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ARTICLE INFO ABSTRACT

Traditionally ceramic artifacts are processed at high temperatures (> 1000 °C) by classical sintering techniques
such as solid state, liquid phase and pressure-assisted sintering. Recently, inspired from the geology, novel
sintering approaches that allow the densification of ceramic components at relatively low temperatures <400 °C
have been proposed. While initial efforts for such low temperature densification concept were developed in the
mid-70s, the topic has become increasingly prominent in the last decade. Currently, these low temperature
methods can be classified into four main groups: (i) hydrothermal reaction sintering (HRS), (ii) hydrothermal hot
pressing (HHP), (iii) pressure-assisted densification techniques: room-temperature densification (RTD), cold
sintering (CS), warm press (WP), and finally no-pressure assisted method called (iv) reactive hydrothermal liquid
phase densification (rHLPD). Above named techniques are commonly assisted by an aqueous solution used as
either reactant or transient liquid phase to assist densification. Starting from the background in traditional
sintering processes, this review aims to explore in depth the existing literature about low temperature densifi-
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cation approaches along with their advantages & disadvantages, and probable application areas.

1. Sintering overview

The term sintering basically defines a process of bonding, densifi-
cation and/or recrystallization of powder compacts, i.e. a treatment in
which a green-body is converted to a stronger monolith [1-4]. While
ceramic artifacts found in archaeological sites indicate sintering prac-
tice even in the upper Paleolithic era, i.e. specifically Gravettian around
26,000 years ago [5], the first steps towards establishing sintering
theory and practice were only developed starting from early 1900s
[2,6]. One of the first scientific works was published by Ferguson J. B.
in 1918 [7,8]. In the late 1940s, the main qualitative analysis on sin-
tering were postulated by Rhines [9] for solid state and Lenel [10] for
liquid phase sintering. Then, the quantitative models for sintering were
built by Frenkel [11] in 1945 and Kuczynski [12] in 1949. Lenel [10],
Kingery and Berg [13] and later on Coble, contributed to the sintering
theory for ceramic materials, published series of remarkable works
[3,14-171].

For more details on sintering, the interested reader is referred the
published works of German R.M. [3,6,18], and a recent review by
Bordia et al. [8]. Here, only a brief overview will be mentioned. There
must be a net reduction in the free energy between the two particles to
be sintered on a local scale towards thermodynamic minimum for sin-
tering to take place [2,19]. At early stages of sintering the driving force
to minimize the free energy is related to the annihilation of surface
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curvatures. Mass flow is a function of chemical potential gradient of the
surface, and this is proportional to the surface curvature [20]. Later on,
the dominant driving force turns to be the interfacial energy reduction
by the replacement of higher energy interfaces with the lower energy
ones via pore reduction and grain growth. The densification driving
forces can be enhanced with the externally applied pressure which re-
sults in the amplified stress levels on the initial small particle contacts.
Over time the rate decreases, and in the late stages of sintering diffu-
sional events which are related to the processing temperature, controls
the densification as in the case for methods such as hot pressing (HP) or
hot isostatic pressing (HIP) [21]. A much stronger driving force can be
obtained, in principle, from a chemical reaction during sintering which
can provide significant free energy reduction. However, because the
microstructural evolution is difficult to control, it is barely ever con-
sidered to achieve densification [2,17].

Conventional sintering is generally categorized in three basic forms:
(i) solid-state, (ii) liquid phase, and (iii) viscous sintering. Typically,
when a green body is densified at temperatures not causing the liquid
formation, the process is called solid state sintering (SSS). The particles
start to join each other accompanied by the reduction in the porosity
because of the atomic diffusion [22]. Mass transport in SSS occurs
through surface (non-densifying) and bulk (densifying) transport. The
former one produces neck growth by mass flow from surface sources,
i.e. transport originating and terminating at the surface by evaporation-
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condensation, surface diffusion and volume (lattice) diffusion, resulting
in no densification or shrinkage. To attain densification, internal mass
sources must be transferred to the neck, i.e. diffusion from interior to
pore by grain boundary diffusion, volume and plastic flow which pre-
dominantly observed in metals [2,3,17,18]. While non-densifying me-
chanisms do not directly contribute to densification process. These
mechanisms reduce the surface curvature and consequently lower the
rate [2]. In another words; for kinetic considerations both mechanisms
should be considered when sintering in solid state is practiced.

In liquid phase sintering (LPS) the solid mixture carries typically
few volume percent of liquid (depending on the system but generally
below 15 vol% [21]) at the sintering temperature. Densification in LPS
can occur both by liquid flow akin to viscous flow and mass transport
similar to the ones observed for SSS [8]. In the classical LPS theory the
chemical reaction between the solid and the liquid phase is assumed to
play a little role. The process is considered to follow three successive
stages: (i) rearrangement, (ii) solution-precipitation, (iii) elimination of
porosity [18,23-25]. The initial stage of LPS is liquid redistribution and
particle rearrangement to reach ideal packing due to capillary gra-
dients. In the following solution-precipitation stage, solids dissolve at
the higher chemical potential sites, and precipitate on the sites with
lower chemical potential [26]. The densification of the skeletal network
surrounded by liquid phase controls the final stage. It should be noted
that several important parameters such as the wettability, liquid vo-
lume, viscosity and solubility of solid and liquid, etc. influences LPS
[24].

Compared to that in LPS, when sufficiently large liquid volume
(25-30 vol%) is used the process is called as viscous flow (vitrification for
clay based materials) sintering as seen in the traditional clay based
ceramic manufacturing where above 50 vol% of liquid is practiced
commonly (e.g. porcelains). Such densification process is believed to
occur through pore filling by viscous flow [22,27]. In transient liquid
phase sintering, a liquid phase forms in the body at an early stage of
sintering but it disappears in the course of sintering progresses, leaving
no glassy phase on the grain boundaries, contrary to the other LPS
techniques in which the liquid phase may persist over the course of
firing. While the control on the microstructure is challenging, the
process results in components having higher suitability for high tem-
perature applications than those produced by other LPS processes
[17,19].

Densification of amorphous powder compacts occurs by material
flow over the entire volume, i.e. viscous (flow) sintering. Different than
SSS and LPS, for viscous sintering the geometric variables such as
particle and pore size & shape are not important while the relative
density of the green-body is of great importance [8,22]. Besides, as
known the sintering of glass may be impeded by crystallization. How-
ever by enhancing the heating rate, it is still possible to sinter the glass
to full density before the onset of crystallization [28]. While crystal-
lization depends on nucleation and growth, glass sintering is merely
related to viscous flows. Because for nucleation not only rheological
properties but also the amount of undercooling is critical, a faster
heating rate gives an advantage to sintering process [28,29].

In addition to the pressureless sintering, there are pressure-assisted
sintering techniques (HP, HIP, sinter/hot and gas forging, etc., com-
monly all are non-economical and sample size is limited). In such
techniques, both externally applied (uniaxial, hydrostatic or triaxial
hybrid) pressure and surface curvature may contribute for densifica-
tion. During the initial stage, external pressure is amplified at the
particle contacts. At these points effective pressure is much higher than
that of the applied one, and causes a stress level higher than the yield
strength of the material, i.e. plastic flow and grain re-arrangements
(particle centers get closer) are active. When particle coordination in-
creases, the stress at the local contact points falls below yielding. For
most materials, at low temperatures the yield strength is high and for
this reason elevated (in the range of GPa) consolidation pressures is
needed to attain full density. This is beneficial to avoid grain growth

Current Opinion in Solid State & Materials Science xxx (xxxx) XxXxxX

and obtain fine grained highly dense microstructures but there are
equipment limitations to reach such pressures. As a remedy, heating
(thermal softening) is applied to decrease required pressure levels since
diffusion is enhanced at elevated temperatures [17,21,30].

