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Figure 1 The life cycle of ZrB, ceramics
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1.1  ®xPUL)E (carbothermal reduction)

Zr0, + B,O5 + 5C = ZrB, + 5CO(g) (1)
SN (1) S A B ZeBo B R 1 A5 ROV, HL.BLOs
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ZrC + B,0; + 2C = ZrB, + 3CO(g) (6)

1.3  #i#uL 5 (borothermal reduction)
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Figure 2 The submicrometer ZrB, powder by borothermal reduction
three-step process>*!
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710, + 3WC = ZrC + 3W + 2CO(g) (12)
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280

] T AR R B 4t A Bk AR AR PO s R (4)
FioR.

T AR T B3 420 5 7 19 7= 490 ok P 5 1 S AR AH Ze Bo 4B,
HAb2F A= YA R 7R s SR T 2B, iz
DA 5 HAEE AR S R A . O 2R R R
FEW, % BN AE 1200~1450 °C 4 B8 1 [l P B AT & A=
AT AEBAR R TR A MEUR b, BT
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B LB e 1 BN e G SRR, — T TR R O 5 R B
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3.1 ZrB,-SiCE AHF 2 B Bikesk

ZrB,-SiCHa % i T SiCHI I A i {44 BH Y 25 & 1
AEfS 20 R T, DRI R B 5 o ) 12 O ) i
VB Ak 22 22—, % ZeB,-SiCHa B 14 F N B 4% IR A K
HRIA. Zhang® AP SR A Zr, SIFIBLC M JFORE, X
ZrB,-SiCPE % i S 0 E il £ -7 TR R U (16)).

27r + B4C + Si = 2ZrB, + SiC (16)

RN AR e, RS 1R Bk 4 N
74.85%7ZrB,-25.15%SiCIR T EL) 9 52 M PR % . J 3k
Firh, B,CHAYBAICI 43 [n] Ze AN STURL Y R AT 4™
B, FEZoFNn Sifd R 3R 11 LAV 2B B 247 W) A Ze B FlI
SiC(13). 5HAZB, 1 R N e i B2, i F2Zr
FSiAY 9 HOH FE AR 508, ik, R R A Fh Zr
INTIE S INE WINE k- A R = R S UNEOETE TN
b, UL, IRA AR RV A R TR SO S
KA A S W B BB A AR B T R AR T 2040,
Zhao% NAONA SR 0 45 B R Be 4l (R-SPS) B
b T2 S BT i 52 MR P 3 4 il 4%

s 3 5 N 1T AT A A LR ZeBo 1 S5 N Be 4
3 3 U 7 e N kA T A

Zr+ 2B =ZrB, 17)

ChamberlainZs A\ 88 55 B0 AH ZrB., B4 i 07 458 25 %ot
EIRHLERIEAT T RRUE, SCR R A B, SO R H Zes
LI RTINS i 2 S5 28 P= W A S oRE 3. A
I, Ak P A A ok R A OB K, TR B R
T B R BUE AL IR, T LASRAS 40 A 45 4 B e A
Y 71B, P& .

AN, tnl &Y (N ZeH, 5 SifIB,CE) 1 H
JEORMIEAT SR B 4E YNV (18)). il FHZr 5 B B %
JRY, [E B STC R M, R B A A
ZrB,-SiCH—Fp 5 i PO (19), (20)). Zr 5B ] 43
K R BRI AL A RN, TTSICTE 24 1 2 v i B9 il 1

Siw - B,C ZrB\i ® O
S SIS Se
. O OOO o
"‘.0’9:0 N —> S ooO O
o) 0820
Nzr \SiC

B3 ZiB,-SiCH % JFL I I i P 7
Figure 3 The schematic diagram of the in-situ reaction synthesis pro-
cess of ZrB,-SiC ceramics'?
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M, BT Ze 5 BB A 2 ) 042 ful Rt 18, TR MR ARG T
SN B Rl B

2ZtH, + B4C + Si = 2ZtB, + SiC + 2H, (g)  (18)

Zr + 2B + xSiC = ZrB, + xSiC (19)

ZtH, + 2B + xSiC = ZtB, + xSiC + Hy (g)  (20)

