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The cold sintering process (CSP) is a technique that enables densification of ceramics and composites at extremely
low temperatures (T < 400 °C) with the application of a uniaxial pressure and a transient solvent. At the labo-
ratory scale, comparing direct sintering methods relative to CSP evidences that the latter could enable a sus-
tainable eco-manufacturing path with considerable energy and emission savings, as well as fast processing times.
Thus far, cold sintering has been applied to different materials, compounds, solid solutions, and functional

composites, pointing to multiple future opportunities. This paper summarizes some of the transient phase se-
lections, different chemical approaches and subtle chemical reactions with the powders which can be used to
drive the cold sintering processes in many important ceramics and composites. In doing so, this paper highlights
some of the reasons why the fundamental understanding of CSP mechanisms remains challenging, but classifi-
cation of the pathways as outlined here should aid progress towards a more comprehensive understanding.

1. Introduction

The use of solvents and uniaxial pressure to densify inorganic mate-
rials was first demonstrated by Della M. Roy et al. in the early 1970’s to
fabricate cement pastes with excellent mechanical properties. Heat and
pressure were used to control the porosity and accommodate volume
changes occurring during the cement hydration [1,2]. Within the same
decade, advances in hydrothermal processing were carried out by S.
Somiya et al. to densify oxides through a reactive approach from metal
powders at temperatures below 1000 °C [3,4]. In the 1980’s, N. Yama-
saki, K. Yanagisawa et al. developed an apparatus for “hydrothermal hot
pressing” combining the two previous approaches, based on the uniaxial
pressure of a mixture of powder and an aqueous solutions in a system
sealed with PTFE (Teflon™) gaskets [5]. This technique led to the sin-
tering of several oxides through a dissolution-precipitation mechanism,
as stated by authors [6-10]. As the technique was limited in terms of
relative densities achieved, a high-performance “solvo-/hydrothermal
sintering” apparatus was designed by Goglio et al. to reach higher tem-
peratures and pressures without damaging the Teflon™ gaskets while

maintaining the hermetic sealing of the system [11,12]. These im-
provements led to the fabrication of high density SiO2, SiO»-based
composites [13-15] and metal composites [16] through mecha
nical-chemical effects in synergy with chemical effects [12,13]. Riman
et al. developed the " Reactive Hydrothermal Liquid Phase Densification”
(rHLPD) for the reactive crystallization and densification of materials
[17]. In this process, a porous preform is infiltrated with precursors then
exposed to mild isostatic pressures and temperatures to drive hydro-
thermal reactions between the preform and precursors [18,19].

There is now growing interest in the cold sintering process (CSP) [20,
21], a low temperature and energy efficient [22] sintering technique
based on the uniaxial pressure of a powder mixed with a solvent in the
presence of moderate heat. The densification is mainly driven by a
pressure solution creep mechanism [23-25]. So far, several approaches
have been used to cold sinter at least a hundred of ceramics and com-
posites in both bulk form and with a multilayer structure [26-29]. The
successful densification of these materials in a single step at temperatures
which are a fraction of the conventional sintering temperature is
contingent on the proper selection of transient phase chemistry. There
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are limited experimental resources and instrumentation available to
predict or enable in situ investigations of chemical reactions within the
cold sintering processing conditions. Despite such limitations, the role of
chemistry in cold sintering has become undeniably apparent in both
solvent selection and the proposed CSP mechanisms. In this paper, we
summarize the main pathways and chemical insights that have been used
to cold sinter most of the ceramics and composites. Based on several
experimental investigation of distinct materials systems, we highlight the
current understanding of CSP, as well as limitations and challenges that
still need to be addressed.

2. General considerations for CSP
2.1. Cold sintering protocols

For each sample a powder and a transient liquid were manually mixed
with an agate mortar and pestle for 2-5 min. The mixture was then
poured into a 12.6 or 13 mm diameter stainless steel die and uniaxially
pressed using a Carver Model M press or a device composed of a) an
ENERPAC press able to automatically maintain the pressure constant
with the help of an electric hydraulic pump, b) a dilatometer with a
Keyence GT2-H32 Digital Contact Sensor [30]. The mixture was first
pressed under the sintering pressure at room temperature for 10 min to
allow further particle rearrangement [31], then the temperature was
increased to the sintering temperature with a 20 °C min™! average heating
rate. The mixture was then maintained in the die at sintering temperature
for a certain time and the pressure was manually or automatically
readjusted when shrinkage was observed. The sintering conditions of
materials presented in this paper are summarized in Supplementary Data,
Table S1.

2.2. Cold sintering mechanisms

2.2.1. Mechano-chemical effects

Densification with CSP is mainly based on pressure solution mecha-
nism, often encountered in geoscience [25,32]. This mechanism is driven
by chemical potential gradients from highly constrained areas with
enhanced dissolution and high chemical potential to low constrained
areas at particle surfaces with a lower chemical potential, through
atomically thin liquid film at the contacting particle surfaces. A discus-
sion of the thermodynamic principles governing pressure solution in cold
sintering is made in section I1.2.3. The pressure solution is conceptually
similar to Coble and Nabarro-Herring creep laws which are driven by
grain boundary and intragranular diffusion, respectively [25,32]. How-
ever, pressure solution creep occurs at much lower temperatures than
these two other mechanisms owing to the diminished activation energy
of diffusion lower in liquids and at surfaces relative to bulk diffusion in
solids.

2.2.2. Chemical effects

Dynamic chemical interactions between the liquid solvent and the
surface of the inorganic materials drives dissolution and can be enabled
in variety of ways including chelating, dehydration and cluster formation
reactions. It is difficult to observe or predict the details of these
nonequilibrium interactions experimentally, but the reactive force field
(ReaxFF) molecular dynamics technique has proven very useful in
gaining theoretical insight into these dynamic interactions [33-35]. The
observation of highly defective grain boundaries, which reduce the
activation energy for atomic diffusion by Gonzalez-Julian et al. [36] and
the formation of bonds between adjacent particles by Shen [37] and
Goglio et al. [13] have also been reported as evidence for the procession
of the aforementioned chemical effects occurring during CSP.

