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W B A TR AT R G R A 2R R SR, SiBy AT TN R, SR ARSRIE I AT IR A KA TR
40 pm SiBy Ky ER VRS TR UL R BB F E AT AT . S5 IRR I, SiBs AVELRIRIEE A 650 C, AN E R
PAE W E ARG, HAP R X &5 h A B R R . SN ESSARER IR T ER 2 Fibl
iz FHEE A SiBy AT R 2, FHEBARB, RN . SiBs I RE S 239.14 kiimol, 37y
SFEATI T A=9.8696x10° s, AR ILEh 11 B HCN G(a)=In[-In(1-a)]" ™.
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reE AR AT A8 e AT AE 1700 mis PL L, At
FEEAT . PO RS . AR E S . iR
PR RIS TP Ak RE T VAT #8, RATR BRI K ET7 1A,
B T 5% 45 40 e 4 ) B AR ke e
KAT RS L B 24 (thermal protection system, TPS)
s ff 2 ReAE R miR A B e e IR R AR — . Hr—
AR e 7 75 TR T A SR FH AT A P 1 P R A A R AR T
PERNL G KA 47 AR, AN E R 3R iR
J2 SR T ARG AR I R R W iR A 1 T
RS R IR E AT REEROE LS BRI AR A e 4,
TR E 3 e P TR AT AN

BRI HRRZ TR TR 2L R R 2L
ISy S W]y Pt R Kbt e e Z B sRs, R
T T TPS BRI il AT FHPERE . SB[ AL B IR =
(reactive cured glass coating, RCG) & # N TRk
LIRS IR, i U 3k o = 2 5k
SURHLL SiBy fENBIEEA RSN, 25, 7 RCG ¥
Rl 2 F AR ) S A 4ERR AR Z (toughened
uni-piece fibrous insulation coating, TUF1), 5 RCG #{Lt
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U AN AR ) GBI  TURI 7 DA A B 88k
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SiB, LA 4R S g Bhi e M SE Rk N — 25
PE iR 2 PR R K i g e e, W SN B SO R
FRUHILRE (high efficiency tantalum-based composite,
HETC). HETC mi/rik it B3k . TaSi,w MoSi, ¢
/b8 SiB, L SiBg, o TaSi, AR, MoSi, A
5 THRAEA, SiBy ONEE AR K BRI R A K
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KA A (BRelERD N4 get el Ry
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JEER AT SiB, MAAAT BT TR + 4> EE R
SRENG TRENHANE, "N R SRR ERE 4 %
JRAL KA AT iR AT SE B iR 4R 5

AR TAE R ARSI A E T80T SiB, 7628 AR
1300 C T #EAAT N R EM LR W 5L . 087 T SiB,
AR M AV I L TR e A AT A 5
Wi, 3% Flynn-Wall-Ozawa (FWO) /)24 #1755
T T SiBy VRSN 1154 S8 B ) 2 R U A

o

1 £ 1§

H—s & SiB, B E T 100 CHAH A5, KH
BT R P43 B BEHLFREL 3 41 10 mg £ SiB, A AKRE &, 2
J5 43 AL 54 10+ 20 C/min F)FHRE % 48 % i 1 1300 C
TP T YR AT R I, IR A SE
3o oh BT FH = 41 SiB, Ky AFE i FH SR Ie = B, FE BRI S
MAFKIAEZ] 40 pm.

K FH 2 [ i Btk 2y ) 455 05 STA449F3 TG/DSC [Al2
A HT (thermal gravimetric analysis/differential scanning
calorimetry, TG/DSC) RAEFE A EME, MR
JETE Dy s i #1600 'C, FHLI#E % 0.1~50 C/min. H
TRV A Z M REAH R A A A7, KER
0.0001 g. KHIfi 2= Pannalytical 43 A% #8828 w) A= = 1 =
N Empyrean X B &A1 511 (X-ray diffraction, XRD) %
TR AKRE iR 2 . MR AR 264 U5 0.154 06 nm
(1) Cu-Ka 4k, TAEHE N 40 KV, MR 40 mA,
i K 0.05< K1 2% FEI Quanta 200 FEG F#i HiL T &
8% (scanning electron microscopy, SEM) R AER A 150FE
WORIEH -
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2.1 MG EEERTRLE

