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Abstract: Transition-metal boride ceramics MeB, (Me = Zr, Hf, Ti, Ta) have the excellent
combination of high melting temperature, high strength, high hardiness, and high thermal and
electrical conductivity. The synthesis of ultra-fine MeB, powders with high purity is very important
for further improvement of properties. Among various synthesis methods, borothermal reduction
method limits the introduction of carbon and metal impurities, by which MeB, powders with high
quality could be prepared. This paper reviewed in detail the research progress of MeB, powders
synthesis by borothermal reduction, with emphasis on the new borothermal reduction routes recently
developed for submicrometric ZrB, and HfB, powders including two-step heat treatment plus
intermediate water washing, and the combination of borothermal reduction and in situ solid solution.
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Table 1 Preparation methods of ZrB, powders

Preparation methods Raw materials Characteristics

Direct reaction of Zr, B High purity, high cost

elemental precursor

Borothermal reduction 7r0,, B High purity, high cost

Carbothermal reduction 7105, B,0O;, C Low cost, high production, coarse
powders, low purity

B4C reduction ZrO,, B,C High purity, high production

Boro/carbothermal Zr0,, B4,C, C high production, fine powders,

reduction carbon impurity

Self-propagating Source of zirconium: Zr, ZrO, Low cost, high production, low

high-temperature synthesis Source of boron: H;BO;, B,0; purity

reducing agent: Mg, Al
Sol-gel process Source of zirconium: Zr(OCs;Hy),, fine powders, low production
ZTOC12' 8H20
Source of boron: H;BO;
Source of carbon: sucrose, phenolic resin

Hydrothermal process ZrCly, NaBH, Nano-size powders, low production,
Cl impurity

Precipitation ZrOCl,-8H,0, B Fine powders, Cl impurity

Gas phase reduction ZrCl, BCl;, H, Nano-size powders, High purity, low

production
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1 B AE AR R ik A R MeBo ik

B HC MeBo M A F [ AR 08 Ji02: 1 IR BT . BRIGE L . ByC B JRIE . BB HE I
A B VR
APER & UL Me, O, A Jy J0kE, 38 I B FAGE BRIV & R MeBo #5344«

3Me, O, +(6X+2y)B—>3xMeB2 +yB,03 (1)

ZITEPT TR RO R B, S TSRS B SIS KRR B R s . (E B TR A
R, FRBOZITE AR .

BT E N T R RIE L A, FTEUH B,Os B4 B IE5IAN C, B Bl IR k6 il
MeB, *ﬁ'ﬁ:

Me,Oy + X B,O3 + (3x +y) C = xMeB, + 3x +y) CO (2)

B,O; B EZARE, Rl FaAK. Hit, MmN &R B,0; LLEH4l MeB, Fifk.

BRAGE IR AR, T2, &8 T RMEA, £ E& M MeB k) EEIEZ —.
Big, X —INEfFAES BURE & DRI T R ORI B LR B 2 45 1h) . B4R, BLO; HIR
AR AT Ty 0 VA8 1 R

B4C TR & DL B,C B, Z54 Me, Oy, i ByC IEJEIEA K MeB, ¥4 :

TMexOy + (3x +Y) B4C — 7x MeB, + (2y — x) B,O; + (3x +y) CO 3)
SIHGEJFIELL, 2T R AR, SRR FIEA L, 120515 ONOIR B FRAG, A RO A
BRI,

AR GE R & T D K BLC AR A, ] C REN—E> B,C Sk, i
Bl B RIE SR 12 B MeBo H A

2Me,Oy + x B4C + (2y — x) C — 2x MeB, + 2y CO 4)
GITERAEAR. TZMH, G0 MeB, Hirifkiiet), @Bt i ik, Mo Tk
A R ML MeB, By A ) T i

BB A EEE Ll Me Oy BO; Ml Mg AJERE, KALLUT A & 5E M :

Me,Oy + X B,O3 + (3x +y) Mg — X MeB, + 3x +y) MgO 5)

reiln S IEVE SN IR . IR BERE/N . PUER . BT RN GE R A HE R, AR
MeB, #3A BA SRR EE i« T RO I 5 R A BUB A S5 s i o B IR RO AR SRS R 1, 7=
R, AR TZ, P Yhid2 e — 2 &mM Me,Oy )it