3.2 ZrB,-SiC-ZrCH I ZEIT) I e st

S T ZeB,-SiC P B By S I Fe 4t , Wu%e A1
W B (16)iE— 24 Jé, S8 T ZeB,-SiC-ZrC K AH P
B NAREE H 4, R (21) Fios. Mx = OFf, Jx
N (2 1) BRI 5k SR (16), PRI, SR (16) A 2 i (21)
B —ANHF . TSN (21) TS S B AE AR, D AT
Ik R xR S AN [ o8 4 ) 52 R B e ) 1 5%
(24x)Zr + B4C + (1-x) Si = 2ZrB, + (1-x)SiC + xZrC (21)
XoF 2 N 2o A FAR 7 AR I I 5E B, AE SEPR Y
RS R, RV QDIFAE— L5, A2 it
FTURIE(22), (23)), BIRR A Fe by S R BN
A = M ZeB, M ZeC, WIS, #8437 ZrC5B,C K Sifx
N A L ZeB, FISIC. b, 494 L 7 12 3 B (SEM) 4
R, B TI ZeB R B — o R B Y 45 ) S
TEHL.
3Zr + B4,C = 2ZrB, + ZrC (22)
27rC + B,C + 3Si = 2ZrB, + 3SiC (23)

3.3 ZrB,-MoSi, 5 AP 2 S i Fesh

[ ZrB,-SiCF & 4h, ZrB,-MoSi, i Bt Jy 1 —2&
RN EIREELSE T ZME. Wus APy
WK AR 25, BIZr, B, MoFISi N JE kL, XJZrB,-
MoSi, & AH P & 1 S R il 25 04T TR AR, W
L (24) I 7.

Zr + 2B + xMo + 2xSi = ZrB, + xMoSi, 24)

55 2R AR SOz B 45 il £ 1) 52 AH B AN R, R
1N BEEE AR AT BORE i, ZeBo R SE B T A A 4%
SR ARG, A IR, ZeBo AR Y 25 )
PEA K AT I 45 T S e 45 67 A B 1) ZeBo il Rz
Atz vE, BAEREIAEET, B TARR
i T EL A AN [R) %) 2% 1 BB LA K TR, DR T BB A5 A e
S5 N IE A 1) S 0 OB AR, DRI R B e
g5 AT 4B S B4l A T LA A A S e b ) gk — 2,
FIFMoSi, i =y il 8 v, SR AR T2, &8 AT LUfE i
ZeBo M R foRE B ) HES, DT S BLIZ 5 AH R B 1
AU Ak, ZUR Ak i 52 AH PR B 8 6 5 A2 1 1T 7 1)
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AR R g 2 PERE AN B AP RS,
K Mo [A] % J0 2 W JEUREE AT SO b #4, i8
A L4 A5 5] ZrB,-WSi, B % OO R (25)), FIF 3k 45 1)
52 HH i % 5 ZeB,-MoSis i & ELAT JSBUAY b T 285 4 Fn
e,
Zr + 2B + xW + 2xSi = ZrB, + xWSi, (25)

4 IEEE R R AR ol R R f A R

g Y 0 AL A T 458 ol P E 2 UHT Cs b 4} dig T 22 £
PEREFR AR Z —. ZeB i BHIY S AL R 32 20 PR R Al -
S8 S5 PR R TR AR BT SN 3 A T IO R
Un SRR I I 8 B, AP R A2 T R R o
AACTRE St R LR Z, B Z A
TSN R, LR S i) S M SE R

4.1 YHZrB.FZEN AL

X FRAMIZeB,, H AT A AL A IV (26)478):
ZrBs(cr) + 5/204(g) = ZrOs(cr) + B,O5(1, g)  (26)
PAF R R, ZeBo P& 1 A AL TE = IR T i nT
PR A, (S5 25 S R B 7E 800 C R, ZrB, 1 A kAT
SRR Z BRI, 7E800°C LA |, ZrB 728 S Tt
KA A A, AR 2 £l ZrOs(cr) FTB,O5(1).
ERGITR: (1) 800~1100°C, ZrB, B ALK LK B,05 25K
BGESE I BEES)ZE, BoOs AU T ZrOJZ =5 B, i
HiAE S ZeO, 2 3R m b, TR RBUCE RS Z.
FREBHB,05)Z HITEAE, ZrB, M % i AL 4
AT R, VLA N 7 AR T SR BRE R (2)
FE1100~1400°C, HFHZESE, B.OsHIRZE L, &
T B B0 J2 T K, #43 BLOsfE#E T 2 4L Zr0, )2
Bz B, EAksh i o I 2k - L. (3)
1400°C LA _I=, B,O; 178 & ¥ F e 176 K T3 2 A Ak A= 1%
B,Os R, B0 1AM Z e ek, #HkkRim
HEIF Z4LMZr0, 2, #oEHE A B 12 #h 26 th i 4
LR RUREAS N AR A, 150 B s AR b AR o8 4 v B T
RS ATUAE Y, B Zr0,)2 0% AL i Bh
BT ZeBo B B 7 = T T BB A AL RE.