TEXT SiB, JEAT #kese MR 2 /7, R v 7 B4l
Be e X SHRATHO R AR T SR E B AR A Bt AT
FAE, SRWE 1R,

MK 1a AIRIL, SiBy IXFERIR YA, TR
PRI, B 10 AIRFEIAERIES R, HHS SiB,
PriE PDF B (#35-0777) S Lb ] & A St il ik 4 SR 07
L SiB, bR B — 3, HAE oA A, RUTRER DL
SiB, AFAH HFEAANE Z BT, A R AR K .
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K2 253 5LL 5. 104 20 ‘C/min K FHE#EZR, SiB,
TR 2S5 1 R A R A SRt 2%

ML 2 AT B, AN AT T B A i 26 3
BEAR—5, RUPFHRE R IEA LM SiB, AEANLE]; (2
AT 2 Bk ) s RS By, I A Eh T I A [ R
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Fig.1 Morphology (a) and XRD pattern (b) of SiB4 powder sample
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Fig.2 TG/DSC curves of SiB4 sample at different heating rates
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FERRREFEANI] R s (TR R IR, 2 5 IR BERR L
N Dl N 0B B -2 2 B e S L i
Ja 7, RIS IR .

HFHRIE A 10 Clmin 1R E DAL S HrFe &
s M S R . AT B, SiB, ) TG i
2 2 PUE B~ 1~ E A S . £E = ~650 T
B RE L SRS A AR, R UIFEIZIR T B Y SiB, Al A2
SEAFAE o LB O fERE MR IR (D BRI BT L AR, WRBR
AR, Ik, H O WM, JFALEIE
ot o AR

£ 650~1000 CYL[H N, SiB, # i &K,
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FAREFE AT 41534 2 AN B FoAr 7 650~700 “CE P,
SiBy 1 i i B 3G GBI R . X — P BRI
T i ) BV BB ETJR55 Oy 731 TEAFE b 2 T PRI 2 R B
B B BE 2 SiB, 7 1 BV, O R M BRI,
BTG E . JAh, AR EA LS FTHENT H 650 C
Fe A SiBy IR K AE LTS A RS, (R IR e B 3 22
g, EMERERN A . X Ttk DSC #h4k
PR A, T FE R T O, 73 14 5 R B PITRE TR A B
AR CAERF SiB, 7 TG AL T TR e, WO ZE A SR
. 700~1000 CiaZVEHEI N, WIHLEEE] SiB, 1) TG ih
LRINIHEE T, & 1000 CA AT HAN AL, RIIZIEX
Ja R N SiB, A AE R ZU AL RS, B I RS AR an =X
(1) FiR:

SiB,(5)+40,(g)=2B,05(s)+SiO4(s) (1D

ZAE X N DSC 28 s 5. 3 kg, FR7E 900 C ik
WEAETA B K, FHH 900 'C T SiB, H#VE LI S IA B I
KA. X—FrB O, AW SiB, M AE K Si0, 5 B,Os,
SEURE R E AR

1000~1300 ‘CYaH N, TH 2 SiB, Ff i i EEAA
HREAEEL. 465 (D o8, RIEART SiB, Rt
e AL, AR Si0,-B,05 B AR UKL 107
H i T Sio, WA ¥ # R B (K (1200 C I
102 gt em™ 1), BHIE Op 23 FiE— D 4 BL, LR
i SiBy AL, WORE A B YRR, BRI S AR
= (2).

B,03(5)+Si04(s)—B,05-SiO,(1) (2)

IbAh, XTHE 3 Mt E A ) DSC i Ze A B, BEFHIE
AN, 600~700 °C 1%L T W ARG IZ T ok, X 2
NTHRE R, BT SiB, 5 O, K LI 2, O,
3 P SR R BT O T, O AR AT R o TGS
FEA RIS 2 1) TG #i 2R AT, AHFIELRE T ik 2
FERFESIMEE D, JRT 2 MFHRE: (D FHR#E
BRI 51 R FA 5 B G , 80C S SO R AR TG
MR AT 7 (2) iRE>T700 CJa B,05 (J 554 450 C
KA RAEERY, FAERT S0, 5 B0 4 A K
B,03-Si0, #EFEAH AT LA 2 B,O5 Ik Ak, (HE TR #
FI, FECERS BOs KA SiO, 454 [ i i
R (BRI MR (3) Frn), BIFFm 3k
B,0; 1 Ktk ™ &,

B203(s)—B203(g) t 3

H &3 SiB, 8 F IR K& Si0,-B,05 BEFSAH o B,O5
RGO, FE—5%F SiB, 7Rl &>1000 C & AMAT N
BEAT 3 M. RBL 1000~1150 CYEHKN, BT Si0-B,0;
B ARY SiBy AR AR R DSC gk F A
SRR MITE 1150~1300 “Cyu Rl P, il i 5 T v 4 T 33 345

