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3D printing of precursor derived ceramics and their electromagnetic wave

absorption properties

SU Ruyue , WANG Wenging , CHEN Jingyi, LI Ying , HE Rujie’
(Institute of Advanced Structure Technology, Beijing Institute of Technology, Beijing 100081, China)

Abstract: Electromagnetic wave (EMW) absorbing materials have shown great significance in the fields of electro-
magnetic pollution and military operations. In recent years, precursor-derived ceramics (PDC) have been widely
concerned due to their mild preparation conditions and excellent EMW absorption, mechanics, temperature
resistance, and oxidation resistance properties. To achieve high-precision molding of PDC with controlled
structures, advanced 3D printing technology has gradually attracted attention and is being applied. PDC EMW
absorbing materials that presented wide bandwidth and high absorption properties or multiple functions were
obtained by designing their composition and structure. This brings new development directions for novel high-
performance EMW absorbing materials. Here, the structural characteristics and preparation process of PDC were
reviewed. Afterwards, a systematic summary was conducted on the research progress of PDC material extrusion
(ME) 3D printing technology and photopolymerization (VPP) 3D printing technology. Finally, the research progress
of PDC EMW absorption materials was comprehensively reviewed and the perspective on future directions was also
been discussed. The review is expected to provide reference for future research on PDC EMW absorbing materials.

Keywords: precursor; ceramics; 3D printing; electromagnetic wave absorption; multifunction

W BHA: 2024-10-23; {EEIAHA: 2024-11-18; SRA B HA: 2024-11-20 ; MEEZATE: 2024-11-27 14:38:37
M4 & #udk: https://doi.org/10.13801/j.cnki.fhelxb.20241127.002
HEEWH: EXARE:ES (52275310)
National Natural Science Foundation of China (52275310)
BISMEE AL, WL, B2, WA IW, DR 05 10 o B g M LR G406 3D 4TEN S N fI#%E  E-mail: herujie@bit.edu.cn

Sl 28, 30, BRI, 55 REVSRIRIEELFIZAT R 3D FTE1 KL A g e MERE 1], B & b1k, 2025, 42(7): 3573-3591.
SU Ruyue, WANG Wengqing, CHEN ]Jingyi, et al. 3D printing of precursor derived ceramics and their electromagnetic wave absorption
properties[J]. Acta Materiae Compositae Sinica, 2025, 42(7): 3573-3591(in Chinese).


https://doi.org/10.13801/j.cnki.fhclxb.20241127.002
mailto:herujie@bit.edu.cn

- 3574 -

EEMRER

B 2 TG 2% 30 15 F AR TR A BRI B AR 1Y Kk
L b 7R 25 N R B A RIS, dxs e T H
f U HE RGBS Y s AEEF T, WM ORHE
AT R B R T EEEN, W2
TF K FRL R 5 ORI AR LR B, DAAR R R
VEEERE D BORZZ a5 Y. BHar, BIF &R
RSNy - AT 8 9 N 3 G e AN
i B A, Hodp, B AR AT DLVE N R RE R
S ) LR SO R, 5 LA 28 I AR A L
LR e L H I R b e AR S,
53 Ve R R B I S B A AR e RE L R
HLN T BE,

SR, 7E il £ Ve B b RL B 5 I, 8 5 2
ABegihl, HBeahiiE e (>1600°C), w7y L
LM R B T B W A R g
Yajima %M 1 UHE HY T S IR AR A P B ) 4% T
20, BB AR Dy kA Ok TS . eI
P55 AL B 3 (PDC)!™ ™ 2 3 1 B i A5 A L S Bk 44
BLIEEAC S, Tl TCHLIE & M kL. 2R
T HBAK (800~1400°C), H. % T2t , 4
kZF| TG IZ

PR, B R R R R
JE LR W B B S5 Ae o A IR A AR v, SR IR TR
B AAE B A R I R A A A T R O, R
e LA B R R AR s 2549 1) PDC. 1%t PDC 11 %,
TS Rl S R RS . R TR SRR B R 5
B, BB R PR B R, HIE DA B S
ZER P B, 3D AT ENH R BES 7R 48 =i AR JE R
SEILAE J S R AR — R AL R L, i PDC R R A Ok
AR e

AR SCHE et W 4 K PDC 43 . =G,
PUIC K Z eIk &, X PDC I 45 A6 45 s Kbl 46 T2
AT TR, WA EWmE 1 iR, 2, &

v Material Quaternary/

"
multi- s 3‘\“
K
Q&\\e@ C';/@ element & ks
5 %

v extrusion _-&So

; Vat " ;
photopoly- € Pprecursor " Seragy
| % merization derived EMW Binary

Material s Mechanical
composition %, & SIBON bulks 4111
y e .O,O 3 & cpiny ;
: & Antioxid
@ . Structure ; a% :(%e \QQ Q\@ ntioxidant T
k ' & Composite/ High temperature 'EL 4
N7 modified 4 stability |
1 SEIRIAREEALMIEE (PDC) HLREWDE (EMW) MR

Fig.1 Overview of precursor-derived ceramics (PDC) electromagnetic

absorbing
ceramics

%

wave (EMW) absorbing materials

RO PDC 9 HF i 5K 3D 4T B S St [ 4k 3D 4TERH AR
PRI T A e, RXLmMEGRT
PDC 7£ L % 5 W Sk b A AFF SR 3R, I X R e
RIEF MmN RE, B N4 5 PDC 7E HL B I
WS SR 1 B 5 T [l H A 2 2 B R T R R K

