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B OB RAMASE TAREEHAG & T Zn0 W&, FEUFLTHM (BERIERD RIS ss iR mgm. 453
KU, SRR RN INZ) 10%0F 2 mol/L MBS RRVA WL, ESEE T Rbess e, ZnO By &lFe7E 52 CIFU I 4s,

115 CIUESU%tb, 160 CEU# FETTIA 95%0LL b, 200 CHIW e s % . ££ 250 ‘Che4h 5 min 5, SRR WHIUEH#
¥ 200 nm 3K F] 600 nm. X FHEATHEREY, ERAAHDSEE TRESES, Zno WEFARBIMERME, IFH
e RL AR K R VAN 0 R B T R B e AR BT DRI, U B S B T RR S ZnO MR SR AR KR AL R
A 78.8 kI/mol, ZIATEGRIRELE R 1/3. ZnO W &R RE 1 s IR P AT S5 SRR M, 0 AR BHPT Bt Be 458 FE I T ifd

Bl mwmEl Bme!

B, M 120 CRegE iR FE 9.82x10°Q T 250 CRe4s R FEN) 2.75%10° Q.

XKHEIE: ZnO W& B Fikkeds; A
R EES S TN304; TQL74.75'8.11

XHERFRIREE: A
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ZnO HITEETF 58 A4, 4908 3.37 eV, HEHA KEN
ALRBE AR L S SIS, R N AL S A,
BHERRL A Bl DR 2538 0 R R ARk T
Worzarat, @, AT Zn0 & EA mEuE
JERI—E NI ME RS, el IR 7 L4F 1000 CLL L, 4R
1M, o Ae 2t U B 23 1 R IR REFE, BEAZBF AR R .
FiAb, EE A IR E 2 SRR KR, R RS
Me AR ] 1R AR 45 TR I8 2335 i ZnO ThRE M & KA
FER, Wi ZnO MM % s S s Kk, 805 1R
Sk, ARLE RECT %D,

IAESR, RGBS o8 T & BRI, A
NLZEHTT K H 2 FoB B gE BoAR 1 0 #4 % B2 45 (hot
pressing sintering)®, ¥kIKE4E (liquid sintering)™, 4
fe4 (microwave sintering)®®, [R5 (flashing sintering)!¥,
T FL A5 B T e 25 (spark plasma sintering, SPS)MOA1¥4 ke
4&(cold sintering process, CSP)M, Hir, SPS HA i
THi# 2 (A5 100 “C/min), 7] {5 (1 oo 45 SO AL T
P Gele 4l 7k N R R IR, Ll SPS Ke4h ZnO [
%, 1 750 C g4t 20 min B AT i 3 HLH 6 % 1 95%M.
VROAE 2 P AR BB 45 1 B IR 2 22—, Schwarz 251
L SPS X LUHEFE TR ZnO B KRR Y ZnO
KRS, RIRA SPS P F1iE (100 “C/min), 32
(R 29K H3 K (20~50 nm)7E 400 “Che4E 10 min J&, Fss
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(water-assisted flashing sintering), ¥ 75 30 s Bl A/ {# ZnO
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Fitk B2 VA VONWURE , #E 305 CARELE 1 h, il
ZnO W% i 5 R 5 R 1400 Clegt il RE 1 i 5 A £
K.

DL ERFFEREE, WAH. ANt E ). FHEEZR . A
HLI7 S FH O PR B R L IR e 45 1 G BRE R 2R
LA SEIG 7E BT ART 72 (I SERE 2021, DL 2 mol/L RS ER
ORI, I SPS X} ZnO P& AT ka4 (50 MPa,
50 ‘C/min), f£ 200 CHEZs{Ril% 5 min, BIn]ff 0% ik
F 98% /- A7, SEILT ZnO P& r KR Pk B4t .