2.2.3. Challenges in the fundamental investigation of CSP
Pressure solution creep has been recognized as a rock deformation
mechanism in the geologic literature since its introduction by Henry B.
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Sorby in the 1860’s [38]. Despite knowledge of the major steps charac-
terizing pressure solution creep and observations of this mechanism in
geologic studies, details of it thermodynamics and kinetics are not yet
fully understood and have been intensively debated for over a century by
geologists, and largely ignored in the field of material science [39]. A
detailed discussion of the contending explanations of pressure solution
creep is beyond the scope of this paper, but interested readers should
refer to a recent comprehensive historical review of the process by
Gratier et al. [25] (specifically, section 3.4.). In CSP, the pressure solution
creep mechanism occurs due to the application of uniaxial pressure upon
a solid in the presence of a fluid in an open system. The process is thus
governed by the non-equilibrium thermodynamics of locally-controlled
solid-fluid interface-coupled dissolution-precipitation mechanisms
within confined spaces; but also by the thermodynamics of
non-hydrostatically stressed solids, as defined by the Gibbs-Kamb theory
[40]. Shimizu showed that hydrostatic pressure does not affect the entire
process of dissolution-mass transport-precipitation, therefore excluding
it from possible causes of pressure solution creep [39]. The driving force
of pressure solution creep is thus not “pressure” [41], but rather the stress
gradients in the solids, manifested by the difference in chemical poten-
tials across solid-fluid boundaries [39]. The application of the afore-
mentioned non-equilibrium thermodynamic principles applied to open
systems remains a largely open question, so the extension of such prin-
ciples in the search of a fundamental understanding of CSP is similarly
unresolved. There are also experimental challenges to fundamentally
investigate CSP as there is a lack of in situ characterization techniques
that can operate under the applied processing conditions. For example, it
is only recently that localized solid-fluid interface-coupled dissolu
tion-precipitation reactions have been monitored in situ using atomic
force microscopy (AFM) [42,43]. To extend such techniques to CSP, in-
struments would need to be developed to allow for such measurements
under a load with an evaporating solvent.

2.2.4. Contrast with Kingery’s pressure-assisted sintering in the presence of a
liquid phase

As previously stated, pressure solution creep is conceptually similar to
Coble and Nabarro-Herring creep laws but occurs at lower temperatures
due to the presence of a liquid phase. Kingery et al. [44] studied the
effects of applied pressure on densification during sintering in the pres-
ence of a liquid phase on a macroscopic scale. The main mechanism
described for this type of system is the solution-precipitation, with the
rate of densification given by Equation (1):
Al 14v_ {3 ko D,.CoV (2y,v . P)} ®
lo 3 Vo rRT klr

®

where Al/ly: time-dependent fractional linear shrinkage (often called
strain (¢) in several references), Av/vy: fractional volume shrinkage, k;
and ky are geometrical constants, &: thickness of liquid film between solid
grains, Dy: diffusion coefficient in liquid, Cp: solubility of solid in liquid,
Vo: molar volume of dissolving material, y;, : liquid-vapor surface energy,
r: initial particle radius, R: gas constant, T: absolute temperature and P:
applied pressure.

Based on experimental measurements, Kingery et al. [44] have shown
that the applied pressure in the presence of a liquid phase could be
effective by increasing the extent and rate of particle rearrangement,
increasing the rate of dissolution of solution at points of particle contact,
and causing plastic flow within solid particles.

Kingery’s model does not explicitly build upon the thermodynamic
models previously discussed and therefore cannot be confidently used for
pressure solution creep-driven systems. In order to describe macroscopic
deformation occurring during the pressure solution creep of quartz in the
presence of water, Shimizu used chemical potentials defined by non-
hydrostatic and non-equilibrium thermodynamics to estimate the strain
rate (¢) during the process [39]. Two distinct scenarios were distin-
guished: (a) the diffusion coefficient in the water film between two grains
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is small. Two distinct scenarios were distinguished: (a) the diffusion
coefficient in the water film between two grains is small. In this case,
pressure solution creep is diffusion-controlled, as the strain rate is
inversely proportional to & (Equation (2)), where d is the diameter of the
grains and (b) the diffusion coefficient in the water film is large, in which
case the pressure solution creep process is reaction-controlled and the
strain rate is inversely proportional to d (Equation (3)).

2
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where a: shape factor (o ~ 16) depending on grain shape and grain
distribution, f§ : shape factor depending on the roughness of the interface
( ~ 2 for a smooth and $ > 2 for a rough interface), v : molar volume, D:
grain boundary diffusion coefficient, d: diameter of grains, w: grain
boundary width, K: equilibrium constant, k, : rate constant of dissolu-
tion, R: gas constant, T: absolute temperature and o: deviatoric stress.

The nature of chemical interactions at these interfaces, with tem-
perature, local stress gradients, and particle sizes then have a direct
impact on the dissolution rate equations. Strain rates during pressure
solution evolve with the grain boundary width, in relation with the
evolutive amount of solvent at grain boundaries during the process. High
strain rates, showing rapid pressure solution, are observed in early stages
when w is high.

2.2.5. Pathways towards densification

Different pathways towards single step densification using cold sin-
tering are summarized in Fig. 1. The “material” parameters are determined
by physico-chemical characteristics of the initial powder such as the
chemical composition including surface chemistry, crystal structure, par-
ticle size, and their particle size distribution. Solvent selection is a critical
step to successfully perform single step densification of materials by cold
sintering. In applying cold sintering to a variety of material systems,
empirically-chosen solvents ranging from aqueous, low boiling point non-
aqueous, and low melting temperature molten hydroxides/salts have been
employed, based on general chemical solubility principles. The proper
solvent enables chemical interactions with the powder under appropriate
processing conditions (heating and cooling ramp rates, temperature,

Materials

Solvents
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Depending on the chemistry of the particle-solvent interaction, either
congruent or incongruent dissolution of the surface can occur:

- Congruent dissolution: Cold sintering proceeds unabated, as the ma-
terial dissolves into the solvent with a homogeneous chemical stoi-
chiometry prior to mass transport and precipitation.

