$Fi3gE: Foy h E o1 4 33 R Vol.38 No.9
2019 9 H MATERIALS CHINA Sep. 2019

F4E4 )
A RESRAEESESVRAIRHRE

XY, B ik R

)%]y‘g:?';l,Z’ i ElZ, g{;;nrﬂ12’ Tiil,z
(1. " ERE B IR E AT S P AR S M E R IR E, i 200050)
(2. W EBEE DGR RRE ST BT S5 M 5 2 A MR TR PG, R 200050)

W O BRI (UHTCs) [N TE w7 AT AR 47 450 By 5 K FH WS T 4 52 06, M O . B 445 1 7R R e 2
2y UHTCsf“{ZT"ﬁ]El/J;k [P, KERRET 4 5 UHTCs &4 3R A5 B 2 2k 1 i B s i P 6 L &2 5 M4 8k ( €/ UHTCs ) J2: 5 ik — ]
MRS DTSR, AT 10 4E3k , FRIETE C/UHTCs TREN F 7 345G 7 R 5, Wis T ~%ﬁﬂﬂﬁiﬁﬁ5‘ai_7k¥ﬁ@r“mﬁiﬂlo %
M, T C/UHTCs il R E 2, AN (>2000 °C, >5 Ma KB oPml) , fEgstisdb . v AEHL IS5 7 i/ 77 7 — 4
SRRl R T A, 28R T C/UHTCs fESER R E . S kP LI . #iE 12 ﬁﬁ#ﬁﬁﬁﬁmﬁLE I45 G A BIBA
W TAERT C/UHTCs ST HEAT T B4R, Bk — s C/UHTCs MBS MR 4R 5%

KR C/UHTCs EAMR, SiRuch:; Aibbanh; w52 reae, s

RESES . TQ342%.742; TQ174.7578. 1 XEAARIRES . A 1674-3962(2019)09-0843-12

Progress on Carbon Fiber Reinforced Ultra-High
Temperature Ceramic Matrix Composites

CHEN Xiaowu'?, DONG Shaoming', NI Dewei'?, KAN Yanmei'?,
ZHOU Haijun'?, WANG Zhen"?, ZHANG Xiangyu'?, DING Yusheng'>

(1. State Key Laboratory of High Performance Ceramics and Superfine Microstructure ,
Shanghai Institute of Ceramics, Chinese Academy of Sciences, Shanghai 200050, China)
(2. Structural Ceramics and Composites Engineering Research Center, Shanghai Institute of Ceramics,
Chinese Academy of Sciences, Shanghai 200050, China)

Abstract: Ultra-high temperature ceramics (UHTCs) have received great attention due to their application potentials in
the thermal protection system of hypersonic vehicles. The major problems that restrict the wide application of UHTCs are high
brittleness and difficulty to be sintered. Introduction of carbon fiber into UHTCs to obtain fiber reinforced UHTCs ( C,/
UHTCs) is an effective solution to these problems. In the past 10 years, our country has made major breakthroughs in the
engineering application of C,/UHTCs and obtained a series of world-class achievements. However, because of the
complicated preparation process and harsh service environment (>2000 °C, >5 Ma airflow scouring) , C,/UHTCs still exist
several critical scientific issues need to be clarified, especially in terms of structural evolution and performance mechanisms.
reviews The research progress on matrix modification, oxidation-ablation mechanism and high-temperature mechanical prop-
erties of C;/UHTCs was reviewed. Also, the future research trends of C,/UHTCs based on the recent research results of our
group were summarized and prospected. This paper provides a reference for further research and development of C,/UHTCs.
Key words: C,/UHTCs; matrix modification; oxidation and ablation; high-temperature mechanical properties; micro-
structure regulation
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Fig. 1 Test progress on UHTCs of Italian Aerospace Research Centre (2005~2013) 2]
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Table 1 Comparison of oxidation and ablation resistance of C;/UHTCs prepared by various methods !