1 £ W

FHFE K ZnO # &K (Acros Organics, 73 #7 4l
99.5%), “FHIKIZLIN 200 nm. FiFHBCHE S B T R s
JF1(SPS-211Lx, Fuji Electronic Industrial Co., Ltd, Japan)
Jo A BB (7K %2 5 11<<50 MPa)#4T ZnO Wi & hess .
FEFEE LIRTIRGE X T ZnO W leds i 4 o2,
IR E 9 2 mol/L, ¥ N5 & 43 502 10%4 TR 75 v 5
ZnO My RLEATIR A, TEUHEE LT R WS &),
NASEREE, N 50 MPa k77, fRH 5 min J5 FF 46 LA
50 C/min [E T, IN#E] 120 (XFF 1), 140 (R
2), 160 (iXFF 3), 180(ikAE 4), 200(itFf 5), 250 C(ik
FE 6) 73 il iR 5 min, il H 6 FhAS R BE BlFE . 78
P B AR RE B TR AR I A2 R, SPS SERFIE 3% Z fill (R 77
B USCAR LA TR

SR FH ] KA HE K VR B R %5 B, ZnO W Be i 22
WE %N 5.606 g/em®. It best J5 R EE 2 BlHEAT X Gt
£RAT5T (PANalytical Empyrean) &4k, H 34 1 & M 20°
F 705 FHENIBE A 0.026< i IT I HL B (JEOL JSM-
6390A, Japan) F13% &} H1 55 (TEM, FEI Tecnai G2) % kit
1T USRI EE AT, SR BT SR I ok R
o AEBRBTIA T RHAAE AT WU AT B, FFAE AR IR R
WS T 9% b 41 FE B (Quorum Q150T), =5 Jia BHATL ik il ik A7
K 0.1~10" Hz.

2 HZER5SVHE

2.1 ZnO [ERRIBHEN SPS 5% E MK

1a ¥ ZnO 7EVRAH (2 mol/L B L) SPS keshit
Fi, Z fr B (B BAE LA 4% ) Bl e &5 i FE 1R A8 A AR o
ATLUR I, 7 52 CHY Z iR F8 FFUHH T AR A (O
la @), WEEFFUAUSE, BRIt 2 & 4 7F 52~115 C
YO o A R AR Ak T DLUE R TR K 2 2 IR KR
ZnO FURLLES i T HIVE R T B HE. Bl e i A —
BTt fF 115~175 CHY, Z #fifg2E4k L 0.01 mm/C
(R B2 SURIE K, ARG SRR Y K. e ah il FE 1Y K F
200 CZJ5, Z fhhife JLT- A F bl e b i i I e im A2 4k,
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Fig.1 Change in Z axis displacement during the liquid phase assisted
SPS for ZnO (a) and density variation of ZnO ceramic samples

with sintering temperature (b)

F 115~200 C 2 8] £ E & ZnO Fki it be st 14 il 2
1o NEANFRE R, SPS A4S E /i 5 min 4%
PETR M ZnO WAL EUE T « A FRERSE I Zno P&
FUEAE IR Z i B AR — 3. 120~140 Cledh
LB B 2R ETF, 160 Cregh it BE s & R
96.2%, 200 C LA BilAE s FEA R OK, wlik
98%LA I,
2.2 ZnO MEMMLEH T

Bl 2 ATEARIRESEIEE T ZnO Fa %W i 1) it sk 45
F, RABZEST ZnO WFE T8 SRR P T T 1
B, GRWE 1 PR, WE 2a nTRLERE], 120 ChE
Z51) ZnO P& iR FE Wi T G 1R 2 LI, SRR 5 R
SRR 200 nm AHLE, MEKANBE, 2574 205 nm. H
W& st W TR, W 2b~2f Fras, LI, &
R RSFIZ B K, 250 Cle &6 30 FE 1 ok~ 35 R R
600 nm. K ZnO BRI TEAR IR AH SPS begbh & i T
B SR RO R, 1O FR R AR A ZnO P&
FETt R LR A
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Fig.2 Variation of cross section microstructures of ZnO ceramic samples with sintering temperatures of 120 ‘C (a), 140 C (b), 160 C (c),
180 °C (d), 200 °C (e), and 250 C (f)

F1 NE ZnO AHHRERE ., SBRRTRENEE

Table 1 Sintering temperatures, grain sizes and relative densities for different ZnO ceramic samples

