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Abstract: Additive manufacturing technology provides a novel approach for the production of complex-structured silicon nitride
ceramics. In this study, the microstructural and strength evolution of additively manufactured silicon nitride after continuous thermal
exposure for 24 hours in an oxygen-containing atmosphere at 1200-1500 °C are investigated. The morphology, phase compositions
and element distribution are characterized by SEM, XRD, EBSD and EPMA. The results show that with increasing exposure
temperature, a—f phase transformation occurs, and the volume fraction of B-Si;N, increases from 63.02% to 74.15%. Meanwhile,
the grain size of silicon nitride grows from 1.33 um at 1200 °C to 1.97 pm at 1500 °C. The flexural strength exhibits a rise-then-fall
trend with increasing temperature, reaching a peak value of 722.67 MPa at 1200 °C and dropping to a minimum of 242.67 MPa at

1500 °C, which represents a reduction of approximately 66.00% compared to the unexposed condition. Grain coarsening, as well as
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the formation of pores and microcracks during thermal exposure, are the primary causes of strength degradation. In addition, high-

temperature oxidation reactions lead to the formation of mechanically weak SiO, phases and introduce dimensional inaccuracies,

further compromising the mechanical performance of the additively manufactured silicon nitride. As a result, flexural strength

continues to decrease with increasing exposure temperature. This study reveals the microstructural and mechanical evolution

mechanisms of additively manufactured silicon nitride ceramics under extreme high-temperature service conditions, providing a

theoretical foundation for improving their service reliability and process optimization.
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Table 1 Ceramic powder parameters

Ceramic powder Particle size/nm Purity/% Density/(g - cm ) Specific surface area/(g - m °)
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MgO 420 >99.9 3.85 8.03
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Fig. 8 Grain size distribution (1) and grain morphology (2) of additively manufactured silicon nitride after 24 h thermal exposure
under oxygen-containing atmospheres at different temperatures  (a) 1200 °C; (b) 1300 °C; (c) 1400 °C; (d) 1500 C

et 5 a R, TR E 1400~ 1500 °C A,
T P 2 S A S DI R, s e A i e 2R
B, B AR S AR TR s LB, anlEl 12(c) .
(d) iR BXEEFLBRMBIR T A 02 A i E0E 4,
1 S50 ) B N RE, IS R ARk s R A e
N, B W W (3) o BT RO AR s — A A
BRI AR BEAR, Rtl, B SE AR 1 i &tk
DU 0 TR

Si3N4+30, — 3Si0,+2N, 1 3)

K13 H AR R 5, X\ Y. Z J7 [ 1Y
RSFiR2E, A% 1200 °C B, RSP R/,
X Y. Z3 DT BiR 253518 0% 0.3% F1 0.5%,
RGF R HEA R AN, R IIAE 1200 °C #A2 BR AT
HEbE i R ARE P B HAA B P E e . IR
ThE 2 1300 °C, RSFiRZEE WA, 3 A T7 10053
7 0.3%. 3.9% i 5.0%, X 5 A4 W RIAT



1 At IRASE i FEE T 484 4 1l 3 S AL R TROUL A S5 B2 ) 2 ) 117

K9 ANRRELRE 75 A U0 AR EE 24 h R ISR il i UL REWT I SEM T (2)1200 °C5 (b)1300 C;
(¢)1400 °C, (d)1500 °C; (1)EAE; (2)FfE
Fig. 9 SEM images of the fracture surface of additive-manufactured silicon nitride after 24 h of thermal exposure in an oxygen-con-
taining atmosphere at different temperatures  (a) 1200 °C; (b) 1300 °C; (c) 1400 °C;(d) 1500 C;
(1) low magnification; (2) high magnification

10 pm

Y

10 ym

10 wm

10 AR BE 5 U0 T PR ER 24 h R SR G AU AREWT 1 EDS I (2)1200 °C5 (5)1300 °C; (¢)1400 C;
(d)1500 °C; (1)Kf%; (2)EDS
Fig. 10 EDS images of the fracture surface of additive-manufactured silicon nitride after 24 h of thermal exposure in an oxygen-
containing atmosphere at different temperatures  (a) 1200 °C; (b) 1300 °C; (c) 1400 °C;(d) 1500 °C; (1) image; (2) EDS

1500 ©

El 11 1500 °C FHRETE 24 h J5 A AGEEF ZE T D oM 2H 28

Fig. 11  Fracture surface microstructures of silicon nitride ceramics after 24 h thermal exposure at 1500 C



118 o a= M

5 46 3

Unoxidized

B 12 ARREES

SRR SRS )

Unoxidized

ST IR 24 h S M v R RER Tk SEM IET (i “ARSURIX” SRS | PR X, B
(2)1200 °C; (b)1300 °C; (¢)1400 °C; (d)1500 C

Fig. 12 Surface oxidation SEM images of additively manufactured silicon nitride after 24 h thermal exposure under oxygen-con-

taining atmospheres at different temperatures (Note: “non-oxidized” zone exhibits relatively dense and smooth areas, maintaining a

morphology close to the substrate state.)

