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Microstructure and Mechanical Properties of (Hf, ,sZr, »sW 25T »5) B,
High Entropy Ceramics

ZHANG Zexi ZHANG Yan GUO Weiming XU Liang ZHANG Wei
(Guangdong University of Technology, Guangzhou  510006)
Abstract  High entropy boride ceramics have broad application prospects in aerospace, automotive engine and

nuclear reactor fields. In order to improve the performance of high entropy boride ceramics and expand the family of
high entropy boride ceramics, (Hf, ,5Zr,,sW,5Ti,,5)B, high entropy boride ceramic was prepared by boron/carbothermal
reduction combined with SPS(Spark Plasma Sintering) in this paper. The phase composition, microstructure and
mechanical properties of the powder and ceramic were studied. The results show that after heat treatment at 1600°C,
not only the high entropy phase but also W,B, phase can be detected in (Hf,,5Zr,,sW.5Ti,,5)B, high entropy boride
powder(particle size(0.29+0.03)wm). After sintering at 2000°C,the second phase W,B; decreases, and the diffraction
peaks of the high entropy phase shift to a higher angle. The density of ceramic reaches 95.7%.After the introduction of
WB,, the high entropy boride ceramics exhibit excellent mechanical properties. The hardness is (21.3+1.5)GPa and
fracture toughness is (3.00+0.22)MPa-m".

Key words Boro/carbothermal reduction method,High entropy borides,Microstructure,Mechanical properties

0 35

A4 B e B AT e 0 oS R B B AR AT AR
AR SRRSO N TN AR JREE R BhL
FIVRZ S0 HE S R0 IR AR SR 2SR T O T i
R B 5, BT i AR, LR B e AR Ak
A2t PEAE 8] T o — 2B 4T 2016 4F
J. GILD S T8 (1) 7 F v 0k 600 £ 0 Wi 2 1) 8085 B2 24
93% , {HJ2 LA B AT AU A PR L R — i ool Ak
o Y. ZHANGZEUORI . f. GUZEM B % — e ik
() BTV, SR FHVI BG4S T3 I R Bl AR JRE | T

Wk H 3 52021-07-21

2 B R PSR R, By AR /NG RE o, L 8 19
e W B A ) B ) B B >95% , B A 31 T AR R Y
Tt WHFERII, il A v 0 P T e 4w A M e
PERERY — PP 4e , ELARAS EOR A RHA A T HEfE
e

Yo SCRR[12-13 148, [ A R DR ] A
A Ve s 14 S0 G A A R " e e o TR 4R A5 =Tl
e, [ TaB, 1T LA RS ACRAR , 20 10 g Ke
AL ZEE K, T 45 2% TiB, 1 W % HAT 54 B g =k
RE" . ZITHifEh, WB,(25. 5 GPa) " A H G 1Y

B  E K A AREFE 4 (52072077,51832002) 5 AR BRYLAA Tl b 7 61387 1 BAJI H (2017BT01C169) .
B EH A KRR, 1999 4F A, ARE, FENF M EHFFE TAE . E-mail: 2903576821@qq. com.

FHIMEITZ  http://www.yhclgy.com 2023 4F 5611



MR . WB, # S AN FE , ME LA a7 H o)
LAY TiB, il CrB, & WAL T LRSS 119 i1 95 44 (TiB,—
WB, I TiB,-CrB,-WB,) """ | H E. A7 % i A A ) (>
20 GPa) . M. D. QIN %55 3 2 i SPS il 4% (1)
(Hfo. 22ty ;Mo ;W ,Ti,, 25) B, (=R R SR ES €|
97.5%, W & 26. 0 GPa, {HIEX T &AW B IUIGH
Ak B Wi 5 340 B A A

T B A A P R e L TR R R
T i R, AR SCHEAR JE = ool b h 51 A WB,,
T S B BR PG S5 5 SPS 45 5l 45 (HE, LsZr, ,sW,
sTio.25) B, BT 76 DU G /55 i 0 Ak 40 W s, BF 52 L 4 A 41
A TA e o WIS
1 Ig
1.1 ##

