, et al. Three-
dimensional ~ SiCN  ceramic  microstructures  via nano—
stereolithography of ~inorganic polymer photoresists [J].
Advanced Functional Materials, 2006, 16(9):1235-1241.

[47] WANG M, XIE C, HE R, et al. Polymer - derived
silicon nitride ceramics by digital light processing based additive
manufacturing [J]. Journal of the American Ceramic Society ,
2019, 102:5117-5126.

[48] MOYANO J J, MOSA J, APARICIO M, et al. Strong
and light cellular silicon carbonitride-reduced graphene oxide
material with enhanced electrical conductivity and capacitive
response [J]. Additive Manufacturing, 2019,30: 100849.

[49] KEMP J W, HMEIDAT N S, COMPTON B G. Boron
nitride—reinforced polysilazane—derived ceramic composites via
direct—ink writing [T]. Journal of the American Ceramic Society,
2020, 103(8):4043-4050.

[50] MR He, BRmiE , i 22 . SedikiA s S0 A vk il 4 b
PIRIZELT]. ThREARE, 2004, 35(Z1):1722-1724.

CHEN M H, CHEN Z H, XIAO A. Heating insulating
coating preparation by UV—curing of pre—ceramic [J]. Journal of
Functional Materials Contents, 2004, 35(Z1):1722-1724.

[S1]RGR  BRALHT, IREGR , 5 . —Jusidk AL A
Be UV AL & RS YR R Rk i L) ], & iRk 5 T
P2, 2009, 25(3):69-72.

FHIMEIT.Z  hitp://www.yhelgy.com 20224 55 18]



SONG J L, CHEN L X, ZHANG ] Q, et al. Preparation of
polymer derived ceramic precursor of thiol-vinyl silizane cured
by UV [1]. Polymer Materials Science and Engineering, 2009,
25(3):69-72.

[52] GYAK K W, JEON S, HA L, et al. Magnetically
actuated SiCN-based ceramic microrobot for guided cell delivery
[J]. Advanced Healthcare Materials, 2019, 8(21):e1900739.

[53] GYAK KW, VISHWAKARMA NK, HWANG YH, et
al. 3D-printed monolithic SiCN ceramic microreactors from a
photocurable preceramic resin for the high temperature ammonia
cracking process [J]. Reaction Chemistry & Engineering, 2019,
4(8):1393-1399.

[54] XIAO J, LIU D, CHENG H, et al. Carbon nanotubes
as light absorbers in digital light processing three—dimensional
printing of SiCN ceramics from preceramic polysilazane [J].
Ceramics International , 2020, 46(11):19393-19400.

[55] JANA P, SANTOLIQUIDO O, ORTONA A, et al.
Polymer—derived SiCN cellular structures from replica of 3D
printed lattices [J]. Journal of the American Ceramic Society,
2018, 101(7):2732-2738.

[56] LI S, DUAN W, ZHAO T, et al. The fabrication of
SiBCN ceramic components from preceramic polymers by digital
light processing (DLP) 3D printing technology [J]. Journal of
the European Ceramic Society, 2018, 38(14):4597-4603.

[57] LI S, ZHANG Y, ZHAO T, et al. Additive
manufacturing of SiBCN/Si;N,w composites from preceramic
polymers by digital light processing [J]. RSC Advances, 2020,
10(10) :5681-5689.

FHIMEIT.Z  hitp://www.yhelgy.com 20224 45 1]

(58] BRI, BRALHT , SRELHE, 45 . ML L& MRS
P 1 1 ) S o P B R S BIR AR A 5 AR SR AE S P BEBIE Y
[J]. #2241, 2012,70(8) : 1035-1042.

ZHANG J K, CHEN L X, ZHANG H X, et al. Synthesis,
characterization and performance study of borosilazane as UV-
curable borazine—type single source precursors for SiBNC
ceramic [ J]. Acta Chimica Sinica, 2012, 70(8):1035-1042.

[59] KOROLEVA A, DEIWICK A, NGUYEN A, et al.
Osteogenic differentiation of human mesenchymal stem cells in
3-D Zr-Si organic—inorganic scaffolds produced by two—photon
polymerization technique [J]. Plos One, 2015, 10(2):18.

[60] FUY L, CHEN Z W, XU G, et al. Preparation and
stereolithography 3D printing of ultralight and ultrastrong ZrOC
porous ceramics [J]. Journal of Alloys and Compounds, 2019,
789:867-873.

[61] FUY, XU G, CHEN Z, et al. Multiple metals doped
polymer—derived SiOC ceramics for 3D printing [J]. Ceramics
International, 2018, 44(10):11030-11038.

[62] FUS, LIUW, LIUS, etal. 3D printed porous beta—
Ca,Si0, scaffolds derived from preceramic resin and their
physicochemical and biological properties [J]. Science and
Technolody of Advanced Materials, 2018, 19(1) :495-506.

[63] SAINZ MA, SERENA S, BELMONTE M, et al.
Protein adsorption and in vitro behavior of additively
manufactured 3D-silicon nitride scaffolds intended for bone

tissue engineering [J]. Materials Science and Engineering: C,

2020, 115:110734.