Modified Densit Porosit Carb: Mass ablation Liner ablation
ocme Y orosty arbon Time/s Ablation test

Material
atenals method /(g-+em™) /% preform rate/ (mg + s™')  rate/(um - s7')

C/C-ZrC-SiC  TCVI+PIP 222 197 2D needl 120 Oxyacetylene, flame 3000 °C., 0.38 248
-ZrC- + . . -0 s
et fieedle 0,:042L-s", CH, : 031 L -5

Oxyacetylene, 2.38 kW/m?,
C/C-HICSIC  TCVI+PIP 238 —  Dneedle 60 : 15 mg - s - em™ 1.40
' 1 neede 0,:024T s, CyH, : 018 T, -5 O mers em

Oxyacetylene, 4.18 kW/ m? ,
C;/C-HfC-SiC  TCVI+PIP 2.38 — 2D dl 60 ) 50 me - s ! - em2 1.06
! needie 0,:042L- s C,H, :031L- 71 050 mg - s ¢

C/C-ZiC-SiC TCVI+PIP 224 1852 2.5D fel 120 Oxyactylene, surface 2400 °C, 1.90 12.00
/ot * : : SP el 0,:042 L5, CH, 031 L -5 : :

C/C-ZiC-SiC TCVI+PIP 1.96 1490 2D needl 120 Oxyactylene, flame 3000 °C., 0.40 102
/ot " : : needle 0,:042 L5, CH, 031 L -5 e :

C,;/C-ZrC-SiC  TCVI+PIP 221 21.17 2D needl 120 Oxyactylene, flame 3000 °C., 0.33 2.79
/ot " : : needle 0,:042 L5, CH, : 031 L -5~ e :

C/C-SiC-Z+C ICVI+RMI 2.04 I fel 30 Oxyactylene, flame 2300 °C., 0.69 2.33
L * : T ntegeriet 0,021 L-s7, CH, : 0155 L - 7! : o

C./C-SCZC  TCVI+RMI o4 ; ol o Oxyacetylene, flame 2300 °C , 057 s
-SiC- + . — . .
v nieger fet 0,021 L-s7, CH, : 0155 L - 7!

C/C-SiC-Z+C ICVI+RMI 1.86 0.3 2D needl 60 Oxyacetylene, flame 2300 °C., 0.28 0.33
/eI " : : needle 0,021 L-s", CH, : 0155 L - 57! : -

Oxyacetylene, flame 2300 °C ,

C;/C-SiC-ZxC . .
" i ICVI+RMI 1.86 0.3 2D needle 90 0,:020L s, CH, : 0155 T, - 57!

0.21 1.44

C,/ C-SiC-Z1C RMI 2.81 35 25D needl 60 Oxyacetylene, surface 2500 °C, 0.02 0.33
L : ' o eede 0, 196 L s, CH, : 0696 L+ 57! ' e

C;/C-ZrB,-
) RMI 2.83 — Carbon cloth 7.5 Oxyacetylene, 4000 kW/m? 3.90 0.22
SiC-ZrC
C/ C-SiC-MoSi, VFI 1.72 — Felts 30 Oxyacetylene 0.76 5.10
C/C-Z1B,-SiIC TCVI+PIP 2,09 —  Integer fell 120 Oryacetylene, flame 2000 C, 001 mg+s™" + em™ 245
0,:024L -5, C,H, : 018 L -7t - METS Tam
C;/C-Z1B,-SiC  TCVI+PIP 2,09 — Integer felt 120 Owyacetylene, flame 2300 °C, 008 mg +s™' - em™ 548
0,:031L-s", C,H,: 023 L. —oMmETS rom
C/C-ZiB,-SiC  TCVI+PIP  2.09 —  Integer felt 120 Owyacetylene, flame 2700 C, 030mg -5 - em™ 9.12
0,:038L-s", CH,:029L s - WeTS rem
. Oxyacetylene, flame 2700 °C ,
C/C-ZiB,-SiC  TCVI+PIP  2.09 —  Integer fet 120 0, 10421 -5, CH, £ 031 L - & 042 mg - s+ em™2 12.74
C/CZiBy-ZiC TCVI+PIP  1.89 — Needle 60 Oxyacetylene, flame 2200 °C, 034 mg - s - om™ 9.60
0,:042L-5", CH, : 031 L-g™t 07 METS
GO e 17 — Needle 60 Oxyeoctylene, flame 2200 L, 024 mg s +om™ 10.60
7rC-SiC 0,:042L-s" CH,: 031 L-s" 77 7° 7 ’
C,/C-Z1B,- o ]

s PIP 2.44 12 3D fabrics 300 Plasma wind tunnel, surface 2000 °C 10.00 2.00
C/CAB e 20 — 3D 120 Owyacetylene, flame 3000 °C., 050 1.00
ZxC-SiC ’ 0,:042L-s" CH,:031L-s" ) ’