N
o

= =2 NN W w
o o1 O o1 O U O O

Dimensional error/%

|
[¢)]

1300 1400 1500

Temperature/°’C

P13 BRSO RE A AN R IR 2 S U0 T B B
24h )5 X\ Y. ZI7 B R 2E
Fig. 13 Dimensional errors of additively manufactured
silicon nitride in the X, Y and Z directions after 24 h thermal
exposure under oxygen-containing atmospheres at
different temperatures

1200

=X (3) AT, A BE IR SigN, JO A2 i 3 BEJR Si0,,
FALZ IR IK 5 B R 5 1 RS R A
Ak

16 1400 °C BTG, X, Y. Z )5 RN ~FiR 2%
SN 2.9%. 8.4% F 15.9%, Z 1500 °C B, Rf
RZER N XH Y J5 i RAFiR 255 513 % 3.9%
16.2%, Z 77 15 W) & & 1% &5 33.8%., W LLE H, Z il
J7 a1 08 RST AR A f hy (8 3, 35 1 o 3 )2 () 5 4
H A G, ZNZ SRR, 2 A

(a) 1200 °C; (b) 1300 °C; (c) 1400 °C; (d) 1500 C

ZE e R R I AR P HE— P HOR, B Z BT R R
SR AR DT SR AL, AR AR R
FER 25 A4 YU R B A A, L, Rl R
T RE A T i, RO iR 2 S EOM A i AR 2R 5
SRR

3 it

(1) b5 AR FE IR E M 1200 °C TFE 1500 C,
A ol 1 AR PR P B-SisNy AH HH 63.02% 34
% 74.15%; a-SisN, FHH1 36.98% [& 3] 25.85%, g
FRAEVEIG A1 SisNg 19 a—B FHAE

(2) Fifi B2 i Y B T o5, 8 i ik R AL RE BT
W B TR RS, FE 1200 °C TS 550 5 B
&, N 722.67 MPa, BORRIERE I 5 T 1.26%; 16
1500 °C B HUaS 58 B e fI%, 4y 242.67 MPa, AR %
EIIREAR T 66.00%

(3) Bifi 5 P 8 Ul B T v, Y04 T R A
B SFBEEIE R, B 1.33 pm 3 & 1.97 pm,  f ki
FACBEAR T8y R T, SR AR E T
B 5 [RIESF, PR 28 80 R L B 50 o 1 i A 2 8 00 B T
G TN, 78 1500 °C AR 28 5 A bk 2w s 3R
2920 10~20 pm AYFLFR, 3% 28 7B iR st
— SRR T RALRERR S 1 12 PERE



1

At IRASE kB8 o 48 4 1l 3 S AL B IROULEE 43 J3E B4 52 1 119

S Lk

(1] 2T, BRuki, XM, 4. b s Bt A e =S

REANHL SRR AL RIS HIE R (1], i s okl
2, 2024, 44(1): 31-45.
WU Y, CHEN B Q, LIU W, et al. Research and applica-
tion progress of nickel-based superalloys made by addi-
tive in aero-engines and gas turbines [J]. Journal of Aero-
nautical Materials, 2024, 44(1): 31-45.

(2] Brez, 775, 223, 46 B iR AL P e O e e A I

it S HUWERE A= T 5T HE R [T, TEHLATRL 41, 2024,
39(7): 741-753.
CHEN Q, SU H J, JIANG H, et al. Progress of ultra-high
temperature oxide ceramics: laser additive manufacturing
and microstructure evolution[J]. Journal of Inorganic
Materials, 2024, 39(7): 741-753.

(3] LA, 5RT00, Af258, 55, s KSR isse
R ENZS R TS HERE D). HEBEROAR, 2022, 43(5): 6-28.
KONG X C, ZHANG Z Q, ZHU J Q, et al. Research
progress on cooling structure of aecroengine air-cooled tur-
bine blade[J]. Journal of Propulsion Technology, 2022,
43(5):6-28.

[4] KLEMM H. Silicon nitride for high-temperature applica-
tions[J]. Journal of the American Ceramic Society,
2010, 93(6): 1501-1522.