2 & G L R 3% A B MeB, #H &

2.1 WRHGE R AR R BRI &I

P GE IR JFE A LA Me, O, FIBILAS N IEURL, ZI951R A TG, 6B 2 sE A RIS 5 —
TELFE G MeBy iR ST (1) ATEAE R, EMHGERIEFRE T, BT AR MeB,, &4 HE]r~
¥) B,O3o ByO3 7E 450°C LA_EAEAR, 7E 1300°C LA EHT B @A EZN, 7T DTSR
R

B,0; (I) = B,0s (2) (6)
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W, AOEAE R, TEmiE a9 BoOs il LS TR A4k 2 e v, AR A & A
(B20,. BO 25) ), 8] 1 J97E 20 Pa J£ /1 F B,Os FIFRLEA RN T 5 Ty 2 350000 (1 e S 7= M
Bl DLE F), 48R 1200°C B, B,0; 2= 58 WA % B,O,:

2B,0; (1) + 2B (s) = 3B,0, (g) (7)
b il i — 20 F s 2] 1400°C UL B, B,0; AT LA # A= i BO 83 B,0, H 4 iR Bk BO:

B,0; (1) + B (s) = 3BO (g) (8)
B,0, — 2BO )
14 —5—B,0; (lorg) 0 B:0: (1)
*— B (s) O 18 B:0: (g)
t2r ® B0y(g) / 16 o——0—P—a___
/! TOg
1.0F 0— BO(g _,,' _ 14f HD“‘n
=]
S L9 E '0F BO()
E 0.4 \\ Y, d . < osf \0\..”
0.2} \ ..D/ o4 S 0\“0‘-»_ .
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B 1B0; f i £ 20 Pa E /1. FEIEETETHRA  H2B,0; 7 1600°C 1 F A A4 JE T4 F#HR AP
= F0 B 7Rz = g Figure 2 Equilibrium state diagram of B,O; at 1600°C
Figure 1 Calculated boron-related products as a with different atmosphere pressures'>”

function of temperature at 20 Pa for the reaction of
B,0; with boron!”

A RLE 22 52 S SR A, UGS I 2 B B P YA S . 18 2 O 1600°C
AFSFIIE T ByOs FARFHPRES IWEIR T LA S, Bk, 8 A Bo0s J 3
B U 0B B AIC TR LA IR B e, WU BoO; & BV (K, 3 B,Os Al B,O, & & i 1Y
s B SR, A BoOs BB, TR A T AR E (1 & ML) (BO A1 B,Oy)o

BT ERTHE AT DURBL, 8T &AL MeB, Kk, @I AACIIE SRR GRS BOss RS
By05. A& ByO, fI'T74S BO &) MM A RHEEL, MIXLE S5 5 MeBy #4 1 AT Uk /1 55
YIRS, RIS, MRS BT 5 BRSS9, Il Aos S AR AT, IF IR
PRGE SRR . PRIk, Bk 7 PRl SRR, R U T A R S RN R R S B B ORI R
PRFAIE A B K MeBy B AW 7t . T 2R AR, i T JEURH BURUIRAR ), LIS 1 MeB, # 1 BT

i P P 3 3 2

2.2 ZrBy MME A A
HLYE 1968 4F, Peshev 25 NPWAL T IE L2 4 0F NI EE T I RGOS JFIE A . ZeB, ik
WA B, NN ZrO, RAZE T T 51 S A B ZiB,:

ZrO, + 4B — ZrB, + 2BO (10)
HT WA SR T2 REAEE RGBS (AR RRER, AsEfins) Tt T, ZmB, T T
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N (10) AERalh, BERET RIS A
7r0, + 2B + 2C — ZrB, + 2CO (11)

WFFER I, & R E 7 B m T 1750°C A Re k194l ZeB, k.
N T RS R, Millet 25 AL ZrO, CEYIRIAZ K 2 pm) FITEETE B (Rife4 0.2 um ~ 0.4 pm)
RERE, I R ER 2 A I AOE JFV AR BRI T (1100°C) 2T F AN AL T ZrBy #ifA:

71O, + 4B — ZrB, + B,O,
o REER S 1] AR JEURLRL AR, B9 ZrOp #3 AR S5
B, FF ELAEJFORNR A S35 5), AT 2 35 FRAR S v
W, WL 2SR, S ZB, Hrikkift
AN TEVER, (HRIEBREE RS, BRI, BR
S RE AR RTY A 10 (1 B8 5 55 PR 3R 2% 2 5] N 2R3
S =) () AL