Incongruent dissolution: Cold sintering is impeded as ions with higher
dissolution kinetics are leached out before ions with slower dissolu-
tion kinetics. As a result, particle surfaces become passivated which
separates the solvent and the crystalline phase, often hindering
densification. The degree and nature of the barriers to CSP under
incongruently dissolving conditions may depend on a number of
factors such as type of anionic ligands, crystal structures of the solid
surface, and bond energies. One of the strategies used to address
incongruent dissolution is the use of a solvent saturated with the same
ions which are preferentially leached [45]. This reduces the kinetics
of dissolution of the preferentially leached ion into the solution, while
not greatly affecting the dissolution of the other constituent ions, thus
mitigating the surface passivation process and allowing CSP to
proceed.

In one of the initial studies of cold sintering, Guo et al. [26] observed
amorphous/glassy phases precipitated at grain boundaries following a
rapid evaporation, kinetically limiting the crystallization. In such cases
these amorphous/glassy phases could be crystallized by using an
annealing step. It has been recently shown that annealing can be avoided
by the use of more chemically active solvents, such as molten hydroxides
and salts [46-48].

3. Chemical pathways in CSP

Here, the different experimentally-observed scenarios which result in
dense compounds by CSP are classified and summarized. These scenarios
can be applied to both binary and multi-element compounds [27]. Sol-
vent selection is a determining step as it activates cold sintering mech-
anisms and therefore densification at low temperatures, thanks to
chemical reactivity.

3.1. Choice of solvent

As described in a provisional CSP patent [49], several solvents such as
organic alcohols, ketones, esters, water and/or mixtures can be used to

Processing parameters

pressure, and dwell time) which then activates the densification.
Composition
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Crystal structure

Particle size & size distribution
_ Surface functionalization
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Fig. 1. Schematic diagram showing (a) the key parameters to be considered for cold sintering and (b) the different pathways necessary to optimize a single step

densification with cold sintering upon the nature of the dissolution step.
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densify materials at low temperature. The pH of an aqueous solvent may
be modified by the introduction of additives to promote the dissolution of
the target compound. Several polar (¢’ > 50) and semi-polar solvents (20
> ¢’ > 50) (Fig. 2) have been employed in cold sintering as a high relative
permittivity of the liquid phase promotes the dissolution of inorganic
compounds. The boiling point of the solvent should also be considered, as
this property must be within the attainable temperature window of the
cold sintering apparatus.

Other types of solvents such as deep eutectic solvents [50-52], molten
salts and hydroxides [53], in which many oxides and refractory metals
are soluble, can also be used. These solvents do not boil off, but rather
melt during cold sintering and are expelled as the material densifies due
to the open nature of the process. Funahashi et al. [54] recently
demonstrated that chelating agents in the form of metal-acetylacetonates
can be used in CSP of spinels.

3.2. Different chemical pathways

In cold sintering, there are diverse pathways to obtain dense materials
(Fig. 3). In the first pathway, which is the most commonly used, a
compound A leads to the same compound A (A — A) as the initial powder
and the final material are of the same composition and crystallographic
phase. Alternatively, there is a pathway where a compound A leads to a
compound B (A — B), where the final material has a different chemical
composition or crystallographic phase than the initial powder. Finally,
there exists the possibility for A + B — C, which is a reactive route, where
a mixture of compounds A and B can whether lead to a chemical doping
or to a new compound after CSP.

3.2.1. Pathway A —» A

To date, cold sintering following pathway A — A has been most
commonly demonstrated. The initial powder has the same chemical
composition and crystallographic phase as the densified material. Here,
we show examples of single step densification of various ceramics as well
as templated grain growth with a CSP step.

3.2.1.1. Single step densification. Single step densification of ceramics at
low temperature is possible when the appropriate transient liquid and
optimum sintering conditions are selected. Here, examples of the densi-
fication of several materials systems such as ZnO, BaTiOs, Fe3O4 or fer-
rites using different solvents are described in order to provide insight into
the chemical approaches used for solvent selection.

C

200- \;I;

‘2 N-methylformamide
150 ki
2
_ 5
[ =
100+ ¢
¥ water formamide
[ ¥
50 formicacid ¢ <
A= - ’ 5 3 _;.\
o @A
E E‘x /’J‘"‘ % -
E é ¢ acetonitrile S dimethylsulfoxide
A dimethylformamide

0

50 100 150 200 250
Boiling temperature (°C)

Fig. 2. Selected examples of polar and semi-polar solvents used in cold in cold
sintering, with their relative permittivity (¢') and boiling temperature.
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e Zinc oxide (ZnO) is mainly known as a n-type semiconductor with
high electron mobility, thermal conductivity and controllable elec-
trical conductivity [55]. The CSP of ZnO with acetic acid aqueous
solutions or with a liquid comprised of dissolved zinc acetate [56]
have been extensively studied after the first demonstration by Funa-
hashi et al. [57] The chemical effects driving densification in this
system were studied by Sengul et al. [33-35], using ReaxFF, a reactive
molecular dynamics method, as there are currently no equipment
available for their thorough experimental in situ investigation.

