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Abstract

Cold sintering is an unusually low-temperature process that uses a transient
transport phase, which is most often liquid, and an applied uniaxial force to
assist in densification of a powder compact. By using this approach, many
ceramic powders can be transformed to high-density monoliths at temper-
atures far below the melting point. In this article, we present a summary of
cold sintering accomplishments and the current working models that de-
scribe the operative mechanisms in the context of other strategies for low-
temperature ceramic densification. Current observations in several systems
suggest a multiple-stage densification process that bears similarity to mod-
els that describe liquid phase sintering. We find that grain growth trends are
consistent with classical behavior, but with activation energy values that are
lower than observed for thermally driven processes. Densification behavior
in these low-temperature systems is rich, and there is much to be investigated
regarding mass transport within and across the liquid-solid interfaces that
populate these ceramics during densification. Irrespective of mechanisms,
these low temperatures create a new opportunity spectrum to design grain
boundaries and create new types of nanocomposites among material combi-
nations that previously had incompatible processing windows. Future direc-
tions are discussed in terms of both the fundamental science and engineering
of cold sintering.
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1. INTRODUCTION

Sintering powdered materials into dense, strong, monolithic bodies is an ancient manufactur-
ing method that relies traditionally on high temperatures and long times (1). Some of the ear-
liest identified human-made materials were sintered clay-based ceramics, such as the Venus of
Dolni Véstonice, that originated from the upper Paleolithic era approximately 25,000 years ago
(2). For millennia, ceramic science progressed along a steady path of continuous refinement, and
during this time, great sophistication evolved in formulation engineering, purification, forming,
and firing (3). Conventional ceramics are categorized into multiple families, including earthen-
ware, stoneware, porcelain, and bone china. Ceramic production initially developed to address
fundamental technology needs such as water vessels and cooking utensils and then transitioned
to decorative tiles, sculptures, artware, and tableware worldwide. Industrial ceramics emerged to
support high-temperature manufacturing and infrastructure applications that required refracto-
ries, bricks, electrical insulation, and crucibles that could survive more extreme environments with
much greater purity and microstructure control. These developments initiated the ceramic engi-
neering industrial discipline and a formalized ceramic science education and research enterprise
within colleges, universities, and institutes. A common thread linking the efforts of antiquity and
modernity is the need for heat treatments that convert a particulate compact to a dense polycrystal.

Theoretical models from Frenkel, Coble, Kingery, and others emerged in the mid-twentieth
century and established the foundations of modern sintering science (4-7). The spectrum of sinter-
ing techniques expanded during the last 50 years to include a number of alternative approaches that
are summarized in Table 1. Methods of particular interest include hot pressing (HP), microwave
sintering, spark plasma sintering (SPS), flash sintering, and hydrothermal sintering. These are pre-
sented in the context of their respective pros and cons, with several examples of typical materials
well suited for each technique. References are given to provide the interested readers with details
of these techniques. To establish a background against which to compare cold sintering, a brief
summary is also provided for each technique.

1.1. Hot Pressing

HP involves the application of pressure during heating in a forming die. In most cases, this pres-
sure is uniaxial, but it remains possible to apply isostatic pressure, as in hot isostatic pressing (HIP).
However, HIP is mainly used as a postsintering treatment dedicated to removing final porosity
and to obtaining transparent ceramics (8). In comparison to free sintering, HP offers a reduced
temperature profile. HP densification is driven by three mechanisms: plastic flow, grain rearrange-
ment (grain sliding), and stress-enhanced diffusion (9). Because plastic flow is a predominant high-
temperature mechanism in metals and alloys, HP finds great interest in powder metallurgy and
substantially less in ceramics. It is frequently used in the case of ultrahigh-temperature ceram-
ics, such as TiB,, ZrB,, SiC, and ZrC (10-12), and some dielectric materials with slow sintering
kinetics, such as (K,Na)NbOj (13).

1.2. Microwave Sintering

Microwave heating enables high thermal ramp rates, a substantial reduction of sintering time,
high-purity and high-temperature conditions, fine microstructures via selective and volumetric
heating, and in many cases improved mechanical properties (14-17). Due to contrast in the high-
frequency dielectric function, many materials react differently for the same incoming energy.
In well-controlled instruments with uniform field distributions, microwave sintering offers the
advantage of uniform heating because the sample itself is the susceptor, and thermal conductivity
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Table 1 Comparisons of alternative sintering techniques

Technique Pros Cons Material examples References
Hot pressing High densities Batch process Pb(Zr, Ti)O3 36,37
Limited grain growth (Ba,Sr)Ti0O3
Diamond
Microwave Lower temperatures Limited success in mass Al, O3 14-17, 38, 39
sintering Faster process production BN
Multimode or single mode Inhomogeneity in coupling | BaTiO3
High densities Limited yields for large wC
parts Metals
Spark plasma Wide range of materials Batch process Metals 19, 40-43
sintering Enhanced densification Upscaling BaTiO3
High cost 7rO;
SiC
AIN
Flash sintering Densified, very fast rates Microcracking in thermal ZrO, 23,44
Limited grain growth shocking SrTiOs
Hydrothermal Low temperatures Long processing times TiO; 29,30,45-47
sintering Environmentally friendly Lower densities in some SiO; (amorphous
Metastable materials can be cases and quartz)
sintered ZrO;
BaTiO3
Fast firing Fast process High temperatures BaTiO3 32,34,48
Scalable, continuous High residual stress with Tiles
manufacturing with roller kilns cofiring ZrO;
Limited grain growth AL O3
Controlled interfaces
Atmosphere control

requirements are modest. Heating can be very rapid, depending on the material, the insulation,
and furnace design.

