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Fig. 1 Composition of composite coatings

C/IC BEMENE FMBEER iR ZM R E2A
ALOs. ZrO,. SisNy, Al SiC %5, ix ekl B A (K
MAESE. @ASEME SR, RIFMPTAEMEGE
L—RyML R, HESEBASE T —HEEE C/CE
B PPRLER T AR R R A B M (1 7 OR ST
RO, AR, M AT 3000 COTLE 1), AA
e B 1 iR U AR A AT R e Tl O iR P R, e
Va4 @HE. Zr. Ta 2L BRALY . BALYD,

4000t . o

Metals Oxides Borides Carbides Nitrides
Material family

B2 LR KA )
Fig.2 Melting point of common high-temperature refractory

materials!”!

4 ZrC. HfC. TaC. HfB,. ZrB,. HfN %5 1%
PR FEN A AL, HSRBEAR 1700 C LA L (18 e il
C/C E&EMEFEMRE. DN RERET SRIE
P8R E BT E LB AT TS0 A .
2 EIRMEEREHTIR
2.1 ETEASHEHEFRIPINENEERE

I AE A AL IR I BB A B AE DA
FEPUEATE, S B A R R L P
Ry ML b, SiO, A BoOs N LB -
B,O; — i, 40 B4C. HIB,. ZrB, 4L )5
AR A1) B,0s IRJEAE 1000 C LA F i i A
AR BoOs BIEARFE R IR® T H B SMNA, B
I, AR ZE IR 2754 1000 C LA L4t
AALPEREIASE

IR B JEAE A T AR e iz R
SRR T R SHLI 18 o X e 2 B 8 S LA
AR, DA SRR SR o EATE T K
NIRRT f, FRACEREIE#E. R0 B
R I ) T R A PRI P P, REREAE Sl S ASE
AEAE, XA EATHE R A B (1) B FH A5 DA EL. 4
G AR Si0, A BB mNECEE, HAY B
Ko SiC 2 RA mMEECGIRIERE: 9.5). m5aE. &
HGZ (490 W/(m-C)) AR R E(4.5%10°%/°C)iH
EALIMRL 2 —, IR C/IC B A MR B AU A
Bk RE(1x10°°°C), FTUAE L 2B & )2 R A
SiC 1E NG Z R EE 2 SR Z
I SiC AT AR iR R AE mrilm B BT EAEE ),
1M H. SiC AL 5 4 ik Si0, 125 F1 BoOs 2 R hE A 3 7
A, AT CABHIEFEAARPRIAE 1000 C 24 AL,
EMREXE AR ZmER. £ 1 K
SiC/Si-B4C, 2T UL EPEANLEL S & H &k
2, RMBMLL SiIC 1ERGEMRZE, PiBREZE R
B AT RN E IR )2 - Jiao S5 AR
il SiC/Si-B4C M RMEAWE, 1EAMSLIRRT
A7) Si0, 5 B0y B T B A IBNEES A, IR
IE T¥RIZTE 900~1100 CiRssk N AR, $2
BT REE TR TR AR B A e .
Fan 54§ 1] PDCCRAWIAT A Wi &1k 45 6 SR R IS
(7 2 8 T S A TSR AR R« ) 5 1R
JAFEMATLE 800 CA M 10 h J5, FiEH#IASE
N-2.48%, Ff HIREEIH W Sk, EYIILE
ik 2 B P, & 1 AT EE
B P AR HLER (B &R R TR o



+ 690 CRERR Sh2230)

J Chin Ceram Soc, 2025, 53(3): 688699

2025 4F

F1 ETEUERBEBRARPVIENRERETRIK

Table 1 Research status of ceramic coatings based on glass phase protection mechanism

Oxidation resistant coating Preparation process

Oxidation temperature/C Oxidation time/ h Mass loss/%

SiC/Si-B,C! Shurry brushing

SiCN-Borosilicate glass''*!
sioct™

SiC-Mo(Al, Si),'
SiC/MoSi,~SiOC-SisN,!"7

SiC/mullite-Si-AL O,

Slurry brushing—sintering
CVD(Chemical Vapor Deposition)
Pack cementation
Slurry brushing