[5] DASILVA CR M, REIS D A P, DOSSANTOS C. Creep
of heat treated silicon nitride with neodymium and
yttrium oxides additions[J]. Materials Science and Engi-
neering: A, 2010, 527(26): 6893-6898.

[6] MELENDEZ-MARTINEZ J J, DOMINGUEZ-RODRI-
GUEZ A. Creep of silicon nitride[J]. Progress in Materi-
als Science, 2004, 49(1): 19-107.

[7] LENZIJ, ENNETIR K, ONBATTUVELLI V, et al. Pow-
der injection molding of ceramic engine components for
transportation [J]. JOM, 2012, 64(3): 388-392.

[8] BOCANEGRA-BERNAL M H, MATOVIC B. Mechani-
cal properties of silicon nitride-based ceramics and its use
in structural applications at high temperatures [J]. Materi-
als Science and Engineering: A, 2010, 527(6) : 1314-
1338.

(97 R, A AW 21T el 45 1 Pl O I T - sk Aok g
B RR MR [T]. M Tl 5 8, 1985(2): 10-11.
KANG P X. Application of non-oxide structural ceramics
with high temperature resistance: silicon carbide ceram-
ics and silicon nitride ceramics[J]. Building Materials
Industry Information, 1985(2): 10-11.

(10 ] p e fi. B i B : IR S AR (1], TR E PR T
F, 2020, 31(1): 19-23.

LU B H. Additive manufacturing: current situation and
future [J]. China Mechanical Engineering, 2020, 31(1):

19-23.

(1] BRRR, (AR, A, 2. MR A1 il i (3D 4TEN)
HORBETE R [1]. BUACH AR F 82, 2017, 38(4) : 248-
266.

HUANG M J, WU H D, HUANG R J, et al. A review on
ceramic additive manufacturing (3D printing)[J]. Advan-
ced Ceramics, 2017, 38(4): 248-266.

[12] JOHN L K, RAMU M, SINGAMNENI S. Mechanical
and thermal property enhancement of silicon nitride-rein-
forced PLA composites for high-performance 3D print-
ing applications[J]. Progress in Additive Manufacturing,
2025, 10(9): 6405-6419.

[13] ZENG X F, SIPAUT C S, ISMAIL N M, et al. Fabrica-
tion of 3D printed Si;N, bioceramics with superior com-
prehensive performance through ZnO nanowires doping
[J]. Ceramics International, 2024, 50(18): 34457-34466.

[14] SHEN M H, FU R L, LIU H B, et al. Photosensitive
SisNy slurry with combined benefits of low viscosity and
large cured depth for digital light processing 3D
printing [J]. Journal of the European Ceramic Society,
2023, 43(3): 881-888.

[15]LIUSY, CHEN Y J, LUP, et al. Si3N, slurry with high
solid phase, low viscosity prepared via surface-oxidation
and silane coupling agent modification hybrid method [J].
Journal of the European Ceramic Society, 2024, 44(1):
161-172.

[16 ] ZHAN L N, XIA Y, ZHANG X, et al. Effects of stere-
olithography process parameters on the curing properties
of Si;N, ceramic slurries[J]. Chinese Journal of Mechan-
ical Engineering: Additive Manufacturing Frontiers,
2023, 2(4): 100095.

[17] WANG K J, BAO C G, ZHANG CY, et al. Preparation
of high-strength Si;N, antenna window using selective
laser sintering[J]. Ceramics International, 2021,
47(22):31277-31285.

[18 ] CHEN Z H, DUAN W Y, ZHANG D Y, et al. Fabrica-
tion of broadband wave-transparent SizN, ceramics with
octet-truss lattice structure by vat photopolymerization
3D printing technology[J]. Journal of the European
Ceramic Society, 2024, 44(4): 2026-2036.

[19] LI M, HUANG H L, WU J M, et al. Preparation and
properties of Si3N, ceramics via digital light processing
using SizN,; powder coated with Al,03-Y,0; sintering
additives[J]. Additive Manufacturing, 2022, 53: 102713.

[20] B B4, Bouik, BAl R HA U B & il v aE 0 Al

Si;N, F8e [J]. BrRifi G HOAR, 1989, 7(4): 194-202.
GE CC, XIAY L, CHEN L M. New Si;N, ceramics with
superior high-temperature properties[J]. Powder Metal-
lurgy Technology, 1989, 7(4): 194-202.