The pressure during heating imposes complex stress states on the
particles. When stress and diffusion (atomic motion) is combined, creep
(a time-dependent deformation) may occur at stress levels below
yielding, and in pressure-assisted sintering this is the most dominant
densification mechanism. Atomic transport can proceed by (i) Coble
creep [31-33], i.e. grain boundary diffusion, (note that in geology if
liquid/solution trapped at the grain boundaries assist densification, the
mechanism is called pressure-solution creep via dissolution-precipita-
tion process [30,34-36]), and (ii) Nabarro-Herring creep [37] i.e. vo-
lume diffusion controlled creep [38].

Traditional sintering practices have limits to control the micro-
structure effectively. For example, it is difficult to produce nano-
structured materials because of the grain growth in the final stage of
sintering [8]. Some of the contemporary techniques address this pro-
blem: sintering under the effect of electrical current and pressure, i.e.
spark plasma sintering (SPS) [39-41], sintering by microwave [42-44],
sintering by electrical joule heating, i.e. flash sintering allowing very
rapid densification (< 60 s) [45], and selective laser sintering [46].

2. Low temperature densification methods

Several sintering examples can be found in nature; ice sinters akin to
pressure-assisted sintering and transforms into a glacier [47-49]. An-
other one is lithification in which loose particles become sedimentary
rock. Lithification is a chemical process that enables densification by
reducing porosity via compression (pressure) and cementation [50].
Thermal sintering processes also be seen but generally at low shear
stresses, see Fig. 1. Instead, in natural shock sintering initial tempera-
tures may be low but pressure levels are high, i.e. cold plastic flow
processes. Industrially, reaching to few gigapascals of pressure is not an
easy task, while in nature much higher pressures occur. Implications on
kinetics are important as well, since in industrial manufacturing the
processes are required to be finalized as fast as possible which may take
significantly longer in nature (hundreds of years [50]).

Inspired from the above mentioned natural processes, scientists
have put efforts to produce dense and strong ceramic and glass com-
positions at low temperatures < ~400 °C, recently referred to as cold
sintering. All these techniques rely on the externally applied pressure
and sometimes as in the case for Hydrothermal Reaction Sintering
(HRS) or Hydrothermal Hot Pressing (HHP) specially designed appa-
ratus are needed. Sintering without the application of high temperature
necessitates an externally applied pressure to intensify the driving force
for densification (Fig. 1). Another typical feature is the assistance of
liquid phase (commonly water) with or without the application of mild
heating. In Fig. 2(a and b) the number of publications and patents re-
corded from 1970 is given, highlighting the contemporary growing
interest. This review aims to explore such existing literature on all
currently published low temperature densification works along with
their advantages and disadvantages.

Initial studies related with sintering at low temperatures were
conducted by Roy et al. [51,52] on cement mortar. The authors sintered
the green compacts both by hot pressing around 150 °C with pressures
in between 172 and 344 MPa, and without heating under a pressure of
~700 MPa. The formed components demonstrated to have high relative
densities with very few observable porosities and compressive strength
values reaching around 510 MPa. Concurrently, novel instruments for
hydrothermal reaction sintering, hydrothermal hot pressing were de-
veloped and practiced by Japanese researchers for the production of
oxide ceramics in between 70 and 80s [53]. In late 70s, pure metals,
alloys and few ceramic compositions like NaCl, MgO, TiC, etc. were
sintered at room temperature (RT) under high (e.g. 4 GPa) pressures
[54,55].
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1. Pressure-assisted sintering techniques portrayed on applied pressure/yield strength versus temperature (T) to melting temperature (Ty,)

(Modified with permission from the Annual Review of Earth and Planetary Sciences, Volume 44 © 2016 by Annual Reviews, http://www.annualreviews.org) [50]).

Following the pioneering works [56], in 2007 to study dissolution-
crystallization behavior akin to sedimentary rock formation, water
constituting limestone (CaCO3) green pellets were exposed to CO- gas.
The study conducted at RT, under altered CO, pressure (up to 35 atm)
with different compaction pressures 10-15 MPa, and the term “cold
sintering” (CS) was re-established [57]. In 2014, room-temperature
densification (RTD) was demonstrated for Li,MoO,4 and its composites
[58]. Following RTD, another low-temperature densification technique
called warm press (WP) was practiced [59]. Then finally, two techniques
having different densification mechanisms referred as to cold sintering
(CS) [60], and reactive hydrothermal liquid-phase densification (rHLPD)
appeared concurrently [61]. The details for all of these methods and the
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properties of the formed materials will be described in the subsequent
sections.

2.1. Hydrothermal reaction sintering

Hydrothermal reaction sintering (HRS) is one of the most efficient
methods used to obtain very high relative density (e.g. > 99%)
ceramic materials. As given in Eq. (I), reaction between highly pure
metal (Me) powder or chips and water at a specific temperature
(500-1000 °C) and pressure (100 MPa) levels results in the formation of
sintered metal oxide (MeO) and hydrogen (H,) gas [53]. The resultant
H, gas while leaving the system, induces the reaction to proceed further
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Fig. 2. (a) Number of publications resulting from a web of science search with the keywords: “cold sintering”, “low temperature sintering”, “low temperature
densification”, “low temperature solidification”, “hydrothermal densification”, “hydrothermal sintering”, “hydrothermal reaction sintering”, “hydrothermal solidi-
fication”, all data is merged into same plot in order to show the contemporary trend of such topic. (b) Number of published patents found from Questel database by
searching the abstracts using following queries: ((low 1w temperature 1w densif+) + ((low 1w temperature 1w sint+) + ((low 1w temperature 1w solidif
+) + (((hydrothermal or (hydro 1w thermal)) 1w densif+) + (((hydrothermal or (hydro 1w thermal)) 1w sinter+) + (((hydrothermal or (hydro 1w thermal)) 1w
solidif+) + ((cold 1w sinter+) for each query “(glass or ceramic)” was added and all results were merged to plot. “1w“means given two keywords should be in close

proximity. Both data was extracted from 1970, and the line represents an exponential growth function fit.


http://www.annualreviews.org

C. Vakifahmetoglu and L. Karacasulu

(b) Test tube type
pressure vessel

(@) 20r+30,0 €r0,+3H,

& Hermetic seal _ f
PtorAu Je—Residual H, Ik
capsule .
> 10
<++—H,0 — Pt capsule
i ::l— Cr Powder ) H:O.
0%a's Sintered Starting
3 @* Cr,0, material
o alloy

Initial Stage Final Stage Closed system

Fig. 3. (a) HRS stages of Cr,03, (b) apparatus used for hydrothermal reaction
sintering [53] (Reprinted by permission from Springer: Hydrothermal Reactions
for Materials Science and Engineering by S. Somiya Copyright 1989).

and more efficient compression for the component [62]. Although the
temperatures specified in the process sounds like high, it is important to
note that the formed oxides are commonly sintered at considerably
higher temperatures than those stated. For example, traditionally haf-
nium oxide (HfO,) is sintered at temperatures around 1800 °C, instead
similar relative densities can be achieved by HRS at temperatures in
between 900 and 1000 °C. HRS, therefore, is a relatively mild tem-
perature sintering method [63], and is characterized by three distinct
stages: (i) hydrothermal (by supercritical water) oxidation of the metal,
(ii) diffusion of the H, gas from the capsule, and (iii) sintering of the
oxide powder consolidate [64].