525 R A HIO, M (P ¥ K042 £ 0.3 um, 2 B
99. 9%, I T TR R B AT BRA R ) (ZrO, 85 CF- 3487
#£:0.6 wm, 4L 99. 8%, K VbV T 44 K AfF B BL B A
BN (TiO, #y (CFHPRAE 21 nm, 46 99. 9%, B 35k
i B B bR BR A ) WO R R (k42 . ~1.0
wm, 40 99. 9%, - H 4 KM B R F]) B,C
CFIRIAE 1.5 wm, 46 99. 9% , H ST 4 W Bl AL
A PR 2| A C R R RAR 2.0 um, 2 B
99. 9%, UG IARAL TA BRF)) M JER
1.2 RKEHE

Y B B AR =Y N (HE, 557, 2sW, 2:Tig 25) By, H5 5
BB AR FRE, T WA B 3R B G i 7 it 7 rp
WIVE A2 25 , B,C Wi 1 27 wi% , A1 7 19 I8 2> C oy
) it , ABERREEG 210 1, 7658 QM+ R S BN
Si,N, BRIEE A, BRI 24 h 5 ek 28 & T . ZJa ¥
REMAL TS5 pm, EARLE (230 mm, JEJE
5 mm) SR JE R G B R & F B2 RS (LHS-
2, P ILEUE S HAR TRARARD), R T 4k
Y R A DA VAL L) DA B = Rt i W I D

10 “C/min f TR R FHE 2] 1600 °C, R 1 h )5 &
B ST IR A o 22 I B Ak R A A
it 100 HifiJ5 , R A A SBELH T LL 150 °C/min T+l
R THE R 2 000 ‘CA-R S min, HIE 30 MPa, 7ER S
A F i B % B F (H-HPD10-FL, FCT
SystemeGmbh ) 5E 25 il % = R I AL W B &2 . Beh Ja 1Y
ARt R AT AT A000OE 5 e ToK B i
AP VE 10 min, SR 5 BUH IRRE T4

1.3 IR *

oA L AF T 285 185 P BT 35 oK 75 T i (TG—-328A Al
FeH 43T K)o 7248 [E Bruker 23 7] D8 ADVANCE
X AT S AN T AR S 5 114 A 0 A A N B
PREATHIA 00T . R Cu—Ko 55T, B2 A W, PG
BXOUE DR N 3 kW, K (19 XRD 4381 19 25 i hy
0. 0263, B & He AR 59 XRD 20 1 59 45 #F 4 0. 0131°
TF Nova NanoSEM430 14 B8 7 B s 45 SR E
HOGIE (EDS ; X=MarN , Oxford ) X 25 47 8 46 42 %5 K
S A B P i i AL AU S5 R T 2R 43 A LT 1B
AT 5T -

FH GB/T16534—96 1£ HVS-30Z %I 4 FCAf 3 |
DARA o} 0 2 CCRE B, il 220 101 00, BT
1.96 N, ARJERFE A 15 s 5 IR W28 il IR kil
HRY B 98 N, ARSI E] 10 s,

2 ZWHERSITR
2.1 ARMESR

R B0 B/ e AR T i 4 HEB, By oK 9 B I

HfO, 5555 B,C KU AE B HEB, 11 B,0, :

HfO, + %134(: = HfB, + %B203 + %CO(g) (1)
SR, HEO, B0, Fll C 4L I 1 A il HIB, ;
HfO, + B,0, + 5C = HfB, + 5CO(g) (2)
AL, A A R iR i AR v, AR
5 B,C S A B e A A AL 4 11 BLO, -

HfO, + Zr0, + WO, + TiO, + 3B,C = 4(Hf,,57Zr.,s W5 Tioss) B, + 3C0(g) + 2B,0, (3)

SRJG B IREEFN B0, C SN A G IR AL ) -

HfO, + Zr0, + WO, + TiO, + 4B,0, + 21C = 4(Hf,,5Zr,,5W,5Tios ) B, + 21CO(g) (4)

H T B0, BA &AL, KT 1 450°CHE
S Y, DR 2 3t il s o R P B IR A UL, Ay

A ALY A C o2 AR TR I B A B AL )

2R

HfO, + Zr0, + WO, + Ti0, + 13C = 4(Hf,,5Zr,,5W 5 Tigos) C + 9CO(g) (5)

PRL 7 B A /e PR it S vy ) sk R P R S I A
19 B,C R VR AN A 451 2%, 1 B,C 3G 0 £ W] s 34 m
B Y B 1A C Y o, T LB AR D C R A
B 1k H 5 S A A e Ak ) 2% T

