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Table 1 Chemical analysis results of raw materials w/%
Raw materials AL O3 Al Si Na,O SiO, Fe O3 Fe Ca Mg Igloss
Tabular alumina 99.42 0.31 0.16 0.05 0.06
a-Al,03 powder 99.34 0.36 0.12 0.11 0.07
Aluminum powder 99.78 0.12 0.10
Silicon powder 0.36 99.54 0.01 0.05 0.04
W is mass fraction.
®2 ASI-ALO; E S RINFFRIEC 77
Table 2 Recipe of the AI-Si—Al,O; composite refractory w/%
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Fig. 1

KA FF35 CT B i Tolk CT XFFE A AT
BT B R R (Y FXE-225.48 FTit i, £ AN
Micro focus, HEHEF, HELHRE, K 0.2°).
K H E A YXLON Reconstruction Workspace X

PR AT HE E A R AR E A B . R
Volume Graphics VG StudioMAX 3.2 B AEXF#E 4 3D
Y 5 R AT DI FEoR o SR F BB VA AT 5k
/LR % . KA Ultima IV % X BFERATHHX
(Cu 4B, K, #2k, 1=1.5406 A, TAEHJE 40 kV,
TAEHR 40 mA, H#HEZE 10(°)/min, K 0.02°)
BEATRE S AR 45553 BT K FH Nova NanoSEM 450
B HL T S OB 0 TR (1) R AR 5 AL 3R AT R AIE

2 EREH®

2.1 SELGH

Bl 2 KA Tl CT RAEM e R 3R T 2
] PN A [ X3 ) = 4 Jx S fLgi . I 2b
AP0, PR 2 A AL R B AR I
(W AL)ALEG, T aRE I 3 22 H BEAR ORI
FLEAOF)A K. B 2¢ FIE 2d 7T, WFERH
JZ(0~2 mm) XI5 173 80%, AUE D ERIAL Y



+ 2552 - CRERR R 2540 J Chin Ceram Soc, 2025, 53(9): 25502558 2025 4

i, FLBAEE<4%; WAEWEHUKERILNE, HIL BB =4S ILE WA 1 3b~& 3d fio,
B RIER S, 20 15%. SALGE Pl R, W E R B ERE N B AR E AL, B
281550 CRAAGFEMG, ALLSi-ALOs EAWAE X FLBR B IR (<4%) . 75 i IR A i
KL T EEZ) 2 mm. FLRFE <4%HBHE, X — A B AL EUE 2 0] KBRS
BURE T LR 2 4 15% 1) 2 FLE5 VARG R S SR HARRAN EE, A e
S AHERFE I BCE Z NSRRI &R i S RPUR bk Re . il 3e~K 3g s, )
1.5mm x 1.5mm x 1.5mm P27 Xk, #— SALLLRERRN TSN E, FLREN 15% 4.

\ Layered porosity/%

Diameter/mm Surface -

10.67 layer
9.60

8.54

Layer position

7.47

6.41

~ Interior ~ % 0246 81012141618
5.34 Porosity/%

(b) Overall structure and pore structure of the sintered sample (c) Pore distribution and layered porosity of the sintered sample
427

321
2.14
1.08

0.01

(a) Scale of
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(d) Evolution of pore distribution of different layer from surface layer (1 and 2) to interior (3 and 4) of the sintered sample
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Fig.2 Pore structure and the layered porosity of the sample from surface layer to interior
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Fig. 3 Pore structure and layered porosity of the sample at different parts
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Fig. 4 XRD patterns of dense layer and interior of sintered sample
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0-2 mm layer

(g) SEM image of 5-10 mm layer (h) SEM image of matrix in 5-10 mm layer (i) SEM image of 2H-AIN-SiC granules
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(j) EDS spectrum of point 4 in Fig. 5(c) (k) EDS spectrum of point B in Fig. 5(f) (1) EDS spectrum of point C in Fig. 5(i)
K5 el R A [ DX Iy S i b 4 S %1% X 1Y) EDSS 3 Hr & 21
Fig. 5 Microstructure and EDS spectrum of different layers of the sintered sample
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53 E%E oM

R 55 AI-Si-ALO; B MR 2 R RE A U Z 10 5 )

° 2555 -

ArG? =—155 230 —47.28T (J/mol)
Ao TN, Ko BESE Al Si iEHEA R
REFIHEAT AU TR A SR R AR, A5 TE
BTG, Ui, 48 Al Si 5T a-ALO;s
ok B A BAL R B, A2 % 2 1R-SiAION, LI B 5((4)
FIB, fEWREMEERT, AP ERERES
ALO(g). AlO(g). SiO(g)FI AN #, TE R FE R M
A2 21R-SiAION @i 1155 N iE— P E TR, ARk
FasE /R 21R-SIAION Hé5mAH, 78 SALFEAE LM
Ak, TEREEE. 0BG R MR (6).

