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Abstract: This paper describes a sintering technique for
ceramics and ceramic-based composites, using water as
a transient solvent to effect densification (i.e. sintering) at
temperatures between room temperature and 200 88C. To
emphasize the incredible reduction in sintering temperature
relative to conventional thermal sintering this new approach is
named the “Cold Sintering Process” (CSP). Basically CSP
uses a transient aqueous environment to effect densification by
a mediated dissolution–precipitation process. CSP of NaCl,
alkali molybdates and V2O5 with small concentrations of water
are described in detail, but the process is extended and
demonstrated for a diverse range of chemistries (oxides,
carbonates, bromides, fluorides, chlorides and phosphates),
multiple crystal structures, and multimaterial applications.
Furthermore, the properties of selected CSP samples are
demonstrated to be essentially equivalent as samples made by
conventional thermal sintering.

Since the upper Paleolithic era mankind has fabricated
ceramics with a high temperature process. The earliest
archeological evidence of human manufacturing materials is
the sintering of ceramics in the case of the iconic figurine, the
Venus of Doli Vestonice.[1] We now generally regard most
ceramics to be fabricated from powders and sintered between
50% and 75 % of the melting temperature to > 95%
theoretical density. With high melting temperatures, most
ceramics are sintered at > 1000 88C.[2] Ceramic powders are
increasingly integrated with metals, polymers or other ceram-
ics to achieve improved properties and multifunctional
devices.[3] Co-sintering of multimaterial systems is difficult
due to the differences in thermal stability, shrinkage temper-
ature onsets and rates, and the physical and chemical
incompatibilities of the components at high temperatures.[4]

The primary thermodynamic driving force for sintering is the
reduction in surface free energy,[2a] and sintering mechanisms

are classified as either solid state or liquid phase.[5] Many
sintering process innovations increase the driving force for
densification by applying pressures up to 200 MPa during the
sintering process (e.g. hot pressing, hot isostatic pressing, and
field assisted sintering (FAST)) or by enhancing diffusional
processes with alternative, rapid volumetric heating strategies
(e.g. microwave sintering, FAST, flash sintering)[6] that
accelerate heating at the particle–particle level, but these
processes still require high temperatures due to the slow solid
state diffusional processes, or high temperature needed to
form a liquid.

We demonstrate for the first time that a wide range of
inorganic materials and ceramic-based composites can be
sintered at much lower temperatures than previously thought
possible by using either an acidic or basic aqueous solution as
a low temperature solvent for the solution–precipitation
process. There are a number of earlier contributions that
indicate the advantage of using water to aid densification
processes.[7] Our work demonstrates the use of small amounts
of an aqueous solution to enhance densification across many
different systems, and combinations of materials. To differ-
entiate this process from conventional high temperature
thermal sintering we name this sintering approach the “Cold
Sintering Process (CSP)”. To demonstrate the enormous
potential and versatility of cold sintering, we present results
for NaCl, alkali molybdates (K2Mo2O7, Na2Mo2O7, Li2MoO4)
and V2O5, but we also foresee that new, non-obvious
composite material systems can be perceived for the first
time between organic and inorganic materials as a result of
the ultralow temperatures of the CSP. A broad range of
inorganic materials that have undergone densification under
CSP (Table S1, Supporting Information) demonstrate the
breath of material chemistries, crystal structures, and impor-
tant technical ceramics with mechanical and multiple elec-
trical functionalities possible by this approach.

Based on liquid phase sintering theory and our micro-
structure observations on a broad number of systems,
a schematic illustration of the basic stages during CSP is
shown in Figure 1a. The ceramic powder is uniformly wetted
with an appropriate amount of aqueous solution so that
a liquid phase is intentionally introduced at the particle–
particle interfaces. The dissolution of sharp edges of solid
particles reduces the interfacial areas, aiding the rearrange-
ment in the next sintering stage. Under appropriate pressure
and temperature condition, the liquid phase redistributes
itself and diffuses into the pores between the particles. The
subsequent stage, often referred to as solution–precipitation,
triggers a large chemical driving force for the solid and liquid
phases to reach the equilibrium state. Under capillary
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pressure, the contact areas between particles have a higher
chemical potential, so that in this stage, ionic species and/or
atomic clusters diffuse through the liquid and precipitate on
particles at sites away from the stressed contact areas. The
mass transport during this process minimizes the excess
surface free energy of the compact and removes the porosity
as the material forms a dense solid. In the final stage of
sintering, an amorphous phase may form in some grain
boundary areas; a process dependent on crystallography and
solute speciation. The amorphous phase can suppress grain
boundary diffusion or mobility, and thus limit grain growth.
Elimination of water leaves an amorphous grain boundary
phase which may or may not crystallize.

