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Fig.1 XRD pattern, TEM image, and EDS mapping of high-entropy ceramic powders
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Fig. 2 SEM images of samples prepared by conventional sintering for 2h
700
700 @ 1'%
496 600 |
600
1% = 500 |
£ S00F lss £ E
3 s 8
Z a0t 140z 2T
© 300} % 180 = 300 {
/ 176 /
. 200
200 17 /g
®
100 1 1 68 100 1 1 1 1 1 1
1 200 1 250 1 300 1 350 1 400 1450 1500 76 80 84 88 92 96 100

Temperature/'C

(a) Relative density and grain size as a function of sintering temperature

Relative density/%

(b) Grain size as afunction of relative density

B3 H ARGl R R B A R R JAE X 2 B2 (A0 LG Rl 2k
Fig. 3 Relationship between temperature, grain size and relative density of sample prepared by conventional sintering

AT 25 B 20K T 86%), TFAFLESZ NS AL, SAL
(P ETHL Nk S5, R A AR PR K. 7E 1200 °C
A1 1300 CHLEE FReds Mred b, I ABG@Em I
FFLIE (B 2a F1FE 2b), AIARCETIL A, AR A
g, HRMRAEKSEE. S 1400 CH4 ),

TS S LA BB R 1 A RS D ) AL (R T 89.6%
IR E L), InlE] 2¢ fros o Bb), BEE S AT 4L
ROSLIIIRGS, SRR AR Rk, KA S
T s R A FAR KA 26 4 v 5 P B, A R
FHIF AL i ST I AT 4L RO



2 52 &5 9

Bk W %5 RPN RV % A & (Cep 2N do 2Smo ,Gdo oY 0.2) 221207 i i M

* 2019 -

Bl 4 N R4 RE i L Rietveld 512 XRD
ik, P dafiE b v LA H, 1200~1400 Chedh
(RE S e 1 BURY Rk b e 2 R Rk 4544 . 1500 °C
Beab MRE S BT e B IR S5 M BT RE A (1
i % (311). (331). (B1L)AI(S3L)ATHIIE, FEHFE T
mRRAO R A . ATLLE Y, Mbesh g
1400 CHF, #f 5 R A T IR FE 8 f 458 B R St 4 25
R RS o 33— %) 1400 ‘C Al 1500 CHe&h £ i i1

(111)
(200)
(220)
(311

(222)
(400)

(331)

(420)

1400 C

Intensity

£ W I T
e

20 30 40 50 60 70 80 90
26/(°)

(a) Sintered at 1200-1400 C

XRD ii#4T T Rietveld ¥51&, w1l 4c F11E 4d Fios.
ATLLE H, Rietveld f5 &4 FASLIGSE RviG RIT.
IRIERE LR, M8 T WA R BURE T ) S AS 5 H0h
5.275 A, RS TIRESL ISR HECA 10549 A, X
L4 Vegard & 3R1F 0 5% 5 £ (5 5.270 A
110577 A AEH Y4 . B4, 2T Rietveld K55,
AT BB AR RE R I B 55 N 6.424 glom®,
BT RIRE O G 35 6.359 glem’s

~
o
o
o
Q
s
I a
T a
z - <
Z °
1721
[=1
Q
3
[=1
= ~
S
N> a
— ™ e
3l |8 22 [§ g 72
ol | 22 | & &
-~ 0
llil 1
ad. b
| IS R E—T—

20 30 40 50

(b) Sintered at 1500 C

% XY
\ Bragg-position
R,,=7.55%

Intensity

[ ||||i||||||||||||||||||
Wpmmaspemy ‘w‘..rt:,‘-mm

T
1 1 1 1 |Yobs'Ycalc 1

30 40 50 60 70 80
20/(°)

(d) Rietveld refinement XRD pattern sintered at 1500 ‘C

K4 EAURAEHE M 2L Rietveld K512 XRD i
Fig. 4 XRD patterns and Rietveld refinement XRD pattern of samples