AT ALY A 1Y R 7 R R A T ) 2
BRI TR B T 1450 CCI A B S 34 BE &
AL IR TR . 8 T ik BO R AT REE K 584 , AR
60 —

EFE 1 600 “CHE R SN B
2 (a) 42 (HE, ,oZry 2sW, 55Ty »5) B, i 48 B AL 40 83
AR AIBE ) XRD Kl . AT UL, JFRDEY R 48 1 600 C/1
h 2 B 2 J5 , B T A N A 2 Ak 7R
(Hfo, 252%) 25 W g 25Ty, 25> B, %ﬁﬁﬂﬂ ’pﬁ%*ﬁ;’{ ':F' Kj{ﬂﬂ H jt
A W,B,AH 5 1H 2 7E (HI, 171, 2sW, 25Ty »5) B, 15 4
AR B ARAG I LR A P 2R TR R 2 (a) i 2D
FHAE T L hip://www.yhelgy.com  20234F 45 64



300 —a— HfO+1/2B,C+3/2C=HfB +2C0(g)
—o— Z:10,+1/2B C+3/2C=Z1B +2CO(g)
2004 —a— Ti0,+1/2B,C+3/2C=TiB +2CO(g)
—v WO +1/2B C+5/2C=WB,+3CO(g)
100+ 5 ' :
Y
ER v 1450°C
N TN TR e T T T
< A
A -1o¢ A
AV\ A
-200 v
A4S
W
Y
-300F v,
—40( 1 1 1 1 " :
0 500 1000 1500 2000
e

El1 Hf0,.ZrO, WO, TiO, B F /A 2 i H
AGFR R it 2
Fig. 1 AG with temperature curve in boron/carbonthermal

reaction of HfO,, Zr0O,, WO, and TiO,

7R, X FEWITE 1600 CHY, B H/BR PRGA JBL 2 1 kAT 5¢
& A E AR 2 R
2.1 BREWESW

252000 CIIC LS5 B TR e , A (HI, 15Zr, ,sW o
Tig ,5) B, B 33° ~45° i K XRD E 3 ml LIE Y, &
HBess 5 &8 W,Bs, i 2(b) lZE @R . KH
53 B W, B AH [T 95 14 o R AH Th v R A 0 A7 S 04 ) e
AR, & 2(b) iR . i Jade FARG BT
H (HE, ,5Zr, 5sWo 25Tiy 55) B, il % 5 50 M a=0.309 99
nm, ¢=0. 33801 nm. (Hf, ,sZr, ,sW, »sTi, »5) B, 1= % AH &
Bl 97. 3wi% , W,B, 5 AN 2. Twi%.,

P& 3 J2& (HE, ,oZr, »sW, 2Ty »5) B, 25 405 B4 9 53 oK
() SEM & -, NIEL i) LU H By R TEAR 23008, H
KNI ATIIET o (HE, 45Zr, 25W o 25Ty 55) B, HY fit ki X <)
49(0.29+0. 03) wm, 18 17t BB/ HRGA T kA 1A 5
J05 VR R SR N 1 R o Z R ARGE , 76 A TR]
JECRHRUAR [R] T 20 A a3, 30 o B A/ AR i g
il £ B4 HIB, A1 ZrB, BHL (2~3 um) , 3% J2 il T 76 =2
R HAETE B,O, B, Hi 28 2 e R AE AL 15 6014k
Yk A ML, GUO 453 i #E HIB, F1 ZxB, [ ¥
TiB, 5 # Ta,B, A WM T B,0, 78 & BERAE A, 1%
& TR ARAAZ (0. 2~1. 0 pm) " FEAHF 5T, D) 25 RE
IR IR G A 4 FIAE YT s iR oAy s R 2
FhoC Z FE s — 26 T B0, 25 K BERAVEH , 411k
MARRAE

FR 4 XRD 2 5 11545 81 (HE, ,5Zr, ,sW, 55Tiy ,5) B,
= Ak B B R B % E R 851 glem’,
( Hf, ,5Zr, sW,, 5sTi,, 25) B, %‘Jﬁﬁﬂﬂ ’ﬂﬁ% B’@% B"Jﬁ%“g A
(95.7+0. 3)%, & 1 s .

