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Fig. 1 XRD patterns of raw materials
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Fig. 2 Effect of AlF;-3H,O contents on XRD patterns and

crystalline phase content of silicon carbide whiskers
self-reinforced porous ceramics
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Fig. 3 SEM images of silicon carbide whiskers self-reinforced
porous ceramis prepared with different contents of
AlF;-3H,0
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Fig. 4 Effect of AlF;-3H,0 contents on the average pore size of
silicon carbide whiskers self-reinforced porous ceramics
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Fig. 5 Micro-CT image of silicon carbide whiskers self-
reinforced porous ceramics prepared with 2% AlF;-3H,0
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(a) EDS spectrum of point A in Fig. 3(f)
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(b) EDS spectrum of point B in Fig. 3(f)
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Fig. 6 EDS results of the selected points in Fig. 3(f)

F1 B 3fhRIUERSR EDS 451
Table 1 EDS results of the selected points in Fig. 3(f)

whiskers
Mole fraction/%
Points
C Si Total
A 534 46.6 100
493 50.7 100
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Fig. 9 Effect of AlF;:3H,0 contents on strength of silicon
carbide whiskers self-reinforced porous ceramics

24 BHiEEZILMEDRLERARE K IE
ETRE 2. B 3 MoEmRe Rt &
SiC-Si—C—AlF5-3H,0 & &2 AEELN N v :

AlF3+H,0=AIOF +2HF (1)
AG’=522.7-0.367T (kJ/mol)
2C(5T0se=2CO0y (2
AG’y=-272.6-0.174T (kJ/mol)

2S5+ 05(5=2SiO0yg (3)



. 2582 CREFR Eh22 4D

J Chin Ceram Soc, 2025, 53(9): 2577-2585

2025 4F

AG’y=-342.6-0.118T (kJ/mol)

SiO(g)+3CO(g):SiC(S)+2COZ(g) (4)
AG%=-323.3+0.348T (kJ/mol)

3 SiO(g)+CO(g):SiC(S)+2SiOz(s) (5)
AGP=-1293.2+3.401T (kJ/mol)
Si02(8)+4HF(g):SiF4(g)+2H20(g) (6)
AG’=—-68.8+0.069T (kJ/mol)
SiF4(g)+C(S):SiC(S)+2F2(g) (7)
AG’=1507.8-0.136T (kJ/mol)

Si(s+Cis=SiCy (®)

AG%=-113.6+0.030T (kJ/mol)

B 10 AR~ SE(8) T AGY i 5 %7 I8 FEE f
Az, HE 10 AT, ARHRIRESTT, RMN(D)TE
1425~1800 C &1 FH AG? N, £ & T
1425 CRERAER N o [N (4)F1 s B (6) 7E Ak T~ e
AGY A, R I AGY NI, R SALE
TRIEIT B8 H RN, i n] R AR m) e N . N
(T)TE 100~1800 °C, H AGYHIEME, 8 I%RNIE
PRI AR AE R o R L(2)s RIBE(3) RL(S) Al
JBi(8)7E 100~1800 °C, H AG ¥ tift, FHIfE
LR R YRE E R RN . [RI,  BRALRE S AU T K
PR RONL(T) AN T S

15001 Rs —_—

1000
0 | R
g sopn R,
= R,
SR
< 500FRs =~

1000} R,

R;
100 400 800 1200 1600 2000

Temperature/C

B 10 MR~ B REB)R~Rg) AR Gibbs H HfE
AG? 5 [N % F 2%

Fig. 10 Relationship between standard Gibbs free energy A,G’

and temperature of reactions (1)—(8) (R;—Rg)

P 3d. B 3f. B 3h. B35 & 8a nl &, BT
1) 88 22 FL B A Tk W B A it v A SR Bl A ik it 2B R THT
MR, T R AR I B R, R B R T
s AT BSOS R 2 5 . T 3b FEL 10 1Y
SREKW, SMBE TSI .