Sun 25 \*YH] ZrOCl,-8H,0 £y ZrO, [T
DA IS5 G 0K R B e R 2 () s A
BT RS ILE 950°C A& 1T ¥ki4E N 300 nm
(1) ZeBo KA. ERAALE G iy BEBR S RV A IR 44
P B, AT OB HGE FUEAE BRI T & &
ZrB, Bk, (HS&HT &R R, &R

S A 2% 0B B 1 I, G A R R

B, FUNEIF=Y) BoO; 7 BEAEE mrilt B T A 4%
Vil S N

NT B E ARG ZeB, ¥k, Ran 2 A\

(12)
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Figure 3 XRD patterns of synthesized powders by
heat-treating ZrO, and boron at different
temperaturesm

FEA 11 JEURE il SRR TR FAGE S e MO AR S5 7 T FE TR AR 7T o AATTEL ZrO, AT 52 FERIAS D9 S5
FERA N AR T 4L ZiBy k. BTt (B 1) MsEiRgi Rt (8 3) &, £E 1000°C I ZrO, #i Al

U?Béi‘?%% ZI‘BZ *ﬂﬂﬁ*ﬁ B203[7]:

37105 (s) + 10B (s) — 3ZrB, (s) + 2B,0; (1)

(13)

K4 A REARE Zr0, [(2) 49%; (b) LK) Aol A& i ZiB, #r k17>
Figure 4 SEM images of ZrB, powders using ZrO, with different particle sizes [(a) nanometric; (b)

submicrometric] and boron as raw materials

[7.25]
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HfB, # & SEM & 3 2] XRD [ : (B1) 900°C; (B2) 1000°C; (B3) 1100°C ")
Figure 5 SEM image of HfB, powders prepared at Figure 6 XRD patterns of powders synthesized at

[26] different temperature using HfO, and boron as raw

1600°C using HfO, and boron as raw materials
materials: (B1) 900°C; (B2) 1000°C; (B3) 1100°C 1*7)

BEE T S, WA BoOs — T BT H & S 28R RHIEE SR T2 ARSI R, B—m
2> 1 R AE SIS B IEALY) (B0, BO). Ran 28 NVTRIFHZK ZrO, AL, 1E 1650°C &L
T ARG ZeBy K, BHIESIE 4 (a) Fn, BHRE S EN 0.43 wt%; Guo % ANPILLTEfK
ZrOy N JFE KL, 7 1550°C A R T KRR AE ZeBy ¥ ik, BAOESR WK 4 (b) Fios, #i AR & 29 0.68 wt%.

2.3 HiB, MESEL
Peshev 25 AL HO, FIB A R, 7E 1750°C A &AF FET RN (14) AT HB, k-

HfO, + 4B — HfB, + 2BO (9
Ni 25 NPOIRL HfO, R FEMI A ERE,  B6F R 51 LA T E «

HfO, +(10/3)B — HfB, + (2/3)B,0s (15)
7E 1600°C & 1 HIBy A kI 2] HEO, MIAFAE, X2 BRCATE Sl B A AE BRI =4) B,05, B4
AERE ALY (B0, &), & WIEA I A4
SETIA R T KA, HIO, B & 1E 9.7%,
FHR RS 10%I 2. #ME 10%00 f5 B
APIRTF AR HIB, A k, BRUESILE 5 R,
AEEN0.79 wt%.

Guo % NPTHE—BHR 7T T & 1 HIBy KA )
MR R BIEFE . B 6 9L HEO, FITG & LA A IR
BHEA R E T A k& XRD Bl . 78
900°C, [ 7 fA#EEA HIB, 4b, HIO, FHKIATH
U B3 2 A R EE B = E)) 1100°C I, HO,

‘ . © .-’. 4[11‘[‘1 i ‘
S e = A—— FHTEA I 2%, AU SE 3] HIB, . BT 6 € TEAFAE,
N E \\ NN 0, > K M N W N gy
BT AHO A AERE e ERAHE g 1100°C S i WIS B0, fTif
Figure 7 SEM image of HfB, powders prepared at WEAFAE, (HAEAE 1100°C A A S & R s

1550°C using HfO, and boron as raw materials'*”

7.55 wt%, UESE T EIFY) B,Os fA1E. 3T XRD



- 180 - EE &, AL R % A R MeB, (Me = Zr, Hf, Ti, Ta) ¥R #F % 3 B %40 %

TR S BT, #E 1550°C v L& Al HIB, ik, EMIESnE 7 Fiw, RiRZ8 2.1 um,
AEEN0.72 wt%.

