#5455 9 W B M O % R Vol. 54, No.9

1L

2026 4 9 H JOURNAL OF THE CHINESE CERAMIC SOCIETY September, 2026

http://jcesoc.cbpt.cnki.net DOI: 10.14062/j.issn.0454-5648.20250780

B4C & X (Hf,Zr) B2 P %W BUEAE B AL A A B 520

¥R, IO A E B B Of TAR, X
RBFETRY, MRS AFHARREE S0, KL 430070)

O Sl TSR R R R I MR R T H R RS AR . (HEZn)Ba B R MR HB. 5 1 EiR
FaE A ZeBa PR AL, ARG T — At g G aE, AR 100 —RABARE . SR, FamIti
KR SRR IR 2, GiMHEZ)B: MLV IR SN . ATERETHLZNB: AR, REHEA T BiC HE(0~5%)
R aER R (1900~2200 C)XTHIEREEIT N SENTFE S DRGSR, 5 REH, EXREAINERT, /I
e st IR R IE 2200 °C, (Hf,Zr)B: M & HIAH ST 25 FEAUH 88.6%:; 10 BaC TR ] B R AR B (i #2 . 78 2000 CHY
TN 2% 43 H0 M BaC BRI SZBLRE AR X 25 BRI 97%. MBRgh i T 2000 'C, BT Skimbuidk, SHRmALL
IR, A AR 38 B AT T T . S4B 5h IR 5 N 2200 CI, B FWARMIAE G, 0 2%A1 5% BaC K R Sk R <14y
SM(45.07 £ 16.20) pm F1(26.21 + 7.50) um, FXTEEE NN 94.5%H1 94.6%. BaC 5IARE R LG REHERAHE, E4
H AR R A AT, IR PR R3m S5 . T BT AT R, I AR BE L (KRR SAH B, WA R R
fi o BaC AL BT A ) AR R e AR B B T B o T LS SR RO mRR A R R T R e B . B IR VR R
s R S E

KHEIR: LR B AR BRI, BERS; BUE; RS
FESES: TQI74  XEMFERE: A XEHRS: 0454-5648(2026)09-3047-09
PI4% i hRETIE) : 2026-08-18

FEMUS RS, S E TR ERE, & mIREEOST, R Po/mmm), AL 48
MRS 25 S e B S M A B K R 2 W TR 2 I 5 T i AR, IO i e
W A RS E R T, A EEAE R MR IRERE T AR S, K,
KATHE HURI IR R BNV R S K E R R g (HEZn)B, [ P DX FLAUR A6 D8 341 51 A2 B 72 41
SR R, PR MR THR A . Bt IR ORE. — U5, HfBo A1 ZiBs B R B
Beih ke R T R, LGS BRI W BT, (HEZn)By AT A4 7K HIB, L5 5
JEAE IR SRO3), B R R 2R84 2000 'CLL IRASENES ZBy HFUREATL S - B4k, S0 T kiE,
EnmRASE R RS R AR % (HEZ)B: L —Z150H) HIB, 5L ZiB, A EALF [
REFIBLREhAE I Se gt Skl QiEESE = SRR AT ¥, Gai SFHGE, M HEH
AL BRALDAVE AL S), Horp, HIB, A1 2B, Zr NAEEEIRIY, (HEZn)Bo 32 R I L5 I A AL
SEAL s 45 (HB, £ 3380 “C, ZrB, £ 3245 C), PERE, TERGREEE N 2.4 MW/m? (IR 2 E ket %
KT S SAPERE DL R miB UL 1, 2 % 40s Jm, HRERIMARMUN-0.216 mg/s, ZikEih
W — AT BB a5 HLE g R gz e A H-0.089 pmy/s, T HIB,e Ly 5100 & T 1E

SR, PO KAT A S AR AT IR iE 2200 CRBEMUN AR rTSEERI(HE,Zn)B2-SiC I
R, AEGERATTIN HIB, B0 ZrBo AORIAELU R4 J=, 7£ 2200 ‘T4 3 IR 120 s (ka5 Tefifi,
SRR E O TSR . T EAMER BEEREMEN 0.001 mg/s; ZREENERY 0.072 pmis.

Wk HHH: 2025-10-27, EITHYI: 2026-01-16. Received date: 2025-10-27.  Revised date: 2026-01—16.
FEEWH . FRE SR T RI(2021YFB3701400); b4 H R R 23k First author: XU Liang (1997-), male, Doctor candidate.

G H (AR # 2022CFA042); 5 ARG E  E-mail: 1X0035@whut.edu.cn

FUIH (52332003) Correspondent author: ZOU Ji (1983-), male, Ph.D., Professor.

