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(a) Changes in the connectivity between powder particles at different stages of sintering

(b) Material-transport mechanisms during solid-state
sintering: lattice diffusion from the grain boundary (1)
and from the surface (5) to the neck, grain-boundary
diffusion (2), viscous flow (3), surface diffusion (4),

and evaporation/condensation (6) 1**)
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(c) Microstructure-development trajectories for submicron-(subm.)

and nano-sized NaNbO3, submicron-sized Al,Os, nano-sized ZrO,,

and nano-sized BaTiO; powder compacts'*!
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Fig. 1 Diagram of the ceramic sintering process and the driving forces of sintering
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Fig. 2 Diagram of pressure-assisted sintering technology
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Fig. 3 Schematic diagram of graphite die, encapsulation sintering, capsule free sintering and SPS current modes
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Table 1 Relative density and properties of KNN ceramics prepared by different sintering methods

Sintering method Procedure Relative density/% d33/pCI\FI tan & Ref.
Ordinary sintering 1060 'C/2 h 94.9 120 [62]
1140 'C/2h ~95.0 90 0.030 440 [63]
1114 'C/2h 95.3 110 ~0.050 <500 [64]
Hot press sintering 860 C/2h 99.6 142 0.049 568 [40]
1100 "C/20 min 98.9 160 420 [31]
975 C/1h 97.0 151 0.020 838 [65]
Hot isostatic sintering 99.8 0.035 470 [66]
1080 'C/30 min 99.4 [67]
Spark plasma sintering 920 ‘C/5 min 99.1 148 0.036 606 [68]
920 C/5 min 96.0 0.020 229 [69]




. 456 CRERR Eh2230)

J Chin Ceram Soc, 2025, 53(2): 451-470

2025 4F

WHEAL, JEsEH T ():

2/3 2/3

&= &3 |:1+ P (2, /801_ DK +1 Esz/s - Esm )
Ho: e NIEMNBRELR: o NEEBEWE
I G p ARRRERFLIRE: K ONFLUBIRE T
B B E R R RO ORI, (D) AT R

2/3

£ = 6 {1 —E—} @
P AR FE AR I, FLBR A A SRS,
A (D)FAK(2) v LA H W 2 1 H o BB LR 2R 1
FEARMEE A, 53R 1 Hh KNN P %A B H ZObE AR X
WA S BB AR, R AR AL
7] A BBl S A7 — 2 A P S R AR T, SR 7 7
AR AT FL KON 2> FELAS I BE R 7 o DAL B30 B o v 1
KNN P % P 38 o T AL 5 R AT S LAE B 55, R
HEL da HAHR R .

KNN P & 8RR 45 B 2 1962 4, Jaeger
LDV IR ARG AT T AE SRR Bedt i FE i TR o0 . sk
TR EE ARG )% KNI P A X 2 FE T Remm, I
P T AERRA IR KNN PR s L. i
fIEwr 7t 7 AR REE AR K/Na it E
KNN P %) A RE,  7E K/Na JBE/RH=50:50 4L,
R FHLEA S RN 0.32 32T+ E 0.48. 1967 4,
Heartling 3t — B 78 1 #UE RS AR F K/Na {k
FitELl KNN F&EM A w8 FRWATREE
P ek ivb . 08, Lin P T HUERE

(a) Hot pressing sintering (SEM)™!