Me + H,0 — MeO + H, (0]

The innovative work of Hirano and Somiya [62] showed how to
obtain pure chromium oxide (Cr,0O3) tablets by using chromium (Cr)
powder (see Fig. 3(a)). The authors also formed stoichiometric mag-
netite single crystal without any other secondary phase formation [65].
During the monolithic Cr,03 production; chromium powder and water
were mixed and placed into the platinum capsule. The air was sealed
with electric arc, and the capsule was placed in a test tube type pressure
vessel (Fig. 3(b)). A pressure of 98 MPa was applied at 1000 °C, and it
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was observed that 99.2% relative density was reached after 3 h. For
comparison, conventional sintering of Cr,O3 with MgO sintering aid (up
to 0.1% by mass) at 1600 °C/1 h resulted in the formation of magne-
sium chromite-spinel phase at the grain boundaries which prevented
the grain growth, and densities of over 99% were obtained [66].

HfO, production was achieved with hafnium (Hf) metal chips at a
temperature range of 800-1200 °C under 100 MPa for 3 h process. No
sintering was observed at 800 °C whereas components with relative
densities of 92% and 98% were obtained at 900 °C and 1000 °C, re-
spectively. X-ray density of HfO, was only reached by 1200 °C treat-
ment [64]. The formation of monolithic ZrO, ceramics with no flaws is
difficult to obtain by traditional sintering due to crack formation during
monoclinic-tetragonal phase transition, besides temperatures above
1600 °C are required. HRS was used as a remedy to sinter ZrO, at
temperatures below the phase transition causing no cracking. Samples
with a relative density of 99% were formed by HRS as a result of the
reaction between metallic Zr and supercritical water at 1000 °C/3 h
under 98 MPa pressure-H,O/Zr initial ratio was found to be critical for
densification and above certain level no well sintered bodies were ob-
tained [67-69]. Apart from the ceramic compositions given above, the
technique was also conducted to obtain others such as iron oxides (FeO,
Fe3;0,4) and lanthanum chromite (LaCrO3) [53].

2.2. Hydrothermal hot pressing

Hydrothermal hot pressing (HHP) is used to sinter inorganic pow-
ders under hydrothermal conditions but at much lower temperatures
(< 500 °C) compared to HRS [70,71]. HHP was described as a process
of artificial lithification [72], since the processing temperatures are as
low as seen in geology, it can also be called as a geo-mimetic process.

There are two basic prerequisites for HHP to proceed successfully:
compaction of the sample under hydrothermal conditions, and a path
(space) for water removal. Compression accelerates the packing of the
initial powder, meanwhile avoiding the development of shrinkage
cracks. Compaction is dependent on the speed at which water is re-
moved from the starting powder mixture. If there is no path for the
water retreat, it remains in the pores and prevents densification [70].
The final relative density in the HHP depends on processing tempera-
ture, pressure, time and amount of water used [70]. Fig. 4(a) provides
the schematic drawing of the HHP equipment, while Fig. 4(b) shows the

Uniaxial load Fig. 4. (a) HHP equipment details 1: crane for
adjusting the furnace position, 2: pump, 3: ram,
4: autoclave push rod, 5: thermocouple, 6: au-
toclave, 7: induction furnace [53,72], (b) hy-
drothermal hot pressing autoclave (Reprinted by
permission from Springer: Hydrothermal Reac-
tions for Materials Science and Engineering by S.
Somiya Copyright 1989) (Reprinted from [73],
Copyright (2015), with permission from Else-
vier).
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autoclave details [53,73].

One of the first applications of HHP was conducted on a mixture of
a-quartz and amorphous silica. After addition of NaOH including
aqueous solutions, the blend was pressed under 180 MPa pressure. The
sample then placed in autoclave which was heated in between 120 and
350 °C under 27 MPa pressure for 30 min [72]. In other studies; CaCO3
[74], and subsequently TiO, was formed. In the process; TiO, (800 nm
average particle size) was mixed with water, placed in autoclave,
compressed by the push rod to 200 MPa pressure while heated to 350 °C
for 30 min. The relative density of sintered TiO, pellet was found to be
71% [75].

In a more recent work, silica (50 nm in size) synthesized by Stober
process was mixed with NaOH aqueous solutions to improve silica
dissolution-precipitation process. Initially the blend was pressed by
190 MPa, followed by cold isostatic pressing at 500 MPa/5 min. The
relative densities of the green bodies were in between 50 and 55%.
These tablets were subjected to “hydrothermal sintering” using a
modified HHP equipment operated at RT with 127 MPa pressure, then
at 150 °C, and finally at 300 °C under 350 MPa pressure for 90 min.
Monolithic amorphous silica samples having 86% relative density was
obtained by using the lowest NaOH concentration while a-quartz
having 98% relative density was reached when concentrated NaOH
solution was used [76]. The same research group studied also the effect
of water. Three different types of silica: naturally hydrated, partially
dehydrated, and deliberately added water powders were all subjected
to HHP procedure. After the formation of green bodies, densification
was followed under 95 MPa pressure at RT, followed by the application
of 190 MPa pressure at 300 °C for 90 min. The relative densities of
natural hydrated, partially hydrated, and added water were found to be
around 67%, 63—-67%, and 75%, respectively. The study suggested that
the addition of water enhances the densification [77]. Apart from those
few detailed ones, there are numerous compositions obtained by using
HHP as given in Table 1.

After the application of HHP, a new technique called double layered
capsule hydrothermal hot-pressing (DC-HHP) was developed particularly
to prepare coatings like hydroxyapatite on metals. In this method, a
cylindrical capsule that has double layer structure is used and subjected
to isostatic pressing, see Fig. 5 for device schematics. Between inner and
outer capsule, alumina powder is placed to maintain the space for water
retreat. Hydroxyapatite-coated magnesium [129], and titanium
[133,134,189], were produced by using DC-HHP.

2.3. Room-temperature densification

It should be noted here that the terminology describing below is
currently not standardized and can be confusing; consequently, we
merged all the studies conducted at RT to densify ceramic and glass
artifacts in room-temperature densification (RTD) section.

In late 90 s, a research group from Brazil worked on compaction of
nanosized ceramics powders under very high pressures (4.5-5 GPa) at
RT. Both y-Al,03 powder (in water) and silica-gel (15 nm particle size)
were consolidated at nearly hydrostatic conditions which yielded in the
formation of transparent SiO, samples having 86%, and translucent
alumina components having 92% relative density. It was one of the first
studies that obtained densified y-Al,03, and the measured Vickers mi-
crohardness (50 g) values were around 4.0 GPa for the silica, and 5.7
GPa for the y-Al,0s. For silica components, the densification was re-
lated with the bridging silanol groups promoting the dehydration (up to
60%), and the consolidation mechanism was named as “cold sintering”
[190-192]. During the last decade, the published studies using cold
sintering terminology (see later) have become the object of steadily
growing interest. However, the “cold sintering” term in those con-
temporary works defines a variant process (with much milder pressure
and higher temperature conditions) from the ones given obtained by RT
processes.

In 2014, researchers from Oulu University demonstrated the
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possibility to produce monolithic lithium molybdate (Li,MoO,) cera-
mics at RT. The authors called the method as room-temperature densifi-
cation (RTD) which was simply based on the compression (under
130 MPa pressure) of the Li;MoO,4 powder (sieved below 180 pm) to-
gether with small amount of water. The pellets were then processed in
different ways: (i) conventionally sintered at 540 °C (control sample),
(ii) application of RTD and dried at 120 °C, and (iii) application of RTD
and dried at RT. While the densification mechanisms were not dis-
cussed in detail, it was shown that Li;MoO, solubility in water caused
the formation of dense components even at RT. In Fig. 6(a and b) SEM
images taken from Li;MoO, tablets produced by both conventional
sintering and RTD are given, and as seen the microstructures resemble
each other [58,193]. The same group studied the formation of Li,Mo0O,4
— MnZn ferrite [194] and Li,M0O,4 — TiO, [195] ceramic composites,
besides processing, applications such as ultra-wideband (UWB) or cir-
cular polarized GPS antennas were explored [196,197].

