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Microstructural evolution and oxidation resistance of (ZrysTa, 5)B,-SiC

multiphase ceramics by reactive hot pressing
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Dalian 116024, Liaoning, China; 3. Suzhou National Laboratory, Suzhou 215123, Jiangsu, China)

Abstract: Ultra-high temperature ceramics (UHTCs) are regarded as highly promising materials for aerospace applications due to
their exceptional thermal and mechanical stability under harsh environmental conditions. In this study, to further enhance the
performance of UHTCs across a broad temperature range, multiphase ceramics are fabricated through a combination of in-situ
reaction and hot-pressing techniques, utilizing TaSi,, ZrSi,, B,C, and C as raw materials. Subsequently, the microstructure,
micromechanical properties, and oxidation resistance of the prepared ceramics are thoroughly investigated. The results reveal that the
ZrB,-TaB,-SiC multiphase ceramic is formed at 1200 °C. As the temperature increasing to 1500 °C, the ZrB,-TaB,-SiC ceramic
undergoes an in-situ solid-solution reaction, transforming into (Zr,sTa,5)B,-SiC. In terms of mechanical properties, the hardness
values are 12.59 GPa for ZrB,-TaB,-SiC and 15.11 GPa for (Zr, sTa, 5)B,-SiC, respectively. Similarly, the fracture toughness values

are 3.66 MPa-m'"’

for ZrB,-TaB,-SiC and 5.89 MPa - m'"? for (Zry5Ta, 5)B,-SiC, respectively. Thermogravimetric analysis

demonstrates that the (Zr, sTa 5)B,-SiC solid-solution multiphase ceramics exhibit outstanding oxidation resistance. Specifically, the
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mass gain is only 0.48 mg/cm2 when the temperature reaches up to 1600 °C. The mechanism underlying this excellent oxidation

resistance can be attributed to synergistic effect of multiphase oxides, which stabilizes oxidation film and reduces diffusion rate of

oxygen.

Key words: ultra-high temperature ceramics; boride solid solution; multiphase ceramics; in-sifu reaction; hot pressing sintering
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Fig. 1 Schematic of indentation trace and cracks

2 ZEREHH

2.1 JRERMEEWRNFESTT
Pk TaSi, . ZrSi, . B4C Flfa 8583 A KW JFRk, 7
3 2 AT R A O A R g T P, HC B A
LU
ZxSip(s)+TaSi, (s)+B4C(s)+3C(s) —
TaB(s)+ZrB,(s)+4SiC(s) 2)

SEby b, R (2) AT LAG A DA P S
2TaSis(s)+B,4C(s)+3C(s) — 2TaBy(s)+4SiC(s)  (3)

27xSi(s)+B4C(s)+3C(s) — 2ZrB,(s)+4SiC(s) 4)

[, e SN AR P, ] BEAEREE DL T PRl
il S -

TaSi,(s)+3C(s) — TaC(s)+2SiC(s) 6)

ZrSia(s)+3C(s) — ZrC(s)+2SiC(s) (6)

X e i v & AR R e, T DL A R
T AT A AR AR E . 3 HSC6.0 THE
K (3)~(6) A AT A F RERE L AR (L R, 45
A 2 FR .

-100
-150f oy 33—+ T T 3T T T3
7200 -=-Reaction (2) -e- Reaction (3)
5 7250 - Reaction (4) -+ Reaction (5)
E -300 | . Reaction (6)
2 -350
2 -400 M"H".
-450 ——
500, aee T

solb——o
400 600 800 1000 1200 1400 1600
Temperature/’C

K2 &S A Al e SR I E &
Fig. 2 Relationship between Gibbs free energy changes of
reaction and temperature

B2 ) X (3) ~(6) 1 AG ¥ F 0, BiEA7E
500~ 1600 °C W 23 1E kA7 H &R T 5
K (5). (6), FEA B SRMT, A&l A gz
KFRN(3) ., (4), XUEIAZEFFESMT,
K(3) . (4 ERES KA FEAFTE B,C HIIEHL T,
RN (5) . (6) I E Y ZrC W =ik — 20 5
B,C SR ZeB,, AHGH BRI

27ZrC(s)+B4C(s) = 2ZrBy(s)+3C(s) @)

R AT TG E R AH B BRE 1,
AERE R LI ZeB, F1 TaB, LLUE 07 2 7, I8
(ZI'()_sTaovs)Bz /’ﬁ’?ﬁi’ fi@ﬁ%ﬁﬁﬁﬂ?

ZrBo(s)+TaB,(s) = 2(ZrgsTap5)Ba(s) ®)

R T AT R IT BE I be 4l I R IR, K ZreSi,
TaSi,. B,C FIA B IR 1:1:1:3 (EE/R Lt AT
REBRIE IR &, HH DL (IR & By R Ay 44 0 ZTBC, ¥
TaSi, . B,C FIf M4 2:1:3 S /R L kAT E REBR
IR A, AN TR A M A 24 o TBC, 43 3% #A
ZTBC 1 TBC #£47 DSC 287, 45 R wl& 3 s .