Pack cementation

1500 2 221
800 10 —2.48
1400 12 4.87
1500 29 7.66
1500 100 0.63
1500 75 4.6

T SiC 24k, MoSi, 1212 d /=4 Sio, K
MR Z — SMELRA &R ERE R, Rei
£ 1700 CHIREE FAEBUELEN SiO, B3 2 R 2
MABEE A, 1 H MoSiy 7T LATERR %8 i YE
BRI RE F1. MoSi, % E(6.31 glem?)id .
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TR S0, N 7 FE =R (1)- 7 FE(3)], 7E 1800 “C LA
TEARRERPE R,

5MoSix(s)+702(g)=MosSis(s)+7SiOx(s) ey

2MoSiy(s)+702(2)=2M0o0O5(s)+4Si0x(s) (2)

2MosSis(s)+210,(g)=10MoO;(g)+6Si0x(s)  (3)
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SiC/MoSi,-SiOC-SisN, ¥R JE 1 AR C/C HEARTE
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Table 2 Basic properties of refractory metal carbides”* 2%

Melting Coefticient of thermal

Metal Density/(g-cm ) point/'C expansionx10%°C)
TiC 4.93 3147 7.74

ZrC 6.9 3530 7.20

HfC 12.6 3890 5.60

TaC 14.3 3985 7.10
NbC 7.78 3613 7.20
HfB, 10.5 3250 5.70
ZrB, 5.8 3245 6.90
TaB, 12.6 3037 -

HfO, 10.2 2900 6.50
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Table 3 Research status of ceramic coatings based on enhanced glass phase protection mechanism

Oxidation resistant coating Preparation process Oxidation temperature/'C Oxidation time/h Mass loss/%
HfB,~MoSi,-TaB,** SPS(spark plasmasintering) 1700 1.7 0.3
ZrB,-SiC-SizN4*"! Slurry brushing-CVD 900 32 3.56
SiC/TaB,-MoSi,*! Slurry brushing 1500 3.0
HfB,-SiC*! Slurry dipping 900 494 0.04
SiC/HfB,-SiC!*¥ CVI(Chemical Vapor Infiltration) 1700 100 24
SiC/HfB,-SiC* Pack cementation—slurry dipping-CVI 1700 166 2.77
ZrB,-SiC—Ta HfCs Ta,HfC5* Sol-gel-slurry brushing 1500 20 33
TaB,-SiC-Sit*"! Slurry dipping 1550 168 2.06
ZrB,-SiC-TaSi,~Sil**! Slurry brushing-GSI 1500 300 -4.76

(Gaseous Silicon Infiltration)

SiC/ZrB,-SiC-TaSi,!*" Pack cementation—slurry dipping 1700 0.5
SiC,~HfB,-SiC-Si/SiC" CVD-GSI 1500 468 0.88
HfB,~WB,-Si/SiC-SiC,*! PIP-reactive melt infiltration-slurry 1500 20 -0.1

brushing
SiC-Si/HfB,~MoSi,*! Pack cementation—slurry Painting—in-situ 1700 73 8.54

reaction
HfB,-SiC-MoSi,~Si/SiC-Si"**) Pack cementation—slurry dipping-GSI 1650 618 2.62
SiC-HfB,-Sil*¥ Slurry dipping—GSI 1500 538 0.69
HfSi,-HfB,-SiC™ Reactive infiltration—slurry dipping 1500 744 -1.41
Sic-sil*" Pack cementation—slurry dipping—sintering 1500 846 0.16
SiC/SiC—ZrSi,1"! Pack cementation—slurry dipping 1500 901 -1.14
SiC/ZrSi,-MoSi,1**! Plasma spraying 1450 42 1.89
SiC/ZrSi,~MoSi,—ZrB,*” SHS(self-propagation high-temperature 1650 0.75