C;/C-ZxB,- )
. CVI+PIP 2.0 — 3D 120 Plasma generator, surface 2300 °C -0.13 0.04
ZrC-SiC
C/C-ZxC-ZrB,  SI+RMI 3.07 9.1 3D 30 Oxyacetylene, surface 2000 C 3.90 10.00
C,/C-ZxB,-
HP 2.61 21 Carbon cloth 60 Oxyacetylene, surface 2100 C 2.08 5.30

ZxC-SiC
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%, SEMPEAR T8 Bk %" . 5 ZC ML, ZB,BA
B SSRIRPTE AL ERE . ZrB, 48 500~ 1100 °C E LG %
AR T B0, LI, REEAT R0 4a /1 AUtk A AL
PR, FE 1100~ 1400 CHE, B0, 28RS, &
PRBEAE S SRR, 7E 1400 C DA B, B,0, 78 & #E
s 5 A R LAY, SRR SO B, O, 3% H i
B EFLIR , AT S EOb R T AR A G s o sic
5 7iB, 45 5445 7iB,-SiC, FALJE B IE I Si0, , 70,/
SiO,SFZ AR M EALZ S (K 2), JUHIE 70, B 4245
FXF Si0, AT WA S, RBAS 2 0038 Si0, AH 1 T
PRI, bRl A T R R X I 35 B AR R S BT
AALPERE @ IERIET ZeC, ZeB, Al SiC 75 A AR
JFE DX AL EA R [A] /AR e PR, WX C/UHTCs 9Pk RE
FURAN RS, SRS A Z R ARG T, N
i dk 2 BT R R B R b b RE

Sio,
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—— BK
—— ZrL
—=— CK|[
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Fig. 2 Microstructure of oxidation scale in ZrB,-SiC composite! %)
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AR, JFRIL AR RRAE, B R IR A bR
REM B C/UHTCs B9 J1 22 4% ¥k, Vinei 45 B 55 T
C,/ZxC-SiC Fl C,/TaC-SiC 7& Ar SR F I E iR #4710,
AL TR, 1500 °C B & A B a5 ot 5 347 K et 2 42 7
(~450 MPa), X B2 -FABHYER AN 7 = iR T 15 5
SERRE, 1500~2100 CHF, Wi RIPIE 58 I i),
{AAKSR R T o IR AT T A 3R B, 2100 CH, PIE IR &
AR EMBEHATY, JEIRSEE 500 211 #1319 MPa, K
SUSR T4y A 440 F1368 MPa, SAPEASTE B AR A5 44 B8
FERRAR, (AR W7 240 A8 3 BT (R 3) 6 W iR
FER, #BASAE W OIT R R, AR )
AT REINE . A SCHkH, 56T UHTCs PRI
OWHLBLRAR AT, Len, (r45Hr<110>{ 111} &4
Fo—ELLORHA N S TaC B PEAR I A 3 EROWALHN
SR, WA SRS, T AR i T
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C/UHTCs #7124 47 R 3 A 25 1 COm 28 % . IR
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Fig. 3 Flexural load-displacement curves of C;/ZrC-SiC (a) and C;/TaC-SiC (b) tested at RT, 1500, 1800 and 2100 °C (P and U denote

yield strength and ultimate strength respectively) [**]
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TSI b, RLAK 200, J i FLA, A M ik
JEA), AT RMI R T 2eC 9RAHTRE A 14 C,/ ZeC-
SIC( 4), T ZeC QKA - M B RpLE
Jgi it RMI 5 FJ4% C/UHTCs S 28 5E T BRIE FLm,
TEMCIERS b, PR T sol-gel M FLBRZ5 M 4L i RMIT 5
J1%Ert B A vk, S BNz O a8 T C/SiC-ZeC-
ZrB, (B 5), #4537 ALBRZS Xt RML 3fj 1220 #2 bk}
TS S PERE AR A, IFE5 G RMI 8h ) 2 x5
IS RAEAT TR, %5 LT RMI gl Jy 28 A 4R
Ak C./UHTCs Hil #4240 TR ™ KLUk, &R
VAR Tl 2F 4 o8 B T B0 AR AL 2 RMI IR & €/
UHTCs 1A 0 E PR, XX —ml, fEF BT 7
YRR AL — )2 ZeCIRIZ, RN T LT S5 45 2
%, HE&M C/ZxC-SiC YL R EE ik 380 MPa, AHIL T
A HHRE (150 ~250 MPa) ™ | Jy2g PR A4S T K e