M4 DSC (1) 43 B 45 5 vl 1, ZTBC #; &
TBC #3443 5I7E 950 °C F1 1320 °C H) Bl Hug,
e HE Wy SR = (2) A1 s =K (3) 43 il 7E 950 °C
1320 °C Ze 47 & A2 T BN I Z0 A R g, Bk mT I



5 9 1] FN IR 25 il 55 ( Zrg sTag 5 ) B,-SiC 52 AH K % 1 2 2R 45447 1k S o sA Ak 14 g 91
= TBC powder o *(ZrosTags)B, v ZrB,
T j — ZTBC powder . . *TaB, 4SIC o 00
.E > - A ¢ 9 ’0 *a *
= i =
E ol ' @
H - 2
22y b <
E —4r | |
-6 | | |
_8 1 Il

800 1200
Temperature/’C

0 400 1600
K13 ¥k ZTBC # TBC 1 DSC ik
Fig. 3 DSC curves of ZTBC and TBC powders

ZTBC IR AW R S T 5 B R BAIK . TBC Mk
g A RO R (3), A ZrSi, Ji R AR RN R (2),
PSRRI, ZeSi, BImA & S 8Uz = (2)
Al @ AR T 0w R (3), BIZEFHRSE AR, SN
WA ZTBC MH# T TBC WA SE R v o XFFA BT
MELE Y 2 A TH DSC GBS . ik, R
FH ZTBC RS M A R S AH P B i e 28 skt . oy
THEMRIERSE P, LA 1200 °C F 1500 °C 1E F ke
SEIREE, I WA 4 A ZTS-1200 1 ZTS-1500,,
2.2 WHEERBMEIRS

&l 4 J&oR T AR B a4t 5 A S i XRD 74
&3 . ZTS-1200 £ % Hy ZrB,. TaB, Fl SiC fH 4
B, BEATEE R ZrC W TaC I, BERATE 1200 °C B
FERAT R (2) WL, fF46 EiR#A 2450
Br o ZTS-1500 f 3= B ¥y 41 g [8 75 1K (Zrg sTays)
B, I SiC, K W% 5| ZrB, Fll TaB, fi7 i, 3 i B
TE 1500 °C B & A= I i (2) A= i 1Y ZeB, il
TaB, i — A 4o i g =X (8) 1 [ %5 B2 B 1 T [
{,’ﬁ,ﬁi (Zro,sTao_s ) Bo {’/ﬁ'&t (Zro,sTao_s ) B, 7E XRD
W 3 A4S RT3 0E (001 ) L (100)F1(101),

AN TR 0 e vy ik B s 2 TR [, I I iy [
VA Ry A8 A AR, 2 o — Ak b e v i)

20 30 40 50 60 70 80
20/(°)
K4  ZTS-1200 F1 ZTS-1500 1) X S5
Fig. 4 XRD patterns of ZTS-1200 and ZTS-1500

&R ST A B R A AR . Ta iR
T2 454 0.146 nm, H Zr ) )7 F 2 4% (0.160 nm)
/N, 24 Ta 5l A ZeB, fhig H s, B L B AR (Zr,
Ta)B, [ 5t i 423 /NT ZiB,, K T TaB,, It
{5t T 15 B 1) G 22 K9 TaB,<(Zrg sTags) By<ZrB, ™
A AR PAS TS 2 (R (9) ) T 0, S e Rl
TaB,>(ZrysTays) By>ZrB,o M E 4 Frik B 3 A~ 1iF
S IEAT XS HE AT, WL S i . DAIEL S el A i
W5 5] (Zry sTags) By BT S 1647 F ZrB, F TaB,
4) A S 06 22 (], 5T TR BE DG R A M — 2K, IER T
ZTS-1500 FHaliAk 4 [ 14 i A= i

2dsinf = nd Q)

o R RN 5 0o A ST X BF2R 55 & 1 ) 32 f
(TRHIAE AR ) 5 n RATET IR ST X BRI

B 6 /R T 2 ke MO IE SR . 38 2 X He
KIR, ZTS-1200 (R LI 2, F71EAR 22 BORR
Yy oz, ASTR)AH B i SR o ZTS-1500 (1) 3R A1 8¢
AL, FLIR RN ERBE D, b A R AR AR S
IR T A FHZ (A

X A AR B R RDE S A, SR
EDS #4753t — 40 My, 45 RN 7 F1E 8 FioR o

(@) ® *(Zr,Tay)B, (b) * ©) 4
001 100 101
(001) v ZrB, z18-1500 / \, (100) TS 1500 A (10)
° -15
>| ZTs-1500 Te8: 2 * z
X7) k%) K7) L 4
C c C
g ° g 4 g
£ 7z7S-1200 £ £ v
) 4 ZTS-1200 ZTS-1200
24 25 26 27 28 31 32 34 35 40 41 42 43 44 45
201(°) 201(°) 201(°)

&5 ZrB,. (ZrysTags)B,. TaB, HRITFATET I
Fig. 5 Localized diffraction peaks of ZrB,, (Zr, sTa, 5) B, and TaB,