2.4 TiB, MM & B

1966 4 Barton 25 NP0 7 E B2 64 TiO, M HIALEE RN, $8 H BAL IR T 51 S BEAT
FEW)A TiB, Al B,0,:

TiO, + 4B — TiB, + 2B,0, (16)

Peshev 2 A\PHli 4 24 HH HAMSLIR W Fe A B, 5 ZiB, A1 HIB, A LL, BFAE K TiB, (H13R 4
SR, £ 1700°C kAT LA R4l TiB, ik . FRE, AT BRRS RIS,  Millet 25 N°HbLL Tio, 1
T B NERL, R RS ER B 45 S HUE JRIEAE 1100°C SRk T TiBy Bk, (BAATEIS HikE
% ZrB, {1 M B AR AN ], TiO, A SR AR i TiB, 2 A A7 4E TiBOs Al TipOs HH B P24, Wi R4 %
R :

3TiO, + B —» TiBO; + Ti,05 (17)
2Ti,05 + 14B — 4TiB, + 3B,0, (18)
2TiBO; + 8B —> 2TiB, + 3B,0, (19)

FEVL B ERE b, Guo 25 NPk — 2B VEANA 7L 1 & 1 TiBo AR B H S S FE . LYK TiO,
FTC e FERRY A JERE, 78 650°C il LR AN (17) A% TiBO; fl Ti03. Ffif5, 7E 800°C 4k 4L
Bl JF A % TiB, Al B,O;:

TiBO; (s) + 3B (s) = TiB5 (s) + B,0s (1) (20)

Ti,0; (s) + 6B (s) — 2TiB, (s) + B,0; (1) (21)
BRI — P, B (20) A1 (21) HIHE]
PR BoOs W DU A Sl A, B RN e v AR
BASEMELY (B,0,. BO 2%). W &R,
1E 1550°C 0] LA& R RCK 4l A TiB, Ry A, WAl
TESmE 8 prn™), Kifely 0.9 um, HEEA
1.7 wt%.

2.5 TaB, k&K : . ~

Peshev %5 ADYLL Ta,05 MR, it Lo .
MAGEIR LA T TaBy KA. ARAT1A Tax0s Py ———————— A
ANBE T T 51 S B AR : TiB, # & SEM F8 2%

Tas0s + 9B > 2TaB, + SBO 22) Figure 8 SEM image of TiB, powders prepared[gg

1550°C using TiO, and boron as raw materials
IR S ANTRIRE T SN v LR ),
BLREH A BRI A 1000°C FFARHEIN, F BTN S BB WFIR, e Ry 1650°C I, CARIIA
PR, IXRUILE 1650°C FAE5AF T A LAE 4l TaB, kA

B, Guo 25 NPURELNHE T T & 1 TaBy MR I HGE S5 FE « S8 A Rk ZeB, FOBIH R BT AR,
B TaBy [ SN AT BT »
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& 2 T A & BB/ Ta 05 E ARt . T fuAg 48 Bl

Table 2 Boron/Ta,0s molar ratio, processing, and phase identification of different samples”"!

Samples boron/Ta,O5 molar ratio Processing Phase Intensity”
TB7.3-800 7.3 800°C/2h TaB,
TB8.2-800 8.2 800°C/2h TaB,
TB9.0-800 9.0 800°C/2h TaB,

TB7.3-1550 7.3 1550°C/1h TaB,(s), TazB4(s), TaB(w)
TB8.2-1550 8.2 1550°C/1h TaB,(s), Ta;B4(w)
TB9.0-1550 9.0 1550°C/1h TaB,

*s = strong, w = weak

Ta,0s (s) + (22/3)B (s)—> 2TaB, (s) + (5/3)B,0; (1) (23)

Ta,0s (s) + 9B (s)— 2TaB; (s) + (5/2)B,0; (g) (24)
SN FER) N BoOs Kl BoO, B, illl/Ta,05 BE/R EE 433 7.3 FlT 9,