500 nm

(d) Spark plasma sintering (TEM)'**!

ghmtEREAl KNN Fi&, 75 30 MPa ¥ 55 & 77,
900 CIRiE 2 h MIZHET, R T EmB KNG N
0.5 um H A& H I 75 &R K KR4 KNN B &
(B 4a), HAHXTE LS5 99.8%H HARXS T4 il
B4 (L P 4b)FLIR BE 2kl

TS BS FRR AR S AR R IRE TR AL
b, TR LE I R RO RN A R T, (HTBCR
S5 B TR T I kb B R e B L SO A B e A
(1 £ F AR AR AT N, AT DA S IR e Tl
T KR 45 4 B 45 6 ]« 2006 4, Li 2510 T Z G5 aft
FL T (K, Na)NbO; P B s L 45 2 T el , ST
SR IIEERE . RINTE 920 CIMRIR T keds A Xt
W E T 99%0 Ko sNag sNbOs P 5, H b K/
0.5 um (JLE dc 5 4d), K HEEL dss
JERELE 1) 80 pC/N #2751 E1] 148 pC/N. B FLIE K I,
SPS 4 iI(K, Na)NbOs-LiTaOs Mg & E A 7197
SEPERE, HIBTZLERIE 6p(102.8 MPa) b [ AHVE B4 1
e R T 50%LL o

FHIR T #0408 45 R0 R, 45 85 - s 485 10 B iy T
77, EEFR R e A @ SR R SE I TR S AR T
BIEE ST, AR 3R RS MRE 45 UK Bl J o0t B
HOEA R HEE ] 50 2L, Maiwal 2 EAR
AL N B R F B A B e s ) % T — R4
KNN P, @ bessim o 1000 C B4 b i )
AR T BB R (LI 4e FIFE 4R DAE HE, #4
S5HR R KNN P& LIRS A Arsk2>,  HAE 1000 °C

[E—

(c) Spark plasma sintering (SEM)!®*)

¢) Hot isostatic sintering (SEM)!" Normal sintering (SEM)!"?!
2 g

Kl 4 AN[RYGRESE J7 ik & (¥ KNN F 88 (R4 i 7 R A B A 5 b 1 e i Ay
Fig.4 SEM and TEM images of KNN ceramics prepared by different sintering methods
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Table 2 BNT ceramics and BT ceramics prepared by
different sintering methods

o Porosity of Relative density
Sintering method
BNT/% of BT/%
Ordinary sintering >10174. 761 ~9gl77 71
Pressure assisted sintering ~1174-80 ~Qgl81-84]

2.2 EEERIRT

TEREEE IR, a2 R P A8 45 ) [m) 5 b A=
KRR . e AR S, Besh (= B {E ek
W, R R AW R AL, R AR ERL 2 [A]TE
B, AR R SR K I R R R~
i GRHARAR A MIFE . MRS IREE S IEK,
R A R EA B MR A R T AT K2y, WAE K
TR R FEA 2 kgt — A AR 2
DAHES) SR - AT K ARS8, 75 ok AR K 20K P AT
PRI ARG, SRRSO . R 7% Blylse 28 ] LA
TEFI I 77 5L DR B0 A 1 [ I S 38 A e 45
TP, R Ko Liu 25035 b 1 S e,
7 30 MPa [R5 T, 48 KNN [K5e4h i N E Ik
145 1080 C 44K A 900 °C; Buscaglia 257 e i vy
LB TREE, {E 100 MPa [JESR R, ¥ BT HIRE4E IR
JE M TR B 45 2 1300 °C A% A 800~1000 Co

1T R 4 Bh e 5 BORTE R Il b AR K Bl
B, TR F B 1 SRR ST OB A, B
e R —MAIEE EENFR. Hk, Ehbhkest
AT DA 2% i 03 AR LI M e, B B 1 25

HVERE, BESARECH L BT R A . LI
Ji 3 Fr SR A I Be 4t B 1 RT LUK IR R IR Be ik, IF
THITCERIER, MR 55 BB
BeE SHRTTIVEE T, AT IR A AT
s 2 BRI B AR b RS . K 3 4t T BT,
PZT 5 KNN FPRHA Z b I 715l B Be 45 BoR i) 45 19
BB ik RT3 Bk 4SS fE BT PZT 5
KNN i % (1) dio R RS 28ONE (R F 0 b 28 R 4 T B3
fE .
®3 TRREHEH&NERRERB SRR T