Here, we show the difference between CSP of ZnO using two different
transient liquids: water and an acetic acid aqueous solution. In CSP
conditions, interactions between acetic acid and a ZnO surface lead to
dynamic chelating reactions to form zinc acetate hydrate species (Fig. 4c)
at particle/particle contact points during dissolution. Dissolved species
are transported as a result of chemical potential gradients in the system,
then precipitate and crystallize in less stressed surfaces after being
decomposed during dynamic ZnO surface/acetate interactions. At a
molecular level, the decomposition reaction starts with a nucleophilic
attack of oxygen to methyl carbon, resulting in the formation of carbon
dioxide (CO3) and formaldehyde (CH,OH) molecules [33]. When water
is used as a transient liquid, ReaxFF molecular dynamic simulations
highlight that Zn?" - 4H,0 and Zn(OH), - 2H,O species are formed in
CSP conditions (Fig. 4a-b), from first and second-order hydrolysis re-
actions [58], respectively. Although these species may decompose more
easily compared to acetates upon interaction with the ZnO surfaces, it
was recently shown by Bang et al. that linear shrinkage in the ZnO/water
system is less important than in the ZnO/2 M acetic acid system (Fig. 4d)
[59] and does not lead to densification [57]. At constant size, ZnO par-
ticles have a lower solubility in pure water than in acetic acid. As a result,
there is a low concentration of species available to effectively drive
densification via a pressure solution mechanism. This shows the impor-
tance of both the concentration of species obtained during the dissolution
step and their nature, which have a major influence on their ability to
decompose, precipitate and recrystallize on oxide surfaces.

e Barium titanate (BaTiO3), a high permittivity dielectric widely used
to fabricate capacitors has been extensively investigated by cold
sintering [23,45]. Early investigations on the CSP of BaTiO3 have
shown that the use of water, aqueous solutions or suspensions result
in a ceramic that requires annealing at high temperatures (700-900
°C) to have both a high relative density and high performance
dielectric properties. Guo et al. reasoned that the necessity of an
annealing step was as a consequence of the presence of a Ba-carbonate
amorphous layer at grain boundaries, which lowered the dielectric
permittivity of bulk ceramics [23]. Here, different alkali solutions and
fluxes are used as examples to highlight important factors to consider
for the densification of BaTiOs. In Fig. 5a, we show the CSP of BaTiO3
with a NaOH flux at 240 °C (a T < T,, NaOH = 318 °C, T;;: melting
temperature), 240 MPa and 60 min, as well as the dinfluence of water
addition on densification (see detailed conditions in Supplementary
Data, Figure S 1). In the applied sintering conditions, BaTiOs has a
relative density of 81.4% when no water is added. Alkali hydroxides
have a high viscosity below their melting temperature, [60] which
can affect the mass transport although the chemical reactivity at in-
terfaces may be high enough to locally dissolve BaTiOs surface. The
addition of small amounts of water, 3 and 5 pL, are shown to be
beneficial to densification, as the relative density increases to 82.7
and 85.7%, respectively. This observation allows us to hypothesize
that these small amounts of added water are within the range to
maintain the chemical reactivity of NaOH to activate the dissolution
process at contact points between particles, thus enabling the pres-
sure solution creep mechanism. Furthermore, the viscosity of the
transient flux might be decreased, which would therefore increase the
diffusion of dissolved species [61].
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Fig. 4. (a—c) Visualization of ReaxFF simulations that show the Zn?" speciation in solution. The chemical environment of Zn?* can be different depending on the
chemical conditions. At the ZnO/water interface, we can observe (a) Zn?" surrounded by four water molecules (Zn** - 4H,0) and (b) Zn?* ion surrounded by two
water molecules and two hydroxides Zn(OH), - H,O. At the ZnO/acetate interface, we can observe (c) Zn?* connected to two acetate ions and one water molecule
(Zn(CH5COs), - H>0. Key: Zn?* in solution phase (green); Oxygen (red); Hydrogen (white); Surface Zinc (grey); Carbon (cyan). Background atoms are lighter colored
to increase visibility. (d) Linear shrinkage dependence on the transient liquid in the anisothermal regime [59]. (For interpretation of the references to color in this
figure legend, the reader is referred to the Web version of this article.)

The addition of more water (>5 pL) in the system leads to a gradual
decrease in relative density (Fig. 5a). The chemical reactivity of NaOH in
relation to the BaTiOs surface may be affected by the excess water,
therefore less dissolved species are available for mass transport although

their diffusion is favored.

To further understand the intrinsic effect of added water in the cold
sintering of BaTiO3 when molten alkali fluxes are used as the transient
liquid, ReaxFF simulations were conducted on systems composed of
BaTiO3 and NaOH-KOH eutectic composition in the presence and

absence of added water. The ReaxFF simulations are conducted at a
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Fig. 5. (a) Influence of the amount of added water on the relative density of
BaTiO3 cold sintered at 240 °C, 240 MPa and 60 min with NaOH as a transient
liquid. (b) Snapshot for NaOH-KOH aqueous solution and (c¢) NaOH-KOH
eutectic flux obtained as a result of ReaxFF molecular dynamics simulations.
Key: Barium (light blue); Titanium (green); Potassium (purple); Sodium (blue);
Oxygen atoms (red); Hydrogen atoms (white). Water molecules, potassium and
sodium ions that are not of interest are lighter colored. The same colorization is
used for all images. (For interpretation of the references to color in this figure
legend, the reader is referred to the Web version of this article.)

temperature of 300 °C and a pressure of 500 MPa, and the simulated
BaTiOs interfaces involve TiO5 and BaO surface terminations (see Sup-
plementary Data, Procedure SP1 for the details of simulations). Our
ReaxFF molecular dynamics results demonstrate a difference in dissolu-
tion mechanisms between flux conditions with and without added water
(Fig. 5b and c). The presence of water in the system resulted in the
incongruent dissolution of Ba?* into the solvent phase (Fig. 5b). This
behavior was reported before [62] and therefore expected.

However, according to our simulations, such dissolution mechanism
is prevented when there is no extensive water in the system (Fig. 5b),
which may confirm congruent dissolution assumptions by Tsuji et al.
[46] in a similar experimental system. One of the reasons why incon-
gruent dissolution is prevented in the BaTiOs/molten hydroxide system

Open Ceramics 2 (2020) 100019

is correlated with interactions of sodium and potassium ions with the
BaTiO3 surface. Our simulations show that they tend to be adsorbed on
Ba site on TiO, terminated surface while adsorbed on Ti sites on BaO
terminated surface. A more detailed investigation of the adsorption
mechanism in the BaTiO3-NaOH-KOH interface will be presented in a
separate study.