4.2  ZrB,-SiCE M ZE At

ZrB,-SiCF % & B A R — Kb ¥ 3 2
AR R % . T SICTE & il A AL o 2 B B Si0, 5
B,0, %5 A AL = W)Y B RE AN BE B, o AE T S A ZeBL R
RIS AR, JRREAC T /Y BOE %, HILSiCrmA



EaEs

AT DA 800 A B b SR AR B, ZeB,-SiCHF AL
AL B0 2B BP0 (1) 1100°C AR, 5
ZrBoAf H, SICH A AR 18 W AL R, ARG 4R
LIZB AL F. (2) MIREETEL100°C LA Ei, SiC
A R K, AT SI0,( I (27)).
2SiC+30,=25i0,+2CO (27)

Si0, 5 B,0; 45 & 1 e ik Wi B B8 AH, #5407 B,O;
Y 15 A 26 5 DT R AR T AU A L i i o R
PR AR BT B AL . R R I B 2 AT A S0 ek
X TR PUR AL, MRS S )2k R B
WIS AT Ry, HAX — R Y P AR S A R
5 AY HidE i R .

LM ik B2 5 T PR R ot A 2 TP S A A T 1 s [
mE 4@ iR, BAZEE3IZE: 5&INE NSO B
2 22 N BHL I B ZeO, UKL 1Y S0, 3 3 )2
%32 NZiB, )2, T SIiCTE M AL R R A Y SIO,
COMICO,, HBLT SiCHBI, H X —)Z XFRN
SiCHYFE/LJZ(SIC depleted layer).

FahrenholtzZ: AHA HSICFER EMIE K F 55
ZrB, MISiCE A A AL B o 75 22 1) i IR 4 R AN TRl A
XK. FE1500°C M, SiICEALMBRARE S 4.1 x
107" Pa, ZrB S8 L i I8 20 [ M 1.8 x 107" Pa. ZrB,-
SiCPH % R 5 43 R0 0, NSRS, Hor
SRR, R AIESTE N2 x 10* Pa. M AR
T4.1 x 107" Paitf, ZrB,MISICHIHB HLAHEE; Y485
JEikE]4.1 x 1070, SiCH Je k& A iGTE AL, A2 pSio
HICO(Z I (28)). Y&/ EdkL: Thm, 1£%)8.7x 107"
Palt, [a] 4P #AYSiO T LA 4k £ E Ak A= AL Si0, (S ]
(29)). 4kZEim M FEIT, HE 0 EEF1.8x 107" Pa

S0,

. 20,#Si0,
1
= Oph a0 =
2z GDQ.C: c:.Of:' %
e |
«— SiO,
ZrO,
Sio,
2r0,+*MoB(SHERR)

ZB,(SICERE)

2rB,+SiC

ZrB,+MoSi,

B4 (a) ZrB,-SiC™Fil(b) ZrB,-MoSi, "™ S A e (1 S AL i i 7 2 TR
Figure 4 The schematic diagram of the cross sections of ZrB,-SiC"™"
(a) and ZrB,-MoSi,"™ (b) ceramics after oxidization

ff, ZeB A TG & A A4k, A B ZrO, Fl1B,05.
SiC+0,=Si0+CO (28)
28i0+0,=2Si0, (29)

4.3 ZrB,-MoSi 5 HF 2 A AL

VE R 55— AR RN R AL ) S 2 A P, ZrB,-
MoSi, & H B % 1) A AL BRIt Bl 32 . ZrB,-MoSi, B
P SR A R A 1 34 B B 501031,

(1) %Ak /Y 9 4 By B (T<1000 °C). it B AR T
1000°C I}, 23554 F M ZrB, FMoSi, ¥ B A E Ak 1
%, (HLLZB, i A FE o 3.