REUE RS IR AIF;-3H,0 7= A IS AR i
Xt % LI B A R AR AU B VE R, SEESSR FHAH

5] (1) 1. 2026 A (AF5-3H,0 WRINEA 2%, 1600 CLR
I 2h), FEFF B Nl T 29L&, Hosifs SEM
Mk 11 R, B 1 ma, Z2HMEH N
WORDIR IR, WA SAUE R, R i fE
AlF3-3H,0 77 A IS 5T 2 A8 BB A Fike s 20T 5%
o Rk, AT EE S AR KR BT O
LB H]. T 10 FEA TS BN, kess
AR TE R SiO Al COwS 5 T RALEE AU A4
B M A KB R B E B 12 Fros. 5%, &
AlF3-3H,0 MI{EA T, Si SRR T 0y RN FE RS
#H SiO()» C HE R Oy RFAF* COwyo SRS 5
SiO 5 CO@S AR SiC fit%, mizERE, 1@
TE S SN AR R R 23 TR S IR B A A
A RE R AR T, B SRS IRIEAT, 12 TR BT
BRI 77 TR %, T2 T KKAR LY
BRALRE A0

BT JFRCRURCT il o 22 FLFR BERE i 1 SEM JEY

Fig. 11 SEM image of porous ceramics sample sintering
under flowing atmosphere
Nucleation Growth Continuous growth
. CO SiO, |4
COy  SiO, ® ® S
Y 2 2
w ¥ :
O] ——)
N

12 SiC, A EKHLE R
Fig. 12 Schematic diagram of SiCw gas-solid growth mechanism

3 i

DEL 70% ARy Jy EZRE,  30% HITER)
R BN BRAEE I 45 S AR A, AlF-3H,0 NN
7, KRR A RNRAEDZ 1600 C LR 2 h B
g ) & T AR 20 5 2 AL



53 E%E oM

I AL 55 ALF3-3H,0 s INEG BRACRE di 230 1 389 9 22 FLF Bk B A S i + 2583 -

2) ININAE & AlF;-3H,0 A] DL 25 32 S Ak
i E R 2 AL R R R, 4
AlF;-3H,0 ¥R NN 2%, BT il & B AL i i 200 E
38 58 22 L W B8 1R iR B AT 9 B AN 1 9 E O3 )k
2.6 MPa £l 3.7 MPa, B & & T REM AlF;-3H,0
Ji ) £ T A ik 22 L W) 8 R it 1) R B AT 5 2 AR T
JE 5 B

3) AIF5-3H,0 WA HE T 2 LB &R &
TR T K& IR A 2, AR Kl S - R R AL
R

5% ik

[1] DAS D, LUCIOM D S, OH Y, et al. Tuning the electrical, thermal, and
mechanical properties of porous SiC ceramics using metal carbides[J]. J
Eur Ceram Soc, 2024, 44(5): 3020-3030.

[2] ANWAR M S, BUKHARI S Z A, HA J H, et al. Controlling the
electrical resistivity of porous silicon carbide ceramics and their
applications: A review[J]. Int J Appl Ceram Technol, 2022, 19(4):
1814-1840.

[3] YANG M H, ZHANG ] Z, ZHANG Y, et al. Permeability and corrosion
resistance of porous SiOC-bonded SiC ceramics prepared by the
preceramic polymer[J]. Int J Appl Ceram Technol, 2023, 20(4):
2382-2391.

[4] XAk, B, B0G, L& TiO, iR INEXT SiC 2 fLI WA
PEREMIRZIR[T]. i KATEL, 2024, 58(2): 93-98.

DENG Chengji, HE Feng, LIANG Yiming, et al. Refractories, 2024,
58(2): 93-98.

[5] e, skiEAR, vk, ik B 26 2 FL0 & PRT it R[]
itk 5 A K, 2022, 47(2): 9-12.

WU Hua, ZHANG Yaran, MA Beiyue. Refract Lime, 2022, 47(2): 9-12.

[6] CHEN R Y, ZHU H P, HE Q, et al. Fabrication of SiC reticulated
porous ceramics with dense struts by in situ generation of SiC[J]. J Eur
Ceram Soc, 2024, 44(2): 635-642.

(7] AF5RSE, R, 2500 RIS L B A e M 68 73 12 JEE 1 ) 4% &% HLdly
KA BETEBET]. RERR #5244, 2022, 50(6): 1572-1581.

FU Jinxiu, ZHAI Fengrui, LI Shuang. J Chin Ceram Soc, 2022, 50(6):
1572-1581.