Yobs
Bragg-position
R,,=6.81%
f
g
£
Y care
PRGN T VR SO
! —Yubs‘Ycalc
1 1 1 1 1 1
30 40 50 60 70 80
20/(°)
(c) Rietveld refinement XRD pattern sintered at 1400 C
—RRIGOLT Rt (RE) B IR #h P B AE il

DR A E R O S A R R S O E S Y
rre/tz ™o 24 rreltz /T 1.46 1, 501 T T ARG A
i Y AR 25 R (25 1E) B Fm3m); 24 rrelrz N 1.46~1.78
B, A0 T T R SR A 5 4 (23 (R 3E Fd3m). BhAk,

T A s s R S R ) R A R 2 B B
M), SR A 4 M PR B i TR M B A e

£, (Cen2Ndo2SMo 2Gdo2Y 0.2)2Zr207 V-4 85 F
AR rrefrz N 1.501 (% 2), MRAE-THIE 742
I, HAYDAH S A il i T % sose gk
ARG, XA XRD 45 R AH— 8K 4).

MR (Cep2Ndo.2SMo 2Gdo2Y 0.2)2Z1207 i 4 M) ¢
BB AN RO R, AR TARAT TP
JREE(TSS)Sehe, Hess bl FE M n = BBl 5 .



« 2020 - (REFR Eh 224D

JChin Ceram Soc, 2024, 52(9): 2915-2924

2024 4F

B AR BNRLE Ty, TREF— ) ty 5k
PR IR Ty ARG IRFEITIH] to, ELEIRE S 5E
FEA . WD hesh S0 I AR SR 4SS HOR SR I 45
RUE 3PN, WK 3%, TSSL A TSS2 kedhi 5%
7 BT AS A i R R ST 8278 (91 nm AT 94 nm), {H 2
O AR (X 2 FE A 85.0%F1 87.2%) ., 1X3K
B2k 35— 15451400 °C, 10min) 2 )&, FEMA
REIL BIIG S HFE, E15 28 P Hbe sl e A SE I 8504
BT, 2 T RN F] 1500 CHE, AT BASRAE B B
B, AERE S IR SRR ST R 2 38 (n sk 3 Hh TSS3.
TSS4. TSS5 #1 TSS6 fiizR). UMbk, To Al to A

JERT R RSB A — 5 S

®2 REBTFEE™
Table 2 lonic radii of elements™*”!

lon Ce3+ N d3+ Sn_|3+ G d3+ Y 3+ Z r4+
Radii/A 1.143 1.109 1.079 1.053 1019 0720
tl
o
T, L ~20 °C/min Naturally cooled

Temperature/C

10 C/miny;'
",

in furnace

KI5 Pibkeas fin o 2 &

Fig. 5 Schematic heating profile for two-step sintering

*3 ALRELWSHRFAEHERENZEMRRR T
Table 3 Relative density and grain size data for two-step

sintering (TSS)
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TSS1 1400 10 1250 5 85.0 91
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TSS5 1500 10 1300 5 99.2 188
TSS6 1500 10 1350 5 99.2 189
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Preparation of Ultrafine-Grained (Cep2Ndg 2Sm2Gdo2Y0.2)2Zr,07 High-Entropy Ceramics via
Pressureless Two-Step Sintering

GENG Chang, LI Yu, LI Linlin, ZHANG Shuai, LOU Chengguang, LI Wenjing, SU Xinghua
(School of Materials Science and Engineering, Chang’an University, Xi’an 710061, China)

Extended Abstract

Introduction High-entropy zirconate ceramics (HEZCs) have been studied extensively in recent years for the potential applications
in thermal barrier coatings and high-level nuclear waste immobilization. While these HEZCs have the issue of poor toughness, which
impedes their applications. The toughness of HEZCs can be improved by decreasing its grain size. While preparation of
ultrafine-grained or nanocrystalline HEZCs is a challenge because the rapid grain growth inevitably occurred at high temperature
densification process (typically above 1500 C).