Kl 4(a) /2 (HE, ,5Zr, ,sW 55 Tig 5) B, i 1 1642 P
BB IS, AT LUE H, (HE, ,5Zr, s W 25Ty ,5) B, 15
FHIME T2 hip://www.yhclgy.com  20234F 4561

w (Hf 7, s W o Ti

)B,

0.25

. * W, B,

Intensity(a.u.)

| | ‘ HfBZPDF#()S—8678
) ) ) A N LT R
10 20 30 40 50 60 70 80 90
260/(° )

(a) (Hf,Zr,, W, Ti B, FliF%E

0.25770.25 77 0257 70.25

* WB,

*
*
,,WWMMMW/\“N

33 36 39 42 45
20/(° )

(b) HHZE@Jey R

B2 (HE, 5Zr, 5W o 55T o) B, K RE Y XRD 3%
Fig. 2 XRD pattern of (Hf, ,.Zr, ,sW, ,:Ti ,5)B,
high—entropy boride

"_ P “A\

. & 4
K3 ( Hf, 252 25W o 25Ty o ) B, TR A P AR A B SEM JE F

Fig. 3 SEM images of (Hf, ,;Zr, ,sW, ,sTi, ,5)B,
high—entropy boride powder

&1 (Hf, ,Zr, , W, , Ti, ;) B, £8ESH
Tab.1 Performance parameters of (Hf, ,.Zr,,.W, ,.Ti, ,;)B,

MARAE  WRRSE AR W WL
/pm /pm 1% /GPa /MPa-m'"?
0.29+0.03  2.39+0.92 95.7+0.3 21.3+1.5 3.00+£0.22

Ji 00 T 0 Pl e R R R B T AR 2R AL, 5 B0 B R
G5B AE (HI, ,oZr, W 25Ty 55) B, RE i H1 34 W 2
B At A /NBURL, A XRD 85 SR A I W,B, 5 —
AH o (HE, 557y 1sW, 2sTiy 25 ) B, K28 5 2 A 28 S 2L
& 4 (b) & (HE, ,oZr, s W, 25Ty 5 ) B, i 5 B4k 4 B 25 4
ST S S BITE S o (HE, L Zr, ,sW o 55Ty 5s) B, 4 fitkir K
1 oR(2.3940.92) wm, BT A R =50 B R R
BN, bedh Ja 1 i b RS A /N

_ 6l —



(b) ﬂ[&jﬁﬂ@ , #0.‘ D=

B4 (HE, 55Zry 0sW, 25Tig o) B, w40 W 2 1) JE ok 2 550
Fig. 4 Corrosion morphology of (Hf, ,.Zr, ,sW, ,Ti, ,;)B, high—entropy boride ceramic

5 (HI, 557, s W 55T 55 ) B, o5 0 i 8 64 THT 471 41 70 Af 4]
Fig. 5 EDS mapping of (Hf, ,.Zr, ,sW, ,sTi, ,s)B,high—entropy boride ceramic

F T W0 5E (HE, ,oZr, W, 25T s ) B, e i 846 47 B
BICE S AT E R AT RS T L
F 1 (HE, 557, 5sW, 55Ti, ) B, FE Sy FP A K 44 FEH (0
FHLBR T WL s, Ao = m sy, s w
JTLEMBL TR, iﬁiﬁaéﬂtﬁ%ﬁw 5 XRD MR 45
R—F, BTN, TTEHATSBH T, A
XRD Z5 54 R WoB 5 —AH .

(Hf, 5571y 5sW o 55Ty »5) B, R 0TI 24457) 2 43+ 5]
h(21.3+1.5) GPa A1 (3. 00£0. 22) MPa-m". i T
WB,.TiB,.ZrB, 5 HfB, 1) i A& # £ 22 57, 24 & A [
VSN 2 1 AR A WA PRI RS NI RS, B R Y
Eﬁ%g , Fr A ( Hfo, 25210, 25 W, 25Ty 55 ) Bz%‘kﬁﬁﬁ%% B/‘Jﬁﬁﬁgﬁ
L AN WA T A B B R A v AR PR IR A R
W), 5 B B B W,B 2R AR A A7 X (HE, 5o Zr, 55 W o5 Ti
0.25) B 15 0% Pl S P 8 4 R 2 B T — s VR BT LA
W,B. 55 A1 (HE, ,Zr, sW 55 Tio s ) B, 1o 7 B 5 1) il
FER R, $ OGO A (19~25 GPa) 2,

i T (HE, ,5Zr, 5sW, 25T, »5) B, FE il R AFLE 7Y W,B,
55 ARIURL RSN, 35 50 A1 i SR = A AL
fﬂéﬁd’}”}%m‘ FER B f A% 2 H b 244
PEPS S BN CHE, p5Zry 55 W 25Ty 55) B, e 6 P 8 1 24 0
e —