[8] LIUD H, LI Y J, LV C J, et al. Permeating behaviour of porous SiC
ceramics fabricated with different SiC particle sizes[J]. Ceram Int, 2021,
47(4): 5610-5616.

(9] HiBGE, BB, ARSA 2 FLB M e e SCHEAR 1 ) 6 % i R sl
REARALLT]. FERR 2R 244, 2019, 47(12): 1737-1745.

GOU Mintao, HUANG Jianguo. J Chin Ceram Soc, 2019, 47(12):
1737-1745.

[10] ZHONG Z X, ZHANG B, TIAN Z Y, et al. Highly porous LAS-SiC
ceramic with near-zero thermal expansion prepared via aqueous
gel-casting combined with adding pore-forming agents[J]. Mater
Charact, 2022, 187: 111829.

[11] 73775, A, 32, % & EHEAIRERERIR 2 FLM T 1
il 26 BRBRFRET). FERR #2441, 2022, 50(6): 1685-1693.

WAN Fanghao, LI Yawei, LIANG Xiong, et al. J] Chin Ceram Soc,
2022, 50(6): 1685-1693.
[12] CHEN R Y, XIE K S, ZHU H P, et al. Improving strength and

microstructure of SiC reticulated porous ceramic through in situ

generation of SiC whiskers within hollow voids[J]. Ceram Int, 2023,
49(24): 40414-40420.

[13] VISHNU R, PRABHAKARAN K. Porous eco-ceramics of low thermal
conductivity and high EMI shielding effectiveness from sawdust and
sucrose by paste molding[J]. Ceram Int, 2021, 47(24): 34595-34610.

[14] HUANG L J, QIN H, HU T C, et al. Fabrication of high permeability
SiC ceramic membrane with gradient pore structure by one-step freeze—
casting process[J]. Ceram Int, 2021, 47(12): 17597-17605.

[15] LIF,ZHOU L, LIU J X, et al. Preparation of hierarchical porous silicon
carbide monoliths via ambient pressure drying Sol-gel process
followed by high-temperature pyrolysis[J]. Materials, 2022, 16(1): 220.

[16] LI G Q, YU M, LUO H, et al. Low-temperature thermally modified
fir-derived biomorphic C-SiC composites prepared by Sol-gel
infiltration[J]. Ceram Int, 2023, 49(6): 9523-9533.

[17] XING G C, DENG C J, DING J, et al. Fabrication and characterisation
of AIN-SiC porous composite ceramics by nitridation of AlSiC4[J].
Ceram Int, 2020, 46(4): 4959-4967.

[18] DONG B B, MIN Z Y, GUAN L, et al. Porous mullite-bonded SiC
filters prepared by foaming—Sol-gel-tape casting for high-efficiency
hot flue gas filtration[J]. Sep Purif Technol, 2022, 295: 121338.

[19] ZHAO J, BAN X Q, YANG Y F, et al. Fabrication of SiC porous
ceramics by foaming method[J]. Materials, 2023, 16(4): 1342.

[20] WU J Q, ZHANG L, WANG W Q, et al. Microstructures, mechanical
properties and electromagnetic wave absorption performance of porous
SiC ceramics by direct foaming combined with direct-ink-writing-based
3D printing[J]. Materials, 2023, 16(7): 2861.

[21] JING C F, GUO X, LUO Y M, et al. A synergetic poring strategy to
prepare high porosity SiC ceramic foam with good mechanical
strength[J]. Int J Appl Ceram Technol, 2024, 21(3): 1917-1927.

[22] WU H, MA B Y, REN X M, et al. Recycling of silicon kerf waste for
preparation of porous SiCw/SiC membrane supports by in situ
synthesis[J]. Int J Appl Ceram Technol, 2020, 17(1): 138-145.

[23] REN X M, MA B Y, SU C, et al. In-situ synthesis of Fe,Siy phases and
their effects on the properties of SiC porous ceramics[J]. J Alloys
Compd, 2019, 784: 1113-1122.

[24] REN X M, MA B Y, QIAN F, et al. Green synthesis of porous SiC
ceramics using silicon kerf waste in different sintering atmospheres and
pore structure optimization[J]. Ceram Int, 2021, 47(18): 26366-26374.