Table 3 Typical grain sizes of piezoelectric ceramics prepared
by different sintering methods

¢ Crystal size/um
Sintering method™®!
BT PZT KNN
Ordinary sintering 0.5-100.077 7 1-101%¢ 0.5-4.0%7
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BT W% i & B 1 B A/ B 1 BE 5 ok R~
YA R B 5a NAF &k R SEI) BT B % 1 2
I . W 5T F AR A R 5k Aok A2 e 45 F
BESZHL T M 40 nm 2 100 pm 9 B R SRR SFESFE
Hoshina” s 25 K% B, BE BT ficki R4k, A
B R E dsy 5 R E RN, B E T
BAHIE, BEKRZ 1 pm UGS ERRME. X—HE
5 Arlt B8 A E Ak B R R~ R 8 B
TTHREE T W) & R, A Wy BE 5 5 I I B 2 i 1 A
I EEA o LA AT ER X BT F& I/
At b RS 28R R HE T PRz A AR LHO00 i
JE AR ARITON R e RO kL RS AR LB A 5 A
LB BOMIEL, Tan 251 ) LR /N Gk b 7778 5 £ (1)
AR 180°ME, (. /il Fi X)W Bk ) A 1 PR ) k2> B
WE s AR SR e B, S0 I BE (1) B ) gk
55, (HHTTHEE 180°W4F K & b, HIkfE
mm FE RSP & H R B & R AT LIRS A K 1 R
. & 5b-1& 5d Frows, RIRETAENSLa s T Bl
JU AR TAE R R E A AL e
FLI ST w He B33 dss Bl B RT B AR 4K, FF AR
VE T JERD AR IR EORAR S hesh 7. B dki ]
SRR, EBE RSN, S R R A dss
LHE KRN S, 5287 Hoshina”l g 45
PR — 35, X U B R D Bhbe 4 78 o RS Bt
FEHAL R T EEEH  JCH R Z) 100 nm [
N G R R B TAEF, R B e g A BT



+ 458 CRERR Eh2230)

J Chin Ceram Soc, 2025, 53(2): 451-470

2025 4F

(a) SEM micrographs of BT ceramics with different grain sizes (8 nm to 100 pm) 3% 7% %% 104108
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Fig. 5 Grain size effect of BT ceramics
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Fig. 6 Grain size effect of KNN ceramics
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Fig. 7 Enhancing the properties of piezoelectric ceramics through defect regulation
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Hot pressing sintering[//] 117 0.004 91 0.004 34
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Extended Abstract

Piezoelectric ceramics, which enable the mutual conversion of mechanical and electrical energy via the piezoelectric effect, are

indispensable for various industries, including robotics, communications, biomedicine engineering, etc. Currently, some piezoelectric

ceramics face challenges such as difficulty in sintering and element volatilization. Pressure-assisted sintering (PAS) technology can

promote the sintering process with the application of external pressure, thereby effectively engineering the electrical properties of

piezoelectric ceramics. In this review, three commonly used pressure-assisted sintering techniques in the preparation of perovskite

piezoelectric ceramics are highlighted, i.e., hot pressing sintering, hot isostatic pressing sintering, and spark plasma sintering.

Hot pressing sintering, which applies a single-axis pressure during the sintering phase, is particularly adept at grain alignment
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and the fabrication of textured ceramics with directional property enhancement. Hot isostatic pressing sintering applies pressure
uniformly in all directions, ensuring homogenous densification and the precise maintenance of complex structure dimensions. This
method is invaluable for the creation of precision components where dimensional integrity is non-negotiable. HIP further enables the
sintering of ceramics at reduced temperatures and shortened durations, thereby curtailing energy expenditure and averting excessive
grain coarsening. Spark plasma sintering is characterized by its expedited heating rates and abbreviated sintering cycles, facilitated by
the passage of pulsed direct current through the powder compact. This approach not only catalyzes swift densification but also
promotes the development of fine-grained microstructures by curbing grain expansion. SPS is especially beneficial for crafting
ceramics with exceptional strength and electrical properties.