A — BT K (6B DSC £k 1150 °C Ab H B
i), RN SiB, XIFLREM, (AR &4 K40 TH
REHAWIG IR R AT, WO TG I BAK; It
A, B ATE BREEE 1200 CJR RGO, K
SiB, S FZ W KT B,O; M RIE R, X, DSC fh
2 tH IR ARG B4 EIIE AU SR P B 2

3 SiB,AEMLINFELH

IR SiB, AR S b R A it S SRAE
SR MRS, SiB, AEAE R AR R SRR, Bk
AR (4) FKik:

da

92 _ peernry 4
o e (a) (

Horp, a NFEREELER, tORRBITE, A TR ETE T,
E. NRBLERE, R ABERAME R, T WIS,
f(a) 50 77 27 R R B S ST oR 3. 5T N RS TR SR
%, B

T=Tot+/2t (5)
Hr, To ARPLEIGIRE, fATHEESR. K (5 4Q
AR (D, IR ITRERM > BITE AL O~o AR SE
To~T YU A5 AT 452

fZ%:G(a):gf;expE—s_T_)dT (6)
Hr, G(o) I NI R EL f(a) AR 73 1K

o T R AR 2 1) [ R R OB, A LR R —
PLEE R HE R R A 2 R EURIT & R ZROR, I
A5 K P FWO (Flynn-Wall-Ozawa) 2% 5l /1% 75 1%
(6) HEATRAE. FWO VERTEARWS K5l )12 B o HU )
B4R N BRI AT SR 1 ROBLTE AL RE By 8E S IR IR S ATLEE
BRI BRS8N 245 R R 22 1R AR T VR G B A RN
MR Ozawa a0 (6) AIAH N HFE (7):

} -2.315-0.4567 Es
RT

Igﬁzlg{ AE. %0

RG(a)

B G(a) & X AT, AFFHEEZE g T, EEAHEF o
M G(e) NsEft, "IRE] g 5 UT LMK, FHhil
TR BRI RIG R BTG RE E,e

Xf SiB, FESHAE 5. 104 20 °C/min 3 Fft T i 2 ) 4
HERUEL b, PRI E N 0.1, 0.2, 0.3,
0.4. 05. 0.6. 0.7. 0.8, 0.9 IFXJ M MR, RN
X (D K, dRWE LR,

MEEHR 1A RRIL, SiB, ANF SO B iE 1k
e B, ZRMEAHSCRE 7 0.99 B L, BAEBEEERE.
b, WA R AL R TR RE SR S G BIRAR 20 40 pm 1)
SiB, #y R E A TE L BEEE A 239.14 kI/mol.
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JHFAEE SIZIG Hda ot B AN TR (080 77 A LB AR R B
SiBy M S N BUN R i) 3l 7 57 R R Oy«

R 1 SiB,AREFILRMFELRE

Table 1 Activation energy of SiB, at different conversion ratios

G(a)=[-In(1-o)]"" (8 a E/kJ mol™ r?
Ny GEh SRR Y, N
Hr, n ARE R NEN 1= 4EE. 25, Ha (D R o1 235 26 0.999 99
AT (8) JFA15:
E 1 E 0.2 218.24 0.999 92
0.4567—= = -=lg[-In(1-a)] +IgA+Ig—= - 2.315 (9)
RT n SR 03 215.44 0.996 91
¥ SiB, FHIEARERANAT (9), 0.4567E,/RT X7 0.4 24236 0.998 95
N JE 3 3% e + ) PAY
lol-In(L-e) 2R T HEL S A L A PR £ 5P 3. 05 255 36 0 095 o4
HHE 3 A A AR TG 4, T DLSRA R4 06 260,61 0,504 71
AR BB 150 Un S5 HRHT R 7 RT3 1gA, BAk s ' ' '
BN 2 . 0.7 249.49 0.998 08
1% 2 LRI, SIB, ML AR )2 A 08 237.50 0.997 65
*ﬁﬂj“j G(Oﬂ):ln[—ln(l—a)]ljsmy %\'f’t&&iﬂﬁ%?gﬁﬁ¥ 0.9 228.97 0.993 89
N A=9.8696x10° s, il it _Fik X SiB, R AT A KB " | o
e g , N . . verage value )
SRR M T AR, T R B BRI 2 B e 24 1) % T FE
135 - 13.0
. Fitcurve a]| 13| . Fitcurve b Fitcurve ©
13.0} r*=0.087 48 r?=0.993 54 125} * r=0.992 18
125+
= 1251 12.0
& 12,0}
Hi20f 115
§ 115} .
S 115 11.0
11.0+
110+ 10.5
105+
10.5L— ' ' : : . . . . —l100b— ' ' ' '
-09 -06 -03 0.0 0.3 -09 -06 -03 0.0 0.3 -09 -06 -03 00 03
lg[-In(l-a)] lg[-In(l-)] Ig[-In(l-a)]
K3 AFETHEEFE T 0.4567E/RT 5 Ig[-In(1-a)] 5% & 4k