B ¥ 20997, B, WA, E-mail: ji.zou@whut.edu.cn
WSS 48 3(1983—), B, L, IR



.+ 3048 - CRERR Th 223400

J Chin Ceram Soc, 2026, 54(9): 3047-3055

2026 4

Zhao BT T ANE HIB, [E B X (Zr,Hf)B,-SiC
PERERUSCM A B, 24 HE M1 Zr FIEE/REEA 101 B,
(Zr,HO)B2-SiC HA i = 4 IR, 1A 24.8 GPa.

HfB, Al ZrB, A K5I SR S AR B A4 4
MR, FEC7HREEENE . BT 4
BUBRAE A, 15 72N R4 E(>2000 C)
FAN S s 77 %8 By [ #4408 4 Bl L 55 B 1 R 4
(SPS)FEI-131, XA e &l T 24 38 H T L7 Z
PSSR, RMESEm 7 HhE A, WERE 172K
TAF BT 1 ST RE FT 5 R BGOSR AL B
RS R, KESR. LU RERE R,
FETC T AR 3 B LR SE P s AL P P e 1
EEEAN, CRONZSURE R R S EY) K.
To IR A A% OBRERAE T Wi 72 #4072 EIRE Ak
SUlRY R 22, SRR o B RO S HE AN BT
NI PIX—HEE, 5] NSk B — AT 2 A RN
MR, TR VE SRk &, R et BhA
B AERest i B R AL AR ik e 25 IR A
W4/ Cr. Fe RS EEMDY), BRUEPRE"
) BsC. C Ml WC Z£0141, Hrp B,C K] JE B H J
S HER 2 Dhae b AR 5l A RiE. —J7 1,
BaC AJ LSy R 3 11 (1) 528 RS, 1A RORL 5
T, fRdtlesh; 5— 7T, BaC He AR EAE S
WP, 7EPR 80 RN, ARy b
B 7125k RE - Bajpai 28SHRIE, SR A SPS, il
NN 9% BaC, (HE,Zr)By, B &M KB 2481
2.2 MPa-m'2 $£ 7} %= 4.4 MPa-m'2, % M 24.9 GPa
PF A 25.3GPa.

JAE BaC X% G B 28 o IR A 47 M 6 1) s 2k
ROBRVILIRUE, (HEHG(HE,Zr)B, A R
BaC 28 SR AR FE 0 HI e B g AT S B i i)
AL RIS AN B . AR 2 SR T
JG HiB, B ZrB, M &7 B4C HIMEH . T FIRHFTT
BUIR, A AR LA(HS, Zr)B, B VA R & Rk, @it
THERest TEIAANFEER BsC, RAHF BsC
B B 4 e AR B A T R A R Y
SR, WAL R B N(HEZDB-BJC A&
LR TG s 48 445 ] 2% 15 S F 66 ) T 4 4 4L O K AR
MILZ2%%,

1.1 (Hf,Zr)B, #ME$&
K H HfO, By R[4 E N 99.9% (5 & 5 %),
300 nm, EiERTR T AR IR A BR A F, HE].

ZrOs By K (LEEEN 99.9%, 50 nm, _EHERTH T 44
BB ERAT, HE). BC BHAGELE 96.8%,
0.6~1.2 um, H. C. Starck, 7 [E)FIf %k K4l
[£>99%, ~2um, FEREATARAR, FHE)
NIERE, i N T R (D B LL A T RR &, (EH
3Y-ZrO, BAENWHEE /v T, BREHRE R 2:1, R
ToK CEEBHATERBEIREL 12 he R RE R R EBT
IKCEE, SRGEIREMRTIN 60 CHAE T4 12 h,
RETFIRIRE IR . W R RS, TN
BN 10 'C/min PEERFHREZ 1700 C, R
I 1LSh SREYA A, K Bt EE I 200 H i, 153
(Hf,Zr)B, $14
Zr0, + HfO, + B,C +3C — 2(Zr, Hf, ;) B, +4CO(g)
(1

1.2 (Hf,Zr)B, [B& KL

W3 B (HEZn) B2 #3445 AN A & & 1) B4C [0,
2% =SB S%IEHTEREE R &, il e fs
R IE, BEISF . SR )5 KA S# R
200 MPa {&J% 5 min X FE S EATACEE . B JEKERE
B A BT, RAE &R (ZT-40-21Y, b
HREREARAR, JENEAFRRE T (1900,
2000, 2100 ‘CH12200 C)# AT EIEFEL: . THE#HE
910 C/min, 4R EEAE] 1600 CHRIE 30 min,
B IEA Ar S, CRRRETH 2 AR, R 2h.
B BaC IIEAN 2%, 7E 1900 CHELE IR MIC A
HB2-19, Hr, “2”fR% BsC &N 2%, “197R3E
FREEIRE N 1900 °C, HoAtke 5 DA
1.3 #H#mTIE