[25] XING Z H, HU Y H, XIANG D P, et al. Porous SiC—mullite ceramics
with high flexural strength and gas permeability prepared from
photovoltaic silicon waste[J]. Ceram Int, 2020, 46(1): 1236-1242.

[26] ZHU S M, DING S Q, XI H A, et al. Low-temperature fabrication of
porous SiC ceramics by preceramic polymer reaction bonding[J]. Mater
Lett, 2005, 59(5): 595-597.

[27] KENNEDY G P, LIM K Y, KIM Y W, et al. Effect of SiC particle size
on flexural strength of porous self-bonded SiC ceramics[J]. Met Mater
Int, 2011, 17(4): 599-605.

[28] XU X H, LIU X, WU J F, et al. Preparation of mullite whisker
reinforced SiC membrane supports with high gas permeability[J].
Ceram Int, 2021, 47(6): 8150-8160.

[29] LAO D, LIN P, LIU X J, et al. A novel approach to prepare high
strength and high porosity reticulated porous ceramics by in situ
synthesis of mullite whiskers[J]. Ceram Int, 2021, 47(10):
14561-14568.

[30] EOM J H, SEO Y K, KIM Y W. Mechanical and thermal properties of
pressureless sintered silicon carbide ceramics with alumina—yttria—calcia[J].
JAm Ceram Soc, 2016, 99(5): 1735-1741.



. 2584 CREFR Eh22 4D

J Chin Ceram Soc, 2025, 53(9): 2577-2585

2025 4F

[31] WANG H F, ZHANG H J, BI Y B, et al. Synthesis of SiC whiskers via
catalytic reaction method in self-bonded SiC composites[J]. Ceram Int,
2020, 46(9): 12975-12985.

[32] ZHANG Y H, LIANG X, LI Y W, et al. In-situ formed SiC whisker
strengthening of silicon carbide reticulated porous ceramics based on
3D printed lattices template[J]. J Eur Ceram Soc, 2024, 44(1): 43-50.

[33] TIAN Y, XIE Z L, YUAN Q, et al. Improving the rheological behavior
of alkali-activated slag pastes by using low surface free energy mineral
admixtures[J]. Constr Build Mater, 2023, 392: 131879.

[34] XI X Q, ZHANG L, LIU M Y, et al. Surface energy matching to

friction materials[J]. Polym Compos, 2024, 45(6): 5546-5557.

[36] GIBSON L J, ASHBY M F. Cellular solids: structure and properties,
seconded [M]. Cambridge University Press, Cambridge, 1997.

[37] MA S Q, HE P G, ZHAO S J, et al. Formation of SiC
whiskers/leucite-based ceramic composites from low temperature
hardening geopolymer[J]. Ceram Int, 2021, 47(13): 17930-17938.

[38] WANG L, WADA H, ALLARD L F. Synthesis and characterization of
SiC whiskers[J]. ] Mater Res, 1992, 7(1): 148-163.

[39] HASHISHIN T, YAMAMOTO Y, KANEKO Y. Effect of Cryolite on
the Growth of SiC Whiske[J]. J Ceram Soc Jpn, 1998,106(7): 637-640.

[40] A ih AR, BRAGKE T U(SICW)JE AL AL G R S HAE IR KRR ALOS-C Tif
KAPRHPEBEFF AU D). Dl 2B Tl K, 2021.

HAO Jingmiao. In-situ catalytic synthesis of silicon carbide whisker

improve the wetting behaviour of aqueous slurries with carrier tapes for
the production of large YAG transparent ceramic flakes[J]. Ceram Int,
2022, 48(20): 30564-30573.

[35]J1 Z J, WANG S Q, LUO W Y, et al. Shape-controllable synthesis of

mullite whisker and its effect on tribological behavior of resin-based

(SiCy,) and study on its properties of reinforcing low-carbon Al,O;—C

refractories [D]. Maanshan: Anhui Universit of Technology, 2021.