Ceramics with unique combinations of microstructure and heat treatment can be prepared
by microwave sintering, for example (14), fine-grained Al;O; with 98% density, sintered at only
1,400°C with no hold time (15). The same density is obtained under conventional sintering for
a treatment of 2 h at 1,600°C with substantial grain growth. Reduced thermal budgets provide
access to fully densified materials with well-controlled nanostructure.

However, microwave sintering is usually used at high temperatures (>800°C) and is restricted
to ceramics with dielectric functions that provide substantial microwave absorption at some tem-
perature range. Materials with low microwave coupling typically become absorptive at elevated
temperatures; in these cases, susceptors located in the periphery of the green bodies can provide
the initial heating (16).

1.3. Field-Assisted Sintering Techniques: Spark Plasma Sintering

Field-assisted sintering techniques (FAST) are important because they can produce dense ceramics
in time intervals as short as a few seconds for many different ceramic formulations. While local
temperatures are difficult to quantify, macroscopically, field-assisted sintering temperatures appear
to be lower relative to conventional processes (18). Moreover, SPS is not restricted to metals and
ceramics; polymer materials can be densified as well (19). The primary drawback of this technique
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is system complexity, resulting in substantial instrumentation expense and less obvious pathways
for scale-up to industrial production.

The rapid ramp rates and low macroscopic temperatures accessed in FAST methods create
important new processing opportunities. For example, SPS was recently used to densify ZnO,
with the addition of water, at 250°C (20). Moreover, with the addition of pressure, SPS can be
used to stabilize and densify materials with limited thermodynamic stability (i.e., phases subject
to structural transitions or decomposition events during the firing schedule that eliminate the
possibility of a conventional approach) (21, 22).

A related field-assisted technique is flash sintering. Perhaps its most remarkable asset is the
highly improved sintering kinetics, with full densification of refractory ceramics, such as YSZ or
Al, O3, obtained in seconds (23, 24). Even at the laboratory scale, there were difficulties in control-
ling the densification, and careful design of electrodes had to be developed to minimize transient
stresses due to inhomogeneous current distributions. A British company, Lucideon (https://www.
lucideon.com/materials-technologies/flash-sintering), has made progress with prototyping a
continuous furnace design to scale for mass production.

1.4. Hydrothermal Sintering

Initially developed in the 1980s for low-temperature sintering of ceramic materials by the
Yamasaki group, hydrothermal sintering allowed for the densification of refractory materials such
as silica, hydroxyapatite, anatase, and calcium carbonate (25-28). At the time, densification was
limited to values of approximately 80% of theoretical values. This process was recently reinves-
tigated, particularly for the densification of silica, and the possibility of reaching 98% density in
quartz was confirmed (29, 30). Hydrothermal sintering has similarities to cold sintering, particu-
larly in the high-pressure and high-water-content end of the processing space spectrum.

1.5. Fast Firing

Fast firing enables high densification and limited grain growth under nonisothermal conditions, as
introduced by Brook and colleagues (31, 32). Here, intentional thermal gradients drive diffusion
and enhance mass transport to the pores, which are naturally low-temperature localities within
the microstructure. With the advancements of roller kiln manufacturing, continuous high-volume
mass production by fast firing is being used in a wide range of ceramic industries that include tiles
and base-metal multilayer BaTiO; ceramic capacitors (33-35).

2. COLD SINTERING

In the most generic sense, cold sintering is a densification process that requires two phases:
(@) a parent powder from which to form a ceramic body and (§) a transport phase to facilitate
mass transfer to and from the original particles. To date, the majority of examples utilize liq-
uid phases that are water, organic solvent, or alcohol based, but other possibilities should not be
excluded. In the ideal limiting case, there is substantial solution between the two phases at low
temperatures, a combination of capillarity and applied uniaxial pressure provides the driving case
for densification, and the transport phase is fugitive (i.e., most of it escapes the pellet die during
densification). In many cases, an ~5% volume fraction of transport phase is sufficient to support
densification (49, 50). Among the inorganic materials that have been densified using cold sintering
are microwave dielectrics (51-56), ferroelectrics (57, 58), piezoelectrics (59), structural materi-
als (60), Li-ion cathodes (61), solid-state electrolytes (62, 63), semiconductors (64, 65), ceramic
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adhesives (66), refractories (67), magnetic ceramics (68), and sputtering target materials (69).
While the quantitative role of each material remains to be identified, current data show that par-
ticle rearrangement, dissolution, precipitation, and growth participate in the densification process
and are affected by the presence and ratio of the transport phase and by the pressing pressure.
Modest temperatures (typically in the range of 150°C) promote the kinetics of the dissolution, so-
lute supersaturation, and ultimately precipitation. Liquid evaporation from the densifying powder
is also an influential factor.