A1-Si-Al,O, composite

Po,< 10 MPa

14A1(1) +3Si(1) + 2A1,0,(s) + 9N, (g) = 3SiAl,0,N, (s)
4)

ArG’ =-5800 516 +1924.82T (J/mol)

4AIN(s) + ALO(g) +SiO(g) + N, (g) = SiAl,O,N, (s)

)

ArG’ =—1322 682 +512.05T (J/mol)

5AIN(s) + AlO(g) +SiO(g) +0.5N, (g) = SiAl,O,N, (s)

@ Interior: direct nitridation
and carbonization

Fig. 6 Gradient changes in the atmosphere environment from outside to inside of the sample

BiERR P EE AL Si BE M R BLR Z
FEF IR Oy, 15FE Y8 10 4000 e PRI [ 22 1

(6)
ArG? =—1181 545 + 402.28T (J/mol)
____________________ N,(~0.01% O,)
eN, O,
j o
@ Surface layer: active oxidation
to indirect nitridation .
K6 BlE A N AR I BE E AR AL
Si(l) + C(s) = SiC(s) (10)
A,G’ =-114400+37.2T (J/mol)
Al(1) +Si(1) + N,(g) +C(s) = (11

RYERE(EAY . S EE Y v R e fEEX
YL 6). fEmim. RIKASERFL T, &
J& AlL Si EEEL. RIS AR R .

MR N (7))~ e B2 (10), B 7 2] 1
P(N,)=0.1 MPa £ F, 1 mol ] Al. Si 435 N,
1 C R Gibbs [ HBEREIRZ AL, HE 6
AR, 1550 C 2644 T, AL /6 5 Ny S AR ) AIN,
1M Si WARSE S C MR SiCo Rk, 8FE N EE
&J& Al Si 5 Ny FIEy BN IR 5RA R B, 8 L%
B TRAC R AE AR E RDIR AIN-SIC [V 4 1
SEAH, W N (11).

Al() + %Nz (g) = AIN(s) (7
A, G’ =-326 477 +116.40T (J/mol)
Al(l) + %C(s) = %AI4C3 (s) (8)
A,G’ =66 630 +24.06T (J/mol)
Si(l) + %Nz (g)= %Si3N4 ) ©)
A,G’ =-291485+15T (J/mol)

AIN —SiC solid solution(s)

TERFEERIT L R4 JE AL Si IR A TR 22
BAL e EEEAM A AR R SALE 5 R, ARk
(IVIAR L SR 5 AR FEAR AL, TR T “21R-SIAION
B R B R AIN-SIC [ A8 55 22 FLA5 M 21
BEEEIhREA B . 21R-SIAION fL e fa e ML R, HAS
GyRANK S s o 8 SR R R
TR TAEE R 21R-SIAION HE38AH, A BEAH %K
BEAR A K M s @ iR v, 5 —J5 i, AR
21R-SiAION #H B AR FFHE 7n AL, KOKPEAIK T 3ALER,
HAEFLEE TR, FERSALR<A% B2,
HE— P BAAGIEE S oK AR N BvEE AR . (]
i, JEALTE R AR 21R-SIAION X R K 3R T+
SRAGIETIER, 80 EBARR Y UGRE, nTh
AR AR R TR K R 1 g o AIN-SIC [l A
AR KB = S HRePE, AR o i sy
Ay IRK BRI AR B S R R 7, AT 3 it
BHOTIRGEMED, 8, ZALEHMORALRL N
15%) ] KRR N 14



.+ 2556 - CRERR R 2540 J Chin Ceram Soc, 2025, 53(9): 25502558 2025 4
50000 FERR 229, 2009, 37(12): 2000-2006.
—~ LIU Huimin, LI Hongxia, SUN lJialin, et al. J] Chin Ceram Soc, 2009,
E oF Reaction(8) 37(12): 2000-2006.
= [5] 248, oM, xIE P, 555 B0% % HIRE R Dhe s KA e CY/ 4
& —50 000 ——— Reaction(10) WRER—IERE B AR 2. L, 2014,
Q | .
g Reaction(9) [6] MA C H, LI Y, YAN M W, et al. Investigation on a postmortem
E —100 000 resin-bonded Al-Si-Al,0; sliding gate with functional gradient
.-_g Reaction(7) feature[J]. Ceram Int, 2018, 44(6): 6384-6389.
O -150 000 [717 YUE X, LI Y, LI H X, et al. Investigation on a postmortem
}/1810 K Al-Al,Os-fused mullite-containing Ti,O3 sliding gate[J]. Ceram Int,
—200 000 . . 2023, 49(15): 26069-26076.
1700 1800 1900 2000 ) . . .
[8] QIN H X, LIY, JIANG P, et al. In-situ synthesis of AION reinforcing
Temperature/K