Recently, Bouville and Studart [35] synthesized nanosized CaCOs;
vaterite with average size of 37 nm and agglomerated as 600 nm forms.
The synthesized nano-vaterite together with water was subjected to
sintering under pressures up to 800 MPa at RT. Relative density of 87%
was obtained by 500 MPa pressure at RT, and the samples demon-
strated 30 GPa elastic modulus, 50 MPa flexural, and 225 MPa com-
pressive strength. It has been shown that RT densified nano-vaterite
component exhibited higher mechanical properties than that of several
state-of-the-art construction materials such as stone or concrete. In a
recent variant work by Jiang et al., used an isostatic pressure to densify
the silica components instead of the uniaxial pressure at RT, and named
the process as cold hydrostatic sintering [198]. In Table 2 ceramic com-
positions currently produced by RTD, processing conditions and the
obtained properties are given.

2.4. Cold sintering

Cold sintering (CS) allows densification under mid/high pressures
(below 1 GPa) and low temperatures (< 350 °C) with the aid of a de-
liberately added temporary fluid (solvent/liquid) [203,204]. In the
process, the initial raw material mixture is continuously compressed by
using a simple uniaxial press. Heating is carried out by a resistance
jacket wrapped around the mold/die system, see Fig. 7(a—c) for the CS
equipment used [205].

The CS process, as defined by Maria et al. [201], consists of two
stages in which different densification mechanisms probably pro-
ceeding, see Fig. 8. First, compaction is applied to a mixture of ceramic
powder (generally nano-sized since high surface-to-volume ratio de-
livers a strong driving force) with liquid (mostly water) under a uniaxial
force similar to that of conventional pressing. In this step the liquid
phase serves as a lubrication medium increasing the particle sliding,
while discharging continuously from the die tolerance. Besides, prob-
ably the applied pressure increases the solubility of the particles having
sharp edges, and overall causing a better compaction compared to that
of dry consolidation. Such issue has already been documented by
Shotton and Rees to consolidate NaCl at RT under varying humidity
conditions [206].

Second, the system is heated to higher temperatures while com-
pressing under moderate pressure levels (e.g. 500 MPa). The solubility
of the powder is further increased and together with the evaporation of
a liquid phase, the formation of supersaturated liquid is ensured. At this
stage the applied pressure, as in the case for pressure-assisted conven-
tional sintering, promotes densification. It is proposed that the latter
stage is dominated by dissolution-precipitation events assisted by
pressure and temperature [201].

It should be noted that the formation of a supersaturated liquid is
essential for densification and it can also be accomplished by dissolving
the starting particles in acidic or basic solutions or just by preloading
the liquid phase with the corresponding chemical groups, i.e. the ad-
dition of a water-soluble salts instead of modifying the acidity.
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Table 1
List of materials produced by hydrothermal hot pressing, together with processing conditions and some of the observed properties.

Materials Processing conditions Properties Relative density (%) Ref.

Al,O3 110 °C SSA = 450 m2/g ~33* [78]
40 MPa
2h

AlPO, 150 °C SSA = 40-107 mz/g ~35-54* [79]
40 MPa
2h

Cags(PO4)3(OH)- (Tig.40Zr0.10CU0.36Pd0.14)99Ca1 150 °C N.A. N.A. [80,81]
40 MPa
2h

AlO(OH) 180 °C N.A. N.A. [82]
80 MPa
3h

Calcium aluminate/phosphate cement 300 °C o ~ 5-31 MPa N.A. [83]
40 MPa
1h

Ca3Co409 100-300 °C p ~ 90-210 p2.m 75-90 [84,85]
50-200 MPa k ~ 1.1-1.5 W/m.K
1-5h

CaCO3 50-300 °C o, ~ 5-160 MPa ~56-92* [56,74,86-89]
5-68 MPa o ~ 2-8 MPa
0.17-10 h H, = 0.3-10 GPa

CaCO3-MgCO3 300 °C o, = 37.1-44.3 MPa N.A. [90]
25 MPa
10 min

CaCO3-SrCO3 200-300 °C N.A. ~85* [91]
25 MPa

Cay0,Si 200 °C o ~ 3-10 MPa ~43-69* [92,93]
10-20 MPa Ops = 11 MPa
17-30 min

Ce(PO3)4 150-200 °C N.A. ~72-84 [94,95]
40-80 MPa
2h

Cu3(PO4)2 & CuzP4012 150 °C SSA = 0.5-3 m*/g ~53-82 [96]
40 MPa
2h

Geopolymers 200 °C o, ~ 55.3-103.3 MPa N.A. [97]
8.5 MPa
45 min

Glasses 100-350 °C H, = 1-3 GPa N.A. [73,98-110]
15-60 MPa o. = 150-460 MPa
5min-8 h o ~ 4-65 MPa

k ~ 0.1-0.2 W/m.K

Ca;0(PO4)s(OH), 100-300 °C H, = 0.4-2.9 GPa ~30-98 [111-124]
10-150 MPa o ~ 1-22 MPa
0-48 h 0. = ~15-150 MPa

Ca;0(PO4)6(OH), -Chitosan 150 °C o ~ 12-20 MPa ~50 [114,125]
40 MPa
2h

Ca;0(PO4)s(OH), -Glass 325°C o. = 206 MPa 65 [126]
47 MPa
30 min

Ca;o(PO4)6(OH), -Cag(PO,), 250 °C o. = 2.5 MPa 30-40 [127,128]
150 MPa
1-3h

Caj0(PO4)s(OH), -AZ31; Mg-3Al-1Zn 150 °C N.A. N.A. [129,130]
40 MPa
2-3h

Ca;0(PO4)s(OH), -Ti alloy 50-150 °C N.A. N.A. [131-137]
20-80 MPa
2-24h

Ca0(PO4)6(OH)o-TisZr;oCzePd1 4 150 °C N.A. N.A. [138,139]
40 MPa
2h

La(POs)3 50-150 °C N.A. N.A. [140,141]
5-30 MPa
1h

La; _,SryMnO3 — SiO, 300 °C p = 960 - 7.8x107 Q.cm ~80 [142,143]
350 MPa
90 min

Na,Co204 200-250 °C p = 20-45 pQ.m ~94-99 [144]
100-200 MPa
1h

(continued on next page)
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Table 1 (continued)

Materials Processing conditions Properties Relative density (%) Ref.
Cag(HPO,4)2(P04)45H,0 110 °C 0. = 33 MPa N.A. [145]
40 MPa
2h
Phosphate bonded Al,O3 250 °C o - 3-24 MPa N.A. [146]
40 MPa
1h
SiO, 100-350 °C SSA = 467-1339 m%/g ~23-98* [70,76,77,147-1571]
10-350 MPa 0. = 5-230 MPa
<12h H, ~ 0.7-2.1 GPa
SrCO3 200-300 °C 0. ~ 80-190 MPa ~93 [91]
25 MPa
Sny 24Ti1.0403.66(OH)1.50F1.42 210-300 °C N.A. ~86-99 [158]
60-120 MPa
0-4h
TiO, 100-350 °C SSA = 50-300 m?*/g ~42-98* [70,75,159-164]
15-200 MPa H, = 0.2-7.8 GPa
0.17-5h 0. = 5-60 MPa
CagSig017(OH),-Chitosan 150 °C o ~ 5-12 MPa N.A. [165]
20 MPa
10-30 min
Y-Zeolite 110-200 °C SSA = 540-890 m?/g ~57-99* [166-168]
40 MPa H, = 0.2-3 GPa
< 12h
Zeolite-Al 130 °C N.A. N.A. [169]
40 MPa
1h
Zeolite-Kaolin clay 110-220 °C o. = 10-24.7 MPa N.A. [170]
40.53 MPa SSA = 70-118 m?/g
0.5h
ZrOy 350 °C N.A. N.A. [171]
70 MPa
Materials to cure environmental problems - - - [172-188]