Sample Sintering temperature/ C Grain size/nm Relative density/%
1 120 205 87.24
2 140 207 94.88
3 160 255 96.21
4 180 304 97.80
5 200 314 98.46
6 250 600 99.01

*Sintering holding time: 5 min

BAN, KB ZnO MEAE SPS kest il ik, HF4h
it R 3R SR RIVE L, o A e S 0 2% [ e 2 )
M Nl 2a~2f ERLIHERTR, AR 3 2 0 S 7Y
(R A A, JEE A A=K [l B AR 5 At R 77 14 7 1) L

NTELFHE SR ZnO P BEAWOUL it 5l I8 4 Ui R 11 V5
A%, W 120, 160 Fl 250 Cleds FE it AT 7B BT
BREE (TEM) W%, wiE 3 fron. fEE 3a #, A
FEHLEE BIRE S diobL 2 [ ER R 2 AL, X5 1b
7 120 “CResh IRE i BUR AL T 90%AH — 2. & 3b
Fiom, M4ReaiR T w2 160 CHF, ki 18] i FLBR &
D R RSTREOR, SRORLIEN TR BT BA L A
Wik 3c R, ksl E it — 2T 3] 250 CHf, fnkL
SRl 2 33— B3R, SRETA) L AT A 8% 21 1 42 1)
FLBR,  dioRL B B SR FHE T L. 54k, BT TEM il
FEFEE %, FEMEENN, Toi2% SEM TRFEXTFE
A HEAT TR SO0 8%, B R AR K 5 A it R ) 2 A1)

KZR, AHLERE SR ATER AT SR S 4 bR 6 A K BAT —
SE 1 1 Sk, T R R R Sk TR

Kl 4a A [A] ZnO P Bl RE 1) XRD P . 45 R 1,
SR FE e 45 1) ZnO P EARRT TG L3 E A, R
B A A . 3 R TR VA VLA DAy i B e 45 RUAH A Jin )
ZnO Wi, FHRMERA TR SN R I, il rEbedh
MR BRI ZnO ] B K A SN A R ARl 1
feee, (HiFEAEED, X SLRATH B A E] .

ZnO W& %5 (11 (001 i TH AT 565 Ve 38 5 FH R R AIE o A
&SR kP, & 4b Jy ZnO Fi#%(002)/(001) 2 A
i THD 4 W {1 55 5 LU A |(002)/|(001)&E%%ﬁf§%§54ft0 RE
%%, (002)/(001)WEAE 58 5 LU AH HE AN 2 1E {8, T A2 Bl e
SRR E BRI T A, IX B ZnO M & AEAR SPS it
R A K SR ARG [ AR B 4 7 1P R
TR (A bl 7 M) 4% 1) ZnO W, #RARAD R
AR AR KL AR, XK ZnO B I HL A A
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Fig. 3 Variation of TEM microstructures of ZnO ceramic samples with sintering temperatures of 120 C (a), 160 ‘C (b), and 250 C (c)
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Fig.4 XRD patterns of different ZnO ceramic samples (a) and change
of peak intensity ratio lpoz/loy Of (002)/(001) with the

increase of sintering temperature (b)

KATRE S e g R TP I VRAR . PRl At i 7 R fR
TR T 88 2% A A O
2.3 ZnO MERREITELEE

5 24 ZnO W % fiohn R 5 A X 2 5 2 IR R R &R
HAR Y AR AR B4R E T ZnO W% ki R~ 54
4 ZnO H AR AL R ~F (200 nm) 2 b . 24 ZnO Wi B B

A 98% L B, R RS 5 AR ORLAE LA U K T
1.5~3 fir. MIME, F&KMFET, RARBMRELS:,
ZnO fik RSB K 10 45 2% 10 £ Ll P e
BN SPS Be4h, ZnO fvki K K LB FE 85% ) 1) fihr
JsHeg 3.5~8 1504, Gx KW, KA ESERIA W B SPS k2
4, 1EARIE ZnO M B alhr s B0 L R I, v] LA 288
il R KK