~ 2T o6 E p

Ft, h C/UHTCs MbEREIRALSRME T A 25 M5 %™
LA S L, EEHEREAMR T C/
UHTCs #£ RMI i3 #% o iy R 8t A WL B, & BH( PyC-SiC),
A FZTE LS, EIRERT, Ze 5 PyC 2 RN A K
ZrC, RSN S — AR B A s R (~ 198.5 kJ/mol ),
HCH AR S SIC RERL, AEIRGIE, Ze JRTRENS
TR HOT 5 R AE R AT YRR THT, 76 25 4 IR ALE
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Fig. 4 C;/ZrC-SiC through RMI method with nano ZrO, powders as pore-making agent'”"!; (a) SEM image of C;/Zr0,-C preform,

(b) SEM image of C;/ZrC-C porous preform after carbothermal treatment, (c¢) SEM image of C;/ZrC-SiC after RMI,

(d) TEM image of C;/ZrC-SiC
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Carbon fiber C/B,C-C C/ZrC-ZrB,-SiC
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Fig. 5 Preparation route of C;/ZrC-ZrB,-SiC via RMI based on sol-gel derived pore structure 7> 73
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Fig. 6 Degraded morphologies (a, b) and degradation mechanism (¢, d) of (PyC-SiC), interphase during RMI process”ﬂ
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multi-region adjustment, (b) pore size distribution of C;/B,C-C perfroms, (c¢) XRD patterns of C;/ZrC-ZrB,-SiC, (d) three-

point flexural load-displacement curves of C/ZrC-ZrB,-SiC!®

RMI 3l J) % 53 18 5 JE A7 [z 7 J& RMI il 45 C,/UHTCs
B FEARHI B R BR T AR RMI 3h 2% 3 #2 ] DL ele 3%
UHTCs A 2251, A48 A S 44 ) 2 2 5 R g A
5 UHTCs FAZ5HE , L ANFE— 5 S50 T AT LB IR 25 4
1) ZeB AH (I 8) o S HRAR G5 H4 1) ZoB, HH 78 S 56 225 1
& ZoB,-ZrC E M R R M SR AR T KRR
W7 BYE C/UHTCs ASE RIS Tk e i . ARG
RMI SR JREE, 7T IR ZeB, B A i W~ . Zr+B,C—
ZrB,+7ZxC, BJRFH M TIEERTIARBMX IR E B
A, & B S Zr 55 E 0 2B, , BEE N IHETT, ZeB,
JED R Ze [T B R M, IR Ze BT P EUE S T 2B,
HE KGR ZeB, R R0 Ze A3 AT RIS T Ze
JEFH 8O 2B, AR KAT R i deE HEAEH (B 8e) . BT
ZeBJE SO i, B R i AR R A, A R
A 2B, B 3 ORRIRGE R, B A, 1R AT A
1€ C,/UHTCs B il £ i R il & 80 T R fR ZeSi, 2548 I
YL AR, BRRES A R T TR R R,
U, $ERPRAR S A K M Iy 22/ 80 Jy 2R A, X
C,/UHTCs Mtz a3 FrE pede T B 2 X,