2.1. Sintering Mechanisms

On the basis of processing similarities, there appears to be an immediate relationship linking cold
sintering and liquid phase sintering; the foundational aspects of the latter were identified and
parameterized in the original work of Kingery and colleagues (70, 71) and appear relevant to
present observations. A summary of the existing cold-sintered material literature makes clear that
choosing the transport phase/parent phase combination and understanding the interaction of the
two phases are central steps that enable high densities. The critical concerns originate from the
multiple forces acting on the system, which ultimately direct the progression to a minimum-free-
energy particle ensemble. Liquids and other transport phases can be introduced by mixing them
into powders via conventional powder processing techniques or by a vapor transport process.

In one limiting scenario in which the transport phase is a liquid that is present at sufficient vol-
ume within a powder compact, the liquid can provide substantial capillary pressure and a transport
channel to redistribute material. Work by Randall and colleagues (49) on highly soluble salts like
NaCl showed that powder compacts exposed to water will sinter to near-full density with no ex-
ternally applied pressure. The capillary forces in combination with dissolution-based transport
are presumably the densification mechanisms. Kingery and colleagues (70, 71) studied fractional
shrinkage due to particle rearrangement as a function of liquid volume fractions and found that
values of ~35% are required. The volume fractions used in cold sintering are typically smaller be-
cause in most cases one wishes to expel the transport phase. As such, additional drivers, such as the
applied uniaxial pressure, are necessary for assisting in rearrangement-based fractional shrinkage.

2.1.1. Solubility-based densification mechanisms. The dissolution and precipitation pro-
cesses are believed to be important in cold sintering (49, 50, 72). Consider that a green body
in the just-pressed state is typically between 60% and 70% of theoretical density. In cold sin-
tering of ZnO, for example, approximately 4 vol% of 0.8 M Zn-acetate solution is effective as a
transport phase that can achieve near-full density under pressure and at ~100°C. If all the addi-
tional Zn atoms were converted from an acetate to an oxide, and if that new oxide occupied the
green body interstitial space, the density would increase by only a few percent. As such, the ma-
jority of material redistribution that must occur to approach 100% density must originate from
the parent particle surfaces. The available data and observations suggest that such dissolution and
precipitation events are the most likely densification mechanism. There is, however, an issue with
this model: Dissolution and precipitation are exclusively surface events, and these cannot promote
densification, but only coarsening. If surface-to-surface mass transport is the only vehicle available,
then it is important to consider the role of stress gradients. In a particle compact under pressure,
grain-grain contact points will create local stress concentrations. Consider the simplest model, in
which two 10-pum spheres of material with an elastic modulus of 200 GPa are compressed axially
at a reasonable pressing pressure of 200 MPa. At the contact point, the Hertzian contact stress is
more than 20 GPa. If present in this stress concentration zone, a liquid with finite capacity to dis-
solve the ceramic grains will create a chemical potential gradient that follows the stress gradient.
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Table 2 Various densification rates under the dissolution and precipitation stages in the
Kingery model (69)

Morphology Diffusion rate controlled Phase boundary reaction controlled
: : AL ~ L1/3 Al ~ 412
Spherical particles 7, St / 7, =t /
Prismatic particles BE = 41/6 ML= 41f3
0 0

We believe that these contact regions provide a driving force for mass transport that creates grain
boundary area and enables particle centers to approach.

2.1.2. Densification rates. During the rearrangement stage of liquid phase sintering, the den-
sification rate, as represented by the time dependence of volume and/or linear shrinkage, is rep-
resented analytically by Equation 1 (70):

where y is ~1 for particle rearrangement and the second densification stage depends on particle
shape and the mass transport mechanism. Table 2 shows the various scaling rates that parameter-
ize the densification process during the dissolution-precipitation step of liquid phase sintering.
The similarities between cold sintering and liquid phase sintering invite comparison of pos-
sible similarities in densification mechanisms. To do so, we adopt the parameterization strategies
between density and time developed in the reports of Kingery and colleagues (70, 71) discussed
above. To do so, several series of pellets in the pure ZnO system were densified using optimized
cold sintering conditions, but the process was arrested before completion. The process was con-
ducted under the same conditions for each pellet: 120°C and two dwell pressures of 530 MPa and
175 MPa. Density was subsequently recorded as a function of duration under pressure and was
converted into volume shrinkage versus process time and plotted on log-log axes. Figure 1 shows
the results. Two different regions are immediately evident. To convert data to densification rate,

45 T T T T T
40F 4

351

30F

251

20+

| 530 MPa
A 175 MPa

Volume shrinkage, AV/V, (%)

100 I 1 1 L I
5 10 15 20 25 30

Process time (min)

Figure 1

Log-log plots of cold sintering process ZnO pellet volume shrinkage as a function of process time with
0.67 M zinc acetate, with 4% liquid phase content at 120°C, and either at 530 MPa (blue squares) or at
175 MPa (red triangles) for a typical 30-min process. Individual pellet density was measured at room
temperature after cooling to room temperature. The solid line indicates the two slopes of 1 and 1/3.
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the initial volume V7, was calculated by fitting the data in the initial region and extrapolating to
zero time. In this case, V, is an approximation representing the volume of the powder compact at
the moment when maximum pressure is first achieved. Mass was assumed to be constant for the
duration of the process. This is a reasonable approximation since the total additional liquid mass
used in the process is less than 5%. For both pressures, there are two regimes of densification rate
that we associate primarily with compaction-like and densification mechanisms. Linear fits were
separately processed on stage one and stage two for the two data sets.