In this work, the challenge of preparing dense ultrafine-grained high-entropy ceramics through conventional pressureless
sintering process was addressed via a simple two-step sintering method. Ultrafine-grained (CepaNdg2Smg2Gdy.Y 0.2)22r207
high-entropy zirconate with 99.0% theoretical density and 162 nm grain size was fabricated. Compared to the conventional method,
two-step sintering provided the high-entropy zirconate with finer grain size and better microstructural uniformity, and excellent
comprehensive mechanical properties including high hardness of 12.5 GPa and high fracture toughness of 2.4 MPa-mY2. This work
could help to understand the sintering kinetics of HEZCs, and also supplied a guidance to prepare the ultrafine-grained or
nanocrystalline HEZCs by pressurel ess sintering method.

Methods The starting high-entropy (CeyaNdg2Smg2Gdg,Y 02)2Zr,0, ceramic powders were prepared via a polyacrylamide gel
method. Analytical grade rare earth nitrate hexahydrates RE(NO5)5-6H,0 (RE=Ce, Nd, Sm, Gd, Y) with a purity of 99.9%, zirconium
oxychloride (ZrOCl,-8H,0, 99.0% purity), acrylamide (AM, CsHsNO, 99.0% purity), N-N’-methylene-bis-acrylamide (MBAM,
C/HoN,O,, 99.0% purity) and ammonium persulfate ((NH4),S,0s, 99.0% purity) were used as starting materials, which were
purchased from Macklin Chemical (Shanghai, Chind). First, RE(NO3)s-6H,O and ZrOCl,-8H,0 were mixed in distilled water
according to the stoichiometric ratio of (CeyoNdg,SMg2Gdy,Y 02)2Zr,0,. After a vigorous stirring for 30 min, a clear solution was
obtained and the concentration of Zr** was 0.02 mol/L. Then the AM, MBAM and (NH,),S,0s With amole ratio of 24/2/1 were added
in the above solution and dissolved completely by vigorous stirring. The mole ratio of AM/Zr*" (abbreviated as A/Zr) in mixed
solution was 80/1. After that, the mixed solution was heated in awater bath at 80 ‘C until it converted into wet gel. Subsequently, the
wet gel was dried in an oven at 80 ‘C for 72 h to obtain the xerogel. Finally, (CeyoNdg.Smg2Gdy,Y 0.2)2Z1r,0, powders were prepared
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after acalcination of the xerogel at 1000 ‘C for 2 hinair.

These (Cey,oNdy2Smg,Gdy2Y 02),Zr,0; powders were uniaxialy pressed into green pellets with a diameter of 8 mm and a
thickness of (2+0.1) mm under 300 MPa, then it was sintered in air through conventiona sintering and two-step sintering. For the
conventional sintering, the green pellets were heated to 1200-1500 ‘C and held for 2 h directly; For the two-step sintering, the green
pellets were firstly heated to a higher temperature of T, and held for time of t;, then immediately cooled down to alower temperature
of T,and held for time of t,. After that, the samples were naturally cooled down to room temperature in the furnace. It should be noted
that in the heating process, the heating rate was 10 ‘C/min before 1000 C. After the furnace temperature reached to 1000 °C, the
heating ratewasdownto 5 ‘C/min.

The crystalline phases of samples were detected by X-ray diffractometer (XRD, Bruker D8 Davinci with Cu Ko radiation,
Germany). The microstructure and element distribution of HEZC powders were characterized by transmission electron microscopy
(TEM, JEOL-2100 F, Japan) equipped with energy dispersive X-ray spectroscopy (EDS). The morphology of sintered sample was
observed by field emission scanning electron microscopy (SEM, Hitachi S-4800, Japan). The average grain size of sintered sample
was determined by Nano Measurer software. At least 200 grains were randomly selected in measurement. The density of sintered
sample was measured by Archimedes method. The relative density was calculated according to the theoretical density derived from
the Rietveld refinement. The Vickers hardness and fracture toughness were evaluated by a micro-Vickers hardness tester (HV-1000A,
Laizhou Huayin, China) under aload of 9.8 N with dwelling time of 15 s. The nanoindentation tests were carried on a Nano Indenter
G200 (U9820A, Agilent Technologies), using a constant strain rate of 0.05/s. The Young's modulus was calculated according to the
Oliver-Pharr method from the loading-unloading curve.