TEREMHLEE T I, fEE ARSI T C/SiC-ZeC-
ZeB, WA ATy, o TR AR . A AR K

MU Rl 258 XoF A4 LS 3 485 b O P LA (T 9) 17 &
1800~2400 °C 45 T be il % 4% J5 M AL i it be il % (R )
PR (R) MK TF 292 g - m™ - s A1 100 pum - 7',
TERAR A BRI IR B (1800 ~2000 C) F, AHBIFEREHE N T
FOR MR ER E AL, R A R ¥R A GE, IR
T DR A IR 4 T i 05 B AR R, 2 B SR A
A B G R T4 R BRE IR T 55 1 1) o iyl B
(2000~2400 °C)~, B,0,Hl Si0, S5 i AL AR I 4 il
FUZE K, HARRAFE ORI i o S A A il R, AT
SRR, SLETAORER B IE R R IE Rl
MrEt, T B0, Si0,MIZIFE %, il Ze0, A M A fk
R BT T B R AE b R 1, 76 SR AE R & AR M
BREETE AL 700, BANR . AL AT UL, ZEAGHE DX e L X B
MR, C/SiC-ZrC-ZrB, R M REIE ita E EAL I (Bl Ak 2
RN ZrO, AR ), DTG A5 RHL IR SR, IR 42 4R
ARl TR [ P 2 A S AR AE TR DR B R A
AALRPERE M FE A, S 4, SiC AR i AR
(ﬁ@ﬁ%%*ﬁiﬁ%%yfﬁﬂmﬁw%@ﬁ%¢m
RAEEEEAEN, RGBT B, SiC Ak A Sio,
(BeahE L), b%ﬁLﬁ%%%%M£mﬁiﬁﬁﬂ
AT et BE . I 7E =il be i B, SiC AUk A Sio



oM

Wi/INECAE - 2T A 0 ik v L P T O 5 A LT S

851

. 2 1
Mass recession rate, Rm (gm™s")

L

B9 ISR TREEMSIE | €/ ZrC-ZiB,-SiC 75 1800~2400 C T HubemAT BT, (a) B peih R ML bR, (b)Feph
I Raman K%, (o) Behb I SEM B85, (d) 1800~2000 °C T HILEMALERZEE, (e, f)1800~2000 °C T AL F 1 |
BIAIESR SEM R, (g)2000~2400°C FAYLEMMLE R ZE, (h, 1)2000~2400°C FAYBShRE , HIEIESH SEM M A

Fig.9 Ablation behavior of C,/ZrC-ZrB,-SiC under 1800~2400 °C by air plasma ablation experiment'*’); (a) mass and linear recession
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Fig. 8 Rod-like ZrB, structure in C;/ZrC-ZrB,-SiC and the formation mechanism
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ablation mechanism at 2000~2400 °C, (h, i) SEM images of the surface and cross section morphologies at 2000 ~2400 °C



852

Hh A ki

% 38 &

(FEhFA), SO B ALY HOuR AR R, IR e
FOEHNHBER T SiC #ERRZAL)Z . Bl 32 3h A AL Y A W7 it
11, SiC FEMZ LR BALBRAS AW, Bul R m AL
TBSRREE Ty WA, i v S 55 B T PR HIL AR b il £ P R R 2 46
P b, SRR i 7 ) N S A

4 % iE

By v R P AT e B LT VS 0 0 A7 4 44 L
C,/UHTCs I 4 3% — B2 4 sy 450 385, e Y A R R 01 9 £
ARICEEE T C/UHTCs TSR . mid S tke . &
fEReh ALERSE )y TR IE b, A48 T VEE HIBAE C/
UHTCs 254651 e R 7 55 7 11 A S5oB 98 2R, & e IR
fext C./UHTCs S5 K976 1k P RE AL 3 45 OC B Bl 2% [n] A iy
NI, Bl = 75 AT R AR AN & e, X 3Bl 4 b
BHOPU A AL BE b BEHE T 3 22k, Ik C,/UHTCs
W& JEARSRAT F e, BAKIM S, C/UHTCs ELL T LA
7 T e BRI

(1) HHT C/UHTCs S ALBe it g 25 . #f 5 kS 55
HAR A Go— bR e, T BOR ] SCRRHEE 14 B A A8 ke
PEREARMETE WO e, Tok 45 C/UHTCs P B fL 4 1L 45
T, B, EHEST S8 — A R Ik A b o R — T T AR
MH, EELHTHER SRS hAEE, REE,
AOrEAEIE C/UHTCs R AT s et %, Bk
Bz R G AR AR E ST 4RE

(2) VB Il 1) =5 MR AR S A B8 8 A 9 C/UHTCs, KF
e A MR mEr +alz, RECH
WFFEIESEAE = T 2000 °C I, UHTCs AHE e85
KA 5 AL AL, (45 C/UHTCs /& i 1447 0
T BT R IR AN FRIE . SR, UHTCs
RSB TEASTE LR, AR I A L] SR T EOL ] A
RAPFEAF CIRLBE | g | SRS ) XTI IE 152
Wi KA TR IR AT