ZnO P8 S RUT il oe 45 B TR) G 45 P PR 3 K 2
WK R:

" -6 =t,exp(Yr) D

X, Gl ZnO BERIFIIRIAE, Go oy ZnO WG RLAE,
N kA K R, 6T ZnO Mg il i N=3M, ¢4
JREGIT ], Ko AHHL Q Mkedidfbae, R AT EL,
T R4axtih . B 6 H 2R R B ZnO dikL
A RKIEBEZ) )y 78.8 kI/mol, 1ZAH L A% G w4k
Zn0O Wi & ki A KR AL BE(>200 kd/mol) i /314, 254u
LG A K A AR A B4k 126~300 Clfe, ki Kig
TLRETEAR, £ 43 kd/mol™ ., ZnO M BARIEAL BE e 45
PG AT VA KT BERR VR R 0, RN K RIS TR AR 25
THFITEHE ZnO gk & i A K2,
2.4 ZnO MHERFHEESH

BH LT 2 5 FH B ARk it 3 Fi BEL 23 BT 1) — Fol T 4%
K 7792 Bt A A BegE I E 1) ZnO P & REE
0.1~10" Hz AR FHHTRHFTIR, 13 2R f PR i
B 7 B o 2[5 RS 0 70 A AR I 5 R 1 v I A L B
i, Ferh A AR ST R A L, S5 ER,
ZnO P BEaURE o 5 F B Bl e 25 U R ) vl B, AR
120 “Clrest it FE = L A FL B 204 9.8210° Q, 250 C
Jash (R R SIS R B R PS5 2.75540° Q. — 7
1, XIHE T E R RS S EGRRAR, AR
DAY e PELF) i S H kb, A R T 2 mT A, 120 10250 °C
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Fig.6 Calculation of activation energy for ZnO grain growth
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Fig.7 Impedance spectra of ZnO ceramic samples sintered at different temperatures: (a) 120 °C, 140 C; (b) 160 °C, 180 C; (c) 200 ‘C, 250 'C
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i et oo bl - 1 A o =TI = 7 0 B B < S Sl e s S G T
ARSI (Vo) BIF=AE, JINK ZnO ANAE Bl ) it
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fEGihest i) 113,

4) ZnO P& 1 s 5 BELPT B e 45 35 82 1) o T AR A1
250 CRegbiRFER A AR N 2.75%10° Q, A HL P2
52 4 L PSR it AN S R S R 4 R

EE PG
[1] Matsuoka M. Japanese Journal of Applied Physics[J], 1971, 10(6): 736

References


https://iopscience.iop.org/article/10.1143/JJAP.10.736/meta

10 ¥

RV 0AE : JRUAHXT ZnO B B b 45 B TR R e R RS IR

+3639 -

[2] Ohtaki M, Tsubota T, Eguchi K et al. Journal of Applied Physics[J],
1996, 79(3): 1816
[3] Zandi S, Kameli P, Salamati H et al. Physica B: Condensed Matter[J],
2011, 406(17): 3215
[4] Wang L W, Kang Y F, Liu X H et al. Sensors and Actuators B:
Chemical[J], 2012, 162(1): 237
[5] Clarke D R. Journal of the American Ceramic Society[J], 1999,
82(3): 485
[6] Langer J, Hoffmann M J, Guillon O. Acta Materialia[J], 2009,
57(18): 5454
[7] Bernik S, Cheng L H, Podlogar M et al. Ceramics Silikéty[J], 2018,
62(1): 8
[8] Subasri R, Asha M, Hembram K et al. Materials Chemistry and
Physics[J], 2009, 115(2-3): 677
[9] Biesuz M, Sglavo V M. Journal of the European Ceramic Society[J],
2019, 39(2-3): 115
[10] Schwarz S, Thron A M, Rufner J et al. Journal of the American
Ceramic Society[J], 2012, 95(8): 2451
[11] Funahashi S, Guo J, Guo H Z et al. Journal of the American
Ceramic Society[J], 2017, 100(2): 546
[12] Langer J, Hoffmann M J, Guillon O. Journal of the American
Ceramic Society[J], 2011, 94(8): 2344
[13] Nie J, Zhang Y, Chan J M et al. Scripta Materialia[J], 2018, 142: 79
[14] Heidary D S B, Lanagan M, Randall C A. Journal of the European
Ceramic Society[J], 2018, 38(4): 1018
[15] Guo J, Guo H Z, Baker A L et al. Angewandte Chemie International
Edition[J], 2016, 55(38): 11 457
[16] Tsujia K, Ndayishimiye A, Lowum S et al. Journal of the European