N.A.: Not available, SSA: Specific surface area, o: Tensile strength, ops: Bending strength, o.: Compressive strength, k: Thermal conductivity, p: Electrical resistivity,
H,: Vickers hardness, *Calculated

(a) Al,0, Powder DCPD&Ca(OH), (b) G Er
(3 um) \ Regulator
- Water =
Pump
(@) ©
Heater 9 = ©
\0 o
9 /9 Capsule
(& ©
O ©
[ ©
[ ©
—=P> Pressure
Capsule I : FEP Tube High Temperature
----» Water Flow and Pressure X Release
Vessel (SUS316L) Valve
Capsulell: PVC Film
Capsule I Capsule II

¥

Alumina powder Clip

Fig. 5. Schematic representation of double layered capsule hydrothermal hot-pressing (DC-HHP) system: (a) top view of the DC-HHP, (b) cross-sectional view of the
autoclave with reaction capsule, (¢) cross-section of the capsule (Reprinted from [133], Copyright (2006), with permission from Elsevier).
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Fig. 6. Backscattered electron images of Li;MoO,4 sample (a) conventionally sintered at 540 °C, and (b) sintered and dried at RT. (Reproduced from [58], with

permission from John Wiley and Sons, Copyright 2014).

Accordingly, ZnO (basic nature) could be cold sintered to high levels
(relative density over 90%) simply by using a liquid consisting of acetic
acid solution (in water) [205], a liquid/solution consisting of dissolved
zinc salts such as zinc acetate or dimethyl sulfoxide [207], similar to the
case for Y,03 which has very low solubility [201].

Table 3 shows the list of the ceramic components produced by CS
process together with the data extracted for properties. Although CS
technique is broadly used nowadays, and wide variety of chemistries
from the family of oxides, carbonates, phosphates, bromides, chlorides,
and fluorides have already been produced, most of these published
works in the scientific literature so far, have been primarily directed to
the production of electro-ceramics. The details for the production of
such components can be found elsewhere [60,203,208], and here only
few essential compositions will be discussed.

At present, some compositions cannot be produced directly by CS
such as carbides. Besides, some oxides such as ZrO, with high relative
density have not been achieved by CS although several attempts were
conducted. An additional heat treatment process (around 1100 °C) was
needed to obtain high relative densities ~95%. Despite that such that
temperatures are still lower than the conventional sintering tempera-
tures, suggesting the benefits of the process [209-212].

A recent study compared the electrical properties of the CS made
ZnO ceramics with that of solid-state sintered ceramics (green pellet
was formed under 180 MPa by using 240 nm average particle size and
sintering at 1400 °C in air). The results demonstrated that the samples
produced by CS at 300 °C exhibited the same electrical conductivity
characteristics as those produced by conventional sintering. Such data
is important considering the production cost and greenness of CS for
industrial applications (varistors, sensors, etc.) [205].

Different ferroelectric materials (KH,PO4, Pb(Zr,Ti)O3, NaNO,,
SrTiO; and BaTiO3) were produced at temperatures below 300 °C

[60,213-215]. For the production of BaTiOs3, the Ba(OH),/TiO5 (um
sized TiO, powder) suspension was prepared, mixed with a certain
amount of BaTiO3 powder, followed by compaction. The samples sub-
jected to CS at 180 °C/3 h resulted in high densification (94.4%).
However, BaTiO3 samples produced by CS had cubic crystal structure
and/or amorphous grain boundaries, making the piezoelectric proper-
ties inadequate. Accordingly, an additional annealing process
(T = 900 °C/3 h) to transform the crystal structure into the tetragonal
one was conducted and the piezoelectric properties were improved, as
shown in Fig. 9(a and b) [203,208].

In a slightly different study, the authors demonstrated the ability to
print and cold sinter Li,MoO, capacitor structures on both Nickel foil
and PET film at low temperatures which would be complicated due to
Nickel oxidation above 300 °C by conventional techniques. The study
showed the possibility to sinter such composite systems and obtain
additional process functionality (see later for co-sintering) [216]. Si-
milar studies have been performed for Li; 5Alg 5Ge; 5(PO4)3 [217] and
Ca3Co0404 [218]. LiFePO, ceramics used as a cathode material for re-
chargeable batteries were produced by CS as well. LIOH aqueous so-
lution was used for the process and relative densities above 89% were
obtained at sintering temperatures around 240 °C [219,220]. A recent
review described the possible implementation of CS for solid-state li-
thium batteries, and highlighted the great potential of the process for
battery and solid electrolyte production [221].

A variant approach of CS called cold co-sintering was developed re-
cently [256]. In this process, ceramic-polymer composites were formed
by sintering the ceramic material with desired thermoplastic polymer
being the minor volume component. Such system gave additional de-
sign freedom to generate functional composites. In addition, CS was
used as a low temperature ceramic bonding/fusing technique that can
resists to elevated temperatures, and the method is called as cold

Table 2
Materials produced by room-temperature densification method, the processing conditions, some of the extracted properties and application areas.
Materials Application Processing conditions Properties Relative density (%) Ref.
Al,03 General 1-5.6 GPa H, = 5.7 GPa ~90 [190]
CaCO; General 500 MPa 0. = 225 MPa ~87 [35]
34 min E = 30 GPa
LioMoO4 Dielectric 30-130 MPa g = 4.6-5.2 ~84-93 [58]
Li;M00,4-TiO,/BaTiO3/MnZn Ferrite Dielectric 150 MPa g = 6.9-22.7 86-90 [193-195]
Li,MoOy- Bag s5Sr0,45TiO3/PZT Electrical 250 MPa & ~ 200 ~90 [199,200]
ds; = 84 pC/N
g33 = 33 mVm/N
NacCl Dielectric 5-300 MPa ~90-99 [201,202]
0-24h e ~ 5.6
SiO, General 1-7.7 GPa H, = 4-4.2 GPa ~86 [190-192]
SiO, General 300 MPa H, ~ 1.4 GPa ~99 [198]
5-60 min

¢, Relative permittivity, o.: Compressive strength E: Elastic modulus, Hy: Vickers hardness, ds3: Piezoelectric coefficient, gs3: Voltage constant.
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Fig. 7. Equipment used for cold sintering process: (a) simple press drawing, (b) the actual used CS instrument, and (c) the mould and heater jacket used for CS
(Reproduced from [60], with permission from John Wiley and Sons, Copyright 2016).
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Fig. 8. Schematic representation of cold sintering process (Reproduced from
[201], with permission from Cambridge University Press, Copyright 2017).

sintering ceramic bonding (CSCB) [257].

2.5. Warm press

Similar to CS, a uniaxial press is used for the warm press (WP)
technique. The main difference, simply, lies in the application of the
heat. While in CS a jacket surrounding the die heats the system, in WP
both top and bottom platens of the pressing device (< 300 MPa) have
electrical resistance (temperature reaching around 300 °C) resembling
conventional hot press, see Fig. 10 for the used equipment [258].