F 2 NAFFRE S I8/ Tay05 BER EL . T2
MY, WL AT LA, £ 800°C Y, &
SRR HoAh B, AR TaB,, JH
AN T/ Ta 05 BE /K EL o 1% 2 RN TE 800°C I,
TR R IR RNE (23) HEAT - BR AT AR
Y B0 ¥R TEE K, XRD FERIGAT . N T
2% B,Os, G AR ERS INE] 1550°C, KILY
W/ Ta,O5 BE /R EE N 7.3 A 8.2 B, B3 T TEAH TaB,,

am W AEEF & 471 TayBy A1 TaB.o 3X 2 K i
B9 1 TasOs o JEAHE 1550°C & A T BRIKRRN 4) #1T, WHESE
TiB, ¥ & B #% 7 3231 B R S/ Tay 05 BEZR N 9 B, T LA

Figure 9 Microstructure of TaB, powders prepared at 7E 1550°C A a4k TaB,, SiE3R K 9 i
o : R EEN|
1550°C using Ta,0s and boron as raw materials 5 KRN 0.7 um, H AN 0.9 Wit

SHMALFE 4 A ah ik A &k TiB, fr TaB, Bk

AR, IRERVESZ B2 0E, AT & Ml ARGk kL . 172G ol R RE R, @
SRR IAEE, T MR FUT R AN 5. S MAEA L, RIS ShyE & Bk ik, mT LA
B S A A B R, MR ORIE A (8] sbAh, AT A RGREE . BRI S E AR, RIS ERETT
DL 4 by Ry A Ok (P TR RS, & et A R @ USRI A . [RIL, KB Fads Sty S50 3R 92
RS, AHEFKE N MeBy B AR TRE, -6 B RRIRTE S 1] MeB, # 4

TR ABDLL Tio, MBI EE, B NaCl 1 KC1 AR, B HOE B 45 &1 5 7E7E 1000°C
T TiB K. & 10 235124 1000°C T AS[FI SRR 8] & B KR A5 5 Hi st (TEM) FR A B2, AT LA
FE|, 15 1000°C £ 3 h BP AT 453 B4k 2220 pl 3 — 1) TiB KA, Rt NERIE SR, A3 5], RS
/N, AN 5 nm ~ 30 nm; ZEKARIRIEIS] 4 h J5, TiB, IR MRS IDIREEAL IS, RFE AR K,
R 6 h )5, TiBy BURiAR 438, 2MHEAHE & RS ERSL TR, KRB RSTZ18 60 nm.
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Inm_Cre ity

i A& A TiB, JML& TEM B Fr: (a) 3 h; (b) (c 6h B2

Figure10 TEM images of TiB, powders prepared by molten salt method at 1000°C for different times:
(a) 3 h; (b) 4 h; (c) 6h *2

E 11 1000°C T4~ Al NaCIKCI 2 5 K51 47 Jfi & thA BB TaB, B R #51: (A) 0:1; (B) 10:1; (C) 20:1 17
Figure 11 SEM images of TaB, powders synthesized at 1000°C with different mass ratios of NaCl/KCl salts and
to reactant powders: (A) 0:1; (B) 10:1; (C) 20:1 1%

B Wei 25 NPIRL TayO5 FITEE TR R, BUBER LA 1:1 /) NaCUKCLIB AR kG &k, 78
SRR NI HAGE SR 25 A4 ERVEAE 1000°C & % T TaB, 40K ff . WEF RN, I8 Ehas A A
W AFTE IR T AL, S8 7 fERREE A B B AR R LS TaB,, A I AR T H
YRR SRR AR TES, I 11 FRP. Wei 28 N iE— 450 T34 B X TaB, ¥y TR S0 1 5
Wi, TaB, M MR A LUE A (B,Os F1 NaCUKCl) & E#H T . FEEEIE SN, #&H
HEdm, JWMEYE), RMENN. MNEFReTUUER], RMERARIES, BT A7
78, AR TaBy B IHEIL T #R SIS0 JRTT, Guo & AP G4 S ik 78 B4 46040 T &
TaB, BRI BA 2GR FIES . X R EEMHUC RSP E M ZER . ES T, HTREN
WEL, WAHEAAI A REGE L. HAh, BB M 1 &80 LS T A HERR .