Ceramic Society[J], 2020, 40(4): 1280

[17] Berbano S S, Guo J, Guo H Z et al. Journal of the American
Ceramic Society[J], 2017, 100(5): 2123

[18] Seo J H, Verlinde K, Guo J et al. Scripta Materialia[J], 2018, 146: 267

[19] Guo H Z, Guo J, Baker A L et al. Journal of the American Ceramic
Society[J], 2017, 100(2): 491

[20] Zhao X T, Liang J, Sun J J et al. Journal of the European Ceramic
Society[J], 2021, 41(1): 430

[21] Zhao X T, Guo J, Wang K et al. Advanced Engineering Materials[J],
2018, 20(7): 1 700 902

[22] Beauvoir T H D, Tsuji K, Zhao X T et al. Acta Materialia[J],
2020, 186: 511

[23] Zhao X T, LiJ Y, Li H et al. Journal of Applied Physics[J], 2012,
111(12): 124 106

[24] Senda T, Bradt R C. Journal of the American Ceramic Society[J],
1990, 73(1): 106

[25] Dargatz B, Gonzalez-Julian J, Guillon O. Journal of Crystal Growth[J],
2015, 419: 69

[26] Gonzalez-Julian J, Neuhaus K, Bernemann M et al. Acta Materialia[J],
2018, 144(1): 116

[27] Bai SN, Tseng T Y. Journal of Applied Physics[J], 1993, 74(1): 695

[28] Gao H, Asel T J, Cox J W et al. Journal of Applied Physics[J],
2016, 120(10): 105 302

[29] Allen M W, Durbin S M. Applied Physics Letters[J], 2008,
92(12): 122 110

[30] Castro M S, Aldao C M. Journal of the European Ceramic
Society[J], 1999, 19(4): 511

Effect of Liquid Phase on the Spark Plasma Sintering Process of ZnO Ceramic

Zhang Jiexin!, Kang Shenglin®, Zhao Xuetong®, Sun Jianjie*, Liang Jie!, Chen Han', Yang Lijun’, Liao Ruijin*
(1. State Key Laboratory of Power Transmission Equipment & System Security and New Technology, Chongging University, Chongging 400044, China)
(2. State Grid Sichuan Electric Power Company, Chengdu Power Supply Company, Chengdu 610000, China)

Abstract: ZnO ceramics were fabricated via spark plasma sintering (SPS) technology. The effect of acetic acid solution on the SPS was mainly
investigated. The results indicate that with adding about 10wt% liquid phase (2 mol/L acetic acid solution) during SPS, the shrinkage and
densification of ZnO ceramic samples are activated at 52 and 115 °C, respectively. The relative density of ZnO ceramic samples can reach the
value of more than 95% and then the samples are fully densified when the sintering temperature further increases to 160 and 200 °C. The grain
grows from 200 nm of the raw particle to 600 nm after sintering at 250 °C for 5 min. The X-ray diffraction results show that no obvious impurity
phase can be observed, and the grain growth presents a clear anisotropic orientation, preferentially growing along the vertical direction of applied
pressure. With assistance of liquid phase in SPS, the grain growth activation energy was determined at only 78.8 kJ/mol, a third as large as that
sintered in the conventional SPS. Impedance of ZnO ceramic samples was measured at room temperature. It is found that the grain boundary
resistance decreases from 9.82x10° Q to 2.75x10° Q with the increasing sintering temperature from 120 °C to 250 °C.

Key words: ZnO ceramics; spark plasma sintering; grain boundary impedance
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