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Abstract: Densification of ceramic materials by conventional sintering process usually requires a high temperature
over 1000 °C, which not only consumes a lot of energy, but also forces some ceramic materials to face challenges in
phase stability, grain boundary control, and co-firing with metal electrodes. In recent years, an extremely low
temperature sintering technique named cold sintering process (CSP) was proposed, which can reduce the sintering
temperature to below 400 C, and realize the rapid densification of ceramic materials through the dissolution-
precipitation process of ceramic particles by using the transient solvent in liquid phase and uniaxial pressure. The
advantages of CSP, including low sintering temperature and short sintering time, have attracted extensive attention
from researchers, since it was firstly reported in 2016. At present, CSP has been applied to the sintering of nearly 100
kinds of ceramics and ceramic-matrix composites, involving dielectric materials, semiconductor materials,

pressure-sensitive materials, and solid-state electrolyte materials. This paper firstly introduces the low-temperature
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sintering techniques’ development history, process and densification mechanism. Then, application of CSP in the field

of ceramic materials and ceramic-polymer composites is summarized. Based on differences of solubility, application of

CSP mainly on Li;M0Q, ceramics, ZnO ceramics, BaTiO; ceramics, and their composites preparations are introduced.

Auxiliary effect of the transient solvent on cold sintering process is emphatically analyzed. Moreover, the high

pressure issue in the cold sintering process and the possible solutions are discussed. At last, future development trend

of cold sintering process is prospected.

Key words: cold sintering process; ceramic; composite; solvent; review
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Fig. 1 Quaternary diagram of sintering techniques!')



%2

i, & Rbed

BRI FBUAR B K e % 127

®1 BREFRENRSM
Tablel Definition table of sintering techniques***¥

Technique Name (Abbreviation) Definition
Conventional sintering (ConvS) Thermal sintering at heating rate of 1-10 ‘C/min
Two step sintering (TSS) Thermal sintering divided in two steps (heating; cooling and densification)
Traditional Fast firing (FF) Rapid sintering with short soaking times and high heating rates
sintering Sinter forging (SF) Sintering in presence of uniaxial pressure in die-less configuration
Hot pressing (HP) Sintering at high temperature and in presence of uniaxial pressure
Hydrothermal hot pressing (HIP) Sintering at high temperature and in presence of hydrostatic pressure
Cold sintering process (CSP) Sintering at 7<400 °C in presence of solvent and uniaxial pressure
Cold hydrostatic consolidation (CHC) Sintering at room temperature in presence of solvent and hydrostatic pressure
Liquid phase Hydrothermal hot pressing (HHP) Pressure-assisted sintering in hydrothermal conditions
sintering Hydrothermal reaction sintering (HRS) Sintering of oxide ceramics in presence of supercritical water
Water vapor-assisted sintering (WVAS) Conventional sintering in a humid atmosphere
dR:r?;:itfii\(]:Z ggﬁigigl liquid-phase Sintering at low temperature assisted by hydrothermal reaction
Flash sintering (FS) Rapid sintering at low furnace temperature in presence of electric field
Thermally insulated flash sintering (TIFS) Zrl;silsosrirnri;itng where the sample is thermally insulated from the
Flash-like Flash sinterforging (FSF) Flash sintering in presence of uniaxial pressure in die-less configuration
Sliding electrodes flash sintering (SEFS) fhl:ssl; Is;g;:rmg where the electrodes are in relative motion with respect to
Water-assisted flash sintering (WAFS) Flash sintering in humid atmosphere
Contactless flash sintering (CLFS) Flash sintering with electrodes in non-contact mode
Spark plasma sintering (SPS) Sintering in presence of a DC electric potential and uniaxial pressure
%;(érfr’réz;ble punch spark plasma sintering Spark plasma sintering at very high pressure (1000-2000 MPa)
Flash spark plasma sintering (FSPS) Hybrid technique of flash sintering and spark plasma sintering
SPS-like Cool spark plasma sintering (CSPS) Spark plasma sintering at 7<400 ‘C and high pressure (300-600 MPa)
gi%}égrst;ssure spark plasma sintering Spark plasma sintering at high pressure (10°~10°> MPa)
Sacrificial material spark plasma sintering ~ Spark plasma sintering with a sacrificial die to form samples with complex
(SMPS) shapes
Ultrafast high-temperature sintering (UHS)  Rapid sintering at heating rate of 10°~10* “C/min
Cold sintering (CS) Sintering of ductile materials at high pressure and low temperature
Others Microwave sintering (MWS) Densification assisted by heating with an electromagnetic radiation

Induction sintering (IS)

Capacitor discharge sintering (CDS)

Densification assisted by heating with an induction system

Rapid sintering with electric energy supplied by capacitor discharge
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Fig. 2 Schematic diagram of densification mechanism of CSP?**%!
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Table2 Ceramic materials prepared by CSp23850

Binary Ternary
compound compound

MOO3 L12C03

Quinary
compound

LiAlpsGey 5(POy)s

WO; CsSO, LiCoPQO, Liy s, Biy_05.Mo0, V| Oy
V,0;  LijMoO,  KH,PO,4 (BigsLig.05)(Vo9Mog1)O4
V505 NayMo,O; Cas(PO4)s(OH) LijsAlysGey s(POy)s