WEE RN, REEMAE RS EET gl AR hIen] DLa IS Ba J5 B ve . KPSk
B, (B2 H T &R, A RIRE BOs i, ik, S&EEMMHGEEEML, Ti#ae
JER &5 A Th 12 B MeB, B4 1 48 AR X A1 o
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4 FrR AL R = A R A4 ZrB, 1 HIB, &

4.1 ML HRALIBLE S hiEKIEIE S BEBY ZrB, 71 HIB, A

ARG AL JFUE A B MeBy MHARITE 7T, RILA B ZeBy FI HEB, M AR AR M, X FIfek
2 (1 pm~3 pm), TME S TiBy Ml TaBy AR, MK (0.5 pm~ 1 um). A4
W R B ZeB, F1 HIB, Wy AR AR 5k 2
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Figure 12 Specific surface area and equivalent calculated particle size of ZrB, powder as a function of the
synthesis temperature
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Figure 13 SEM image of (a) ZrB, and (b) HfB, (b) powders prepared by boro/carbothermal reduction®**!
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Figure 14 Microstructures of MeB,-B,0; prepared at low temperatures
(a) ZrB,-B,0s; (b) HfB,-B,0s; () TiB,-B,0s; (d) TaB,-B,0; 1
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Figure 15 Microstructures of MeB,-B,0; prepared by two-step heat treatment plus intermediate water washing:
(a) ZrBy; (b) HfBy; (c) TiBy; (d) TaB, #>*7*%3!!

B 16 75 St J8 ok & A 1 B A2 Zr0, BHK [(a) 50 nmy; (b) 2 um] 4 & B ZB, # 4k SEM H& }r 1%
Figure 16 SEM images of ZrB, powders prepared by conventional borothermal reduction using ZrO, with
different particle sizes: (a) 50nm; (b) 2um %
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Figure 17 SEM images of ZrB,powders prepared by two-step heat treatment plus intermediate water washing
using ZrO, with different particle sizes: (a) 50nm; (b) 2um %
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Figure 18 SEM images of ZrB, powders prepared by in situ solid solution of
(a) 10 mol% TiB, and (b) 5 mol% TaB, **4
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Figure 19 Microstructures of (a) (ZryoTiy.1)B,-B,O3 and (b) (Zrg9sTag,05)B2-B,03
powders prepared at 1000°C 549

Bl 20 4 )8 A2 B % T [ & & TiB, & A HY ZrBZWZIx SEM & F
Figure 18 SEM images of ZrB, powders prepared by in situ solid solution of TiB,with different amounts:
(a) 0.5 mol%; (b) 1 mol%; (c) 2 mol%; (d) 5 mol% B*

9T BT R VAR L], Guo 5 NPHILL Zro, FIEN 9 5 RE, LA TiO, 1 Ta,0s AN, 7E
MRIRAEAT HALEE (1000°C {RIE 2 h) JEAZ5] N 10 mol% TiB, 8% 5 mol% TaB,, 33 1 (ZrooTig.1)Br—
B,0s3 (ZrgosTagos)Ba—Ba0s ¥ A, RAEIWIE 19 Frax. HARRER . 1000°C £/ 2 h A1 ZrB,
AL 14), FTRAKBL (ZrooTip )Ba M1 (ZrogsTag os)By B AAKLAZ N, 1T HE2ERIRIER . XK, 1E
Z1B, ¥ TiB, A1 TaB, J& vl LA EI =4 B,Os SEHAL. RN, Guo & APM*NARHIF T TiB,
H1 TaB, [V X & B ZeB, B RiAR 52 (11 20), 255 87w, JEAZ 51N 1 mol% TiB, 8% 1 mol%
TaB, BIFBZ 401k ZrBy Kide, & ALK o4



- 188 - SFE 4, AT R £ A R MeB, (Me = Zr, Hf, Ti, Ta) #&#F % # & 40 %

P ARIE S5 25 & JEAL [ R T 2B R, R G J5E R T2 —8, NHRE—DEiR
PALBE . [FI, SCRRIRER B, 1E ZeBy 1 HIB, W&V TiB, Ml TaB,, T [EE A7 5, 7l LA
23 ZiB, Al HEB, JE M % (1 12 BE AP S AL PERE S5 50, Sx e B, R FH B JB 285 45 T o7 [ v T
2 AMUATLAA GG ZeB, Al HIB, Mk, IF IR EAIRIMERE. Rk, BHGE 5 45 & S0 [
TEAE G L ZeBy F1 HIB, B4 5 T B A 3 e ) B 7

53 XHk

[1] FAHRENHOLTZ WG, HILMAS GE. Refractory diborides of zirconium and hafnium [J]. Journal of the
American Ceramic Society, 2007, 90 (5):1347—-1364.

[2] GUO SQ. Densification of ZrB,-based composites and their mechanical and physical properties: a review
[J]. Journal of the European Ceramic Society, 2009, 29: 995-1011.