1 BEYEREEAEEM RIS ZE
1.1 —thR2ZEEWEREENLEE

ZICR R R G W S IR AL B s AL SiC
SisN,. ZrB, 55, 43 il 38 &k 4 fif ik ik be (PCS).
B A GE b (PSN) 2 B M & k¢ (PBN) il &, H
W 2 /2 SiIC M & o 1976 4F, H AR AR K2
Yajima F1BA ™ B ¥k LL PCS R ETIA, Z44 Rl 4522 Fil
il B IS 15 3 SiC 274, JFRE T PDC AR B
Sl TEMZ )G, DL PCS S 5 B 44 ok 1l % SiC W
BHOTEGR T ZOE S R, bR SiC £74E5h, SiC
el Je SiC &2 A w4k WF 5t B AR R i) 2k Je 91,

PDC-SiC Fij % f& ¥ PCS 6 3K & 78 = 5 T $4 fi
JE15 %] . PCS eIk fA 2 — RIS RE, AU 4% 5L 141
M FRAANHE, BRERE K. ROk
B d, KA nE 2(a) Fis . # BA AR
45 1 1) B ik i BE TR A BB 15 31 SiC S R IRV
HHGRE P BT, B Ak 1) Bk ik be SMP-
10, SMP-877. SMP-730 F 160°C 1¥ 230°C fin # ,
% 250~1 600°C # fif )5 il 7 Hh SICo A 5% & B P,
REWEMRISBRP LT T8, BEYERF.
P gft . 45 . anl&l 2(b) s, PCS HT{A
W EE L ~300°C & AR ST I PIBAAR 5 A8 Sl AR
300~800°C 5 &5 W) A A= 9% it e Ak ok B 5 O RSl h
INGY TR, ) B R A R N O AR
SEHAL A E S, TR Si—C Ml C—C
., REWNA DAL LY ; 800~1 000°C
Ik & SIC B M UK, P B AL B e R . TR >
1000°C B}, dEfH A SiC ¥ 48 k57 J7 45 ¥4 1 B-SiC
Kb, 7F1200C T45MBI AW, #>1250C
W, BfE A SR Z I CRER SR, Bk,
SiC Atk K, AEMARID ;. 5 RIE SiC gk A
KAz 3] C ML M BHLAT, of & C e T A5
R 2 Bk AR BT, SR EE =1 400°C B, #
53 B-SiC B ¥ % 22 2 0-SiC.

R A WA IR R D 0 5 R RN, T A R
S HARRR A, W A R A 8 S 4
BB JEB . BB AR IS R SR B R
REWE I8 /N PCS #Afiff 1o 7 vl i) M FRU 47 - 412 1 P



IEi A TG W S IR AR A AL B K bt 3D T B R L A I R A e 3575
S N
| (@) i1 (b) R, R, C ! C 1
! : : ]Fl ]FI llll S S sl CH. Si ¢n S'i C /Sl \c ] b| i
I Qi Qi < 1 i 1—CH, .ol - |
I " Ti HZT dil m i~ca” 1 ~Neu”l “C‘&\ijk/k | }j-/ﬁi\p !
! R, L R, R, R, R, R R, é C cNg/ Si AN ‘\C/ 5.0 !
! | ii N R R R,—Si—R, R,—Si—R, AINAEL T~ | AN N !
1 Si—CH 1 I X X ] | Si g Si7 | TSieC i AL A !
! ' i 1 Si—CH,—Si—CH,—Si—CH CH, CH, Si | g i

" 5 2 2 | | C C N C O 1
| Il{ ST ' l ' R,—Si—R, R,—Si—R o S Si” "X e |
| 2 " R, R, R, i i /e o/ Nl o/ Ner i
1 1 ! |
; i i Hydrolysis Polymer decomposition  Conversion to inorganic Crystallization of B-SiC i
'R Il Dehydrocoupling Rapid mass loss species Grain growth i
! I.l 1 Crosslinking Density increase Amorphous SiC and C (mostly| Conversion to a-SiC |

p— ! ) ) I X i
; {?1 CH_CH]_ I Loss of volatile species Evaporative gas release  #morphous) formation Amorphous and graphitic C |
R " '1-----.> i
I | N I

I ! o, o, o o
: if Room temperature 300C 800°C 1000°C 2000C |
| | . N = \

I . .
i " First stage Second stage Third stage Fourth stage i
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Fig.2 (a) Chemical structural of polycarbosilane (PCS); (b) Pyrolysis conversion process of PCS precursor to SiC*"
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FDM) 45, 4T EI%E & 43 5 i 5] 5(a) FH1E 5(b) o,
1B ach P 38 5 S B B 2 JRORL B M Sk B S
B ZFTENRRY, 4332 AE 100~2 000 pm™,

fE ME £ AR, DIW AR 0] LUK S 8K 1R 23R &
WVE R asoK, TETFEHIESI T, T EImE WS 1% i 4%
fil g g, 1ERJTIMS) TRk E 2P0, 145
R G WK G & A o 7R A5 B I 5 B R 2
P e DIW 5 AR JC 7 78 W W R in 448 &, 4T
B, HRBURRAE R, REERR, K, %
HARXT BK A MR 2R, I BKE
DS IR A Gy ) ) ARk R AT 2 H A 5 b Y Bk
i ULAN, SZWEIME EARRE, X HR BT EORG B
AR, EEEILAROK, TENSHREICHEE 2,
FETE W] 5 B AR A8, 3 B I S5 48 JLART TR IR A g
Pk REAEAEAS 1) o