Quaternary
compound

LiFePO,

Zn0  KoMo,0O; (LiBi)ysMoO, -
Bi,0; ZnMoO, CsH,PO, -
Fe,0O; Ky;MoO;  InGaZnO4 -

Si0,  Bi)M0,09 K sNagsNbOs -

CsBr  Gdy(MoQy); LiFePO4 -

MgO Li,WO, Li;Mg;TiOq -
PbTe Na,WO,; NagsBijpsMoO, -
Bi;Te; LiVO; Nayg sBigsTiOs -
NaCl BiVO, YBa,Cu;07., -
ZnTe AgVO; - -

Agl  Na,ZrO; - -
CuCl BaTiOs - -
ZrF,  NaNO, - -

7ZrO, Mg,P,0; - -

AlLO; BaMoOy, - -
CeO, Cs,WO, - -
MnO Na,CO,04 - -
SnO  Ca;Co409 - -

TiO, KPO, - -

MoS, ALSiOs - -
- Ca3Co0409 - -

- CaCO;s - -

- BaFe ;09 - -

- ZrW,0g4 - -

- NaNbO; - -

- SrTiOs - -
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Fig.3 SEM images of Li,M0Q, before and after cold sintering
(a) Original powders; (b) Cross section of ceramics
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Fig. 4 SEM images of cold sintered ZnO ceramics with different solvents
(a) Water; (b) 0.1 mol/L acetic acid; (c) 1 mol/L acetic acid
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Fig. 5 Cold sintered BaTiO; ceramics obtained by holding at 300 “C for 12 h*®
TEM images with grain size of 150 nm (a) and 75 nm (b); (c) Dielectric temperature spectra at | MHz
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Fig. 6 Cold sintered BaTiO5 ceramics obtained by holding at 150 “C for 15 hP*”
(a) SEM images; (b) Dielectric temperature spectra at | MHz
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Fig. 7 Schematic diagrams of ceramic-polymer composites

[34]

(a) Processing temperature gap; (b) Composite formed by CSP
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Table3 Composites prepared by CSP
Ceramic-polymer composite Solvent Processing conditions Relative density Application Ref.
Li,MoO,-PTFE gzgnzed O 129 ¢, 350 MPa, 1520 min ~ 96%-97% Dielectrics [19]
Li; sAlysGel s(PO,);/PVDF-HFP DI water 120 °C, 400 MPa, 60 min 80%—86% Li-ion battery electrolytes  [19]
V,05-PEDOT:PSS DI water 120 'C,350 MPa, 2030 min  91%-93%  cedtlve-lempenaturetes g ¢
1stance sensors
(LiBi);sMoO,-PTFE DI water 120 C,250-350 MPa, 20 min ~ >85% Dielectrics [21]
Na,Mo,0,-PEI DI water 120 ‘C, 175—350 MPa, 20 min >90% Dielectrics [59]
SiO,-PTFE TEOS/NaOH 270 C, 430 MPa, 60 min 90%—99% Dielectrics [60]
BaTiO;-PTFE Ba(OH), 8H,0 225 ‘C, 350 MPa, 120 min >90% Dielectrics [61]
ZnO-PTFE Acetic acid 300 C, 350 MPa, 30 min 93%—-99% Varistors [62]
LiFePO,4-C-PVDF LiOH 240 C, 30—750 MPa, 30 min 89% Li-ion electrodes [63]
NaNbO;-PVDF DI water 180 C, 550 MPa, 10 min 97% Dielectrics [64]
ZnO-PEEK Acetic acid 330 C, 300 MPa, 120 min >98% Varistors [65-66]
ZnO-PDMS Acetic acid 250 C, 320 MPa, 60 min >90% Varistors [67]
ZnO/PVDF-TrFE Acetic acid 140 C, 300 MPa, 240 min >95% Varistors [68]
ZnO-PEI-Mn,0;-CoO Acetic acid 150 C, 27 MPa, 60 min 88% Varistors [69]
LiFePO4-Li6A95MgO'15La2A75Sr0A25 o 5 0, 1-1
71,0,,-PPC-LiCIO, DMF 100—140°C, 400 MPa, 90—180 min >85% Li-ion battery electrolytes  [70]
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Fig. 8 Electrical properties of three composites prepared by cold sintering process

[19]

(a-c) &, O%f', TCF of (1-x)Li,M0O4-xPTFE; (d) Conductivity of (1-x)LAGP/xPVDF-HFP; (e) Conductivity of (1-x)V,0s-xPEDOT:PSS

(c) Schottky emission 7

ZnO

9 YAKR4E ZnO-PTFE & & b1 R
Fig. 9 Cold sintered ZnO-PTFE composites!®”
(a) TEM image; (b) EDS image; (c) Schematic diagram of Schottky barrier structure
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Fig. 10 Cold sintered BaTiO;-PTFE composites!””
(a) SEM image; (b) TEM image; (c) EDS image; (d) Relationship between resistivity and electric field strength
comparing with BaTiO; ceramics; (e) Dielectric temperature spectra
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Cold sintered ZnO and LAGP ceramic samples with large size

[69]

(a) Photograph of ZnO; (b) Photograph of LAGP; (¢c) SEM image of LAGP
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Fig. 12 Obvious inhomogeneity of cold sintered ZnO ceramics

[69]

(a) SEM image of opaque area; (b) Photograph; (¢) SEM image of translucent area; (d) XRD pattern of
opaque area; (¢) XRD pattern of translucent area

(2) Dry porous preform Solution infiltrated preform Final d
0 m 4

[ Densification
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Fig. 13 Reactive hydrothermal liquid phase densification process
(a) Schematic of the HLPD process; (b) SEM image of BaTiO3/TiO, ceramics prepared by rHLPD
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Ba(OH); (so1y + TiO; ) = BaTiO3 )+ HO ¢y (1)

[72]
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