[3] JENSEN MS, EINARSRUD MA, GRANDE T. The effect of surface oxides during hot pressing of TiB, [J].
Journal of the American Ceramic Society, 2009, 92 (3): 623-630.

[4] SILVESTRONI L, GUICCIARDI S, MELANDRI C, et al. TaB,-based ceramics: microstructure,
mechanical properties and oxidation resistance [J]. Journal of the European Ceramic Society, 2012, 32:
97-105.

[5] PESHEV P, BLIZNAKOV G. On the borothermic preparation of titanium, zirconium and hafnium
diborides [J]. Journal of the Less Common Metals, 1968, 14 (1): 23-32.

[6] MILLET P, HWANG T. Preparation of TiB, and ZrB, influence of a mechano-chemical treatment on the
borothermic reduction of titania and zirconia [J]. Journal of Materials Science, 1996, 31 (2): 351-355.

[71 RAN SL, VAN DER BIEST O, VLEUGELS J. ZrB, powders synthesis by borothermal reduction [J].
Journal of the American Ceramic Society, 2010, 93 (6): 1586—1590.

[8] KARASEV Al Preparation of technical zirconium diboride by the carbothermic reduction of mixtures of
zirconium and boron oxides [J]. Soviet Powder Metallurgy and Metal Ceramics, 1973, 12 (11): 926-929.

[9] KHANRA AK, PATHAK LC, GODKHINDI MM. Carbothermal synthesis of zirconium diboride (ZrB),)
whiskers [J]. Advances in Applied Ceramics, 2007, 106 (3): 155-160.

[10] JUNG EY, KIM JH, JUNG SH, et al. Synthesis of ZrB, powders by carbothermal and borothermal
reduction [J]. Journal of Alloys and Compounds, 2012, 538: 164—168.

[11] ZHAO H, HE Y, JIN Z. Preparation of ZrB, powder [J]. Journal of the American Ceramic Society, 1995,
78 (9): 2534-2536.

[12] GUO WM, ZHANG GJ. 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.

[13] QIU HY, GUO WM, ZOU J, et al. ZrB, powders prepared by boro/carbothermal reduction of ZrO,: the
effects of carbon source and reaction atmosphere [J]. Powder Technology, 2012, 217: 462—-466.

[14] J79%, Ef, HIE . Zr-B,0;-Mg 1A & H & 4 il A ik ZeB, MM R [T]. RERR £ 2744K, 2004, 32 (6):
755-758.

[15] KHANRA AK, PATJAK LC, GODKHINDI MM. Double SHS of ZrB, powder [J]. Journal of Materials
Processing Technology, 2008, 202 (1-3): 386—-390.

[16] LEE YB, PARK HC, OH KD, et al. Self-propagating high-temperature synthesis of ZrB, in the system
7Z10,-B,0;-Fe,03-Al [J]. Journal of Materials Science Letters, 2000, 19 (6): 469—471.

[17] ZHANG Y, LI RX, JIANG YS, et al. Morphology evolution of ZrB, nanoparticles synthesized by sol-gel
method [J]. Journal of Solid State Chemistry, 2011, 184 (8): 2047-2052.

[18] YAN YJ, HUANG ZR, DONG SM, et al. New route to synthesize ultra-fine zirconium diboride powders
using inorganic-organic hybrid precursors [J]. Journal of the American Ceramic Society, 2006, 89 (11):
3585-3588.



%38 (AR AME) Advanced Ceramics, 2019, 40 (3): 174-190 - 189 -

[19]

[29]

[30]

[31]

[40]

[41]

CHEN L, GU Y, YANG Z, et al. Preparation and some properties of nanocrystalline ZrB, powders [J].
Scripta Materialia, 2004, 50 (7): 959-961.

FINER. R AH A AR L0 B e R R R & AT (D). GG s TR & 2247 18 5L, 2009.
SONBER JK, SURI AK. Synthesis and consolidation of zirconium diboride: review [J]. Advances in
Applied Ceramics, 2011, 110 (6): 321-334.

FAHRENHOLTZ WG. The ZrB, volatility diagram [J]. Journal of the American Ceramic Society, 2005,
88 (12): 3509-3512.

AF3E. ZrB, R mIn M R B BRI A SRR THD]. B pERER iR
W FC P 2218 3, 2011.