H R R 25k ) P B SiC OB R R SiC i 2
1B R ORI A Bk iE fe (PCS) R, A IECD
BeAE AR, BIR A 5 W 2K 3D 1T B I # i IS
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EEMRER

8T SiCHER A, WE 6(a) frn. iEid
P HUR IR, (23R A W IR A AR v i e i DA
18.2% [ 1% = 10.6%, Mt 7, &5 il 38 2 b
3.1 MPa # /& % 21.3MPa. J& ] K2~ Fif {5 4 L
DL RURE e R e ok ik, DL A i), fE
Hifin A In,O5 1 ITO K3 A Ji5 8l Je ok i B8k, 2
DIW 1 1250°C #f# J5 , 4 i PDC-SIN % & &
B %, n AR i A A

(a)

0 01 03 05 07 1.0
Mass ratio of SiC,/PCS

El6 (a) KJH DIW HAR K14 H i PDC-SIC FI%H; (b) R FDM AR
il % H1 1) PDC-SIC Fig %5
Fig.6 (a) PDC-SiC ceramics fabricated by DIW"; (b) PDC-SiC ceramics
fabricated by FDM"

FDM 5 AR J& 6 S IR 1R 3R 4 8 Rk sl 8 K
22, RIS R GRS E, BT
FHERERIN, REVRELAET & LB)ERE,
A A9 B B & A5 A P, 5 DIWEL R 25
FDM 9T ERS BE AR, HAFEBY RN . B Ah,
T ITEN R B b Som#ad 82 ool 45 6 i #40
B, DA f A 4R R 5 2 Rk B AR, (A R OR
Fr LU ARAT /2 B FTAE 7R A B AR A 217

% [ F) BE H K 2% Cheype A1 BA " % F] FDM 3D
FTERHE AR, ¥ PCS. Si M SiC HURHE & % = 26
OB, 16 90°C N & 8% 4T ERIF #vfig 5 45 31 SiC By
Wbk R, A5 A 6(b) B, $TEDH &5
FF A% B BE B R <F <400 um, L4, FDM $5 A5
Tl g A 4t (Co WM B G AW, PR EH)
FHZAEIK B U 2 1 SR i 47 4k, 38 3 FDM A AE 9K
i i A i (PIP) AR il 45t Cy/ZrB,-SiC & & 44
Ah o AR BUIR B ZeB, i B 3RS B Cy/ZrBy-3R
O N B (PCL) 2 3, % FDM 1T Ell 5 15 3] Cy/ZrB,-
PCL A I, ik — 232 3 SiC 5o WK I B it 5 15 51
BEEEAWE, Ak (218.1421.3) MPa,

2.2 EEML 3D TEN R S M EREKENLIGE

VPP 3D 1T EJHE A S I H 28 40 56 B 6O o g
et JFG T A il B A — R RO, O 2 D AN 1] 5(c)
MK 5(d) s . AT, Bt =4
e R B AL B S, A ORS i 4 R O
Tl A B WO A IRBETE Y B AR IR G 2O o s R
T, iR S DI AR A 7R T R R B L
B )7 AR5 15 3 3D M B AR T L4k LA
SR O R RRAE 1Y S RO 20 HR (Stereolithography
apparatus, SLA) 1 DL I B O o 32 (9 05Ot 4b 3
(Digital light process, DLP) 3D FJ EJ $ A B+ H,
o, SLA 4 R R R E KOG R (— ik
355 nm) F AT B2k . 2k 2 T Y IR G A O BOR B
R, BRGNS IR R UL & B, AR
MEMBS A ENEE, HR#ETEL, b
WA, JZZEE1 3 3D 454 . 5 SLA A,
DLP 4 AR R 45 & B K 1 06 (— M 405 nm),
i i BT B oo /4 (DMD) s B B Ab #L )
W EDE IO 2OoLEM R R, ERE RS
4% 3D 4544

HE L, SLA HOR By UK BE AR, HOBUARL R
SRR, HR T2 R G A R,
WO B SR B0 RAFEC G . DLP £R 1
BRI SR, TMEREAR, (H 2 WOLEE A
SEMA A RST80T, AR L A AR, Ol
[E 4 3D 4T ERHA fe s B9 4T EVRG BE (10 nm~50 pum),
FE S 0 490 2K RS 3] oK RUEE A4 478 1 S % 1 3
EHTREGY. &8 . F&ES%Z R R 3D i,
BURY BRE, H A2 HORMA R RN EE 2 L S
BK, HRGEME B,

JG I8k 3D 4T BN 4 AR 7E B % A4k 3D il & H
Mz, 80 &M EHDE L 3D AT EN AR 2 4%
Ve B 0y R 5 GO IR IR & 5 FREATOE A, &
HBEL, (1600°C L L) JEH B B0, & T2
fEEMRZ R . SERELES 32 B Bk R b . R
A B, ELAT B AR v B B UKL 25 5
A UL IE LS BRI 5] o b, TESROBHMA R
o, T EINAREE BN, HRA R

JE B A P e T B M RLG IR AL 3D AT R v
B LA, R R i B R A W e RO
LG, MM ERImEME, ZHREHARD
/N, HAEE A Ay, IR IR B2 AR (1 000~
1400°C), #il#& TZMH, WEHIT SiC, SiCN. SiOC
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A5 22 i B B 1 SR () 7)) A b e S
TS 51 % 500 A S W 351 % 2R W % i 1 6 1 4k
PEREVEAT AR, LOAELE B ELEE . EHT
SLA J DLP Jt:[# 1k 3D T EP 9 % FH Ot 51 & 5 K =
FEAE IR 3 1 TR Y