[21 ] TSUGE A, NISHIDA K, KOMATUS M, et al. effect of


https://doi.org/10.11868/j.issn.1005-5053.2023.000211
https://doi.org/10.11868/j.issn.1005-5053.2023.000211
https://doi.org/10.11868/j.issn.1005-5053.2023.000211
https://doi.org/10.11868/j.issn.1005-5053.2023.000211
https://doi.org/10.11868/j.issn.1005-5053.2023.000211
https://doi.org/10.15541/jim20230560
https://doi.org/10.15541/jim20230560
https://doi.org/10.15541/jim20230560
https://doi.org/10.13675/j.cnki.tjjs.200632
https://doi.org/10.13675/j.cnki.tjjs.200632
https://doi.org/10.1111/j.1551-2916.2010.03839.x
https://doi.org/10.1016/j.msea.2010.07.044
https://doi.org/10.1016/j.msea.2010.07.044
https://doi.org/10.1016/j.msea.2010.07.044
https://doi.org/10.1016/j.msea.2010.07.044
https://doi.org/10.1016/j.msea.2010.07.044
https://doi.org/10.1016/S0079-6425(03)00020-3
https://doi.org/10.1016/S0079-6425(03)00020-3
https://doi.org/10.1016/S0079-6425(03)00020-3
https://doi.org/10.1007/s11837-012-0264-x
https://doi.org/10.1016/j.msea.2009.09.064
https://doi.org/10.1016/j.msea.2009.09.064
https://doi.org/10.1016/j.msea.2009.09.064
https://doi.org/10.1016/j.msea.2009.09.064
https://doi.org/10.16253/j.cnki.37-1226/tq.2017.06.002
https://doi.org/10.16253/j.cnki.37-1226/tq.2017.06.002
https://doi.org/10.16253/j.cnki.37-1226/tq.2017.06.002
https://doi.org/10.16253/j.cnki.37-1226/tq.2017.06.002
https://doi.org/10.1007/s40964-025-00983-z
https://doi.org/10.1016/j.ceramint.2024.06.156
https://doi.org/10.1016/j.jeurceramsoc.2022.10.056
https://doi.org/10.1016/j.jeurceramsoc.2023.08.056
https://doi.org/10.1016/j.cjmeam.2023.100095
https://doi.org/10.1016/j.cjmeam.2023.100095
https://doi.org/10.1016/j.cjmeam.2023.100095
https://doi.org/10.1016/j.cjmeam.2023.100095
https://doi.org/10.1016/j.cjmeam.2023.100095
https://doi.org/10.1016/j.ceramint.2021.07.304
https://doi.org/10.1016/j.jeurceramsoc.2023.11.035
https://doi.org/10.1016/j.jeurceramsoc.2023.11.035
https://doi.org/10.1016/j.addma.2022.102713
https://doi.org/10.19591/j.cnki.cn11-1974/tf.1989.04.001
https://doi.org/10.19591/j.cnki.cn11-1974/tf.1989.04.001
https://doi.org/10.19591/j.cnki.cn11-1974/tf.1989.04.001
https://doi.org/10.19591/j.cnki.cn11-1974/tf.1989.04.001

120 o= M

B W 5 46 %

crystallizing the grain-boundary glass phase on the high-
temperature strength of hot-pressed Si;N, containing
Y,0;[J]. Journal of the American Ceramic Society, 1975,
58(7/8):323-326.

[22] B2, sk g, JAHT 5t Y-La-SisN, P % 0 i

PERE S AL D). [HBRHE 2%, 1997, 18(4): 61-
65.
LUO X T, ZHANG C R, ZHOU X G. Mechanical prop-
erties and oxidation characteristics of Y-La-SizN, ceram-
ics at high temperature[J]. National Defense Technol-
ogy, 1997, 18(4): 61-65.

[23] ISKOE J L, LANGE F F, DIAZ E S. Effect of selected
impurities on the high temperature mechanical properties
of hot-pressed silicon nitride [J]. Journal of Materials Sci-
ence, 1976, 11(5): 908-912.

[24] B2, kL [F. A SisN, B A & IR T RE 4R 1E ().
PARHARE %, 1996, 17(3): 19-22.

LUO X T, ZHANG L T. The characteristics of high tem-
perature properties of in situ toughened Si;N,[J]. Adv-
anced Ceramics, 1996, 17(3): 19-22.

[25 ] ARG, ZFL A AL 8 i) il ) 47 A WH5E (D). 7y
B F B R, 2023
ZHENG Y N. Study on mechanical behavior of porous
Si;N, ceramics at high temperature[D]. Nanchang: Nan-
chang University, 2023.