synthesis)
SiC/CrSi,-HfB,-SiCl*"! Pack cementation 1700 415 1.6
CrSi,~ZrSi,~SiC-Sil®! Pack cementation 1500 604 ~4.83
SiC/ZrB,—CrSi,-Si/SiCl* CVD-slurry brushing-sintering 1400 340 279
SiC/LaBsMoSi~ZrB,[*) Plasma spraying 1500 80 0.17
SiC/SiC~ZrB,* Pack cementation—plasma spraying 1500 6 24
ZrB,-ZrC-SiC!* Laser cladding 1600 0.6 0.51
SiC/Si~ZrSi,~ZrB,~HfB,/SiC!*") CVD-slurry brushing—sintering 1300 120 125
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EALE TR,
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%4 HfB,~MoSi,—TaB, B3 bt 1>
Table 4 Volume ratio of HfB,—~MoSi,~TaB,"*¢/%

Experimental plan HfB, MoSi, TaB,
1 60 40 0
2 55 40 5
3 50 40 10
4 45 40 15
5 35 40 25

¢—Volume fraction.
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Fig. 3 Process diagram for preparing HfB,—SiC porous coating
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Fig. 5 Schematic diagram of oxidation protection/failure mechanism
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Fig. 6 (a) SEM images of the oxidized surface of ZrB,~MoSi,—TaSi, coatings; (b) is local enlarged images of Fig. 6(a); (c) Point
EDS analysis in the area(b)””’

R, TR B AL AR RO B A AR L (1)
Ve s U 2 R K 2 A2 LUK 3 i Y B AN 2, TR
R RORL K £ 2T i & R A I A
Himid . mE . SR HE IR, KRG
REEReME, JF H AT DLS 3R A 2 A1 BT 4L1E H
T X 4% 2 I P A A RO AR o {H A A P 55
KK B JEAE N 2 0 i A A e, A S K
I A A B Rk K B IR AR 2 BRAIC TR 2 I Bt AL 1
e 3E A R A R (5 L T B R A
A, AT DA i 2 TE i T K TR B AT P A
R
23 EFESHBHEMNRELERE

B T L& SiO, B,Os 5RHEARS, H A PeHAH
TE il PR N A BT i s PR 1, R P A
WNREF ARG, WRA —E I EEREI(ER S
NETE SR PUEAIR BT FRIR) . FET
I, BN R T ZeSiO, AR ERR (1 4 3%
BIRZ, FERERR ELORTE S TR sh AT LUEANR 2
M g™, fE L R R R -, BB % T
SiC/ZAGC(ZrSiO, MERHERR £h 3 3V 2 B ZAGC)F
SiC-SiCy/SiC—ZrB,/ZAG H4i& 203, Hr, @
R HEVE- R PRIER 1 SiC/ZAGC 2 IE i 445 fil
WIFBANRZ E BRI | . B, R)E
1 56 A (1~22 pm) B A 8 & 14040 R &
(=0.93), XHFTIRETE R BAE, i
mR E PR BE 1R B A B biik s AL

et 515 7t Ta Si_O |24 _Ta__O
& 837 213 29286622| & | 2278 096 5626
. 5 e (O3 . .
a
héf’ l Ta "
) 4
=¥

JFEHIMNT TaSiy, SEIGFRME TaSi, PN A B
WZH Zr—B—Si—O0 LI )2 50 N Bk 1Y o
RN ) Zr—B—Ta—Si—O 25 & B2 (K 6
Fi7R), R 2 BE - 50508 2R B AR . Ak
AR RS S Ze/Ta EAKETT DLEZ A
FIF AP, MUERAN S E P RBIRZE
AR SRR, T LIS 0T B A I R A
J AN BT

20 Spot 5
Ta Element / At.%

Spot 6
Element / At.% P

2 4 6 1
Energy[keV] Energy[keV]

(©

E 1500 ‘C4AL 20 h J& , i E 30K N 23.8 g/m* B,
Gao M T —FF ZrO,/ZrSi0,~Glass(ZO-Glass)
(2 A& PR E LK 7), ZO-Glass iR )2 RIS AE SiC
BEN C/C Bk b2 EwMikERd, L,
Z0-Glass BFE )2l &t FE B 7¢ FraR™), Hp
AL T LR AR i T BEES A IR Bl 1 AT 2 —
H A IIRCR, I ZSio, B T B IS MR 5h
P, RREABRGEERASR, ALK
1300 ‘C#AK 650 h Ji5 BT & 457 2k HAN 0.6%-