K7 BT~ B E(10)) Gibbs H HIfE
Fig. 7 Gibbs free energy of reactions (7)—(10)

3 i

¥ AL-Si-ALO; EEMEHE 1550 THRAAA T
PHHEH 3 h, HIEEE] T 21R-SiAION H5RE % 2
——AIN-SIC [l 7R 38 55 2 FLE5 K )2 6 B2 Th g
MRE, WA AT TR AFFRR, Wl
AMERTP AN E X 1 48 AL Si 7R7E 2 B
BL « < M S A TRl e A AL A B B A/ Bk
MU, SR I 4 RRORH 25 0 S b B AR Ak AR A
2, kR, &/ Al SiftkRAEmtat,
A AR B TE(ALO. AlO. SiO %), {H4 0k
Prfk. BEGESE D IEREAIC, HRTEEER. EH
MEALER SR RAE N, A 21R-SiAION.
ALO. SiO S WAARY B 2 AN E EADTR,
iR R 21R-SIAION (IS sEAKkKE, ¥
FREUEZ . ZEUEE N RILE <4%, HEZHE A
WAL, BEEIRFEINZ B AL Si X O, 3 #E, ik
FER BRI R P AR, &8 ALl Si Bkl
Now By B ARG A A e B, iR AT 2 il AIN-SiC [#]
VAR REAR . R IR RILER LN 15%, SRR
JEE T B 3 B S A7 B

Sk

[1] Z&fm, mited, BXEUE. Wb KAREIMI. 2 kR dbatiaa Tl AR
#, 2022: 6-77.

[2] NANDA S, CHOUDHURY A, CHANDRA K S, et al. Raw materials,
microstructure, and properties of MgO-C refractories: Directions for
refractory recipe development[J]. J Eur Ceram Soc, 2023, 43(1): 14-36.

[3] 24 8. kMR R EBA D). WA R 2R, 2018, 33(2):
198-205.

LI Hongxia. Overview of the Development of Refractory Materials, J
Inorg Mater, 2018, 33(2): 198-205.

[4] XM, ZE40EE, PN, 4. A EHKOK DR IA IR

phases in resin bonded Al,O3; composite materials[J]. J Alloys Compd,
2017, 711: 1-7.

[9] LAO X B, TU Z, XU X Y, et al. In-situ synthesis of nitride
whiskers-bonded SiAION-A1,O; ceramics for solar thermal storage by
aluminothermic nitridation of coal-series Kaolin[J]. Ceram Int, 2022,
48(7): 10227-10235.

[10] SUN Y, CHEN S J, TIAN L, et al. Formation mechanism of MgAION
phase in aluminum-magnesia composite materials[J]. Mater Chem
Phys, 2017, 197: 65-69.

[11]MA C H, LI Y, ZHANG L X, et al. Formation of (ALOC); «(AIN)x
solid solution starting from Al-Si-Al,O; powder matrix at 1300C in
flowing nitrogen[J]. J Am Ceram Soc, 2019, 102(10): 6349-6356.

[12] YU C, DONG B, DENG C J, et al. In-situ formation of plate-like
AlO,C and MWCNTs in AlLO;—C refractories with Al4SiCy
additives[J]. Mater Chem Phys, 2021, 263: 124363.

[13] SUN Y, L1 Y, ZHANG L X, et al. Formation of dense non-oxide layer
in Al-TiO,~MgO-AlL,O; refractories at 1873 K in flowing N2[J].
Ceram Int, 2019, 45(15): 19297-19306.

[14] X257, HUMEHEIZIE D) R ELII E—2 A B HRH AR L AR A5

BHAERERI D). #UA: BBURHE R, 2023: 13-44.
LIU Xuexin. Micro-porous corundum-spinel with slag penetration
resistance and its influence on the properties of ladle working lining
castable[D]. Wuhan: Wuhan University of Science and Technology,
2023: 13-44.

[15] £F5E, Dbk, X3, & AR R TR
fiif AL, 2021, 55(6): 549-552.

WANG Lulu, MA Beiyue, LIU Chunming, et al. Refractories, 2021,
55(6): 549-552.