[26 ] PLEERS, AL 10, 5K, 45, Sc-Si-SiyN, P il S AL Xt

HIp2ERERI 2R (1], FOR L2 5 T2, 2009, 17(1):
85-87.
SHEN J X, LI C S, ZHANG L, et al. Effect of high-tem-
perature oxidation on mechanical properties of Sc-Si-
Si3N, ceramics[J]. Materials Science and Technology,
2009, 17(1): 85-87.

[ 27 ] European Committee For Standardization. Advanced
technical ceramics—mechanical properties of monolithic

ceramics at room temperature—part 1: determination of

flexural strength: EN 843-1: 2006 [S].Brussels : Euro-
pean Committee For Standardization, 2006.

[28 ] KNUTSON-WEDEL E M, FALK L K L, BJORKLUND
H, et al. Si3sN, ceramics formed by HIP using different
oxide additions: relation between microstructure and
properties[J]. Journal of Materials Science, 1991,
26(20):5575-5584.

[29] WU X Q, TENG J C, JT X X, et al. Research progress of
the defects and innovations of ceramic vat photopolymer-
ization [J]. Additive Manufacturing, 2023, 65: 103441.

[30] SRARIA, A5, D42, 2. MgO-ALO;-Re,05(Re=Lu,

Y) X T BE 4t SizNy P e . Gl A L RE i 52 i (],
N T A4, 2016, 45(1): 80-84.
GUO WM, WUL X, MAT, etal. Effect of MgO-Al,05-
Re,0;(Re =Lu, Y) on microstructure and properties of
pressureless sintered Si;N, ceramics[J]. Journal of Syn-
thetic Crystals, 2016, 45(1): 80-84.

Wk H 4: 2025-07-24; 5% H 3 2025-09-12

FEWH : F5E S0 k1] (2024YFB3714504, 2024YFB
3714503 ) ; 1L FH BHFH AR5 H (20241H2/101900011 ) ;
H % SRRl 22 24 (52402094, U234120139, U22A20129) ;
B BL AR (JCKY2022130C005 ) ; H [ 1 -1 5 B2
F42(2023M743571); EFEH B -LEHIFRA R ITTRI(GZC2023
2743 ) ; T ERLE B4 B AT AT A 42 (2024-PY11) 5 3
R s R 2 B IR I 4 (CAT2023-006) 5 %
AR A #E Fiie T2 (2023cxcysj015)

WIRES : 227785 (1993—), B, i+, By FRAF5E 61, BF5E 7
[i] A4 il 3 P ARk B ot e T A R P, R
Mtk : 10748 P AT PR TR X SO AR % 72 %5 (110016), E-mail:
qlli@imr.ac.cn; EH i (1974—), &, -1, IR, #F55 05
a1k 3D T E B RE  Bic Al B 3 B s . S Ak Pl B
BERMAE: L TAHWHT AP X O 38 115
(110819), E-mail: yuexy@atm.neu.edu.cn

(AXor%h: AW )


https://doi.org/10.13943/j.issn1671-4547.1997.04.012
https://doi.org/10.13943/j.issn1671-4547.1997.04.012
https://doi.org/10.13943/j.issn1671-4547.1997.04.012
https://doi.org/10.13943/j.issn1671-4547.1997.04.012
https://doi.org/10.1007/BF00542309
https://doi.org/10.1007/BF00542309
https://doi.org/10.1007/BF00542309
https://doi.org/10.16253/j.cnki.37-1226/tq.1996.03.006
https://doi.org/10.16253/j.cnki.37-1226/tq.1996.03.006
https://doi.org/10.16253/j.cnki.37-1226/tq.1996.03.006
https://doi.org/10.16253/j.cnki.37-1226/tq.1996.03.006
https://doi.org/10.1007/BF02403960
https://doi.org/10.1016/j.addma.2023.103441
https://doi.org/10.16553/j.cnki.issn1000-985x.2016.01.014
https://doi.org/10.16553/j.cnki.issn1000-985x.2016.01.014
https://doi.org/10.16553/j.cnki.issn1000-985x.2016.01.014
https://doi.org/10.16553/j.cnki.issn1000-985x.2016.01.014
mailto:qlli@imr.ac.cn
mailto:yuexy@atm.neu.edu.cn

	1 实验材料与方法
	1.1 实验材料
	1.2 样品制备
	1.3 脱脂-烧结工艺
	1.4 性能测试
	1.5 物相及组织表征

	2 结果与分析
	2.1 热暴露温度对微观组织及物相演化的影响
	2.2 热暴露温度对抗弯强度的影响
	2.3 晶粒和缺陷对断裂行为的影响
	2.4 高温氧化对抗弯强度的影响

	3 结论
	参考文献