KH X B AT5HM(XRD, Empyrean Series 3,
Malvern Panalytical fif %)% HT(HF,Zr)By ¥y 1A 12 Joe 2%
e W B DR 2E o Bk BT SR R A A Y0 o P
(R85 BE, W B EER % FE AR AR S PR A 42 TR A ik
AT VAL « R 37 < 56 4 4 o7 25085 (SEM, SU 8230,
Hitachi, HAX)XEE BRI TR A SEM
HE I 25/ 300 AN KL THRE B 0 ok R~ 3R
SPYME. A EL A EAEE C-Nano LT BT
U (EBSD) ¥R I 45 () 37 K W A B 7 B B
(FE-SEM, JSM-IT800, HAHL F#Rox4h)itATH
T BRI 0T, DLVPAS SRS A .

2 ERE5iW®

2.1 (Hf,Zr)B, #M&
K] 14 1700 ‘C4& (HE,Zr)By #34K f) XRD 1.
SEM M8 R Sokife A . B 1 AT I, BRSO AR



254 55 9 H ¥

7o %% BaC & B0 (HE,Zr)Ba M & B0 AL K Bt # 52 e

° 3049 -

HAENTER (B AEEN P6/mmm)HI(HE,Zr)By. [
TMERITRETH ZeBy FIRTET I, A BT A HAD
M, ULBIAE 1700 CHE,  JERLZ ] EHI R A

. ¢ (Hf, Zn)B,
* 7Z1B,
z
8 .
=
20 30 40 50 60 70 80
20/(°)

(a) XRD pattern of the powder

1
Fig. 1

2.2 (Hf,Zr)B: Fa&4H8LE K

SRR e, AR XRD 150
B2 Fios . B 2 W, 5 RS, Ze) B, B 7R 1) XRD
EAAEL, TR BJC 1E B Bhinl, #i%h
R E] 2By FORTHIE, HA(HEZ0B AR, Ui S
fR7E T ZrBa M)(HE,Z)By dn e [, S 2T 1 HAH
k. AFeghiRE R RS XRD W55 W3

(b) SEM image of the powder

1700 ‘C & (HEZr)B2 K349 XRD 1+
XRD pattern, SEM image, and particle size distribution of (Hf,Zr)B2 powder synthesized at 1700 C

N EYFIE ¥ N AR R R I o e |
W, FESRAARS BN S, PR R0.97 +
0.23) pmo

20 Average=0.97 pm
o 15
<
2
S 10
5
0
04 06 08 1.0 12 14 16

Particle size/um
(c) Particle size distribution of the powder

SEM HE Fr Rbiiz 5 A

Zot, WA, RYIHELZOB A RIFH &
AR E M. FEAINpe S BhmIat fh A %23 BaC
HIRTHIE, — 5T, RN BlC S BRI B—7
M, METHLZO)B, BsC KA AT EE .

W% BaC S EMIIEIN, (HE,Zr)B, HIATHH I A & A 0
TR, B BiC FHR A ZI(HEZr)B, Bl H A A
SN, W] BoC 5 (HEZn)By B RUF A FAH A

¢ & (Hf ZnB, ¢ ¢ (HfZnB, ¢ ¢ (Hf ZnB,
.
. HBS5 'Y HBS . HBS
L RS o 0,0 o .
¢ LY L LT | M| R
2 2 2
E HB2 E HB2 g ] HBIZ
e | ||“Il l|||
HBO HBO HBO
L L Ll L
| 1 | 1 | | | | | | | | 1 1 1
20 30 40 50 60 70 80 20 30 40 50 60 70 80 20 30 40 50 60 70 80
20/(°) 20/(°) 20/(°)
(a) 1900 °C (b) 2100 °C (¢) 2200 °C

K2

AN [ FEE e 45 1 (HE, Zr) Bo—x% BaC B &1 XRD i
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Fig. 5 SEM images and corresponding EDS mappings of the polished surfaces of typical (Hf,Zr)B2—x% B4C ceramic samples
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Effect of B4C Content on Densification and Microstructure of (Hf, Zr)B2 Ceramics
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Extended Abstract

Introduction (Hf, Zr)B: solid solutions are promising ultra-high temperature ceramics (UHTCs) for hypersonic applications based
on the high-temperature stability of HfB2 and the low cost of ZrB2, exhibiting superior properties to single-component counterparts.
However, a covalent bonding leads to a poor sinterability, making the pressureless densification of pure (Hf, Zr)B: a challenge. While
B4C is known as an effective sintering aid for monolithic borides, its role in the densification and microstructural evolution of (Hf,
Zr)B2 solid solutions under pressureless sintering conditions remains unexplored. This study was to investigate the effects of B4C
content (i.e., 0-5%) and sintering temperature (i.e., 1900-2200 °C) on the densification behavior and microstructure of (Hf, Zr)Ba, to
provide theoretical guidance and process references for the pressureless sintering preparation and microstructural control of (Hf,
Zr)B2-B4C composites.