JE R A I & Ry R AR 5 B i, HAE W,B,
BB AN —E BB, P 6 B EHET Sk TR,
DRLIHE CHE, 5575 55 W, 25T o5) B it R BT 4B PR 2

6 (HL, ,Zr, ,sW, 5Ty 25) B, 2 M FE 28 1 2440 3 I8
Fig. 6 Crack propagation photograph of (Hf, ,,Z1, ,sW, »Tiy »s)B,
high—entropy boride ceramic

3 g
A SCIE oF B Bmk B8 k45 G SPS il &
(Hf, 357 2sWo 55 Tio »s) B, i B BIAL P K3 A 5 58, I %F
HW ALY LR SR ) 2 PR AT A9 . 4521
=W
(1) [ WB, 5, (HE, 5571, 2sW 55Ty 05) B, e i il
A A5 A T B s 159 A B B AH [ A4, B T 4G I S
FRAEITZ hup:/iwww.yhelgy.com  20234F 45 63



PR, AR A W,B S5 A 5

(2) ( HE, 5575, 25sW o, 25T 25 )B, e 8 L 1 B
JE~95% , itk RT3/ (2. 3940. 92) pwm;

(3) (HE, 5571, 55W, 55Ty 5) B, e 0 0 A ) P s
AL E 1A PR RE B (21.3£1.5) GPa, B 2B
(3.00+0.22) MPa-m'",

S 3k

[1] ZHANG Zhaofu, SHA Jianjun, ZU Yufei, et al.
Fabrication and mechanical properties of self=toughening ZrB, -
SiC composites from in—situ reaction [J]. Journal of Advanced
Ceramics, 2019, 8(4): 527-536.

[2] LIU Da, FU Qiangang, CHU Yanhui. Molten salt
synthesis, formation mechanism, and oxidation behavior of

nanocrystalline HfB, powders [J]. Journal of Advanced

Ceramics, 2020, 9(1): 35-44.

[3] GOLLA B R, MUKHOPADHYAY A, BASU B, et al.
Review on ultra high temperature boride ceramics[J]. Progress in
Materials Science, 2020,111:100651.

[4] FAHRENHOLTZ W G,HILMAS G E,TALMY I G,et al,
Refractory diborides of zirconium and hafnium [J]. Journal of the
American Ceramic Society, 2007, 90(5): 1347-1364.

[5] 2= L, sBF-F5, M, 45 . PS besh iR Xt ZiB,-SiC
A WRAERERSZIILT]. SRS, 018,38(4): 87-92.

LI Qi, GUO Fengwei, CAO Lamei, et al. Effect of SPS
sintering temperature on properties of ZrB,-SiC ceramic [J].
Journal of Aeronautical Materials, 2018, 38(4): 87-92.

[6] ZHANG Yan, GUO Weiming, JIANG Zebin, et al.
Dense high—entropy boride ceramics with ultra—high hardness
[1]. Scripta Materialia, 2019, 164: 135-139.

[7] GILD J, KAUFMANN K, VECCHIO K, et al. Reactive
flash spark plasma sintering of high—entropy ultrahigh
temperature ceramics [Jl. Scripta  Materialia, 2019, 170:
106-110.

[8] ZHANG Yan, JIANG Zebin, SUN Shikuan, et al.
Microstructure and mechanical properties of high—entropy
borides derived from boro/carbothermal reduction[J]. Journal of
the European Ceramic Society, 2019, 39(13): 3920-3924.

[9] GILD J, ZHANG Yuanyao, HARRINGTON T, et al.
High—entropy metal diborides: a new class of high—entropy
materials and a new type of ultrahigh temperature ceramics [J].
Scientific Reports, 2016, 6: 37946.

[10] ZHANG Yan, SUN ShiKuan, ZHANG Wei, et al.
Improved densification and hardness of high—entropy diboride
ceramics from fine powders synthesized via borothermal
reduction process [J]. Ceramic International, 2020, 46 (9) :
14299-14303.