WA 50 T I RO R R e 45 1R i 4% T —
Fh HFC-TaC—B,4C-SiC/ZrSiO4~Glass XZ )2, %W
FREARY C/C HAEMBIEAIE 1400 TS H
4k 750.5 h JE R EAR RN 3.48% %Y. Ma 254
HEETWURKITER AR T AR S ER Y05 %t
ZrBy-SiC WRZE MR, LRI Y,0; ML
WETER ML K — 2 #vae M s B B A AU K
ZH Y,Si05. Y2807 M1 ZrSiO4 2H i 52 4 38
2, %56 B2 BETT D RH L 3 A 4 T BE
1RGP A g R,

SiCy (WA IE A0 ) i — Fl B SR 47 4, B ik
FE(>21 GPa). fEfHfE . S A & (>490 GPa).
I £1(>2900 C)SEA 21, AT LALR AR R 2 7 7 2R T 1)
. Xie F1E ZAG HEA BN L, #t—
HLTE SiC Z&fR)ZH 5 NT SiC,,, S5ZHI4l SiC 2%
fRZALIRE TIREMAEEE, N2hE
1500 ‘C % 20 YA J5 B3N 6.24 g/m**,



5355 3 TR &

C/C BBkt AL B BB IR 2 BT et e 5 JR 22

° 695 -

PC

SiC coating

(a) (b)

o

: Water quenchin, Water or| | g
oo s g [T \
i | ALO;, B,O; . ) Air melting ] | Ball-milling | T i
i | et.al powder } | — 5
’ e ] T | ¥
;n Mixture Z0-glass Frit Z0O-glass slurry j §
: &

‘O—glass coating
Air sintering

SiC coating

C/C

(d

SiC coating

ciC

©

7 C/IC R ZO BUERZ RIS % TR E R (Ffl C/C FH: ()b KREHHI %K SiC IR)E: (o) RIMI%EH %1

ZO-BEHIRIE: (d)ZFAURG JEHI%& 1 ZOo-3a iR =)

Fig. 7 Schematic illustration of the preparation procedures of ZO-glass coating for C/C protection. (a) Needle—punctured C/C
substrate; (b) SiC coating prepared powder embedding; (c) ZO—glass coating by slurry technique and; (d) the ZO-glass
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Oxidation resistant coating Preparation process Oxidation temperature/‘C Oxidation time/h Mass loss/%
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ZrBz—SiC—Y203[85] Plasma spraying 1450 10 5.77
SiC-Si/ZrB,-SiC-Si*" Slurry dipping-GSI 1700 78 1.16
ZrSiOs—glass!®”! Slurry brushing—sintering 1200 573 0.33
SiC/ZrB,-SiC-Y,05**! Pack cementation—plasma spraying 1450 10 1.39
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Extended Abstract

C/C composite materials have several advantages, i.e., low density, high thermal conductivity, low thermal expansion coefficient,
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and resistance to ablation, which can be used in various fields such as aerospace and nuclear chemical engineering. However, the
susceptibility of C/C composite materials to oxidation in high-temperature environments is a primary concern for their further
application. One effective solution is the fabrication of high-temperature oxidation-resistant ceramic coatings on the surface of C/C
composite materials. The existing high-temperature oxidation-resistant ceramic coatings for C/C composites are gradually transited
from single-layer to multi-layer. Typically, these composite coatings consist of three components, i.e., a mitigating layer, an
intermediate layer and a sealing layer. The mitigating layer serves to alleviate the thermal expansion coefficient mismatch between the
substrate and the coating, while an oxygen-blocking layer characterized by a low oxygen diffusion rate prevents external oxygen from
penetrating the substrate. The sealing layer with low porosity, high-temperature fluidity, and self-healing properties protects against
environmental medium erosion.