Furthermore, when excess water is present in the system, the reac-
tivity of the surface changes due to a strongly adsorbed water layer on the
BaTiO3 surface (Supplementary Data, Figure S 2). This layer creates a
barrier for interactions between alkali ions and the BaTiOs3 surface,
preventing sufficient congruent dissolution in the system to drive
densification.

We should note that the presence of limited amounts of water in the
system does not create a dramatic effect on the reactivity of the surface;
in contrast, a small amount of water is produced by the oxolation re-
actions between NaOH and KOH molten salts and is a part of chemistry in
this interface. When flux systems are used, finding the right balance
between their chemical reactivity to sufficiently dissolve oxide surfaces
and their viscosity to facilitate the mass transport of dissolved species is
important to densify ceramics.

e Magnetite (Fe30,4) is an important material for both applied tech-
nologies and basic science. Fe304 with a spinel structure is mainly
investigated for applications such as biomedicine [63], catalysis [64],
environmental remediation [64,65] and data storage [66] among
others; whether as nanoparticles, bulk materials or both. The CSP of
Fe304 was investigated using two types of transient liquids: Ethyl-
enediaminetetraacetic acid (EDTA) and deep eutectic solvents.

Ethylenediaminetetraacetic acid (EDTA) is one of the most commonly
used chelating reagent and organic acid to dissolve Fe3O4 [67,68], as it
adsorbs on Fe(II) and Fe(III) to form Fe-EDTA complexes. These types of
chelates can drive the chemical effects in cold sintering when a ligand
exchange is possible with the grain surface, with a low activation barrier.
The CSP of FegO4 with EDTA leads to an approximatively 80% dense
magnetite.

One of the strategies to increase of the relative density of this material
by CSP would be the use of chelating reagents that lead to coordination
complexes with stability constants lower than EDTA’s. In Table 1, Pyr-
azinecarboxylic acid, Methionine —-N, N- diacetic acid and Methyl-
enephosphonic acid would probably be better chelating reagents than
EDTA or 2, 3- butylenedinitrilotetraacetic acid to aid CSP, as their cor-
responding coordination complexes have smaller stability constants and
therefore low activation barriers for ligand exchange with oxide surfaces.
Investigations to verify this assumption will have to be conducted.

Other types of high polarity liquids, deep eutectic solvents (DESs),

Table 1

Stability constants (log K) of coordination complexes with Fe?* and Fe>" metal
ions (M) and different ligands (L), obtained from different equilibrium reactions
at constant ionic strength p (p = 0.1) and temperature T (T = 25 °C). For log K
values with *, p = 1.0. As an example, ML,/M.L? for Fe?* and Pyrazinecarboxylic
acid (CsH40,N5) would represent Fe?t+ 2C5H405N, — Fe(CsH402N5), [69].

Chelating reagent (L) Equilibrium Metal ion (M)
reaction and stability
constants (log K)
Ethylenediaminetetraacetic acid (EDTA) ML/M.L 1430  25.10
2, 3- butylenedinitrilotetraacetic acid ML/M.L 17.08  28.05
(C12H2008N>)
Pyrazinecarboxylic acid (CsH402N5) ML/M.L 4.10% 7.50*
MLy/M.L2 7.71*  10.40*
Methionine -N, N- diacetic acid MHL/M.HL 4.68 10.98
(CoH1506Ns) MHL/ML.H 9.02 3.18
Methylenephosphonic acid (Iminobis) MHL/M.LH 6.65 3.90

(C2HgO6NP2)




A. Ndayishimiye et al.

Table 2

Stability constants (log K) of coordination complexes with Ni**, Cu**" and Zn?*
metal ions (M) and different ligands (L), for different equilibrium reactions at
constant ionic strength p (p = 0.1) and temperature T (T = 25 °C). As an example,
MLy/M.L? for Ni** and Acetylacetone (CsHgO;) would represent Ni®*+
2CsHgO,— Ni(CsH;05), [69].

Ligand (L) of the coordination Equilibrium Metal ion (M) and
complex reaction stability constants (log K)
Acetylacetone (CsHgO2) ML/M.L 5.70 8.00 4.69
MLy/M.L2 1020 1470  8.10
L-2-Amino-3-(4-hydroxyphenyl) MHL/M.HL 5.07 7.85 4.22
propanoic acid (tyrosine)
(CoH1103N)
L-2, 5-Diaminopentanoic acid MHL/M.HL 4.60 7.36 3.75
(ornithine) (CsH;20,N5)
Pyrrole-2-carboxylic acid ML/M.L 1.40 1.79 -
(CsH1202N2)
Triethylenetetramine ML/M.L 13.80 20.05 12.00
Ethylenediaminetetraacetic acid ML/M.L 18.40 18.80 16.50
(EDTA)

have also been investigated for cold sintering. Deep eutectic solvents are
a class of ionic liquids obtained by depressing the glass transition of a salt
by complexing it with hydrogen bond donor molecules at the eutectic
molar ratio [50-52,70]. Metal oxides exhibit high solubility in deep
eutectic solvents composed of a 1:1 ratio between choline chloride (salt)
and malonic acid (hydrogen bond donor). This may originate from the
protons acting as good oxygen acceptors to enable the formation of
chlorometalate species [52]. When 10 wt% of this eutectic solvent is used
to cold sinter Fe304 under 320 MPa for 30 min, a microstructure with no
obvious pores, nanograins embedded in a matrix is observed when a
sintering temperature of 100 °C is applied (Fig. 6a). When the sintering
temperature is increased to 180 °C, a few pores start to appear in the
Fe304 microstructure (Fig. 6b). When two step sintering is applied under
320 MPa, with a first dwell at 100 °C for 30 min and a second one slightly
above the decomposition temperature of the eutectic liquid (Supple-
mentary Data, Figure S 4) at 300 °C for 60 min, a porous Fe3s04 ceramic
with a vermicular-type of microstructure is obtained (Fig. 6c). By
comparing Fe3O4 ceramics in Fig. 6a and c, differentiated by this addi-
tional heat treatment at 300 °C, we can assume that this last heating step
led to the decomposition of residual eutectic liquid that persist in the
Fe304 ceramic sintered at 100 °C (matrix in Fig. 6a). The use of eutectic
solvents is promising but requires further investigation to reach high
relative densities with a minimum of residual solvent.