[16] TRIEAR. PAFLZ LML K H R H & A [D]. TEMH: ZRIER
%,2017: 27-43.

ZHANG Xiaodong. Study on preparation of closed-cell porous
alumina-based refractory aggregate[D]. Shenyang: Northeastern
University, 2017: 27-43.

[17] B3¢, FFIL¥E. B ol B A ) L3 R AL 2 9L R A -RI
R KR % 5 RAE[Cl/E T — TR R . PERE AR
RAEFARBFT £, FEE T 2020.

[18] XING G C, DENG C J, DING J, et al. Enhanced mechanical
performance of in-situ Mg-sialon in low-carbon MgO-C refractories
through Si—AlSiC, additions[J]. J Eur Ceram Soc, 2024, 44(8):
5262-5274.

[19] YU C, CHENG K R, DING J, et al. Synthesis and some properties of
AlSiC4~ALO4C  composites[J]. Ceram Int, 2018, 44(14):
17154-17159.



53 E%E oM R4 % Al-Si-ALO; E &M A 2 BURTEAR A B U 2 16 AL . 2557 .

[20] ZHAO C Y, CHEN G Y, GUO C Y, et al. Preparation of Al4SiC4 with [24] JUANG R C, CHEN C C, KUO J C, et al. Combustion synthesis of
higher aspect ratio by a novel two-step method[J]. Ceram Int, 2022, hexagonal AIN-SiC solid solution under low nitrogen pressure[J]. J
48(16): 23908-23913. Alloys Compd, 2009, 480(2): 928-933.

)z RL b RS 5| B Yl =l .

[21] WANG E, CHEN J, HOU X. Design, preparation, and application of (25] FREE A WSRO S I IPRHM. ARt dh s Toll AL, 2005:

648-653.

new functional refractories[J]. Chin J Eng, 2019, 41(12): 1520-1526.
[22]MA B Y, YU J K, LIU T, et al. Preparation of -Sialon/ZrN bonded

corundum composites from zircon by nitridation reaction sintering

process[J]. J Cent South Univ Technol, 2009, 16(5): 725-729.

[26] Ji B 21, Z= W AT, 2 4. AN 2 B4R 0 JE [J]. A kLS 4, 2004,
18(F04): 280-285.
[27] LYSENKOV A S, TITOV D D, KIM K A, et al. Properties of hot

compressed 21R SiAION ceramics with a samarium oxide additive[J].

[23] TIAN X K, ZHAO Z Y, LIU X S, et al. Enhancing the mechanical Russ J Inorg Chem, 2021, 66(8): 1196-1202.
properties of ALO;-C refractory: Carbonized coconut shell as a [28] KULTAYEVA S, KIM Y W. Mechanical, thermal, and electrical
substitution for graphite[J]. Int J Appl Ceram Technol, 2025, 22(1): properties of pressureless sintered SiC—-AIN ceramics[J]. Ceram Int,
1-11. 2020, 46(11): 19264-19273.

Synthesis of Dense Layer of 21R-SiAION in Al-Si—Al,O3; Composite Refractory

MA Chenhong!, LI Yong!, LUO Huaming?, ZHI Jiashuang', GAO Yuan', GAO Changhe?
(1. School of Material Science and Engineering, University of Science and Technology Beijing, Beijing 100083, China;
2. BBMG Corporation, Beijing, 100013, China)

Extended Abstract

Introduction Refractories are important supporting materials for high-temperature industries. During high-temperature service,
refractories are subjected to severe thermal shock, complex chemical corrosion, and mechanical wear, and must balance superior
properties like thermal shock resistance, corrosion resistance, and high strength. However, the key service properties of refractories
are often interdependent, such as superior corrosion resistance requiring a dense structure, which sacrifices the thermal shock
resistance of the material. The superior thermal shock resistance requires a certain amount of pores to relieve thermal stress, but this
reduces the strength and corrosion resistance of the material. Developing novel refractories with gradient composition and structure
based on the different service micro-environments of refractory products in different regions, such as cold and hot surfaces, to
enhance key service performance in different zones is an important research direction. In this paper, a gradient functional material
with  “21R-SiAION dense layer AIN-SiC solid solution reinforced corundum porous structure” was developed based on the
sensitivity of metal Al and Si to oxygen partial pressure at high temperatures.