(3) XTF C,/UHTCs Z5F9BETT5 W45 A I RGE K 8k
KL, REBWFIIL LA BB b il 4 T2 1, R
T, KRR ECHE XS B A R A TS RIS K i AR AR
JEHL, BE 05 A EE X M M O AT A5 R R A i, 2
C,/UHTCs K 40 1 %5 o 0b 22 2 6, st F RMI % ) &
C,/UHTCs b, e Bk 12 T i A £L B &5 hy 4 o 5 o 4
AREKEEMRL C/UATCs Mfl s B2, 48k, SEhiT
MR AT REST, K60 f BT FLBR 2548 2 506 RMI 3
FiE BRI R, A B TR RMI i B o R 75 10 R 52
S, XSG RMI L4 C/UHTCs AYF T A,

S % HEE References

[1] STEURER W H, CRANE R M, GILBERT L L, et al. Thermal Protec-

(2]

(3]

(4]

(6]

(7]

(8]

[10

[t

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

tion Systems: Report on the Aspects of Thermal Protection of Interest to
NASA and the Related Materials R&D Requirements. Washington,
DC: National Aeronautics and Space Administration; 1962.

RASKY D, BULL J. Ultra-High Temperature Ceramics. NASA Report
RTOP 232-01-04. Washington, DC: National Aeronautics and Space
Administration; 1994.

SONBER J K, SURI A K. Advances in Applied Ceramics[J], 2011,
110(6) : 321-334.

JUNG S H, OH H C, KIM ] H, et al. Journal of Alloys & Compounds
[J], 2013, 548(1): 173-179.

ZHU S M, FAHRENHOLTZ W G, HILMAS G E, et al. Materials Sci-
ence & Engineering A[J], 2007, 459(1/2) ; 167-171.
MONTEVERDE F, BELLOSI A, GUICCIARDI S. Journal of the Euro-
pean Ceramic Society[ J], 2002, 22(3) : 279-288.

WANG H, CHEN D, WANG C A, et al. International Journal of Re-
fractory Metals & Hard Materials[ J], 2009, 27(6) : 1024-1026.

SUN X, HAN W B, HU P, et al. International Journal of Refractory
Metals & Hard Materials[ J], 2010, 28(3) ; 472-474.

RAN S, HUANG S G, BIEST O V D, et al. Journal of the European
Ceramic Society[ J], 2012, 32(10) ; 2537-2543.

GOZZ1 D, GUZZARDI G, MONTOZZI M, et al. Solid State Ionics
[J7, 1997, 101-103; 1243-1250.

CHARPENTIER L, LUCAS R, FOUCAUD S, et al. Ceramics Interna-
tional[ J ], 2016, 42(9) : 10985-10991.

WANG X F, LIU J C, HOU F, et al. Journal of the American Ceramic
Society[ J], 2015, 98(1) : 197-204.

PIERRAT B, BALAT-PICHELIN M, SILVESTRONI L, et al. Solar
Energy Materials & Solar Cells[J], 2011, 95(8) : 2228-2237.
XUJJ, YANG T T, YANG Y, et al. Corrosion Science[]J], 2018,
132 161-169.

ZHAO LY, JIA D C, DUAN X M, et al. Journal of the American
Ceramic Society[ J ], 2011, 94(11) : 3648-3650.

ZHANG X H, HU P, HAN J C, et al. Scripta Materialia[ J], 2007, 57
(11) ; 1036-1039.

JEFFREY B, MICHAEL J W, LARRY K. Ablation Resistant
Zirconium and Hafnium Ceramics: United States, US005750450A[ P ],
1998-05-12.

INOUE R, ARAI Y, KUBOTA Y, et al. Ceramics International [ J],
2018, 44(7) : 8387-8396.

KUBOTA Y, YANO M, INOUE R, et al. Journal of the European Ce-
ramic Society[ J], 2018, 38(4) : 1095-1102.

WANG Z, ZHOU P, WU Z J. Corrosion Science[J], 2015, 98 233~
239.

XU L, HUANG C Z, LIU H L, et al. Materials & Design[J ], 2013,
49 226-233.

JIN H, MENG S H, XIE W H, et al. Materials[]], 2016, 9(12);
967-965.

JINPING L, LINGLING L, ZHIBO W, et al. Rare Metal Materials &
Engineering[ J], 2013, 42(6) : 238-240.