This review categorizes the existing high-temperature oxidation-resistant coatings of C/C composites based on different
oxidation resistance mechanisms of ceramic coatings, i.€., ceramic coatings based on self-healing glass phase protection mechanisms,
ceramic coatings based on enhanced glass phase protection mechanisms, and antioxidant coatings based on composite glass phases.
The ceramic coatings based on enhanced glass phase protection mechanisms are further divided into ion-enhanced glass phases,
microporous-inclusion structure enhanced glass phases, and particle-enhanced glass phases. In the self-healing glass phase protection
mechanism coatings, SiO, and B,0; are the most common glass phases. However, single-layer SiO, or B,O; coatings are restricted in
their application at > 1000 ‘C due to the volatilization of the generated B,O; glass phase. It is thus necessary to incorporate both
silicides and borides into the coating to facilitate the formation of a silicon—boron glass phase from their high-temperature oxidation
products (i.e., SiO, and B,0;), thereby enhancing the oxidation resistance at > 1000 C. In addition, SiOC glass phases can also
improve oxidation resistance at > 1000 C.

In ion-enhanced glass phases, Ta and Hf ions exhibit significant reinforcement effects on the glass phase. Specifically, Ta ions
due to its intense ionic complexation form a coral-like oxide framework with Hf ions, acting as a supporting scaffold in the
Ta—Hf-Si—O glass phase. This enhances the viscosity and strength of the glass layer and the oxygen barrier capability of the coating.
Hf cations diffuse into the SiO, lattice, creating more stable chemical bonds that increase the thermal stability of SiO, glass, allowing
the glass phase to continue protecting the substrate from oxidation in a wider temperature range for an extended period. In
microporous-inclusion structure enhanced glass phases, the microporous structure can inhibit crack propagation, while the inclusion
structure can suppress the tendency for coating cracking, thereby also enhancing oxidation resistance. A research indicates that SiC—Si
coatings with microporous structures can protect C/C composites from oxidation at 1500 ‘C for 846 h, with a mass loss of only 0.16%.
In particle-enhanced glass phases, the SiO, glass phase generated upon oxidation of the coating becomes stable due to the
incorporation of Zr compound particles as reinforcing phases, reducing the formation of cracks in the glass phase. This results in
superior high-temperature oxidation resistance. For instance, La,0;-modified ZrB,—SiC coatings yield a Zr compound particle
distribution in La—Si—O glass that forms a dense oxidation film, demonstrating the oxidation resistance at 1500 C for 550 h and at
1600 ‘C for 107 h, while enduring 50 thermal cycles from 1500 ‘C to room temperature with a mass gain of 0.35%. Researchers
develop the coatings that can resist oxidation at 1700 “C for 415 h based on the aforementioned antioxidant mechanism.

In coatings based on composite glass phases, silicate and aluminate composite glass phases synergistically utilize the advantages
of different glass phases. In addition to exhibiting self-healing functions, they also possess a superior oxidation resistance, remaining
stable under high-temperature and oxidative conditions. Moreover, elements such as Zr, Y, and Al can capture oxygen molecules,
forming a stable oxide layer that further protects the C/C substrate from oxidation damage. In addition, this review also represents the
specific preparation processes and oxidation resistance effects for coatings based on oxide-generated glass phase protection
mechanisms, enhanced glass phase protection mechanisms, and silicate glass phase coatings.

Summary and Prospects This review offers a prospective outlook on the development of oxidation-resistant coatings for C/C
composites. Firstly, novel reinforcing phases, such as one-dimensional and two-dimensional materials, can be doped to design and
optimize the synthesis of ultra-high-temperature oxidation-resistant ceramic materials via efficient artificial intelligence approaches.
This involves more complex combinations of the existing oxidation-resistant coatings or mechanisms to actively explore new systems
of oxidation-resistant coatings for C/C composites capable of withstanding at > 1700 C. Secondly, constructing a complete and
reliable performance database for the existing C/C composite oxidation-resistant coatings can eclucidate the related protective
mechanisms, establish reasonable evaluation mechanisms, and explore key control methods, thereby providing design parameters and
theoretical support for practical applications. Finally, a research should focus on the adaptability of oxidation-resistant coatings on
C/C composite components of various sizes and configurations, optimizing preparation processes, revealing critical control factors,
forming stable process control pathways, and developing relevant process standards.
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