e Ferrite spinels: Funahashi et al. [54] recently demonstrated that
chelates and a solvent can be directly mixed with a ceramic powder to
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aid in densification by CSP. High relative density spinels such as
Ni—Cu-Zn ferrites, Ni-Mn thermistors were obtained under 1 GPa at
300 °C using 10 wt % acetylacetonate and 10 wt % of water. The
authors highlighted an approximately 20% relative density difference
between ceramics obtained with this chelate solution and pure water
as transient liquid. They also pointed out that the use of an excess
amount of acetylacetone may prevent the important transient re-
actions and lead to low density materials. Resources in the literature
on this approach are currently limited to one patent application [71]
and one publication [54]. The densification of a broader group of
ceramics is currently under investigation using this densification
approach by “direct” precipitation of chemical species. As previously
discussed, coordination complexes with low stability constants may
be more efficient to aid CSP. Considering this assumption, chelates in
Table 2 such as tyrosinates, ornithinates and Pyrrole-2-carboxylic
acid-based complexes would be more efficient than acetylaceto-
nates to drive CSP as they have low stability constants. However, the
use of Triethylenetetramine or EDTA-based chelates with higher
stability constants would not be beneficial to CSP.

3.2.1.2. Influence of the starting powder: Example of templated grain growth
using cold sintering. The nature of the starting powder can affect the free-
energy landscape of a system during sintering. Here, we show an example
of templated grain growth using cold sintering. The starting powder used
is a composed of a BaTiO3 matrix powder and template particles (Figure S
3) (5 wt %), mixed with 10 wt% of NaOH-KOH as a transient flux prior to
applying different sintering conditions (see Supplementary Data, Pro-
cedure SP2 for detailed sintering protocols). The templated grain growth
observed after CSP followed by annealing and also conventional sintering
of the mixture is discussed.

For the as-cold sintered sample (Fig. 7a), a ceramic with large single
crystal grains (from the template) and a dense fine-grained poly-
crystalline matrix is obtained. No obvious lateral growth of the template
occurs, but there is a clear interface between the matrix and the template.
During CSP, in spite of the presence of highly reactive molten hydroxides,
the driving potential for mass transport is decreased from matrix grains to
templates as the surface energy of their face perpendicular to the c-axis
<001> is low [72]. Thicknesses of templates and grain sizes in the matrix
increase after annealing the as-cold sintered sample at 740 °C for 5 h
(Fig. 7b). On the one hand, grains in the matrix grow via classic
solid-state diffusion mechanisms probably enhanced by hydroxide traces
at grain boundaries; on the other hand, epitaxial nucleation of matrix
grains on BaTiOs templates help grow the latter. Knowing that the
as-cold sintered sample has a relative density of ~95% and therefore low
surface area, the further decrease in the Gibbs free-energy (Fig. 7e) is
driven by the variation of energy at BaTiO3/BaTiOs interfaces. This
shows that the as-cold sintered sample in this specific material system is

Fig. 6. SEM images of Fe304 cold sintered under 320 MPa with a deep eutectic solvent (Choline chloride: malonic acid, 1:1 ratio) and (a) 100 °C, 30 min, (b) 180 °C,

30 min and (c) 100 °C, 30 min - 300 °C, 60 min. Scale bar: 500 nm.
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Fig. 7. SEM images of BaTiO3 obtained by (a) CSP at 300 °C, 340 MPa and 5 h; CSP (300 °C, 340 MPa, 5 h) followed by annealing under air at (b) 740 °C and (c) 800
°C for 5 h. (d) SEM images of BaTiO3 obtained by conventional sintering at 800 °C for 5 h under air. (e) Free energy landscape of the system composed of a mixture of
BaTiO3 matrix powder and template powder during CSP followed by annealing and conventional sintering.

metastable, owing to its high energy grain boundaries. Further templated
grain growth takes place when the as-cold sintered sample is annealed at
800 °C for 5 h, with mechanisms similar to those previously discussed.
The final ceramic does not contain a significant number of small grains.

For the sample conventionally sintered at 800 °C for 5 h, a dense
ceramic is obtained with smaller and more randomly orientated grains
(Fig. 7d), compared to the cold sintered specimen annealed at 800 °C
(Fig. 7c). NaOH-KOH eutectic additives (10 wt%) in the starting BaTiO3
mixture remains liquid from 170 °C up to the used sintering temperature.
The presence of this liquid phase increases the kinetics of grain boundary
migration and the mechanism of crystal growth is based on dissolution of
the polycrystalline matrix grains and deposition in the lowest energy
surface in the system [73]. In conventional sintering, the free energy
barrier to sintering is surmounted thanks to high temperatures, which
also steadily lead the system to a minimum energy level (Fig. 7e).

3.2.2. Pathway A — B

In the pathway for densification A — B, the final material has a
different chemical composition or a crystallographic phase than the
initial powder or by allotropic change or by the formation of a new
compound.

3.2.2.1. Allotropic change. The cold sintering offers the possibility to
obtain dense ceramics through phase transition. As an example, a dense
a-quartz ceramics was obtained by cold sintering amorphous SiO2 pow-
ders with a 5 M NaOH solution, under 350 MPa and 270 °C [74]. The
sintering behavior of the system was composed of multiple steps (Fig. 8)
[74]: (a) the densification of an amorphous matrix, following a pressure
solution mechanism (Figs. 8, 12 min) (b) Na ions present in the material
depolymerization of the silica network to form a very compact and
metastable amorphous silica matrix (invert glass) that may be composed
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Fig. 8. Timely evolution of the relative density, microstructure and phase
during the CSP of amorphous SiO, with 5 M NaOH. SEM images and XRD
patterns of quenched samples are shown for sintering times of 12, 28 and 59
min. Scale bar: 1 pm.

of SiO4 tetrahedra and Si;O; dimers. a-quartz nuclei and nanocrystals are
embedded in the invert glass (Fig. 8, 28min) the depolymerization of the
Si-O-Si network in the matrix to form and the nucleation of a-quartz, (c)
and finally the abrupt growth of a-quartz crystals (Fig. 8, 59min) most
likely by particle attachment, a non-classical pathway for crystal growth
described by de Yoreo et al. [75].