559 1

Wi/INECAE - 2T A 0 ik v L P T O 5 A LT S

853

[24]
[25]

[26]

[27]

[28]

[29]
[30]

[31]

[33]

[34]

[35]
[36

[l

[37]

[38]

[39]

[41]

[42]

[43]

[45]

[46]

[47]

GUO S Q. Ceramics International [ J ], 2013, 39(5) ; 5733-5740.
ZOLI L, VINCI A, SILVESTRONI L, et al. Materials & Design[J],
2017, 130; 1-7.

FAHRENHOLTZ W G, WUCHINA E J, LEE W E, et al. Ultra-High
Temperature Ceramics: Materials for Extreme Environments [ M ].
Hemstein: John Wiley & Sons, Inc., 2014, 416-417.

SAYIR A. Journal of Materials Science[J], 2004, 39(19): 5995—
6003.

WRitmE, fB, ZEEI AORMIESEEA (D], 2010, 24(2) . 201-
207.

CHEN Z K, XIONG X, LI G D. Chinese Journal of Materials Research
[J], 2010, 24(2) : 201-207.

LIKZ, XIE J, FU Q G, et al. Cartbon[]J], 2013, 57(3) . 161-168.
UHLMANN F, WILHELMI C, SCHMIDT-WIMMER S, et al. Journal
of the European Ceramic Society[]], 2017, 37(5) : 1955-1960.

70U L H, WALI N, YANG J M, et al. Interational Journal of
Applied Ceramic Technology[J], 2011, 8(2): 329-341.

WANG D, WANG Y J, RAO J C, et al. Materials Science and Engi-
neering A[J], 2013, 568. 25-32.

FAILLA S, GALIZIA P, ZOLI L, et al. Journal of Alloys and Com-
pounds[ J], 2019, 777, 612-618.

SCITI D, MURRI A N, MEDRI V, e al. Materials & Design[J],
2015, 85: 127-134.

ZOLI L, SCITI D. Materials & Design[J], 2017, 113: 207-213.
YUTARO A, RYO I, KEN G, et al. Ceramics International[J ], 2019,
45, 14481-14489.

TANG S F, HU C L. Journal of Materials Science & Technology[J ],
2017, 33(2) : 117-130.

JEAR, XIRE, EYOR, O TABPRIT L], 2012, 42(4):
7-11.

YANCL, LIURJ, CAO Y B, et al. Aerospace Materials & Technolo-
ey[J], 2012, 42(4) . 7-11.

TANG S F, DENG J Y, WANG S ], et al. Journal of the American Ce-
ramic Society[J], 2007, 90(10) ; 3320-3322.

PIHL, FANS W, WANG Y G. Ceramics International[ J ], 2012, 38
(8): 6541-6548.

CHEN S A, ZHANG C R, ZHANG Y D, et al. Composites Part B:
Engineering[ J], 2014, 60. 222-226.

YAN C L, LIU R J, ZHANG C R, et al. Journal of the European Ce-
ramic Society[ J], 2017, 37(6) : 2343-2351.

VINCI A, ZOLI L, SCITI D, et al. Journal of the European Ceramic
Society[J], 2018, 39(4) ; 780-787.

YAN C L, LIU R J, ZHANG C R, et al. Ceramics International [ J],
2016, 42(16) : 19019-19026.

YAN C L, LIU R J, ZHANG C R, et al. Journal of the European Ce-
ramic Society[ J], 2017, 37(6) ; 2343-2351.

FENG B, LI H J, ZHANG Y L, et al. Corrosion Science[]], 2014,
82: 27-35.

CHEN X W, FENG Q, ZHOU H J, et al. Corrosion Science[]J],

[49]

[50]

[51]

[52]

[53]

[54]

[55]

[56]

[58]

[59]

[60]

fe1]

[62]

[63]

[65]

[66]

[67]

[68]

[69]

[70]

[71]

2018, 134; 49-56.
JINXC, FANXL, LU CS, et al. Journal of the European Ceramic
Society[J], 2018, 38(1); 1-28.

FEAKINS E, JAYASEELAN D D, LEE W E. Metallurgical and
Materials Transactions A[J], 2011, 42(4) ; 878-887.

OPEKA M M, TALMY I G, ZAYKOSKI J A. Journal of Materials Sci-
ence[J], 2004, 39(19) : 5887-5904.