Results and discussion  All diffraction peaks of the starting powders (Cey ,Ndy2Smg ,Gdy2Y o.2),Zr,0; prepared via polyacrylamide
gel method matched well to that of the defective fluorite phase, indicating that the starting powder was single-phased HEZC with
defective fluorite structure. The TEM image of HEZC powders presented that the average particle size was about 25 nm. The EDS
mapping of HEZC revealed the homogeneous distribution of elements without segregation.

Samples sintered at 1200 ‘C and 1300 C exhibited a porous structure; When sintered at 1400 °C, it exhibited arelatively dense
structure, and some closed pores were still remained in the sample; When sintered at 1500 ‘C, a dense and pore-free microstructure
can be observed. It should be noted that the dense HEZC bulks with relative density of 99.4% can be prepared when sintered at
1500 ‘C for 2h, implying a high sintering activity. The grain size increased slowly as the sintered temperatures increased from
1200 'C to 1400 C, whereas grain size increased rapidly beyond 1400 C. Therefore, the rapid grain growth could be avoided if
sintering temperatures below 1400 C in the conventional sintering. However, the densification process could not be accomplished
under such sintering conditions. The pore pinning effect was of great significance for preparing the ultrafine-grained or
nanocrystalline HEZCs via pressureless sintering method. And based on the XRD analysis, it can be concluded that the structure of
(Cep2Ndg2Smg 2Gdy2Y o.2)2Zr,0; evolved from the defective fluorite toward to the pyrochlore at temperatures above 1400 C.

With the understanding of the sintering behavior of HEZC, two-step sintering (TSS) could be provided to achieve the high
densification and fine grain size by suppressing the rapid grain growth in the final sintering stage. the ultrafine-grained HEZC with an
average grain size of 162 nm was prepared by TSS4, the sample showed that the compact microstructure with homogeneous ultrafine
grains was obtained. In addition to retarding the rapid grain growth and obtaining the finer grain size, two-step sintering also could
help to achieve a uniform microstructure with a narrower grain-size distribution compared to the conventional sintering. Two-step
sintered sample (TSS4) has a lower ¢ (0.31, the ratio of the standard deviation X of grain-size distribution to the average grain size
Gavg) than that of the conventionally sintered sample (CS4, 0=0.84). The Vickers hardness and fracture toughness of the HEZC sample
prepared by CS4 were 11.0 GPa and 2.0 MPa-mY?, respectively. Meanwhile, these values of sample prepared by TSS4 were 12.5 GPa
and 2.4 MPa-mY2, increased by 13.6% and 20.0%, respectively. The hardness and fracture toughness of samples prepared by two-step
sintering were much better than those of conventional sintering, owing to the ultra-fined and homogeneous microstructure.

Conclusions Pressureless two-step sintering process is successfully used to prepare the dense and ultrafine-grained high-entropy
(Cey aNdg2SmMg ,Gdy»Y 0.2)2Zr,0; ceramics with a relative density of 99.0% and an average grain size of 162 nm, as the phase
transformation from defective fluorite to pyrochlore occurred over 1400 °C. In addition, this process could achieve the higher
grain-size uniformity and finer grain size, as compared to that of the conventional sintering. Owing to the ultrafine grain size and high
microstructura uniformity, the high-entropy (CeyaNdg 2Smy2Gdy.,Y 0.2)2Zr0, ceramics possessed the excellent mechanical properties
with higher Vickers hardness of 12.5 GPa and fracture toughness of 2.4 MPa-mY2. It was believed that pressureless two-step sintering
method could be used to prepare other high-entropy ceramics with fine grain size and high quality.
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