Methods (Hf, Zr)B2 powders were synthesized via boro/carbothermal reduction at 1700 C with HfO2, ZrO2, B4C, and graphite as
raw materials. The obtained powders were then mixed with 0, 2% and 5% B+C by milling in ethanol for 12 h, followed by rotary
evaporation and drying at 60 ‘C. The mixed powders were uniaxially pressed into compacts and subsequently cold isostatically
pressed at 200 MPa. The pressureless sintering was conducted in an ultra-high temperature furnace in argon atmosphere at a
heating rate of 10 C/min. A holding step at 1600 C for 30 min was employed before reaching target temperatures (i.e.,
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1900-2200 C) for 2 h.

The density was measured by the Archimedes method. The phase composition was analyzed by X-ray diffraction (XRD), and the
microstructure was characterized by scanning electron microscopy with energy-dispersive X-ray spectroscopy (SEM/EDS). The grain
size was determined based on the SEM images, and the electron backscatter diffraction was employed to evaluate the crystallographic
orientation and geometrically necessary dislocation density.

Results and discussion (Hf,Zr)B2 without B4C addition exhibits a poor sinterability, achieving the relative density of only 57.2% at
1900 C. and gradually increasing to merely 88.6% even at 2200 ‘C. The addition of B4C transforms a densification behavior. At
2000 °C, the sample containing 2% and 5% B4C achieves the relative densities of 97.8% and 98.1%, respectively, representing an
increase of >30% compared to the sample without B4C (i.e., 74.8% at 2000 ‘C). This enhancement is attributed to the effective
“deoxidizing” function of B4C, reacting with and removing surface oxide impurities, thereby activating mass transport mechanisms
essential for pore elimination and grain boundary migration. At > 2000 C, the relative density decreases slightly for the samples with
B4C. At 2100 C, accelerated grain boundary mobility begins to outpace pore migration, leading to the formation of some
intragranular pores. At 2200 ‘C, the B4C—(Hf, Zr)B2 system reaches its eutectic point, triggering liquid-phase sintering as evidenced
by B4C exhibiting melt-like morphology along grain boundaries with good wetting characteristics. The samples with B4C addition
exhibite a significant grain growth at elevated temperatures. For the sample with 2% B4C, the grain size increases from (4.81 + 0.99)
pm at 2000 C to (45.07 + 16.20) wm at 2200 ‘C, while the sample with 5% B4C increases from (3.35 £ 0.84) um to (26.21 + 7.50)
um. The finer grain in the sample with the more addition of B4C is attributed to an enhanced pinning effect due to a higher content of
secondary phase particles, which effectively inhibits a grain boundary migration. This grain coarsening, accompanied by pore
coalescence, contributes to a slight decrease in relative density to 94.5% for the sample with 2% B4C and 94.6% for the sample with
5% B4C at 2200 C. The EBSD analysis reveals that the geometrically necessary dislocation density decreases at 2200 C, compared
to the cases at lower sintering temperatures. The Kernel average misorientation mapping shows that the strain concentrations near
grain boundaries and B4C particles are somewhat relieved in liquid-phase sintered samples. This phenomenon is related to the
dissolution-reprecipitation mechanism and the presence of the liquid phase during sintering. Although B4C participates in liquid
formation at 2200 °C, it recrystallizes upon cooling and retains its R3m structure in the final ceramic, indicating a chemical
compatibility with the matrix throughout the thermal cycle.

Conclusions The introduction of B4C significantly promoted pressureless sintering densification of (Hf, Zr)B2 ceramics. The
samples containing 2% and 5% B4C achieved the relative densities of 97.8% and 98.1% at 2000 ‘C, respectively, which exceeded the
sample without B4C. Sintering temperature critically controlled the microstructural evolution. The dense microstructures with fine
grains were obtained at 2000 C. At 2100 °C, accelerated mass transport led to intragranular pores and rapid grain growth during
solid-state sintering. At 2200 “C, liquid-phase formation caused a significant grain coarsening and a slight density decrease, while
effectively relieving internal strain, with B4C recrystallizing upon cooling and retaining its R3m structure. Considering both density
and microstructure, the optimal pressureless sintering temperature for (Hf, Zr)B2 ceramics with B4C additions could be approximately
2000 °C, providing a viable process window for (Hf, Zr)B2-based ultra-high temperature ceramic composites.

Keywords (hafnium, zirconium) diboride solid solution; ultra-high temperature ceramics; pressureless sintering; densification;
microstructure