A mixture of fly ash, NaOH solution and sodium water glass was
heated to 130 °C/2 h under 200 MPa pressure. The formed components
had 71% relative density and high compressive strength values
reaching 149 MPa [59,259]. It is known that dense calcium hydroxide
body (slaked lime plaster) is hard to obtain by conventional sintering
approaches. Calcium hydroxide was compressed uniaxially under
60-240 MPa while heated in between 100 and 250 °C. Under such
processing conditions dehydration of lime (or the moisture in the air)
assisted the sintering, leading dissolution-precipitation reaction in
slaked lime pseudo-sintering, similar to what is observed in CS studies.
The sample under 240 MPa pressure at 150 °C for 90 min sintering,
gave a relative density of 81% and compressive strength of 57 MPa
[258]. In Table 4 ceramic compositions currently produced by WP,
processing conditions and the obtained properties are given.

CaCO3 powder alone or mixed with 10 wt% water was compressed
under a pressure of 240 MPa at 150 to 280 °C. Samples with a relative
density of 87%, and compressive strength of 40 MPa was obtained after
180 min of WP at 150 °C, see Fig. 11(a—c) for the microstructural
evolution [260]. In another study, geopolymer-SiC components were

produced by using geo-polymer as a binder. At the end of 30 min at
130 °C under a pressure of 240 MPa, depending on the initial precursor
type, relative densities reaching to 90% (having around 170 MPa
compressive strength) was able to be achieved [261].

2.6. Reactive hydrothermal liquid phase densification

Compared to above mentioned techniques, reactive hydrothermal
liquid phase densification (rHLPD) process is a different low tempera-
ture densification concept [61]. The technique is based on the hydro-
thermal reaction, infiltration, reactive crystallization and liquid phase
sintering principles. Fig. 12 gives the schematic representation of the
process. In the study to produce BaTiO3 monoliths, green TiO, bodies
were prepared and infiltrated with Ba(OH),/H,O solution. Subse-
quently, the system was subjected to a hydrothermal reaction at tem-
peratures in between 90 and 240° C up to 72 h. BaTiO3/TiO, (residual
titania was found to be below < 5%) ceramics with relative densities
around 90% was obtained.

In rHLPD, there is no application of pressure which assists densifi-
cation, so the center of the particles does not get closer by the effect of
externally applied pressure. There is actually a need for hydrothermal
crystallization reaction with products having higher molar volume
(compared to green body), such the one given in Reaction (II). In the
case of the Reaction (II) resulting in 100% yield, the TiO, molar volume
(20.2 ecm®/mol) expands 91.6% while transforming into Barium titanate
(molar volume of 38.7 cm®). Such volume change (expansion) fills the
pore spaces and results in densification. With this technology, various
systems including  SrTiO3[TiO,], Ca(PO4)Fp[CaF.],  Sr(PO4)
(OH),[SrTiO3[TiO5]], CaC,0,4/Ca(OH),, CaCO3-SiO,[-CaSiO3] and
other similar composite systems can be produced [262].

Ba(OH)g (sol) + T102(S) = BaTiO3(5) + HZO(I) (H)

3. Comparison of the low temperature densification methods

For the techniques discusses above, the processing conditions (ap-
plied pressure and temperature) were analyzed and plotted in Fig. 13.
In the top-right inset of the figure, a magnified area of P < 1000 MPa
& T < 400 °C is shown, and as one could see the major part of the
studies were actually conducted in this zone, outlining the boundary
conditions for low temperature densification methods.

Although HRS is one of the earliest techniques, it utilizes a metal
powder or chips that are oxidized under hydrothermal conditions by
supercritical water in a capsule under mild pressures (100 MPa) and
mid/high temperatures (1000 °C). The process consumes less energy
compared to conventional sintering of the same composition, and it
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Table 3
Materials produced by cold sintering method, the processing conditions, some of the extracted properties and application areas.
Materials Application Processing Properties Relative density (%) Ref.
conditions
Agl Electrical N.A. N.A. N.A. [201]
AgVO3 Optical N.A. N.A. N.A. [201]
a-Al,03 - N.A. N.A. N.A. [201]
Al,03-NaCl Dielectric 120 °C e ~ 6.5, tand = 0.007 96 [222]
200 MPa @ 1 MHz
50 min g ~ 6.0, tand = 0.002
@ 5 GHz
Al,Si0s-NaCl Dielectric 120 °C e ~ 5.4, tand = 0.005 N.A. [223]
200 MPa @ 1 MHz
50 min e ~ 4.7, tand = 0.002
@ 1 MHz
BaMoO, Optical N.A. N.A. N.A. [201]
BaTiO3 Ferroelectric 180 °C g, = 2332, tand = 0.01 ~80-97* [60,203,208,213]
430 MPa @ 10~ MHz after HT @ 900 °C
1-180 min
Biy03 Electrical N.A. N.A. N.A. [201]
Bi,Tes Thermoelectric N.A. N.A. N.A. [201]
BiVO, Photocatalyst N.A. N.A. N.A. [201]
(Big.95Li0.05)(Vo.9M0p.1)04-Na,Mo,0, Dielectric 150 °C g, = 40-48, tand = 0.0012 95-96 [224]
200 MPa
30 min
CazC0409 Thermoelectric  135-350 °C A = 41 S/cm ~85-90 [218]
350 MPa
60 min
Cas(P0O4)3(OH) Medical N.A. N.A. N.A. [201]
Cas(PO4)3(0OH) Environmental 200 °C H, = 2.2-2.6 GPa ~95-97 [225-227]
500 MPa o. ~ 175 MPa
10 min
CeO, General 180 °C Ea = 1.13 eV ~70 [228]
500 MPa
24 h
CsBr Optical N.A. N.A. N.A. [201]
CsHPO4 Energy 120-200 °C Ea = 0.38-0.4 eV 93-98 [229]
300 MPa A = 2.3 x 10~* S/cm at 200 °C
1h
CsSO4 Catalyst N.A. N.A. N.A. [201]
Cs; WO, Insulator N.A. N.A. N.A. [201]
CuCl General N.A. N.A. N.A. [201]
Gd(Mo0y)3 Ferroelectric N.A. N.A. N.A. [201]
InGaZnO,4 Electrical 25-180 °C N.A. ~92-99 After [230]
100-350 MPa HT = 1200 °C
10 min
KH,PO,4 Ferroelectric 120 °C N.A. > 08 [60]
350 MPa
30 min
K;Mo,0, Dielectric 120 °C g = 9.8, tand = 0.00083 ~94 [204,231]
350 MPa
15-20 min
Ko.sNag sNbO3 Piezoelectric 120 °C ds3 = 131 pC/N after HT @ 1115 °C ~65 [232]
350 MPa
30 min
KPO3 General N.A. N.A. N.A. [201]
LiAly 5Geq,5(PO4)3 Energy storage 120 °C A = 5.4 x 10°°S/cm @ 25 °C after HT 79 [217]
400 MPa @ 650 °C
20 min
Li; 5Alp 5Ge; 5(PO4)3 / Energy storage 130 °C A = 2.3x10~% S/cm at RT ~90 [233]
380-620 MPa
Liy 4 x4 yALTis _ Si,P3_,O15- LiTFSI 2h
(LiBi)p sM0O4 Dielectric RT-120 °C g = 33.7-37.1 ~88-89 [231]
250-350 MPa
20 min
Lig 5xBi1 — 0,5xM0xV1 —xO4 Dielectric N.A. N.A. N.A. [201]
(1-x)(LiBi)o 5 Dielectric RT-120 °C & ~ 10-40 > 85 [231]
MoO,4-xPTFE 250-350 MPa
20 min
Li,CO3 General N.A. N.A. N.A. [201]
LiCoPOy4 Energy storage N.A. N.A. N.A. [201]
LiFePO4-CNF Energy storage 180 °C VC = 373 mAh/cm? ~70 [220]
240 MPa @ 0.1C (discharge rate)
10 min