VOITOVICH R F, PUGACH E A. Powder Metallurgy and Metal Ce-
ramics[ J], 1973, 12(11) ; 916-921.

BARGERON C B, BENSON R C. Surface & Coatings Technology[J ],
1988, 36(12) ; 111-115.

CORRAL E L, WALKER L S. Journal of the European Ceramic Society
[J], 2010, 30(11) : 2357-2364.

CHEN L, WANG Y J, CUI L, et al. Journal of the American Ceramic
Society[J], 2012, 95(11) ; 3374-3376.

YAN C L, LIUR J, CAO Y B, et al. Corrosion Science[J], 2014,
86: 131-141.

SILVESTRONI L, SCITI D. Journal of the American Ceramic Society
[J], 2011, 94(6) : 1920~1930.

OPILA E, LEVINE S, LORINCZ J. Journal of Materials Science[J],
2004, 39(19) ; 5969-5977.

KAZEMZADEH D M, FAHRENHOLTZ W G, HILMAS G E.
Corrosion Science[ J], 2014, 80. 221-228.

KURIAKOSE A K, MARGRAVE J L. The Journal of Physical Chemis-
y[J], 1964, 68(2) : 290-295.

TRIPP W C, GRAHAM H C. Journal of the Electrochemical Society
[J], 1971, 118(7) : 1195-1199.

REZAIE A, FAHRENHOLTZ W G, HILMAS G E. Journal of the Eu-
ropean Ceramic Society[ J], 2007, 27(6) : 2495-2501.

LEVINE S R, OPILA E J, HALBIG M C, et al. Journal of the Europe-
an Ceramic Society[J], 2002, 22(14/15) : 2757-2767.

HAN J C, HU P, ZHANG X H, et al. Composites Science & Technol-
ogy[J], 2008, 68(3/4) : 799-806.

KUMASHIRO Y, NAGAI'Y, KATO H, et al. Journal of Materials Sci-
ence[J], 1981, 16(10) ; 2930-2933.

HOFFMAN M, WILLIAMS W S. Journal of the American Ceramic So-
ciety[J], 1986, 69(8) ; 612-614.

WANG Z, DONG S M, ZHANG X Y, et al. Journal of the American
Ceramic Society[ J], 2008, 91(10) ; 3434-3436.

ZHOU H J, NID W, HE P, et al. Ceramics International[ J ], 2018,
44(5) ; 4TT7-4782.

WANG D K, DONG S M, ZHOU H J, et al. Ceramics International
[J], 2016, 42(8): 10272-10278.

ZHANG L R, DONG S M, ZHOU H ], et al. Ceramics International
[J], 2014, 40(8) : 11795-11801.

LI Q G, DONG S M, WANG Z, et al. Journal of the American
Ceramic Society[ J], 2012, 95(4) ; 1216-1219.

WANG D K, DONG S M, ZHOU H J, et al. Ceramics International
[J], 2016, 42(6) : 6720-6727.



854 Hh A ki

% 38 &

[72] CHEN X W, DONG S M, KAN Y M, et al. Journal of the European
Ceramic Society[J], 2016, 36(15) ; 3607-3613.

[73] CHEN X W, DONG S M, KAN Y M, et al. Journal of the European
Ceramic Society[ ], 2016, 36(16) : 3969-3976.

[74] NI D W, WANG J X, DONG S M, et al. Journal of the American Ce-
ramic Society[ J], 2018, 101(8) : 3253-3258.

[75] CHEN X W, FENG Q, GAO L, et al. Joumal of the American
Ceramic Society[J], 2017, 100( 10) ; 4816-4826.

[76] CHEN X W, NID W, KAN Y M, et al. Journal of Materiomics[J],
2018, 4(3) : 266-275.

[77] XU L, HUANG C Z, LIU H L, et al. Materials & Design[J], 2013,
49, 226-233.

[78] JOHNSON W B, NAGELBERG A S, BREVAL E. Journal of the A-
merican Ceramic Society[ J], 1991, 74(9) : 2093-2101.

[79] BREVAL E, JOHNSON W B. Journal of the American Ceramic Society
[J1, 1992, 75(8) ; 2139-2145.

[80] ZHANG S M, WANG S, LI W, et al. Materials Letters[J ], 2012, 78
(7): 81-84.

(%# I 3% K®W)