(2)20=24°~28°; (b)26 = 31°~35°; (c)26 = 40°~45°
(a) 20 = 24°-28°; (b) 20 = 31°-35°; (c) 20 = 40°-45°



92

5 46 3

&l 7 v ZTS-1200 B9 Zr JCE 5 Ta JTCR i FEA A
X5, 1 B JCE B 5346 78 Zr A1 Ta XF W 4 X3k
VLA B 25 1R 1200 °C B, K2R TE K ZeB, A1

Intensity

Bl 6 FEMR I RIROIE 5
Fig. 6 The microscopic morphology of the sample surface
TaB, 45 I S AFTE, JER KT . BE— L0 A
[FAHSERT SR A 8] 7 s, s 1 AT %
N TafI B, i 24K FEH N Zr FI B

(a)ZTS-1200; (b)ZTS-1500

(a) ZTS-1200; (b) ZTS-1500

o =H A

gk A

K 4

7 ZTS-1200 9 EDS JCER 4 (a) FIE () 11 (1~3) g 43455001 (b) ~ (d)
Fig. 7 Elements mapping (a) and point scan analysis(b)-(d) at 1-3 points in Fig.(a) of ZTS-1200 by EDS analysis

(b) (c) (d)
Ta 1 Zr 2 Si 3
Mass Atom Mass Atom Mass Atom
Element fraction/% fraction/% Element fraction/% fraction/% Element fraction/% fraction/%
B 8.46 60.75 %‘ B 16.83 63.06 %‘ C 24.38 42.99
Ta 91.54 39.25 S Zr 83.17 36.94 S Si 75.62 57.01
£ E
Zr
5 Ta Ta ABA_J I\ I
AA’JJ L\ - . N 4 . . , 9..——-] / - - -
0 2 4 6 8 0 2 4 6 8 0 2 4 6 8
Energy/keV Energy/keV Energy/keV




9 3

BN AT AR 2 1 £ ( Zrg sTag 5 ) B,-SiC 52 AH M B 4 4 Myt Ak S i e ALk fig 93

o XRD B AH BT, s 1Ak SR AH R TaB,,
JE2 A0 R AR Il ZeByo A3 Ak R (0 R IX B
Si LEMME L, 455K 4 H Y XRD FlE 54
S, AT DA B Sh SiC.

& 8 mI 1, ZTS-1500 F1 Ay Zr, Ta fil B TR
S ATERl— X B, H 5REMRZRALE S 45
A E 4y XRD B34 R, #E— 25 ESE ZeB, Al
TaB, Z [ &4 T BRI, IR T (ZrgsTays)B,
AR, Sin R EE M KO XS, 5 Ze fil
Ta TR TR X8, 456 S 86 (E 8) i
XRD(E 4) B P AH 53 AT, B 54K X 3k 3= 2R 43y
(Zry5Tags) By, KA Xk 322 AL 43 A SiCo
2.3 SRR

2% 1 ZTS-1200 F1 ZTS-1500 (1) %5 i 1 J) 2%
PEAE AN 45 5 . ZTS-1200 Fl ZTS-1500 fit %5 Ji

4351k 4.81 g/em’ Fl 5.07 glom’ s 454 TOWTE 51 4
#r, 5 ZTS-1200 F Lk, ZTS-1500 FHGH %, £L
B . ZTS-1500 A A% B R 15.11 GPa, Lt ZTS-
1200 415 1 20.0 %, RHEEERY 225 T A T 2 FhA
F: — 7, ZTS-1500 HyspaTE D, fegam rER T
ANy 7= A By SR v FSEME AR I, A R R v R
s B — 7710, ZtB, 55 TaB, 2 [a] # [& 175 b & e &
%, Zr ¥ Ta Jii A0 N Hi 8% Ta 8% Ze Ji 7B, Zr
JRF5 Ta J8FRAPA—FE, BRI Sl — e B
B ke B AR, AL G 4 1 1 S R A ML, 3k o
AS AT SRR 913, [ REL £ S B R I Y
P A R I 387 A ) 4 FG R 2480, KA o f
cfE, AKX (DIFE R BRI, 5 ZTS-1200
FH L, ZTS-1500 Ay B 24 fIvE42 = 1 60.9 %, &1 9
9 ZTS-1500 A94E [CHRIR K8, MHafey R e

(b) (O
Ta,Zr 1 Si 2
Mass Atom Mass Atom
Element fraction/% fraction/% Element fraction/% fraction/%
> B 12.63 65.20 2> C 45.00 65.68
£ zr 2589  15.84 £ Si 5500  34.32
= Ta 61.48 18.96 <
Zr
B Ta A Ta C L
0 2 4 6 8 0 2 4 6 8
Energy/keV Energy/keV

'8 ZTS-1500 ) EDS JCE {4 (a) MK (a) Hf 1~2 miAb B9 7485 04 (b) ~ (¢ )
Fig. 8 Elements mapping (a) and point scan analysis(b)-(c) at 1-2 points in Fig.(a) of ZTS-1500 by EDS



94 it = M R ¥ Ik % 46 &
F 1 ZTS-1200 Fl ZTS-1500 )% B 1 F) 24 g
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