(b) Projector—§
~ . .
UV light— Membrane As-printed After pyrolysis
| Platform proiaicis =
( o)
[,@,H H — % —>
;}:i l:‘; - 1
PCP resin Vat =
DLP 3D printing PCP green body SiOC ceramic

Ha.. B i--

lcm lcm

i 5mm

PCP—Preceramic polymer; DLP—Digital light process
7 ZERIE 3D FTEN KA £ 1) PDC-SICN (a)™! K
PDC-SiOC % Aa 14 (b))
Fig.7 PDC-SiCN (a)"” and PDC-SiOC (b)"” components obtained
through vat photopolymerization (VPP) 3D printing and pyrolysis

F1 BN AT REHERBE "
Table1 Typical photoinitiators and their characteristic
absorption wavelengths'®®

Photoinitiator Wavelength/nm
Benzoin dimethyl ether (DMPA) 197-301
Bi o .
15.,(2,4,6 trimethylbenzoyl) phenyl phosphine 200-340
oxide (819)
2,4,6-trimethylbenzoyl diphenyl phosphine
oxide (TPO) 200-320

HAEG, BTG4k 3D T EII R4 W Se bk 4
TR R BB 2k 5 259,

(1) HEL /O He i RVAR R . A B )
FH 0K - 29 JE i SOy AT 54O R,
1M 52 B 3D AT B, 36 [ K 37 #F 5% 55 4% % (HRL)
Schaedler [ A" 4 55 7 35 - Y 366 ik S0 Joe 0 2 04 25 -
R RE R BEIR G, I ADGT | A5 RG] s 2k
o6 AL AT ED, £ 1000°C #A % 15 5 SiOC F % ;
ARG SR R A 429% [5G R 30% AR R 45 5

(2) SCHUEE AR S W eIk ik . H LIRS
YIrOC AL, A 05T 8 A2 N 7 R A Y
S-S B AL K AR H 7 E S R - L EEA

K2 Colombo A1 A4 3-(= H & LRk g ) TN LA
J#5 W2 Iis (TPSPM) 5 2 A% 2 i 480 be (MK) B3 K TR
G a BN A B 42 A s TR TR ' SO AT ) Ak AR e
Ve e Bk A, n A BB & R I R 3D FT
ENfS 2 IR R A%, 1000°C i J5 15 7] Si0C
Ve e 2540 . B BHR R 2 8 B A AT SR 3-(— H
AL REE) FH L DA% R TN T (TMSPMY) X 2R & U
Kt Bg (Silres 604, 610 3% MK) #E478cPE, DL IR
T Fe (BA) i # B0 M {4, 38 i DLP Ot [ {1k 3D
FTED B #40fif ) £ SIOC P %, P % 7= %N 56.9%.
BA N A S RAK T IR 1A R B, i emfe
ROBEARZE 5 pm, BLAk, Ak JS BB B 25 i a8
P& % 5 MPa;

(3) IR A W eIk R Fsg s kA R, A
W52 2 DR y-(FF 36 DI M Ik 40 0 3 — Y Ak e o
(KH-570) SRR FE R 1 45 F T K46 R 5, A
HEPHERDEE] &5 819, ZJGALITENIFAE 1 600°C
o iR be 45 I 19 2 FL B 2R 1Y SiC P

(4) REWRMEF MR IAR . HREY
SEURR L S IR IR AT, T B R AT O
fk 3D 4T El . Colombo [ B 1Kt B %2 7= 3 = 1Y
Silres 601 F1 H44 £EAR 5 15 7] 5 [ 4k 5 fik S80 be 44 B
RC711 R A, ZJAMAYE5] % 7| Irgacure 819 FIYE
W SR B133, Ot A Ak I A% 5 15 B SioC B %
2R 45 K 42.4%~70.15% ;

G IRAMFR . H B K220 it 1 i 5% 57 B
SR Bl 3 7 R 1 ) 3 3 - 2 W ke U A G R TR A
Fi% P GO IS A Je kA, BIF9E TO6B1 &7 . ek
WL SeRRE R RE A RE RS2 M, Ak T Ok
L T2 RN 1.2, B8] T %24 30%,
TEAR A BE 2R 2 62.8% 1Y 3D FTEI SiOC M & 14

EAF — P, SUK R P & [ 1 30 ) o f
Wil 5 55 R I AR R 4, 3 RS R R ST 5 i R
HRKAm2E, A E 208 K B 8 #2s BRUR
2480, 5w VR R T2 ERE . 7E SR IRV TR
g | ASEURLRE AT AU DX — R R, v R AR BE R
2% P B O A2 M T RS I 40 K SiC A AR i A
XUE fil AN 5 R Ak B A v, O T ok 8 O v e 2R
fi#% J5 154 2| PDC-SIOC P & . I A J5t it 53 500 3wt%
[ SIC By A B, 73 B R MOGH AR, U HAE
W T MM B hREY S ENHG AL, il
TRAR B 45 M 85.42% I /N2 74.47%,  [R) {8 Bl
FER R A 26.42%
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EEMRER