Effect of AlF;:3H,0 Content on Properties of Silicon Carbide Whiskers Self-Reinforced
Porous Ceramics

SHI Yihong', CAO Rong', YU Wangzhi', DENG Xiangong', LIU Xiang', CHEN Yue', DING Xiang', GE Xuexiang',
ZHANG Yi', RAN Songlin!, ZHANG Haijun?
(1. Advanced Ceramics Research Center, School of Materials Science and Engineering, Anhui University of Technology, Ma’anshan
243002, Anhui, China; 2. The State Key Laboratory of Refractories and Metallurgy, Wuhan University of Science and Technology,
Wuhan 430081, China)

Extended Abstract

Introduction Silicon carbide porous ceramics are widely used in many fields because of their corrosion resistance, good thermal
shock resistance, large specific surface area and superior mechanical properties. Silicon carbide porous ceramics are mainly prepared
by different methods (i.e., pore-forming agent method, organic foam impregnation method, freeze—drying method, and foaming
method). Among these, the foaming method with simple operation and controllable density and shape of the products is a common
approach to prepare silicon carbide porous ceramics with a high porosity. However, silicon carbide porous ceramics still have the
disadvantage of low mechanical properties. The In-situ generation of SiC whiskers can greatly improve the mechanical properties of
the materials. Therefore, in this paper, silicon carbide whiskers self-reinforced porous ceramics were prepared by foaming method and
reactive sintering with silicon carbide powder of 70% (in mass fraction) as a raw material, 30% silicon powder and carbon black as a
self-bonding phase, AlF;-3H,0 as an additive. In addition, the effect of AlF;-3H,O content on the phase composition, microstructure
and mechanical properties of silicon carbide whiskers self-reinforced porous ceramics was also investigated.

Methods In this work, silicon carbide powders were used as raw materials. Silicon powders and carbon black were used as
self-bonding phase materials. AlF;-3H,0 was selected as an additive. Triethanolamine dodecyl sulfate was used as a blowing agent.
The ground powders were slowly added to a solution containing 0.5% Isobam 104 and 0.15% sodium carboxymethylcellulose, which
was vigorously stirred in a mechanical stirrer to produce a slurry containing 50% (in volume fraction) of ground powders.
Subsequently, 1.0% (in volume fraction) triethanolamine dodecyl sulphate was added to the obtained slurry and then vigorously
stirred to prepare a homogeneous wet foam, which was rapidly poured into moulds with the dimensions of 160 mm X 80 mm x 40 mm
and dried at ambient temperature for 48 h. Afterwards, the demoulded foam green bodies were dried at 40-100 C. Finally, the dried
foam green bodies were fired in argon atmosphere furnace at 1600 “C for 2 h to obtain porous ceramics.

Results and discussion , The average large spherical pore size and annular pore size in as-prepared silicon carbide whiskers
self-reinforced porous ceramics both firstly decrease and then increase with increasing the content of AlF;-3H,0 from 0 to 4%. These
results are due to the minimum surface free energy of the slurry with 2% AlF;-3H,0, leading to the stable bubbles existing in the
slurry. Adding an appropriate amount of AlF;-3H,0 can promote the formation of silicon carbide whiskers and improve the strength
of as-prepared silicon carbide whiskers self-reinforced porous ceramics. At AlF;-3H,0 content of 2%, the flexural and compressive
strengths of porous ceramic samples with a porosity of 76.9% are 2.6 MPa and 3.7 MPa, respectively, which are significantly higher
than those of the porous ceramic samples prepared without AlF;-3H,O (i.e., 1.1 MPa and 1.4 MPa). The enhanced mechanical
properties can be related to the microstructure of the porous samples. The more uniform pore distribution and smallest average
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spherical pores and annular pores in porous sample with AlF;-3H,0 addition of 2% are formed, resulting in improved mechanical
properties of porous sample. Also, a large number of silicon carbide whiskers with the largest length are generated, which act as a
reinforcing phase for further improving the mechanical properties of porous samples.

Conclusions Adding an appropriate amount of AlF;-3H,0 could promote the formation of silicon carbide whiskers and improve the
strength of porous ceramic specimens. At AlF;-3H,0O content of 2%, the flexural and compressive strengths of as-prepared silicon
carbide whisker self-reinforced porous ceramic samples with a porosity of 76.9% were 2.6 MPa and 3.7 MPa, respectively. The length
and the diameter of SiC,, whiskers generated in the samples were 4 pm and 62 nm, respectively, and their growth was controlled due
to the gas-solid reaction mechanism.

Keywords silicon carbide porous ceramics; silicon carbide whiskers; aluminum fluoride trihydrate; mechanical properties