Similar behaviors may be expected for a variety of amorphous ma-
terials that can undergo an important network depolymerization.

The phase transition of LiMoO4 from phenacite to spinel was shown
by Floyd et al. [30] The spinel, a high pressure phase, began to form less
than 10 min after the CSP of phenacite and 6 wt% of water at 120 °C and
700 MPa. This highlights the possibility of pressure-induced allotropic
change under the CSP.

3.2.2.2. Formation of a new compound. Dense ceramics can be obtained
by CSP using a “precursor” approach, where the starting powder loses
inorganic functional groups and/or chemisorbed water to form the most
thermodynamically stable oxide under the applied conditions. This
approach has also been used in spark plasma sintering by Elissalde et al.
[76] to sinter nanocrystalline ZrOy in a single step at 350 °C. The
densification of Fe;O3 with this approach was investigated by CSP. An
iron oxyhydroxide, goethite (a-FeOOH), was used as precursor. A salt,
Iron trichloride - FeCls (20 wt%), was used for densification of the
ceramic under 530 MPa, for 60 min and 180 min. The sintering tem-
perature of 310 °C was carefully chosen between the melting (306 °C)
and the decomposition temperature (316 °C) of FeCls. A relative density
of 97% (of the real density 5.14 g cm™>, measured by He pycnometry) was
obtained after 60 min of dwell time. The microstructure shows the
presence of both micron-sized and nanosized grains (Fig. 9 a). At higher
magnification (inset Fig. 9 a) one can distinguish ongoing Ostwald
ripening mechanism [77], where small grains are consumed by bigger
ones. EDS mapping (Fig. 9c-e) shows that the ceramic contains Fe and O
elements only. This is confirmed by the EDS spectrum (Fig. 9 f), which
also highlights that there are trace residue levels of chlorine (Cl) from the
FeCls salt. During the sintering, an important degassing phenomenon is
observed from 270 °C. At this temperature, a-FeOOH decomposes by
dehydroxylation as shown by thermogravimetric analysis available in the
literature [78,79]. The decomposition at this stage may lead to the for-
mation of a- FepOs3, a small amount of Fe3O4 and H,O. Then, HyO
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molecules released by dehydroxylation participate in the hydrolysis of
FeCls into form o- Fe;O3 [80,81], due to the presence of a- Fe;O3 seeds
from the first reaction. Indeed, Atkinson et al. [81] have shown that
without a- Fe3Og3 seeds, hydrolysis of FeCls leads to the formation of § -
FeOOH particles. These observations are consistent with XRD analyses
(Fig. 9 g), showing that besides the main phase a- Fe;O3, small amounts
of the precursor FeOOH and Fe304 impurities are detected.

The presence of the precursor after a 60 min dwell time confirms
ongoing reactions and the necessity of a longer reaction time. With an
180 min dwell time, a phase pure a- FepO3 ceramic (Fig. 9g) with a
microstructure consisting of few nanograins (Fig. 9b) is obtained. Larger
grains are obtained, probably via the previously observed Ostwald
ripening mechanism. The pure a- Fe;O3 ceramic has a relative density of
89%. These newly-generated pores may come from the volume change
(AV/Vy = -18.9%) occurring during the a- FeOOH (4.25 g em™) = a-
Fey03 (5.24 g em™®) transformation of the impurity.

3.2.3. Pathway A+ B — C

The pathway A + B — C or reactive cold sintering, takes place when a
mixture of precursors that can react together in cold sintering conditions
to yield a new material or a doped compound. This approach is inspired
by different low temperature reactive (a) synthesis techniques using
small amounts of solvents such as the water assisted solid-state reaction
[82-86], salt melt synthesis with their high reactivity [53] and (b)
densification techniques such as the reactive hydrothermal densification
[18].

3.2.3.1. Doping. The doping of ceramics can occur during cold sintering,
when optimum conditions are identified (T, P, t, liquid/flux). The dopant
precursor needs to be carefully chosen as it should dissociate under the
chosen processing conditions and react with the oxide before the pre-
cipitation step of pressure solution creep. There are not extensive in-
vestigations on this approach in the literature, however the doping
phenomena was experimentally observed for CeO; and BaTiO3. Here, we
briefly discuss about the doping of BaTiO3 using CSP.

Chemical doping of BaTiOs3 takes place when the selected transient
flux participates in the reaction before or during the precipitation step of
pressure solution creep. If we compare BaTiO3 ceramics cold sintered
under similar processing conditions and different fluxes: Ba(OH),-8H;0
and Sr(OH),-8H-0, the relative density is 95% and 92% of the theoretical
density of pure BaTiOs (6.03 g cm™), respectively. Dense and homoge-
neous microstructures, with multifaceted nanograins (Fig. 10 a and b)
and high phase purity (Fig. 10 c¢) are obtained in both cases. The for-
mation of a Ba;,Sr,TiO3 solid solution is confirmed by a decrease of the
Curie temperature (Fig. 10 c) and peak shifts in XRD patterns towards
higher angles (inset Fig. 10 c), as a result of a lattice contraction as Ba2*
ions (rgez- = 149 p.m.) are partially substituted by smaller cations (Sr>*
ions, rg2« = 132 p.m.). Fig. 10 d shows that the sintering temperature is
also a parameter to consider for the tuning and control of the substitution
level in the solid solution as it influences the reactivity of fluxes. This
promising approach needs to be thoroughly investigated as it may allow
to tune/enhance functional properties of ceramics densified in a single
step at record low temperatures.