While there is some scatter in the plot, data points for the initial stage in both series fall on
a common line with a slope between 0.95 and 1. This indicates a linear dependence of AV/V
with time. For the second stage, the volume shrinkage values differ, but both slopes are similar
and are approximately 1/3. This distinct two-segment character and the slopes of each line can be
interpreted using Kingery and colleagues’ (70, 71) model for liquid phase sintering that involves
grain rearrangement (stage one) and dissolution-precipitation events (stage two), and this slope
could correspond to the diffusion rate—controlled case. These dependences are strikingly similar
to those observed for cold sintering. While the evidence is not conclusive, the similarities suggest
that cold sintering can also be understood as a multiple-stage process involving phenomena that
exhibit rates corresponding to those driven by grain rearrangement and dissolution-precipitation
events at short and long times, respectively. It is particularly compelling that the same slopes are
present for different applied pressure values, suggesting that similar mechanisms are present over
a broad range of densification conditions.

Significantly, the transition from compaction to mass transport remains underexplored. Given
the relative slowness of heating in the context of the rapid force application, it is difficult to separate
operative phenomena. A full description of this transition is outside the scope of this article, but
we include these initial data for this experiment of interest, as these data offer an initial insight
into cold sintering mechanisms and illustrate similarities to existing models.

For ZnO pellets prepared using optimized conditions, a 30-min pressure and temperature
dwell results in final density values typically above 98% of the theoretical value. When tempera-
ture values in the range of 120°C are used, the average grain size changes very little. However, it is
important to consider that this is a net effect of existing grains growing slightly larger and a pop-
ulation of newly precipitated grains that are comparatively small. In fact, the sum of both effects
pushes the average diameter to slightly smaller values. Figure 2 shows an example microstructure
for ZnO cold sintered with zinc acetate at 120°C at 500 MPa for 30 min. The average particle size
for the starting powder was approximately 100 nm.

Figure 2

SEM image of a typical ZnO ceramic, cold sintered at 120°C, with a final density greater than 98% of the
theoretical value and the initial size averaged to be approximately 160 nm. Details are found in Reference 72.
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2.1.3. Liquid-solid interface. The nature of the liquid-solid interface is critical to compre-
hending the liquid phase sintering process under cold sintering conditions. The interaction of the
liquid solvent and the surface of the inorganic material is quite complex; in the case of acetic acid
and water, there is an important window of concentration, as this window enables the sufficient
kinetics for cold sintering to occur. Techniques such as ReaxFF are being explored to understand
the chemical interactions in the grain boundary regions. These interactions are also highly com-
plicated, as there are dynamic chelating reactions, hydrolysis, and cluster formation. The details of
these reactions and the associated dynamics are important areas for understanding cold sintering,
and these details aid in the determination of the critical solvent selections for each ceramic system
to be sintered (73, 74).

Densification experiments using KH, PO, (KDP) and deuterated water reveal additional sim-
ilarities with liquid phase sintering. In this experiment, KDP ceramics were cold sintered using
heavy water (H,O, of D,0) as the liquid phase. Then, 15-vol% D,0 was added to KDP, was
homogenized in a mortar and pestle, and was then cold sintered at 120°C and 350 MPa for
30 min. The initial average grain size was 20 pum, and the final density was >95%. Time-of-flight—
secondary ion mass spectroscopy (TOF-SIMS) images were used to image the ceramic microstruc-
ture, with contrast originating from the intensity difference between the hydrogen isotopes. The
TOF-SIMS and SEM images reveal regions surrounding the grain boundaries that are rich in
deuterated hydrogen, as shown in Figure 3b-e. The deuterium-rich zones appear to be several
micrometers thick. For comparison, TOF-SIMS images were collected from KDP samples cold
sintered with regular water (I, 0), and no significant abundance of 2H was observed. The 2H
distribution in KDP samples cold sintered with D, O suggests a mechanism by which the transport
phase acts upon the original grain surfaces to redistribute material under uniaxial pressure and by
which the residual deuterium preferentially resides at the newly formed grain boundaries. These
ideas are again consistent with processes similar to liquid phase sintering.