3 REYERIREELRE M B HOE Rt ae

EAERGE, ReRBESERR IR
R R A BRI T Ml 1 EE L (R R W I B e
W AT e . AR . miRAR e A, W .
BeLOWE . SRT WA BERE S PR T A G A B B
REST. AL, MR A TE AR ™ A () L g R 5T
AT RS SH MR EBIT, ERs Y
IR B AR A, R X A A A B AR W Ok
D o LT 0 W SR 9 55 R R e R [ 4
ARG ) KRG Y in oy E S, BHAr, &
B K 36 [ 45 24 B R A WIFL 4% 5  . 42575
Ik TR TE TR H R I 0 A B 3 #EAE 2~18 GHz,
I I I8 R R P A 5 S R A wh A M AT 38 3
AT TR IRA W S IR R A Ak P s R R i T
FBHTE IE I B N B A 9T 0 R A T A
3.1 BEWERMEKENLEEREERE

P, 10 102 W ST A L LA R G 1 W % P B R
B VIR RN B A DT O R, Al AR A A AT i
NS HL RGP, T K v g R 5 Ak FARE B P X
Y RE B TH FE ,  MAOREFR RN H R B LT AN kAR O
YRR o AR CLED , Wi B RE AT DL 43 A F BEL AR
FEL A B S R SR 3 Rh R LA A R L RGK
BRI DL S T L R G Y AR R T B AR AR A
WA R, ERERME SN AR IAIER T, M
LR 7 Az BN HELT T A B 5 A B H R A Y
MG, 55505 G 3 A0 BV S H R D AR
AL IRRE KRR, FREER . SEK . AR
R T REAEW B MR, FEE SRR AR . TR
TLAFE L AR A FE SR AL S DR WG s T A
e T ik Ay Q3R 10 ek 35 Bl 28 b L R LAY (1 v A ST AR
W ARt o SR W S IR A B Ak B B Rk A S LY
P49 FEL A SO TR G e A ), 3 sk R R P TE R A 3
TR B A Ak Al . A
WAL AE, TR Ak I R S T H R IR AR A i)
A At R B RE R . BRI TR L I R ik
B PDC A SiC. SiCN. SiOC. SiBCN %%, 1fif BN,
SizN,. SiBON %% #§ H T U #1 ¥l . PDC %) B
U Wz Wk e AT DA 2o R T H A R A BT 45
BT TR

(1) 38 2k TR TR Ak 2 ol 08 42 b Ak W i P i

MR RE S B R 248 DL LA i, AREM
B AL BE 1 19 52 A L i BT (&) AR B R
CBE T B 5 R IHE (), SHRE AR IR

R Ak ot 14 7= A 1 A H B FE BN BE B AR A R A
L O (e7) FIE WG S R 3 (u'). Bt
AR B PT P Ak b L FRE S B, DA T it v L e
Bk RE, FEA LT IR

T o AR S IR R SR G P A R v R —
PRI B 5 R, e, NERA WS M E
W&, g R HENBE R B P e
O L Tl R LA S O DL A R SN B 1
S A R U e o S B4R 1) £ 15 2] & i SiBCN
Vi, /NS 2B (RCh) IR E-30.79dB, fir K
A R W i (BAB ) 9 4.07 dB,,

A, BIAEBRICIRIR, =M% (DVB)*
KH-570 A9 B 5 70 45, e it m M i
Tk o LR R 2 T S AR AT A8 SR A R R A
%t (H-PSO), F|FH DVB uf PU H 5L P 2, 45 356 25 U ke
A b (D) 4% Je SR iR 4 5 . DVB I D, 19 Jim Al
HE RS Si. C. O JG 2 4 R S A 25 4 % 2
Ak, 1300°C #A i 5 B 8 A R Ol AR R A
JIt 7% SiOC B8 % ) RCpyn M -15.29dB, EAB, N
4 GHz, JE '] 2 X %2 4 55 T DI I T4 ik 2 5 3R e
i 4 (AHPCS) 1 DVB Ay S 3R {4 il £ & B SiC. DVB
RESEAE M i I 4 = A e i, (45 1 600°C FAfif 5 FL
H Sk S i 6.62% 2 & 44.67%. A A
HOE B SIC 40K & RIS 58 )2 e I 2%, ik B 1 45
P A TP B2 1 42 1o BB 6% 42 v G A R P BB R R, 1 D
WerEfE ., B A 1.5mm i, RC., £ 15.2 GHz 4t
£ % -56.8 dB, EAB,,.,, N 4.43 GHz, fEFjF T K2
ol 22 3 1A BN 020 L) 4 5 b e s, o 5 S Bk A
KA YIRS I 5 & s Bk PDC-SIOC, 3£
B P S G G D PR RE, 1400°C AR S 15 ) )
3 mol/L #j % #% -SiOC i % , 75J& N 1.5 mm i,
RC,, /& 13.8GHz F N -27.6dB; 7F Ku i B ,
EAB,.., i5 % 3.5 GHz,