Fig.3 Relationship curves between 0.4567E,/RT and Ig[-In(1-«)] at different heating rates: () 5 ‘C/min, (b) 10 ‘C/min, and (c) 20 ‘C/min
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Table 2 Kinetic parameters of SiB, oxidation reaction

EJ/kImol®  g/'C min® IgA 1/n r?
5 9.9957  1.7584 0.989 05
10 9.9847  1.7931 0.994 35
239.14
20 10.0023  1.7208 0.993 16
Average value  9.9943 1.7574 -

AEISE, MAE 1150~1250 ‘C2 [A], XFERERT BL7R 43 K
15 SiB, 1 B REAE F ST A RGEE S A R 2, 52N

4 25

1)SiB, MR A FR T 2 5 A 1E 3 i — 1H AR

i

thia#s . SiB, A LRI EZA 650 'C, 650~1000 C
TFEJE R SiB, FFEf &, 2 5 1000~1300 Cyi [l 4 [
Si0,-B,05 B I AH 1) ELE LRI 1E A S0 B 5 9 R ik
SEGe MU, A5 B 0 ] P B A b R o B AR

2) FHEHEEX SiB, Afbid R MR, BE#HTFHE
N, H TG, DSC Mik¥mmiE i m&sh, Ak
SRS R FRCRAONE B A &

3) i EAR SiB, AL IEILEE E. N
239.14 kd/mol, FERTAT A Ky 9.8696x10° s, AL
25 712 AU RN G(a)=In[-In(1-a)]""*™.

S 0k
[1] Padture N P. Nature Materials[J], 2016, 15(8): 804
[2] Chen Yufeng( % & %), Hong Changging( it & # ), Hu

References


https://www.nature.com/articles/nmat4687

* 2666

Wit @A RS TR

%5 51 45

(3]

(4]

[5]

(6]

[7]

8l

(9]

Chenglong(#f i %) et al. Advanced Ceramics(ILARH: A P
#9)[3], 2017, 38(5): 311

Wu Qilong(:£ 7 J2), Tan Heyi(i%1W 5), Zhou Bin(fd ).
Aerodynamic Missile Journal("¥ i 5 5)[J], 2020, 431(11): 29
Peng F, Jiang Y G, Feng J et al. Chemical Engineering
Journal[J], 2021, 411: 128 402

Shao G F, Lu Y C, Hanaor D A H et al. Corrosion Science[J],
2019, 146: 233

Shao G F, Wu X D, Cui S et al. Solar Energy Materials and
Solar Cells[J], 2017, 172: 301

Shao G F, Lu Y C, Wu X D et al. Applied Surface Science[J],
2017, 416: 805

Tao X, Xu X J, Guo L L et al. Materials & Design[J], 2016,
103: 144

Wu Jinyu(EiFh5), Du Haiyan(fti#E#e), Liu Jiachen(XI% )
et al. Rare Metal Materials and Engineering(Fif & @+ kL 5
TA)[J], 2020, 49(2): 661

[10]

[11]

[12]

[13]

[14]

[15]
[16]

[17]

(18]

Fletcher C J, Goldstein H E, Leiser D B et al. US Patent,
4093771[P], 1978

Leiser D B, Smith M, Chruchward R A et al. US Patent,
5079082[P], 1992

Stewart D A, Leiser D B, Difiore R R et al. US Patent,
7767305[P], 2010

Wang L, Wang W Y, Fu Q G. Journal of the European
Ceramic Society[J], 2020, 40(8): 2896

Du B, Zhou S T, Zhang X H et al. Surface and Coatings
Technology[J], 2018, 350: 146

Solntsev S S. Glass and Ceramics[J], 2015, 72(5-6): 175

Tong C Q, Cheng L F, Yin X W et al. Composites Science and
Technology[J], 2008, 68(3-4): 602

Wu Yongbin, He Xiaodong, Li Mingwei et al. Rare Metal
Materials and Engineering[J], 2012, 41(S3): 323