2.1.4. Grain growth. Grain growth is another important aspect of sintering and therefore
should be considered (64). Funahashi et al. (64) showed that 10 wt% of 1 M of the acetic acid
transport phase could densify ZnO at temperatures between 120°C and 305°C, at a pressure of
350 MPa, and for times ranging from 30 min to 5 h. The starting powder had an average ZnO
particle size of 200 nm. It is well known that the grain size exponent N is proportional to the sin-
tering time under isothermal conditions for materials with constant densities, in accordance with
Equation 2:

GN — G‘S’ =tKyexp Q/RT, 2.

where Gy is the initial grain size, ¢ is the sintering time, N is the kinetic grain growth exponent,
Ky is a constant, Q is the apparent activation energy for grain growth, R is the gas constant, and T’
is the absolute temperature. Equation 2 can, in turn, be simplified in Equation 3 to

log G = (1/N)logt + (1/N)[log Ky — 0.434(Q/RT)]. 3.

Then, from the Arrhenius plots between the power of the grain size and 1/7, the activation energy
for grain coarsening, Q, can be estimated from Equation 4:

log(G%/t) = log Ky — 0.434(Q/RT). 4,

This analysis and treatment were applied to ZnO as described above at an isothermal condition
of 305°C. Figure 4 shows plots of the grain size data for sintering time (panel #) and an Arrhenius
plot of the cube of the grain size at each sintering temperature (panel 4). The grain size increased
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Figure 3

Time-of-flight-secondary ion mass spectrometry (TOF-SIMS) analysis of KH; PO4 (KDP) ceramics cold sintered at 120°C with heavy
water (*H,O). (#) Schematic showing the core-shell structure of KDP cold sintered with 2H,O. () SEM images of fracture surfaces of
cold-sintered KDP. (c,d) TOF-SIMS images of cold-sintered KDP at different magnifications. (¢) Line scan of the >H map from panel d.

with the sintering time, demonstrating grain coarsening under the cold sintering process. The
kinetic grain growth exponent was determined as N ~ 3. This value is consistent with reports for
liquid phase sintering (1).

If one assumes a similar sintering mechanism between 126°C and 305°C and takes into account
that the density is essentially constant at ~98%, the activation energy of grain growth is then
calculated from the slope of Figure 44 and is found to be 43 kJ/mol. Activation energy values for
conventionally sintered ZnO are reported to be greater than 200 kJ/mol, which is substantially
larger than has been previously observed (64). At this point, we have not fully considered the
effective activation energetics of densification, but it is sensible to predict and expect lower energy
barriers for all stages of densification under cold sintering.
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(@) Plot of the isothermal log-log grain growth showing a power exponent of N ~ 3 at 305°C. (b) Arrhenius plot of the grain growth
process with an activation energy of 43 kJ/mol, which is much lower than the reported conventional energies of 200 kJ/mol for ZnO
cold sintered between 70°C and 305°C and for times of 30 min to 6 h. The squares correspond to those in panel 4, while the circles
relate to a new series of experiments at different temperatures. Adapted with permission from Reference 64. Copyright 2017, John

Wiley and Sons.

284

2.2. Different Pathways Under Cold Sintering Conditions

A number of different pathways can be considered with cold sintering, as shown in Figure 5. In
the simplest case, a solvent congruently dissolves the surface atomic species; the kinetics of this
dissolution can depend on the specific chemistry of the liquid, the inorganic material, the surface
area of the particles, and the temperature. The applied pressure used during cold sintering causes
high-stress regions in the powder compact. At the contact points between neighboring grains,
the local stress can exceed gigapascals of pressure (75-77), and this pressure can accelerate the
dissolution process. The supersaturated solution will precipitate when a strain, temperature, or
curvature gradient is encountered, or the solution will precipitate with time if the solvent phase
is lost by extrusion or evaporation. In some cases, especially when evaporation is rapid, we ob-
serve solute gelation and a subsequent disordered phase within the grain boundaries. Examples of
interest include Na,Mo,O7 and V,Os (65, 78). Figure 6 shows a Na, Mo, O; ceramic microstruc-
ture cold sintered at 120°C under 350 MPa for 15 min. As seen in Figure 6a—c, there is a thick
and highly disordered intergranular phase at some grain boundaries, and the grain termination to
these regions is highly crystalline and abrupt. Nanometer-sized nuclei are observed on/near some
crystal surfaces within the disordered interface region. The interfacial rough terrace structures of
cold-sintered Na;Mo,O7 ceramics suggest the formation of nonequilibrated interfaces. While an
intergranular phase is present at some interfaces, abrupt grain boundaries are observed in most
regions, as shown in Figure 6d.

Incongruent dissolution and cold sintering are more complex than first appreciated in 2016,
when we considered that if a material experiences incongruent dissolution, then the residual amor-
phous surfaces at the liquid-solid interface limit precipitation (57). In cases such as BaTiOj3, obser-
vations are consistent (57). However, in systems like LAGP (Li; 5AlysGe; sP3O13), there is pref-
erential dissolution of Li* and POy, but there is still densification under cold sintering (62, 79).
As such, there must be additional interactions between surface structures and solvent species, with
more complicated kinetics of dissolution and precipitation that participate in a dynamic green
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Flowchart showing () the key synthesis parameters and (b) different pathways that cold sintering can take
for different materials under different conditions to densify. In panel 4, the solid lines are typical pathways;
the dashed lines denote pathways that are less common but that have been observed.

body with stress and curvature gradients (80). Using solvents that are rich in the species that have
the dominant dissolution rates can limit the driving forces of incongruent dissolution processes,
and using these designed solvents can aid in stoichiometric control at the particle surface, enabling
densification (58, 59).