SUN G, WANG H, WANG WM, et al. Synthesis of ultra-fine ZrB, powder by borothermal reaction under
high heating rate [J]. Advanced Materials Research, 2009, 66: 77-80.

GUO WM, ZHANG GJ. New borothermal reduction route to synthesize submicrometric ZrB, powders
with low oxygen content [J]. Journal of the American Ceramic Society, 2011, 94 (11): 3702—-3705.

NI DW, ZHANG GJ, KAN YM, et al. Hot pressed HfB, and HfB,-20 vol% SiC ceramics based on HfB,
powder synthesized by borothermal reduction of HfO, [J]. International Journal of Applied Ceramic
Technology, 2010, 7 (6): 830-836.

GUO WM, YANG ZG, ZHANG GJ. Synthesis of submicrometer HfB, powder and its densification [J].
Materials Letters, 2012, 83: 52-55.

BARTON L, NICHOLLS D. The hydrogenation of born monoxide to diborane and the reaction of boron
and boron carbide with titanium and zirconium dioxides [J]. Journal of Inorganic & Nuclear Chemistry,
1966, 28 (6): 1367-1372.

GUO WM, ZHANG GJ, YOU Y, et al. TiB, powders synthesis by borothermal reduction in TiO, under
vacuum [J]. Journal of the American Ceramic Society, 2014, 97 (5): 1359-1362.

PESHEV P, LEYAROVSKA L, BLIZNAKOV G. On the borothermic preparation of some vanadium,
niobium and tantalum borides [J]. Journal of the Less Common Metals, 1968, 15: 259-267.

GUO WM, ZENG LY, SU GK, et al. Synthesis of TaB, powders by borothermal reduction [J]. Journal of
the American Ceramic Society, 2017, 100: 2368-2372.

Ty, FRME, FAERE, & BHEE IR R 7], AN TRk, 2014, 43 (5):
1247-1251.

WEI TT, LIU ZT, REN DL, et al. Low temperature synthesis of TaB, nanorods by molten-salt assisted
borothermal reduction [J]. Journal of the American Ceramic Society, 2018, 101: 45-49.

GUO WM, ZHANG GJ. 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.

NI DW, ZHANG GJ, KAN YM, 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.

FAHRENHOLTZ WG, HILMAS GE, ZHANG SC, et al. Pressureless sintering of zirconium diboride:
particle size and additive effects [J]. Journal of the American Ceramic Society, 2008, 91: 1398—1404.
BAIK S, BECHER PF. Effect of oxygen contamination on densification of TiB, [J]. Journal of the
American Ceramic Society, 1987, 70: 527-530.

GUO WM, WU LX, SUN SK, et al. Particle refinement of ZrB, by the combination of borothermal
reduction and solid solution [J]. Journal of the American Ceramic Society, 2017, 100: 524-528.

GUO WM, TAN DW, ZHANG ZL, et al. Synthesis of fine ZrB, powders by new borothermal reduction of
coarse ZrO, powders [J]. Ceramics International, 2016, 42: 15087—-15090.

GUO WM, TAN DW, ZENG LY, et al. Synthesis of fine ZrB, powders by solid solution of TaB, and their
densification and mechanical properties [J]. Ceramic International, 2018, 44: 4473-4477.
CHARRABORTY S, DEBNATH D, MALLICK AR, et al. Mechanical and thermal properties of hot
pressed ZrB, system with TiB, [J]. International Journal of Refractory Metals and Hard Materials, 2014, 46:
35-42.



- 190 - FEEA %, AL B & A R MeB, (Me = Zr, Hf, Ti, Ta) # & # % # B % 40 %

[42] TALMY IG, ZAYKOSKI JA, OPEKA MM, et al. Oxidation of ZrB, ceramics modified with SiC and
group IV-VI transition metal diborides [J]. Electrochemical Society Proceedings, 2001, 12: 144—158.

[43] PENG F, BETRA Y, SPEYER R F. Effect of SiC, TaB, and TaSi, additives on the isothermal oxidation
resistance of fully dense zirconium diboride [J]. Journal of Materials Research, 2009, 24 (5): 1855-1867.

AW, B, W, TRTRSNE TS EEZ. SR ERE b R
BRSO SR NI T AR, A2 LRI S s AN [H 2 4 ke KRV R %8 . H
IR EH AT N SRR St E TR, st E R aE. FRns
52 WEZRMETHRIE, CEEPRIT FER SCIIGRIR L 60 RiE, HAUKHE
F1 10 270