Matsushita J I, Sawada Y. Journal of the Ceramic Society of
Japan[J], 1997, 105(1226): 922

Thermal Oxidation Mechanism and Kinetics of SiB, at Elevated Temperature

Sun Yulei'?, Li Mingwei', Zhang Qingmeng®, Yang Zhimin®, Zhong Yesheng? Shi Liping? He Xiaodong®*

(1. National Key Laboratory for Precision Hot Processing of Metals, Harbin Institute of Technology, Harbin 150001, China)

(2. Center for Composite Materials and Structure, Harbin Institute of Technology, Harbin 150080, China)
(3. Advanced Electronic Materials Institute, GRIMAT Engineering Institute Co., Ltd, Beijing 100088, China)
(4. Shenzhen STRONG Advanced Materials Research Institute Co., Ltd, Guangdong 518000, China)

Abstract: In this work, the high-temperature thermal oxidation process and kinetics of SiB4 powder (particle size~40 pum), which is usually applied

as key filler for high-emissivity coating on the surface of hypersonic vehicle, were investigated by non-isothermal thermogravimetric analysis

under air condition. The results show that the thermal oxidation of SiB4 starts at 650 °C, and their mass along the thermal oxidation process shows

a trend of constant mass — mass gaining — constant mass. The second constant mass stage occurring at high-temperature region is controlled by

two mechanisms, namely, the protective effect of glass encapsulation and the competitive effect of oxidation mass gaining and volatilization of gas

species. The heating rate has a significant effect on SiB, oxidation process, and the faster temperature rises, the more obvious exothermic effect is.

The average active energy of SiB, powder is 239.14 kd/mol. The kinetic preexponential factor is 9.8696x10° s™. The conversion function of

oxidation reaction of SiB4 is G(a)=In[-In(1—a)]*"".

Key words: high emissivity coating filler; SiB4; thermal oxidation mechanism; thermal oxidation kinetics

Corresponding author: Li Mingwei, Ph. D., Professor, National Key Laboratory for Precision Hot Processing of Metals, School of Materials

Science and Engineering, Harbin Institute of Technology, Harbin 150001, P. R. China, E-mail: limingwei@hit.edu.cn


https://d.wanfangdata.com.cn/periodical/xdjstc201705001
https://kns.cnki.net/KCMS/detail/detail.aspx?dbcode=CJFD&filename=FHDD202011007
https://www.sciencedirect.com/science/article/pii/S1385894721000012
https://www.sciencedirect.com/science/article/pii/S1385894721000012
https://www.sciencedirect.com/science/article/pii/S1385894721000012
https://www.sciencedirect.com/science/article/pii/S0010938X1830605X
https://www.sciencedirect.com/science/article/pii/S0927024817304440
https://www.sciencedirect.com/science/article/pii/S0927024817304440
https://www.sciencedirect.com/science/article/pii/S0169433217312199
https://www.sciencedirect.com/science/article/pii/S0264127516305391
http://www.rmme.ac.cn/rmme/ch/reader/view_abstract.aspx?flag=1&file_no=QH20190053&journal_id=rmme
https://www.freepatentsonline.com/4093771.html
https://www.freepatentsonline.com/5079082.html
https://www.freepatentsonline.com/7767305.html
https://www.sciencedirect.com/science/article/pii/S0955221920300583
https://www.sciencedirect.com/science/article/pii/S0955221920300583
https://www.sciencedirect.com/science/article/pii/S0955221920300583
https://www.sciencedirect.com/science/article/pii/S0257897218307163
https://www.sciencedirect.com/science/article/pii/S0257897218307163
https://www.sciencedirect.com/science/article/pii/S0257897218307163
https://link.springer.com/article/10.1007/s10717-015-9749-8
https://www.sciencedirect.com/science/article/pii/S0266353807004149
https://www.sciencedirect.com/science/article/pii/S0266353807004149
https://www.sciencedirect.com/science/article/pii/S0266353807004149
http://en.cnki.com.cn/Article_en/CJFDTotal-COSE2012S3084.htm
http://en.cnki.com.cn/Article_en/CJFDTotal-COSE2012S3084.htm
http://en.cnki.com.cn/Article_en/CJFDTotal-COSE2012S3084.htm
https://www.jstage.jst.go.jp/article/jcersj1988/105/1226/105_1226_922/_article
https://www.jstage.jst.go.jp/article/jcersj1988/105/1226/105_1226_922/_article
https://www.jstage.jst.go.jp/article/jcersj1988/105/1226/105_1226_922/_article
mailto:limingwei@hit.edu.cn