Incongruent dissolution and/or crystallization under cold sintering conditions can produce
second phases that are deleterious to properties, such as limiting ionic or electronic conduction
(62, 63) and, in the case of high-permittivity dielectrics, decreasing the permittivity from low-
permittivity interfacial regions (57). In conventional ceramic liquid phase sintering, one may ex-
pect some interfacial atomic disorder via nanoscale intergranular phase formation (81). Clarke (81)
proposed that the intergranular glass phases reflect a balance between van der Waals attraction
and a resistance to the deformation of glass boundaries. Even in conventional sintering, the details
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Figure 6

(@) Bright-field TEM and (b-d) HAADF-STEM images of Na;Mo;O7 ceramics cold sintered at 120°C at
different stages of microstructural development. (#) Grain boundaries showing the terrace steps. () Interface
of crystalline grains and thick glassy interphases. (¢) Na;Mo; O7 nanometer-sized nuclei on the crystal
surface within a glassy interface region. The white arrows point out the NayMo, O7 nanometer-sized nuclei.
(d) Highly developed clean interfaces between adjacent grains.

of these intergranular phases depend on many different factors, including solute segregation, resid-
ual glass, and sintering aids (81-83). Transmission electron microscopy observations show that
there is an equilibrium thickness of these intergranular boundaries. Such intergranular films are
now considered as a subgroup of a broader description of grain boundaries involving quasi-liquid
interfacial films; such boundaries are referred to as complexions. The details of the atomic disorder
as grains transition across these all-important interphases can systematically change with sintering
temperature, as has been demonstrated across four different disordered complexion scenarios in a
400°C window between 1,400°C and 1,800°C in x-alumina (83). We include these intergranular
glass phase and complexation concepts because analogs may exist for cold sintering. While we do
not have data to support or refute their presence, as we interpret new data sets, we should include
these as open mechanistic possibilities.

Colloidal interparticle forces have been related to the sintering process in liquid phases and
sintering in vitreous media. We suspect that such forces also influence cold sintering. A common
consideration in colloid and sintering science is surface energy minimization that is brokered by
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the balance between interactive forces that control the colloid interparticle separation and grain
boundary creation. A similar interplay between forces should be considered in cold sintering. Van
der Waals attraction operates at short distances, while at longer distances, electrostatic forces,
controlled by surface charge and distribution of counterions in the adjacent liquid, predominate. In
the cold sintering context, in which liquid volume fractions are low, by necessity the liquid will have
high concentrations of ions that will provide high local osmotic pressures. Such conditions may,
in some cases, aid in particle sliding under uniaxial pressure. If local particle ensembles are rigid,
the high osmotic pressure will promote solute ion diffusion into triple-point regions where higher
concentrations will cause precipitation, thereby reducing the solid-vapor or solid-liquid interface
area and reducing the overall free energy. Under the cold sintering process, solvents are selected
to allow high ionic solubility exchanges to occur during densification. With dissolution at surfaces,
both cationic and ionic species at the surfaces of the particles can occur, and the concentration can
be close to supersaturation, especially with the transient evaporation of the solvent. Precipitates
can occur homogeneously in the liquids and heterogeneously on the surfaces of the particles.
Furthermore, the nature and role of osmotic pressure and other electrokinetic processes, such as
diffusiophoresis, need to be considered under cold sintering processes.

3. OPPORTUNITIES AND CHALLENGES
3.1. Cold-Sintered Composites

It is of interest to develop composite materials that possess better properties than the individual
components. However, it is typically challenging to cosinter ceramics with polymers and nanopar-
ticles due to incompatibilities at high temperatures. The low thermal budgets for cold sintering
provide a new opportunity landscape to cosinter a diverse material selection.

In the case of polymers, we have demonstrated a number of examples of dense ceramic-polymer
composites with intergranular polymer distributions (79, 84), summarized in Table 3. These re-
ports illustrate how the electrical, mechanical, and thermal properties of ceramics can be designed
using polymers as fillers through the cold sintering process (79, 84). Figure 74 shows a represen-
tative example set of different types of ceramic composites enabled by cold sintering, including
polymers, carbon nanofibers, and 2D nanoparticles. Figure 7b shows the ability to cold sinter
highly dense Li electrolytes (LAGP) with 95% ceramic and 5% polyethylene oxide. Panels ¢ to f
of Figure 7 show high-resolution TEM images of the intergranular regions with polytetrafluo-
roethylene (PTFE), carbon nanofibers, and MXene, respectively. For the cases of ZnO and PTFE,
we form a composite structure in which semiconducting grains are jacketed in an insulating layer
to produce a varistor-like response. The current-voltage response is highly nonlinear, with a larger
electrical breakdown strength per grain boundary (85).