T Ao AR R R A, R AR R R AR A3 AR
ShAE, DT i A2 JHL H R W it e . PR b Tl R
F B /INES AT BRI SICIN il 2o 7 v 119 44 i 1L B2 I
1300C F+= 2 1600C f5, HFHEM 9.4x10°S/m
Fh = 2 033 S/m, A L H RS R R N 4.5 A
0.25 Ft /=5 % 14.3 F1 7.0, 13 £ %) SiCN L i b 452 #&
hF, HE5H ) SigN, AR S 2 SICN 1 A H R
SHAE N TR, M SiC FHEBFETFM, AL T
Al R 2 1 o S RIS T AR T B X ZrSIOCN B
B PERE B RE M o AT AT 5 AR B M RR Y
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SiCN P & >k 9 45 ZrOC B & i A X 52 A H 2,
¥ R A AL EE (PZC) AR E A be (PSN) S BRI TR &
Je AR IF B, A A Ze (A W R E Si Al G R
S 2H WA ZrSiOCN B %5, H R I 140 55 1 B4t
VERCPE . seAh, BEEPRIR R e, Hairh
H B t-Zr0, . LJZ A R ZrCo 347N 653 FbL, fH1531%
A HL B 500 SIS R R S 2 kG n . A AT A BE
FEERERY, KA WA B 90C T+ = &
1500°C, FHLBEgE W IRRE A8 o FEEH T
TR E T, ZrCq 347N g53 T Cree 1 JI S Y A 5
¥, BER T P& R AR ALRE TT o A R RE S
JELEE S 2 mm B, 7F 12.02 GHz T RC,,,, H-22.7 dB,
EAB,,.x M 1.65 GHz.

WA, Z ook % b i T R A O A ORE T i P
et 2t UM . AT ST REAT, BCN P& 1A He
BRCLER AR B, N JCE HBI Ay T im R R

(2) 3 o S5 44 T T4 A R R 4 I8 1) W i

B X A R BT R T AN, X B O . %2

1 mm
S

F-RD-type unit  [-WP-type unit ~ P-type unit

¥ e R -
L) a &

/ i 2 y

kness of  Size of G-type . Double-layer stereo-unit model

G-type unit  Wall thic!
G-type unit

TPMS units

“Array structure
(290 mm)

3633 dB

85790 9.510010511.0115120
Frequency/GHz.

L2385 1) AT TBE T2 H v JHC FL 1 D8 WALk R 1) A AL
Jra, RO R A I 2 R A R M E
RESH) W ah . MR . BESISE, 45
& 8 frR .

HOEr, el 0 <8E i WDk 25 14 43 48 SioC.
SiCN. SiBCN 4§, il # /& Jo JR A 28 S8 3k 5 52 B
BT IR R . B R Tl KA A L)
i 1 B DVB M PSO il £ 40 K iR 58 2 15 i
) SIOC P % S eI, Wn &l 8(a) FF x, 3 a3 18 15
DVB [ & &, HW LRI #% . 7F 2.45 mm JE &
T, SIOC M % < H%E e 19 S 3 20FN EAB 4333l Ry
-65.6dB fil 6 GHz, 1M #f 40mm &t , EAB ¥ K %I
11.2 GHz., 3 f SIOC Fij & 55 A v i) 9 K e 25 77 A=
Kb 5 A, RRAE RS SR AR Ak . LA, Ak
T 5 J2 0 A K 1 B 4 BRI A R AL, 3 [
HEFERE AR T o fEACAEB MM T,
X B e B S B FL A O LR B AR AR, S SR
TR AE . B KA BRI AT BT DL PSN 2y S5 3K

BPM unit _
: s@
80 $
oy, ~

Stereo-unit with a bottom plate model
(BPM)

228808 88000 H N H WA KB

unit DSM unit (DSM)

TPMS combining units

Simulation

Reflectivity/dB
Loh L
B8 u

" Si(Galn)
BOC-SP-MB

6 8 10 12 14 16 18
Frequency/GHz

PV ——"

o a1 o o e e

Room temperature

-12

10 12 14 16 18
Frequency/GHz

F-RD—F-rhombic dodecahedra; I-WP—I-wrapped package; a—Unit size; PT21-U—UV cured precursor with polysilazane and trimethylolpropane
triacrylate ratio of 2:1; PT21-P—Pyrolyzed sample of PT21-U; t—Wall thickness; d—Hole diameter; h—Unit height; D—Dimensionless form of hole
diameter; T—Dimensionless form of wall thickness; Si(Galn)BOC-SP—SiBOC metastructure with EGaln nanoparticles based on Schwarz P minimal
surface; MB—Metal backplate method; TL—Transmission line theory; w—Wall thickness of metastructure; /—Unit length of metastructure;
EAB—Effective absorption bandwidth; ), r,—Inner and outer radius of metastructure; i, h,—Height of the inner and outer part of metastructure

K8 (a) SIOC “THEIRLSHI™; (b) SIC/SisN, H/MITTH (TPMS) £5H™ ; (c) SICN 8345HI™; (d) Si(Galn)BOC s 2 I /Wi e/ N 4549
(e) SIOC iy

Fig.8 (a) SiOC aerogel™; (b) SiC/Si;N, triple period minimal surface (TPMS) structure™; (c) SiCN honeycomb structure™; (d) Si(GaIn)BOC liquid

metal/ceramic TPMS structure'

(e) SiOC metastructures®”
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EEMRER

&, DVB RWAZHEH], WOk MER, S -5
FRE L VU T A A T e SRR K SICN
SBEME . RCpy, TH K % -54.35 dB, X I A3 0 W %
W 584 4.16 GHz, X 5 4" LI PBSZ N Hi{&, DVB
R, B O e s B R S R 4% 1 SIBNC
W SOBE B, HJE A 3mm B, RCpy, i /b
-25.05dB, EAB K 5.75 GHz, 1% < % % 8¢ & 1 1L
PR L R AR T R U AR R AR, XPE
W0 R A T 2 (IR . R R 2 R R, R
FEL 0 D5 11 S D ) AR iR

B HLA BN ST SBE RS S M o1, B 58 3 X
FLRH B A e s Wk 25 A R AT T IR RITE Y
B 2 B A R B AR 7l AT o6 4R 3D AT Ep A R
W TR U e R TR M TR TR 2L %) e IR A T T A
AL IR R 1 & 1 5, A5 2 80% JE 5 = 1Y SiCN
Ve A A K, I 8(c) BT s R 46 5 T 5K
333.3MPa/g-cm’, BLAh, FEPK 1Y 85 55 45 44 ff = AE
Jo et AR A () T R 4% DR 10 S 1) A D R AL g
JE R 12.2 mm Af, RCy, {H-49 dB.