[11] GU Junfeng, ZOU Ji, SUN Shikuan, et al. Dense and
pure high—entropy metal diboride ceramics sintered from self-
synthesized powders via boro/carbothermal reduction approach
[J]. Science China Materials, 2019, 62(12): 1898-1909.

[12] GILD J, WRIGHT A, QUIAMBAO-TOMKO K, et
al. Thermal conductivity and hardness of three single—phase
high—entropy metal diborides fabricated by borocarbothermal
reduction and spark plasma sintering[J]. Ceramic International ,

FHIMEIT.Z  hitp://www.yhelgy.com 20234 4564

2020, 46(5): 6906-6913.

[13] QIN Mingde, GILD J, WANG Haoren, et al.
Dissolving and stabilizing soft WB, and MoB, phases into high—
entropy borides via boron—metals reactive sintering to attain
higher hardness [J]. Journal of the European Ceramic Society,
2020, 40(12): 4348-4353.

[14] ZHANG Wei, ZHANG Yan, GUO Weiming, et al.
Powder synthesis, densification, microstructure and mechanical
properties of Hf-based ternary boride ceramics [J]. Journal of
the European Ceramic Society, 2021, 41 (7): 3922 - 3928.

[15] WANG Changchun, SONG Lele, XIE Yupeng.
Mechanical and electrical characteristics of WB, synthesized at
high pressure and high temperature [J]. Materials, 2020, 13
(5): 1212.

[16] CHEN Xinggiu, FU C L, KRCMAR M, et al.
Electronic and structural origin of ultra incompressibility of 5d
transition—metal diborides MB, (M = W, Re, Os)[J]. Physical
Review Letters, 2008, 100 (19): 196403.

[17] ZHAO Erjun, MENG Jian, MA Yanming, et al.
Phase stability and mechanical properties of tungsten borides
from first principles calculations [J]. Physical Chemistry
Chemical Physics, 2010, 12 (40): 13158 - 13165.

[18] SHIBUYA M, KAWATA M, OHYANAGI M, et al.
Titanium diboride—tungsten diboride solid solutions formed by
induction—field—activated combustion synthesis [J]. Journal of
the American Ceramic Society, 2003, 86(4):706 - 710.

[19] SHIBUYA M, YAMAMOTO Y, OHYANAGI M.
Simultaneous densification and phase decomposition of TiB,~
WB, solid solutions activated by cobalt boride addition [1].
Journal of the European Ceramic Society,2007, 7 1): 07-312.

[20] KAGA H, HEIAN E M, MUNIR Z A, et al. Synthesis
of hard materials by field activation: the synthesis of solid
solutions and composites in the TiB,~WB,-CrB,system [J].
Journal of the American Ceramic Society,2001,84(1 2):2764-2770

[21] EVANS A G, CHARLES E A. Fracture toughness
determinations by indentation [J]. Journal of the American
Ceramic Society, 1976, 59: 371 - 372.

[22] NI Dewei, ZHANG Guojun, KAN Yanmei, et al.
Synthesis of monodispersed fine hafnium diboride powders using
carbo/borothermal reduction of hafnium dioxide [J]. Journal of
the American Ceramic Society, 2008, 91 (8): 2709 - 2712.

[23] GUO Weiming, ZHANG Guojun. Reaction processes
and characterization of ZrB, powder prepared by boro/
carbothermal reduction of ZrO, in vacuum [J]. Journal of the
American Ceramic Society, 2009, 92(1): 264 - 267.

[24] TALLARITA G, LICHERI R, GARRONI S, et al.
Novel processing route for the fabrication of bulk high—entropy
metal diborides[ ] ]. Scripta Materialia, 2019, 158: 100 - 104.

[25] FENG Lun, FAHRENHOLTZ W G, HILMAS G E.
Processing of dense high—entropy boride ceramics[J]. Journal of
the European Ceramic Society, 2020, 40(12): 3815-3823.

[26] SHEN Xiaogin, LIU Jixuan, LI Fei, et al.
Preparation and characterization of diboride—based high entropy
(Ti, ,Zr, ,Hf, ,Nb, ,Ta, ,) B,=SiC particulate composites [J].
Ceramic International, 2019, 45(18): 24508-24514.