Nanoparticle fillers are another important new opportunity for grain boundary design. With
a major expansion of nanoparticles over the last 30 years, there are now very interesting
opportunities to integrate them into ceramics, ceramic-polymer composites, and ceramic-metal
composites. Conventional limitations to particle-nanoparticle composites include chemical reac-
tivity, decomposition, particle coarsening, and grain boundary pinning. With cold sintering, sev-
eral of these concerns are obviated, and a spectrum of ceramic nanocomposites can be densified. In
many instances, the electrical and mechanical properties of ceramics are improved with even a few
volume percent of nanoparticles. Representative examples of such composites are demonstrated
across a number of new systems, and a subset of these results are summarized in Table 4.

Nanomaterials with rationally engineered grain boundary phases produced by cold sintering
provide one example of many composite opportunities. We can envision a new era of nanocom-
posites for which integration is unencumbered by formulation. One can now consider a dense
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Table 3 Examples of cold-sintered ceramic-polymer composites

Sintering Relative
Matrix ceramic Grain boundary polymer Liquid condition density (%) | Property design
LAGP PVDF-HFP Deionized Temp: 120°C 80-88 Reducing grain
(Liy 5Alg5sGer sP3012) | (polyvinylidene fluoride- (DI) water | Pressure: 400 MPa boundary ionic
(Li-ion electrolyte) co-hexafluoropropylene) Time: 1 h resistance in
(62,79) and LiPF, Li-ion
(lithium electrolytes for
hexafluorophosphate) all-solid-state
batteries
V,0;5 PEDOT:PSS DI water Temp: 120°C 93-96 Reducing
(semiconductor) [poly(3,4- Pressure: 350 MPa electronic
(65,79, 86) ethylenedioxythiophene): Time: 20-30 min resistance at the
polystrene sulfonate] grain boundary
for negative-
temperature-
resistance
sensors
ZnO PTFE Acetic acid Temp: 285°C 92-97 Developing
(semiconductor) (85) (polytetrafluoroethylene) Pressure: 300 MPa resistive barriers
Time: 1 h at grain
boundaries for
nonlinear
conduction for
varistors
Na; Mo, 07 PEI DI water Temp: 120°C 94-98 Improving grain
(microwave dielectric) (polyetherimide) Pressure: 350 MPa boundary
(78) Time: 20 min resistance and
breakdown
strength for
electronic
substrates
LMO (LizMoOy) PTFE DI water Temp: 120°C 92-98 Designing
(51,79) Pressure: 350 MPa microwave and
Time: 15-20 min elastic
properties

heterogeneous monolith containing polymers, ceramics, and metals. We refer to this construction

as a polycermet and are excited to explore what properties can evolve from this diverse mixture of

phases.

3.2. Potential Hybrid Cold Sintering Processes

As we contemplate a future transition of cold sintering from the laboratory, we must consider
avenues for compatibility with scaled manufacturing. Despite the early understanding of cold
sintering mechanisms, it is not premature to consider this technological challenge. One area of
investment should focus on lowering the applied pressure. Currently, many systems require press-
ing pressures in the range between 100 MPa and 300 MPa. Such pressures are easily accessed in
laboratory-scale dies, but larger parts require forces that push the limits of available instrumenta-
tion. Important clues in the literature identify opportunities. For example, applying electric fields,
as with SPS and flash sintering, offers potential densification acceleration possibilities for cold
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Examples of incorporation of nanomaterials into bulk ceramics under a cold sintering process (CSP). (#) Schematic of ceramic-based
composites with different fillers. () Photos and SEM images of LAGP-PEO (Lij 5Aly 5 Ge1 5P3O12—polyethylene oxide) composites
before and after cold sintering at 150°C. (—f) TEM images of (c) ZnO-polytetrafluoroethylene (PTFE) (ceramic-polymer),

(d) V205-CNF (ceramic—carbon nanofiber), and (e,f) ZnO-MXene (ceramic—2D material) nanocomposites cold sintered at 285°C,
120°C, and 300°C, respectively, showing the presence of polymer/CNF/2D material at the ceramic grain boundaries.

Table 4 Examples of ceramic-based composites with nanoparticle fillers

Relative
Ceramic Nanofiller Liquid Sintering condition density (%) Property design
LiFePO4 (87) | Carbon fibers LiOH solution | Temp: 180°C 70-89 Enhanced mixed
Pressure: 240 MPa electrical/ionic
Holding time: 10 min conduction for faster
electrochemical
intercalation in Li
cathodes
ZnO (88) MXene Ti3C, T, 1.5 M acetic Temp: 300°C 92-99 Enhanced mechanical and
2D powders acid Pressure: 250 MPa electronic properties
Holding time: 1 h
V,05 (89) Carbon nanotubes/ | Deionized Temp: 120°C 84-95 Enhanced conductivity
fibers water Pressure: 350 MPa
Holding time: 20 min
TiO; Metal organic Not available Not available Not available | Enhanced catalyst activity
frameworks
CaCOs3 Nanocellulose Not available Not available Not available | Structural properties
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Table 5 Potential hybrid cold sintering processes

Method System Coupling mechanism
Spark plasma sintering (20) ZnO + acetic acid vapor Joule heating and fast heating
Electric field-assisted sintering (90) ZnO + water vapor Joule heating and fast heating
Microwave sintering ZnO + acetic acid Joule heating and fast heating

sintering. The work of Luo and colleagues (90) shows the ability to sinter ZnO, when exposed
to an applied field, with a small quantity of water and an extremely small applied pressure to full
density in a matter of seconds. It is similarly interesting to consider assisting cold sintering with
microwave and acoustic energy with the goal of reducing the pressure and time budgets. Table 5
summarizes potential hybrid cold sintering processes.