(continued on next page)
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Table 3 (continued)

Materials Application Processing Properties Relative density (%) Ref.
conditions
LiFePO4-PVDF-C Energy storage 240 °C VC ~ 340 mAh/cm® ~89 [219]
30-750 MPa @ 0.03-0.1C
30 min
Li,Mg3TiOg Dielectric 180 °C g = 15.51-15.68 after HT @ ~90 [234]
300 MPa 800-950 °C
1h
Li;M0oO4 Dielectric 120 °C g = 5.6 ~96 [231]
37-74 MPa
15-20 min
Li,MoO4-PTFE Dielectric 120 °C e = 5.8-2.9 > 90 [231]
37-74 MPa
15-20 min
Li;M00O4-BaFe;5049 Dielectric 120 °C e, = 5.6-5.8 94-97 [235]
55-70 MPa
10-40 min
LiVOs Energy storage N.A. N.A. N.A. [201]
Lio,WO4 Catalyst N.A. N.A. N.A. [201]
MgO General N.A. N.A. N.A. [201]
Mg2P>0;, Biological N.A. N.A. N.A. [201]
MnO General 100-300 °C N.A. 94 [207]
530 MPa
30-60 min
MoO3 Dielectric 120-150 °C g = 9.91 after HT @ 700 °C 77 [201,236]
100-150 MPa
10-30 min
MoS,-Graphite Energy storage 140 °C SC = 950 mAh/g at 0.1 A/g 88 [237]
520 MPa
1h
Nag 5Big.sM0O4-LioM0O,4 Dielectric 150 °C e, ~ 17.4, tand = 0.0008 ~93-96 [238]
200 MPa
30 min
Nag 5BigsTiO3 Piezoelectric 180 °C e, = 681, tand = 0.08 74 [239]
200-550 MPa at RT d33 = 52.5 pC/N after HT @
15-75 min 900 °C
NaCl General 25-120 °C e ~ 5.9 ~93-99 [240]
300 MPa
10 min
Na,C0,04 Thermoelectric  N.A. N.A. N.A. [201]
Naz 256Mg0.128211 87251,P01 2 Energy storage 120-180 °C A ~1.4 x 1072 S/cm ~83 [241]
300-780 MPa A; = 0.88 mS/cm after HT @ 1100 °C
10-120 min
Nas 4S¢g 4217 6Si,PO1 2 - 250 °C A = 107°-10~2 S/cm after HT @ ~82 [242]
300 MPa 200-1100 °C
10 min
Na,;Mo,0, Dielectric 120 °C e = 13.4 ~94 [231]
250-350 MPa
15-20 min
NaNbO3-PVDF Energy storage 180 °C Ep, = 1345 kV/cm ~97 [243]
550 MPa
10 min
NaNO, Ferroelectric N.A. N.A. 98 [60]
NaNO;3-Ca(OH), Energy storage 120 °C 0. ~ 20-120 MPa N.A. [244]
500 MPa Ees = 59.48%
10 min
Na,WO, Catalyst N.A. N.A. N.A. [201]
Na,ZrOs; Electrical N.A. N.A. N.A. [201]
PbTe Thermoelectric N.A. N.A. N.A. [201]
Pb(Zr,Ti)O3 Ferroelectric 300 °C ds3; = 4 pC/N @ CSP 89 [214]
500 MPa dss; = 197 pC/N @ 900 °C for 3 h
150 min
SnO Electrical 70-265 °C A = 0.01-0.02 S/cm ~85 [245]
350 MPa
45 min
SrTiO3 Ferroelectric 180 °C N.A. ~96-97 after [215]
<750 MPa HT = 950 °C
60 min
TiO, General 150 °C SSA = 117 m2/g 68 [246]
250-500 MPa
30 min
V503 Electrical N.A. N.A. N.A. [201]
V505 Electrical 120 °C A =48 x 107%S/cm 90.2 [201,247]
350 MPa E, ~ 0.25 eV
20 min

(continued on next page)
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Materials Application Processing Properties Relative density (%) Ref.
conditions
V,05-CNF Electrical 120 °C A = 10-10% S/cm ~89 [248]
350 MPa VC = 800 mAh/cm® @ ~0.2C-Rate
20 min
V,05-PEDOT-PSS Electrical 120-140 °C A =107°-10"%S/cm ~90 [249,250]
300-350 MPa E, ~ 0.2eV
20-45 min p = 6.34 Qm
WO;3 Electrical N.A. N.A. N.A. [201]
ZnMoO, Electrical N.A. N.A. N.A. [201]
ZnO Thermoelectric  25-305 °C A =12S/cm ~65-99 [205,207,218,251-253]
0-530 MPa 0o ~ 64.4 MPa
5-300 min m = 8.2
ZnO-TizCyTy Electrical 300 °C Hv ~ 2-5 GPa 92-98 [254]
250 MPa E ~ 60-110 GPa
60 min A =16 S/cm
ZnO-PTFE Electrical 285 °C a =37 > 90 [255]
300 MPa Ep, < 3225 V/mm
60 min E, ~08eV
ZnTe Electrical N.A. N.A. N.A. [201]
ZrF, Optical N.A. N.A. N.A. [201]
ZrO, General 180 °C Hv = 0.5 GPa @ CSP ~56-96 [209-211]
350 MPa Hv = 13.6 GPa after HT @ 1200 °C
30-180 min

N.A.: Not available, HT: Heat treatment, &,: Relative permittivity, o.: Compressive strength E: Elastic modulus, A: DC conductivity, A;: Ionic conductivity, dss:
Piezoelectric coefficient, E,: Activation energy, Ep: Electrical breakdown field, VC: Volumetric capacity, Hv: Hardness, a: Nonlineer coefficient, SC: Specific ca-
pacity, p: Resistivity, Ees: Energy storage efficiency, m: Weibull modulus, 0y: Characteristic strength, *Calculated

enables to sinter materials having high vapor pressure, phase trans-
formation and/or high decomposition rate at sintering temperatures.
The driving force of HRS is primarily an exothermic chemical reaction
between metal particles and water as well as applied external pressure
which increases contact area relative to the cross-sectional area of the
metal particles. The liquid phase used for the production of the bulk
material is used as a reactant for the oxidation of metal instead of only a
mass transport media [53]. As a result of HRS the obtained sintered
bodies have fine grained uniform microstructure, high purity and
density. On the other hand, in some cases metal-hydride or oxide film
formation may retard the sintering, besides it necessitates a specific
instrument which clearly casts limitation on the sample size [69].
Moreover, there are uncertainties arising from lack of suffice informa-
tion related with the purity, size and shape of raw materials, the ratio of
metal to water, and other processing conditions (temperature, pressure,
time, etc.) [263]. It is also important to note that chemical reactions
occurring in HRS are exothermic processes: e.g. oxidation of metal, and
thus the actual process temperatures could be much higher than those
of the ones measured.

Broadly speaking, HHP is a more practical method to densify cera-
mics compared to HRS since the application parameters (T < 350 °C,
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P < 25MPa,t < 2h) are milder. A suspension of powder is uniaxially
consolidated in a heated pressing apparatus while the powder re-crys-
tallizes hydrothermally. Normally, the products have relative densities
(< 80%) [115], however, if the applied pressure is increased, e.g.
(> 80 MPa), highly dense (98.3%) materials can be obtained [158]. For
HHP, water is used as a transport media for species obtained by dis-
solving the raw powder. Successive re-crystallization in pore surfaces
proceeds concurrent consolidation under the applied pressure. In this
way, HHP is similar to pressure assisted techniques since they all re-
quire externally applied pressure and heat [201]. However similar to
HRS, it necessitates a specialized equipment to ensure hydrothermal
reaction conditions, limiting the sample size as well [61]. It should be
noted that not only the monolithic ceramics, glasses and ceramic-metal
composites were produced but also organic materials were processed by
HHP [264-267]. Besides, the efforts to address environmental problems
such as to recycling toxic and hazardous wastes or immobilization of
heavy metals and low/high-level radioactive materials [268,269].
While for HHP and HRS a special reaction chamber is needed, for other
low temperature densification methods, ordinary presses with heating
elements can be used.