The advantages for enhancement of ceramic density, grain size, and defect engineering, texturing, as well as preparation of
complex microstructures are demonstrated compared with conventional sintering. This review underscores the substantial benefits of
PAS in bolstering ceramic density, a parameter of paramount importance to the mechanical and electrical properties of piezoelectric
ceramics. The uniform density attainable through PAS is instrumental in enhancing performance and reliability. Moreover, the
controlled sintering milieu in PAS is conducive to the precise manipulation of grain size, a factor with a significant bearing on
piezoelectric performance. Fine-grained ceramics yielded via PAS have demonstrated superior functionality when juxtaposed with
their coarse-grained analogs. Defect engineering represents another critical arena where PAS exerts a substantial influence. By
moderating sintering temperatures and maintaining a controlled atmosphere, PAS minimizes the emergence of defects, such as
vacancies and dislocations, which can diminish the efficacy of piezoelectric ceramics. The capacity to regulate defect concentration
and type within the material is paramount for optimizing its electrical properties, including dielectric constant and piezoelectric
coefficients. Furthermore, PAS has unveiled remarkable potential in the realm of complex microstructure fabrication, indispensable
for state-of-the-art applications like high-frequency ultrasound transducers.

The review also probes potential future research trajectories for PAS in perovskite piezoelectric ceramics. There is an imperative
need for deeper exploration into the fundamental mechanisms governing sintering behavior under pressure-assisted conditions.
Gaining insights into these mechanisms is vital for devising more efficient sintering protocols and achieving material property
enhancements. Additionally, there is a burgeoning interest in the development of in-situ monitoring techniques, capable of furnishing
real-time sintering process feedback, thereby enabling more precise control over the final ceramic properties.

Despite its considerable merits, the scalability and economic implications of PAS must be deliberated to facilitate broader
industrial implementation. Pressure-assisted sintering has validated its transformative potential in the realm of perovskite piezoelectric
ceramic fabrication, offering meticulous control over microstructure and material properties. As investigative endeavors in this
domain persist, PAS is poised to assume a central role in the genesis of next-generation piezoelectric materials.

Summary and prospects Pressure-assisted sintering effectively promotes ceramic densification by providing additional sintering
driving force, offering a feasible method for the fabrication of piezoelectric ceramics with high density and performance. Furthermore,
Pressure-assisted sintering allows for flexible control of sintering temperature and time, which enables the preparation of high-density
ceramics with varying grain sizes. Additionally, pressure-assisted sintering can combine with sintering atmospheres, electric currents,
and other physical fields to engineer the defects. Uniaxial pressure can also introduce texture in some piezoelectric ceramics.
Therefore, pressure-assisted sintering is expected to achieve synergistic regulation of density, grain size, defects, and grain orientation
in piezoelectric ceramics, thereby comprehensively enhancing the mechanical, dielectric, piezoelectric, and optical properties of the
material.

However, precisely controlling the process of pressure-assisted sintering is challenging due to limitations in sintering equipment
and mold materials. The issue of reproducibility caused by inhomogeneous pressure or current distribution deserves concern. For
fundamental scientific research, pressure-assisted sintering can bring novel physical properties to piezoelectric ceramics. The clear
demonstration of the sintering behavior of piezoelectric ceramics is the prerequisite for the in-depth understanding of these properties.
Therefore, developing in-situ sintering characterization may assist in fully understanding the relationships among pressure, sintering
behavior, and physical properties. For practical applications, high cost is the most significant barrier to scaling up pressure-assisted
sintering for piezoelectric ceramics. The improvement in equipment and optimization of control systems are in high demand to
overcome these technical challenges.

Keywords pressure-assisted sintering; piezoelectric ceramics; hot-pressing; grain size; defect engineering