3.3. Key Needs from the Science and Engineering Viewpoint

The basic science of cold sintering is just beginning, but fundamental thermodynamics provide
insights into understanding the driving forces that promote densification (91, 92). Following con-
vention, Equation 5 quantifies the free energy of a particle compact in terms of surface and inter-
face free energies. The yd4 term is the driving force for particle coarsening; increasing particle
size reduces surface area and thus surface energy but lowers the driving force for densification.

AG = ydA + Ady. 5.

In contrast, the Ady term is the driving force for densification; increasing grain boundary area
eliminates the solid-vapor interface area and reduces the overall free energy while bringing par-
ticle centers together. Again, following convention, dy can happen only via bulk transport, which
cannot occur in cold sintering since there is insufficient temperature to move vacancies, but den-
sification does happen.

It is sensible to conjecture that surface-only processes, such as dissolution and precipitation,
combined with large stress gradients at particle-particle contacts provide a directional mass trans-
port from high to low stress, which would be from the center to the periphery of interparticle
contacts. This assisted surface transport may be related to the high pressures needed for cold
sintering and directs our experiments and approaches to lowering them.

The interaction between the parent phase and the transport phase offers a more diverse set
of transport phenomena, on a case-by-case basis, that may change the energy landscape and pro-
vide additional experimental options. For example, in systems showing rapid dissolution and re-
precipitation, such as Na;Mo, O, higher y particle surfaces become rough at the atomic scale,
as evidenced by the microstructural data in Figure 6. This roughness increase may lower the
tendency for coarsening, which in turn reduces the competition against minimizing Ady and com-
pact densification.

Significant work is required to drive the detailed fundamental understanding of cold sinter-
ing and to enable the incorporation of this technique into manufacturing processes. This article
partially addresses the current status of cold sintering as well as some of the key science and engi-
neering needs, as summarized in Table 6, for advancing fundamental understanding and imple-
mentation of the process. One example of these critical needs is the scientific guidance of solvent
selection. We see that in model systems, such as ZnO, there is a critical concentration of acetic acid
needed for densification; ZnO can also sinter with other organic acids, such as formic and citric
acids, but there are differences in the kinetics and densification. If a better understanding of the
solvent-particle interface chemistry could be obtained by more sophisticated scientific principles
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Table 6 Key fundamental and engineering needs for cold sintering

Fundamental research needs for cold sintering Engineering research needs for cold sintering

® Quantify the key kinetics and grain growth parameters in B Demonstrate new types of ceramics and ceramic
various systems composites with engineered properties

m Develop scientific guidance of solvent selection to drive cold ® Develop education and training of cold sintering
sintering methodologies

® Design new nanocomposites and grain boundaries m Develop powders for polymer, ceramic, and metal

m Structurally characterize and model interfaces in the early stages composites for designing new composites and integrated
of sintering, both in situ and ex situ materials

® Develop mechanisms underpinning hybrid-assisted cold m Develop larger-scale sintering pressure-temperature
sintering fixtures for better processes

m Contrast properties of cold-sintered materials with properties of | B Develop a continuous process for cold sintering
conventionally sintered materials

than relative dissolution kinetics and precipitation routes, then advancements in the process would
be accelerated across more materials. We suspect such understanding would lead to densification
at lower temperatures and applied pressures. Further in situ and ex situ characterization and re-
lated modeling of the interface behavior could be used to gain this needed insight (93, 94). Other
improvements along these lines may be possible by adding other physical energies to assist in cold
sintering, and such approaches are already showing great merit in simple model systems (72).

Ultimately, for cold sintering to have a strong impact on the technology community, a more in-
depth understanding of the mechanisms and process factors is necessary. Basic demonstrations of
proof of concept in different ceramic compositions and of new concepts in nanocomposites have
been shown, but the large-scale manufacturing of such materials and devices will demonstrate the
true importance of cold sintering, both in footprint and in volume. This development will require
the education of industrial partners and a willingness of companies to consider the transition and
scaling of a batch process to a continuous process. There is somewhat of a risk to any company with
such a major change to production methodologies when considering the financial aspects, train-
ing, and knowledge accumulation of the product development. However, forces outside the basic
academic arena are driving unique designs of new products, faster and lower-energy processes,
and emissions control in production, which could support advancement and implementation of
new process technologies, such as cold sintering and its competitors. There is also the possibility
of learning from other present mass production techniques that may need only minor changes;
one possibility is in the polymer lamination manufacturers (95). Finally, in these early days, there
is no one strategic plan for this discovery, but as activities across the world in cold sintering are
moving forward and as different groups get involved, the issues outlined in Table 6 will advance
and evolve.
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