3.2.3.2. Formation of a new compound. The reactive densification of
ceramics is commonly used through solid-state diffusion approaches [87,
88] or under hydrothermal conditions from a porous preform as
described by Riman et al. with the reactive hydrothermal liquid phase
densification (rLHPD) [18]. In cold sintering, this approach can be used
with a simple mixture of precursor powders and a solvent. Although
phase pure ceramics have not yet been achieved with this approach in a
single step, it is a promising route for the fabrication of dense and mul-
ticationic compounds. Here, an example of the reactive sintering using
CSP to obtain dense zinc ferrite (ZnFe;04) is demonstrated. A 2:1 M ratio
of goethite (a-FeOOH) and zinc hydroxide (Zn(OH),) were mixed prior to
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Fig. 9. SEM image of the ceramic resulting from the CSP of a-FeOOH with 20 wt% of molten FeCls, under 530 MPa, at 310 °C and for (a) 60 min at low and high
magnification (inset); the green arrows highlight features of an ongoing Ostwald ripening mechanism; (b) 180 min. (c-f) EDS analysis of the a-FeOOH ceramic cold
sintered for 60 min, with simultaneous acquisition of: (c) Secondary electron (SE) image and elemental maps of (d) iron (Fe), (e) oxygen (O) and (f) EDS spectrum. (g)
X-Ray diffraction (XRD) patterns of a-FeOOH cold sintered for 60 and 180 min. (For interpretation of the references to color in this figure legend, the reader is referred

to the Web version of this article.)

sintering using 10 vol% of a NaOH-KOH eutectic flux. An almost fully
dense ceramic, (~97% of relative density) with multifaceted
sub-micrometer grains (Fig. 11a) was obtained at 395 °C and 530 MPa.
The obtained ceramic is in fact a composite with ZnFe,O4 as main phase
(Phase volume fraction of 41.0%, approximated with the software Jade -
Supplementary Data, Figure S 5) and ZnO (28%), Fe3O3 (20%), Fe3O4
(12%) as secondary phases (Fig. 11e).

Kleshchev et al. synthesized pure ZnFe;04 particles by hydrothermal
method with similar precursors (a-FeOOH and Zn(OH),) and molar ratio
(2:1). The proposed mechanism for ZnFe,O4 formation is dissolution-
precipitation, during which the new phase is obtained by heteroge-
neous nucleation. The nucleation is preceded by the chemical trans-
formation of a-FeOOH and Zn(OH); to their corresponding oxides [89].
The chemical transformation of hydroxides in molten oxosalts is not
widely discussed in the literature. It would be premature to propose a
precursor chemical transformation pathway which drives the described
process. However, considering the homogeneous microstructure
(Fig. 11a), homogeneous elemental distribution of Fe (Fig. 11d) and less
homogeneous distribution of Zn (Fig. 11c) obtained after CSP, it appears
that ZnFe,04 forms through nucleation and epitaxial growth on ZnO and
iron oxide surfaces.

10

4. Conclusions and perspectives
4.1. Conclusions

In this review, we highlight different pathways towards low tem-
perature densification of materials, based on experimentally-evidenced
CSP results. (a) In the pathway A — A, the initial powder has the same
chemical composition and crystallographic phase as the densified ma-
terial. (b) In the pathway A — B, the final material has a different
chemical composition or crystallographic phase than the initial powder.
Changes in chemical compositions can be obtained by dehydration/
decomposition reactions via a “precursor” approach. Allotropic changes
during CSP can be thermally- or pressure-induced. (c) The pathway A + B
— C is a reactive route, where a mixture of compounds can lead to a
chemical doping or to a new compound after CSP. For all the pathways, it
was shown that dissolution, speciation, species concentration and sta-
bility were critical factors to efficiently drive the sintering process. In the
reactive pathway, the reactivity between species is also important, but
not fully optimized for most of the material systems to obtain pure
phases. All these aspects are influenced by solvent selection, which is the
critical step of CSP. This includes the co-firing of composites, where the
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Fig. 11. (a) SEM image and (e) XRD pattern of the ceramic resulting from the CSP of goethite (a-FeOOH) and zinc hydroxide (Zn(OH),) in a 2:1 M ratio, with a
NaOH-KOH eutectic flux at 395 °C, 530 MPa and 60 min. Peaks of ZnFe,O,4, the main phase, are highlighted (b—d) EDS analysis of the cold sintered ceramic with (b)
Secondary electron (SE) image and elemental maps of (c) zinc (Zn), (d) iron (Fe). Scale bars: 2 pm.

selected solvent also needs to be compatible with all of the constituent
compounds to densify. Solvents are not limited to water or aqueous
solvents: other solvents include polar/semi-polar non-aqueous liquids
with low evaporation temperatures, ionic eutectic salt melts, as well as
solvent-chelating agent mixtures. In some cases, hydrated solids that
decompose during the process can also drive densification, such as in the
cases of hydrated Zn-acetate and Ba-hydroxide hydrate. On a more
fundamental aspect, theoretical models adapted for cold sintering based

on the coupling of non-equilibrium thermodynamics and thermodynamic
laws of non-hydrostatically stressed solids defined by the Gibbs-Kamb
theory will need to be carefully developed.

4.2. Perspectives

A deeper understanding of underlying mechanisms requires the
development of new tools and equipment for in situ investigations of
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solid-fluid interface-coupled reactions for dissolution and precipitation
under the variables of temperature and pressure. The importance of
speciation, stability of species and energies to overcome for an efficient
ligand exchange on the oxide surfaces are evidenced by ReaxFF molec-
ular dynamics method. Machine learning approaches may be very helpful
to facilitate solvent selection for a given material, by considering detailed
physical and chemical characteristics of both candidate solvents and the
oxide surface to cold sinter. For example, a database involving correla-
tions between decomposition temperature of the used solvent, stability of
species at the interface, dissolvability of the oxide surface and sinter-
ability of materials of interest would be generated to predict appropriate
solvent-material pairs for future studies and understand trends using
supervised machine learning techniques.
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