Methods Tabular alumina (3—1 mm, 1-0 mm; W(AL,O3) > 99.31%; Anmai Aluminum Co., China), a-Al,0; powder (<5 pm;
W(AL,O3) > 99.28%), active a-Al,O3 powder (< 5 pum; W(A1,03)>99.28%; Anmai Aluminum Co., China), metal aluminum powder
(< 45 um; W(A1)>99.77%, Henan Yuayang Co., China) and silicon powder (< 45 pm; W(Si)>99.52%; Yingkou Xianren Island
Taihe Silicon Co., China) were used as raw materials, with phenolic resin (residual carbon of about 56%, Shengquan Group, China) as
a binder. In the preparation, the weighted raw materials were mixed in a planetary mixer for 40 min to obtain uniform mixed slip.
Afterwards, Al-Si—Al,O; composite green brick samples (with the sizes of 230 mm x 113 mm X 65 mm) were obtained by
compacting the mixed slip under 200 MPa by a model 630 t friction press. After natural dehydration for 24 h, the sample bricks were
dried in a tunnel kiln at 200 “C for 12 h. The dried samples were nitriding sintered in a high-temperature nitriding furnace at 1550 C
for 3 h.

The phase composition of the sintered samples was analyzed by X-ray diffraction (XRD; Ultima IV, Rigaku Co., Japan). The
microstructures of the samples were analyzed by scanning electron microscopy (SEM) in a model NOVA NANOSEM 450 electron
microscope (FEI Co., USA). The pore structure of the samples was determined by a model FF35 CT microfocus industrial
computered tomography (CT, YXLON International GmbH, Germany).

Results and discussion Based on the sensitivity of metal Al and Si to oxygen partial pressure at high temperatures, Al-Si—Al,03
composites are sintered in a nitrogen atmosphere at 1550 ‘Cfor 3 h to prepare a gradient functional material, which is composed of

“21R-SiAION dense layer-AIN-SiC solid solution reinforced corundum with a porous structure” . The synthesis mechanism is
analyzed by CT, SEM, and XRD combined with thermodynamic analysis. The results indicate that P(O,) on the surface of the sample
is higher, where the “active oxidation to indirect nitridation” mechanism of Al and Si is predominated. Al and Si on the surface layer
preferentially undergo active oxidation, generating gaseous sub oxides such as Al,O and SiO, and reducing the local P(O,).
21R-SiAION is formed via a reaction of metal Al, Si, active a-Al,O; powder and N,. Under the action of concentration gradient, the
preformed gaseous sub-oxides diffuse into the surface layer and react with nitrogen to form 21R-SiAION, thus promoting the
staggered growth of sheet-like 21R-SiAION and ultimately forming a dense layer (with porosity<4%), which is constructive to the
corrosion resistance of the material. As the active oxidation of outer Al and Si consumes O, layer by layer, P(O,) inside the brick
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becomes extremely low, and the “direct nitriding/carbonization” reaction mechanism of Al and Si becomes dominant. Al and Si
inside the brick react directly with nitrogen and residual carbon of phenolic resin, generating granular AIN-SiC solid solution
reinforcement phase in-situ, forming a high-strength porous structure (with a porosity of 15%), which can alleviate a stress
concentration caused by temperature gradient and improve thermal shock resistance.

Conclusions A gradient functional material with a “21R-SiAlON reinforced denselayer—AIN-SiC solid solution reinforced porous
structure” was prepared via nitriding Al-Si—Al,0; composite in a nitrogen atmosphere at 1550 ‘C for 3 h. During sintering, there
were two reaction mechanisms for metal Al and Si in different regions of the outer and inner layers of the sample, i.e., the “active
oxidation to indirect nitridation” mechanism and the “direct nitridation/carbonization” mechanism in the outer and inner layers
resulting in a gradient change in the composition and structure of the material. In the outer layer of the sample, the oxygen partial
pressure was higher, and metal Al and Si preferentially underwent an active oxidation, generating gaseous sub oxides (i.e., Al,O, AlO,
SiO, etc.), which reduced the oxygen partial pressure. As the oxygen partial pressure decreased, Al powder, Si powder, and 0-Al,O3
micro powder reacted with nitrogen to form 21R-SiAION. Gaseous metastable phases such as Al,O and SiO diffused to the outer
layer of the sample to deposition, further promoting the staggered growth and development of sheet-like 21R-SiAION, forming a
dense layer. The porosity of this dense layer was less than 4%, and it was mainly composed of closed micropores. With the
consumption of O, by the outer metal Al and Si of the sample, the oxygen partial pressure inside the sample was reduced to an
extremely low level. Metal Al and Si directly reacted with N, and residual carbon of phenolic resin, generating AIN-SiC solid
solution reinforcement phase in-situ. The porosity inside the sample was approximately 15%.
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