Z AL 25 0 BT H AR AR i b R g 2 B R R
A 5T R &3 i AL JE B9 A% /) it T (TPMS)
VE W Z5 48, 2% 25 R FE DR R 85 0 2 5 B 1 ()
Bh 2% 0 00 5 1) L e DB IO M B o il S R 2 G
A BA 5211 9 3D 4T ER i A TPMS 4544 1) PDC-
SiC/SisN, Z Ak, Wk 8(b) Fin. #l&HmE S
SERUCGE T R SEAE RN B BT P RE , 52
BT R LR 1) SEARI o AR R EAT S5 R TR
BAMEEE N 3.3mm B, EAB,,, N 3.25 GHz;
1M E A BUZ AR IT 51 (DSM) & &K,
FRIE R T HEZ QR LR TR0 Bk, EAB
$275 & 11.12 GHz,,

PG AL Tk K 2F LA P BT 1) 3 P 1 b S 4
J& (EGaln 44K % 1) 5 SiBCN SE 3K & 9y B IR &
i J5 ) % Si(GaIn)BOC B %, 40 &1 8(d) FF 7 o
SRR, MELH TS AR A B T o R A
fiff o R P R ) RO, DT R B 1
FI2ESREE . BLAh, P& M4 2 ARy S A
A S ot AL AR LA R RE AR AR B B . 2
A1 38 1+ DLP 3D T Ep i B A5 Schwarz P (SP) #f /]y
il 45 R Y S5 K, LR SR B 35 158.77 MPa,
Si(Galn) BOC-SP i i & 2% (1 Hi. % 3% (EMW) Tt 1
B ML S0 T % A L RO A A L, S EAB YT
J# 3 11.36 GHz (5.4~18.0 GHz jti Bl N ), 5 %5 T #%

AN A LT REME , SRR AR L, A5 H0 X HL
WA (7 ik +40°) LB AR @5 038 R M. BEAh,
KHFLIAETEA B T EMW 1L 35 3 25 44 v, fRE i3F
FL 0 08 7 25 R PN ) R S B, ol A 3R T R I g
A FEAR S T

Br L L2545k, LSRR T 2 F B
JE I P S5 R B W R 2, AL 8(e) BT o AT
2G4k 3D FT B T B AT S M 58 SUBE T 2
) PDC-SIOC P & ™, 7 & il T 2 30 Hh AR 1 )2
B R B A 80w 8 . AR X PEBE, RN 2.90 mm
i, RCpn X = -36.33dB (99.9% . 4 ), EAB K
3.76 GHz. i A5 oS5 S 80, 450 1 N
FAT LAY RS Ku, K. Ka FIH AL B

Br DL B a5k 40, 8 O i 2 22 i & R
IR IR SRS RN R SER T RIS AR 1 )
], BT 5T PDC ¥ 1k M 2 41 4 25 # f Sicl
SiICN™! | SiIBCN™ £F 4 45 . P4 4t Tl K 2% ik &
A BLBY LI PCS Sy SIiC Y e B4, 3R & # ik s Joe
i (PVP) s s, RAF Y 28R, R)E
45 SiC 94 K £F 4k, RC.y, K £ -57.8dB, EAB,,
4 5.5 GHz,,

R C 2828, REMEHS 2 S HBTIL R
AL BRI /0 F B D8 R ) 3R T A S SR, 8 L
R BREESEAM BN ES . 7ESEBRig T, i3k
2T BB i 5 2 A, DL S BB B IS i
S /IS A Rk 2R TR FL D ) S S, PR T U8 i
A HE AN ER , e KPR EE Y e # W D e
SR BELBC W 28 W b RL iR AT 2 R A5 i it it
PEALBETT M4 R L B S BRI 2 TR, Al 2 2 T I I 3
Ry —Fr =,

3.2 ME/EEREWRIREELIEE WK

B — MR R AT SR A B, A T B R
A A S AR 2 AH AL L AR, I 2 Fh
AL Bl R N, 3 A AS [ 458 FE ML 54 ) A
AN [R] B3 BE B WS, B A% S 3T FEL T I8 T AR
Mg B> 0 e 2 %o BARH B 22 A e K44 7 Ak B e i
VPR BEMEAT T e 45 25 30,3565, 7072, 75, 64, 86-90]