As name implies, RTD was conducted only at RT, this imposed
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Fig. 9. Dielectric properties of BaTiO3 obtained from different conditions; (a) the sample made by using CS at 180 °C, (b) the same sample after annealing at 900 °C
(Reprinted with permission from [203,208]. Copyright (2016) American Chemical Society).
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Fig. 10. Warm press equipment; (a) die, (b) press device, and (c¢) hardened
bodies. (Reproduced from [259]).

higher pressure levels than CS and WP when the selected composition
has low solubility. In fact, for all RTD, CS and WP processes at least a
moderate solubility of the raw powder or high pressure levels to con-
solidate the green-body is needed.

In CS resistance jacket surrounding the reaction chamber was used
for heating, and compared to WP, similar temperature ranges but
higher pressure levels (< 1 GPa) were followed [201].

There are very limited published works in which a throughout
comparison of CS and Hydrothermal sintering/HHP is given [270], and
thus further studies are certainly required. Instrumental differences
should be stated first since as known the device used for CS is basically
as an ‘open reactor’ while HHP apparatus can be thought as a closed
system to ensure the hydrothermal reaction conditions which affect
densification rate and crystal growth. While both processes give similar
densification trends and relative density values, suggesting analogous
mechanical-chemical contributions, in the study to compare Hydro-
thermal sintering and CS of ZnO monoliths, the authors showed that
these two processes differ in their chemical activities [270]. In fact
under the same processing parameters (temperature, pressure, etc.), the
outcome from those two processes might be different. Furthermore,
highly congruent dissolution was found to be crucial for the high rate
solution-precipitation process. Incongruent or limited dissolution was
detrimental to obtain high density at low temperatures [215], and
therefore such components should be additionally heat treated at ele-
vated temperatures or similar strategy to rHLPD might be followed.

WP has great similarity with HHP and CS in terms of procedure
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[260]. Usually, it is operated with the help of a solution (solution-
precipitation assisting medium) at temperatures < 300 °C under a
constant uniaxial pressure (e.g. < 240 MPa) to densify the products.
The heat is conducted axially through pressing plates similar to the
direction of the applied pressure which is different for CS and HHP.
Therefore, homogeneous heat distribution across the sample should be
carefully regulated especially for thick components. While sample size
is still a relevant concern, all these processes can be effectively used to
produce porous ceramic and glass artifacts [246], or various composites
(polymer/metal/ceramic) [256] extending the utilization of the tech-
niques in wide range of application areas and industries.

The last method rHLPD is a reactive process in which the starting
solid and liquid reacts to form a new, higher volume crystalline pro-
duct. rHLPD enables densification in a hydrothermal reactor as a result
of reaction and crystallization events, i.e. no pressure is applied during
the process instead in all others there is an application of pressure
throughout densification. By separating consolidation from the hydro-
thermal reaction step, a wide range of conventional forming technology
can be used, allowing for great variety of shapes and sizes as well as
being more amenable to mass production. Because no pressure is ap-
plied and densification occurs by reactive crystallization, the process
does not induce shrinkage, so that large objects can be densified
without probable distortion or cracking. The limitation of rHLPD
system is based on the fact that there must be a net molar volume in-
crease for densification to occur. Besides, unless the starting green body
is made from a very fine or porous powder, it is hard to avoid composite
formation even with extended sintering periods, indicating a limited
application prospect when phase pure systems are considered.

It is worth mentioning that currently there are very few studies
performed to produce a monolith having similar chemical composition
by different low temperature densification approaches, and compare
the observed properties, the economic and environmental impacts (e.g.
carbon footprint) apart from a very recent works on comparison of CS
with traditional techniques [271], and on theoretical analysis of the
active mechanisms during cold sintering conducted both by isostatic or
uniaxial pressure [272,273]. A very recent study reported the proper-
ties of zinc oxide (ZnO) produced both by hydrothermal sintering and
the cold sintering [270]. CaCOj3 artifacts were produced via pressure
assisted techniques by two different groups. Yamasaki et al. [56] used
micron sized aragonite powder for HHP (< 300 °C & ~ 65 MPa pres-
sure) and demonstrated that the resulted tablets had 60 MPa com-
pressive strength. When chitosan was added to initial aragonite
powder, the strength was improved to ~ 160 MPa at around 90% re-
lative density [86]. Following these works, RTD was applied to con-
solidate nanosized vaterite under pressures below 800 MPa. Samples
with 87% relative density and compressive strength of 225 MPa were
obtained. Although there are dissimilarities in the obtained properties,
it is not easy to speculate on these results due to the discrepancies in the
reported characterization data.

Table 4
Materials produced by warm press, the processing conditions, some of the extracted properties and application areas.
Materials Application Processing conditions Properties Relative density (%) Ref.
CaCOs General 150-280 °C 0. ~ < 40 MPa ~87 [260]
240 MPa
10-180 min
Ca(OH), General 100-250 °C 0. ~ 20-57 MPa 59-81 [258]
60-240 MPa
10-180 min
Geopolymer General 130-280 °C 0. ~ 20-150 MPa N.A. [59,259]
200 MPa
10-60 min
Geopolymer-SiC General 130 °C 0. ~ 10-75 MPa ~72-80 [261]
240 MPa
30 min

N.A.: Not available, o.: Compressive strength.
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Fig. 11. SEM images obtained from; (a) CaCO3 raw powder, and fracture surfaces obtained from the samples produced by warm press conducted at (b) 150 °C, and
(c) at 280 °C (Reprinted from [260], Copyright (2017), with permission from Elsevier).

Dry porous preform  Solution infiltrated preform  Final densified solid

Fig. 12. Schematic representation of the reactive hydrothermal liquid phase
densification process (Reproduced from [61], with permission from John Wiley
and Sons, Copyright 2016).

4. Concluding remarks

Currently available low temperature densification (LTD) methods
were classified into four main groups: (i) hydrothermal reaction sin-
tering (HRS), (ii) hydrothermal hot pressing (HHP), (iii) pressure-as-
sisted densification techniques: room-temperature densification (RTD),
cold sintering (CS), warm press (WP), and finally (iv) reactive hydro-
thermal liquid phase densification (rHLPD). The densification me-
chanisms of these methods still have not been completely analyzed yet.

Aforementioned techniques are commonly assisted by an aqueous so-
lution used as either reactant or transient liquid phase to assist densi-
fication. Another most notable similarity in HHP, RTD, CS, WP and
rHLPD is that they all involve series of solution-precipitation events,
throughout densification. All these methods take place at relatively
lower temperatures and higher pressures compared to those for con-
ventional sintering (excluding pressure assisted ones).

It should be recalled that currently there are very limited studies
performed to compare the properties of a same-single component
(preferably having similar relative density, grain size, etc.) produced by
using all currently known low temperature densification approaches,
yet. When the compositions given in the tables are analyzed, it can be
seen that, in general, oxides (mostly to be used as electro-ceramics)
were produced under such low temperature and mild/high pressure
levels, and therefore further studies are still necessary to explore novel
methods and/or compositions such as carbides. Furthermore, the im-
plementation of these low temperature densification processes as in-
dustrial manufacturing technologies poses challenges to ceramic in-
dustry using conventional sintering since new instruments are needed
to be installed.
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