(2) i AL IS R (1100~1200°C). 78I IR T
BN, EHBEEAEES I S b fe. — 5, |
TR ZeB Ak A8 b 7= A 1 B0 A AT BRI I o5
MR 28, Rt HAEZIRE N5 28 s
PR, I T AN B B 2R 1w 10 N ER R 55—
T, MoSi, ik it B (S (30) i #i o, i), 44k
JZSiO PR TR I A 3. MoOs B K s 7S
JE, %5 5B,0;— R K, T8 BRI B & A P93 1
J3, i 1Ak R, MoSip iy AL I AN 4 TG,
M HLA B 208 Y S10,4: BR 7 55 78 P e A i 2 1T

MoSix(s) + 3.505(g) = 2SiO4(s) + MoOs(s)  (30)

(3) i AR A A AL R (1200~1500°C). 4 ik
BT 1200°C T, FEFEE MoSi, Y AL FE, A= ik
1 Si0, 78 7 7E M RF R I, A7 S B A T A BT
FURE R E — 20 S Ak, B A2 B B AM )2 R Sio,
2, WANZ NZrO,JZ. B, 035 K AR SR /Y
AT (31)).

Z1By(s) + 2MoSiy(s) + 50,(g) = ZrOy(s) + 2MoB(s)
+ 4Si0,(s) 31)

J I (31) B 4843 6 7E 1500 °CAY 4 1.53%107"2 Pa,
T AR T K NL(26), (30)HY 473 TR (93 4 1.60
x107" PafI8.87x107* Pa). [HIlt, 7EEALF AL, T
BARM ST R, SOV BUAH LT N (26), (30)REAS L
ST

Wil 5 S NV (26), BO)RIARWTEAT, HiA: i Sis fb
YILASIO()MIE R m 4N A8k, BEE Y B T LA K
AT EREE AN, Si04k2k 5 5 S A BSi0,, N (31)
A B SiOL 7E 8 I 2 IR M2 ZrO, i HAE: i 39 J3E 25 0,
1%, B, #53Si0.0F Al 1t Zr0, 2 i A 2 SN2 B
SiO, )2, MR TH3)ZEMAZE, BN ZERSIO,.
BERF, PNAR2JZ SO, 5 H | Zr0, Z M AL T = G K 2
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Chemical reactions in the life cycle of ZrB, ceramics

ZHANG GuolJun, LIU HaiTao, ZOU Ji, WU WenWen & LIU JiXuan

State Key Laboratory of High Performance Ceramics and Superfine Microstructure, Shanghai Institute of Ceramics, Chinese Academy of Sciences,
Shanghai 200050, China

Zirconium diboride (ZrB,), a typical boride-based ceramic, is an important member of the ultra-high temperature ceramics (UHTCs)
family, and has attracted much attention in recent years. Because of its combination of excellent properties, ZrB, is considered to be a
suitable candidate for use in the thermal protection components of the sharp noses and leading edges of hypersonic vehicles. In this
review, the concept of the life cycle of ZrB, ceramics, based on material flow, is proposed. The life cycle consists of two main
processes: fabrication and applications. The reduction reactions that occur during fabrication and the oxidation reactions that occur
during applications form the material flow in the life cycle, and can be summarized as ZrO, — (fabrication, reduction reaction) —
ZrB, — (application, oxidation reaction) — ZrQO,. The fabrication process usually involves powder synthesis and ceramic sintering.
Powder synthesis, which here only refers to solid reduction synthesis, mainly involves the reduction of Zr*(0%), to Zr*(B"),, and
ceramic sintering usually involves a local oxygen-removing reaction, when ZrB, is used as the starting material. The fabrication
process involves another method namely reactive sintering, which combines powder synthesis and ceramic sintering, and produces the
final products in one step. However, during the life cycle, in a rich oxygen environment at high temperature, ZrB, is oxidized under
oxidation and ablation conditions, to give ZrO,. In some respects, it can therefore be said that the oxidation reactions during the
application process are the opposite of the reduction reactions during fabrication. In view of the important roles of chemical reactions
in the life cycle of ZrB, ceramics, the chemical reactions in all the life-cycle processes were reviewed, and the relationships between
the chemical reactions and microstructural properties were studied. The properties of UHTCs in applications are dependent on the
powder properties, densification processes, and microstructures, so optimization of the reaction processes is important for the
fabrication of high-performance UHTCs. Also, the study of oxidation processes is helpful in investigating the behaviors of ZrB,
ceramics during applications. It can be concluded that chemical thermodynamic and kinetic processes have significant effects on the
microstructures and properties of ZrB, ceramics, in their synthesis, fabrication, and applications.

zirconium diboride (ZrB,), ultra-high temperature ceramics (UHTCs), life cycle, powder synthesis, reactive sintering,
oxidation
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