S FRWT, J0 LU N 45 J4 A BE 65 52 5 S BR AR
AL BE AR R A PR RE, W ZiB,. SiC
YORER | BRAOKRLF4E . BRIDKE . B ABIEE
B /1N Hi 141 B4 SiC ok 1 43 103 PSO e R 1k
1% % 1 SiC/SiOC K ¥ 7F 8.6 GHz ] RCyy, 1% 2
-61dB, 7F X Pt EAB & 3.5 GHz,
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Table 2 Electromagnetic properties of precursor derived ceramics in 2-18 GHz
Material Temperature/’C  Conductivity/(S-m™)  Dielectric constant  tano RCin/dB  EAB/GHz h'/mm  Ref.
. ” £'=3.6-8.5
SiC 1 100-1 600 2.2x107-1.4 £"20.2-10.2 0.06-0.13 -8 —_ 3 [28]
. . H £'=3.6-8.49
SiC 1 100-1 500 2.2x107°-1.4x10 £"-0.17-10.01 0.05-1.18 -11 — — [88]
. £'=3.93-13.76
SiC 900-1 600 — £"=0.78-8.46 0.14-0.62 -56.8 4.43 1.5 [71]
. £'=5-12
SiC¢ 1300 — £"=1.5-3.8 0.15-0.45 -57.8 5.5 1.9 [84]
'=4.5-14.3
SiCN 1 350-1 600 9.4x107%-0.33 8,, 0.01-0.5 -21 — 2.4 [28]
&£""=0.25-7
'=3.5-8.7
SiCN aerogel 1000 — 2”—2-8 0.35-1 -54.35 4.16 — [75]
CNF/ &£'=4.5-14.3
SICN 1100 0.1-1.3 £"20.95-7 0.01-0.5 -36.3 3.0 1.9 [87]
£'=5-18
BCN 1 000 — £"=1-60 0.1-3.8 -60.36 — 3 [35]
'=6-12.5
h-BCN 1 000 — 8,, 0.3-0.7 -52.7 2 5 [30]
£"=2-6
. £'=2.3-17.5
SiBCN 1 150-1 400 — £"-0.4-6.8 0.01-0.6 -64.18 4.1 1.4 [65]
. £=4.1-8.3
SiBCN(O) 1100-1 400 — 110935 0.25-2.5  -36.68 1 3.7 [89]
. ” " £'=5.6-10.2
Y,03/SiBCN 1400 1.2x107°-1.9x10 £"-0.95-5.22, 0.15-0.6 —42.22 4.72 — [90]
SiC/ £'=5.1-13.0
Si0C 900-1 450 — £"-0.84-10.9 0.16-0.78 -61 3.5 3.14 [86]
. £'=3.1-16.5
SiOC 1 300-1 400 — £"=0.1-7.9 0.06-0.68 -27.6 3.5 1.5 [72]
. £'=7.24-6.75
SiOC 1200 — £"-3.95-3.23 0.45-0.53 -36.33 3.76 2.9 [80]
i '=2.3-8.5
C/sioc 800 7.8x10-2.5x10™ e 0106  -65.6 6 2.45 [70]
aerogel £"=0.2-3.5

Notes: tano refers to the loss tangent value of the dielectric constant; RC;, refers to the minimum reflection coefficient of the sample; h’
refers to the thickness of the sample; CNF refers to carbon nanofiber; SiC,; refers to SiC nanofibers.

KR A 27 B8 M 1AT BA 09 2 e R A% A T TS
SiCN J¢ SR 4352 75 1) BEL AT DG F P - 1 S0 A £F 2 i
3k R T AR Y BRSSO AR 1k SICN B & < I 2
SR, ZA R SIIL T SICN Y 25 T fiE— 1A Ak
o BT IEEREIRE, 3R SICN/EE A
B R RO D T LT RE A R S X B, B
FALLHEMNTIA, BT SR ) SR - 5 k-4
GAR =SB EH, ST 2 G ORI AR
fRBETT s BEA, MR K FLIE B = 4 o 2 2
F SIS T HL R I ) 2 E RS RO, B T R R
P BAE

1] 3k 1 5 4 Weidenkaf A1 BA B9 4 52 L
RE LGN K 27 2 2 5 R REABE (HTT 1800) S W AE Ky
SRR R, A S A5 B A0 K 4T 4E (CNF)-

SICN 4Kk E AW, WE 9a) Fix, & &6tk
CNF 1) 5] A3 32728 Bl 3 T W 732 sl )5 51k
AR Ab it B Sbh ek i L R B . AR AR FE L
TR A AL B RE o5 A LI FE Y 52.1%. H RCyy N
-36.3dB, EAB N 3.0 GHz. J&[1K2E47 I3 A BLEY
L PSO 1 £, ik 74 5 o S B4R, LA A= A ik 4 ok
4 (CNWs) J5 il % T B A Ni,Si@C & SiC@C # 7%
45 F 1Y) CNWSs/ Ni,Si/SiOC 40k & 4 Fl %, %+ K
Y S AH S5 A LAk T L R U R B . 1300°C
WAR G, JEE N 41mm i, RC,,, M -43.5dB,
EAB,,, M 2.08 GHz,

Wy ZR U B TR 2] 75 24 P BA 1 3 3 7% 1 200°C
TR A I # it PBSZ FREME i 1 41 5%/ SIBCN &
A Mk, 5 SiBCN A ., RCp, M -1.36 FE L =
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Ve 52 R 45 B M
Fig.9 (a) Carbon nanofiber (CNF)-SiCN ceramics and their EMW absorption properties'®”; (b) Reduced graphene oxide (rGO)-SiBCN ceramics and their

EMW absorption properties'®”; (c) Preparation of carbon nanotube (CNT)/CoSi/SiOC composites and their EMW absorption properties'®
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Fig. 10 (a) Schematic diagram of pyrolysis process of HfO,/SiBCN and their mechanical and EMW absorption properties''®; (b) Ni-Fe-C/HfO,/SiCN

composite and their EMW absorption properties under room temperature and high temperature!"'
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