The data in Figure 1b shows the room temperature
sintering kinetics of a 55 % dense NaCl compact held at
either 75 % or 85 % relative humidity (RH) for up to 24 h. We
see that the salt samples densify from 55 % to 69 % in 5 h and
to 90% relative density after 24 h in 75 % RH air. The
samples sintered at room temperature and 85 % RH densify
to 65% and 90% density after 2 h and 10 h, respectively. The
microstructures of the 90 % dense room temperature sintered
NaCl consist of grains of approximately 20 to 30 mm in
average size (Figure 2a,b). The grain growth is similar to that
observed in many liquid phase thermally sintered ceramics as

a result of the high solubility and long
holding time. In Figure 1c we compare
the densification kinetics of NaCl when
thermally sintered at 600 88C and 700 88C.
Even though these samples were heated
at 600 88C and 700 88C they are only 84%
dense after 50 min and 10 min, respec-
tively. The microstructures show little
grain growth relative to the initial NaCl
powder (& 3 mm) as a result of the large
amount of porosity (Figure 2c,d).

With high aqueous solubility at
room temperature, salts like NaCl can
easily densify with a small fraction of
uniformly distributed water, thus dem-
onstrating the power of the proper
solvent for cold sintering. In the case
of sparingly soluble materials, like
ceramics, the cold sintering temperature
and pressure are raised to enhance
solubility and the process of densifica-
tion.

Cold sintering of Li2MoO4,
Na2Mo2O7, K2Mo2O7, and V2O5 illus-
trates the potential for sintering spar-
ingly soluble single and mixed metal
oxide ceramics. As shown in Figure 1d,
K2Mo2O7 samples are sintered to 80–
85 % relative density at 120 88C within
5 min under a pressure of 77 MPa.
When the pressure is in the range of
270–390 MPa, the relative density of
K2Mo2O7 reaches 89%. Increasing sin-
tering temperature from 120 88C to
180 88C (350 MPa for 5 min) cannot

remarkably improve the relative density of K2Mo2O7 (Fig-
ure 1e). But with holding time extended to 10–20 min
(350 MPa and 120 88C), K2Mo2O7 samples are sintered to 90–
94% relative density (Figure 1 f), which is comparable to
those densities found with a conventional thermal sintering
temperature of 460 88C. By appropriately varying temperature,
pressure, holding time, and water chemistry and content, we
cold sintered Li2MoO4, Na2Mo2O7, K2Mo2O7, and V2O5

samples to high density (> 90 %) ceramics at a temperature
as low as 120 88C. The densities of cold-sintered Li2MoO4

(120 88C/ 350 MPa/ 15 min), Na2Mo2O7 (120 88C/ 350 MPa/
15 min), K2Mo2O7 (120 88C/ 350 MPa/ 15 min), and V2O5

(120 88C/ 350 MPa/ 20 min) are 95.7 %, 93.7%, 94.1% and
90.2%, respectively.

There are no obvious impurity or second phases after cold
sintering (Figure S1, Supporting Information). As shown in
Figure S2 (Supporting Information) and Figure 2 e–j, the
grain sizes of cold-sintered Li2MoO4, Na2Mo2O7, K2Mo2O7

ceramics are similar to the particle sizes of prepared Li2MoO4,
Na2Mo2O7, and K2Mo2O7 powders, indicating that the grain
growth is substantially limited under these experimental
conditions. To this point, the grain sizes of the sintered
ceramics could be easily tailored through control of the initial
powder particle size. Such a technique may be utilized to

Figure 1. a) Schematic evolution of a powder compact during cold sintering. Interfaces at the
grain boundary region in dominant stages have been magnified. Comparison of relative densities
of &3 mm diameter NaCl under b) cold and c) conventional thermal sintering conditions.
Relative densities of K2Mo2O7 ceramics cold-sintered under controlled pressure, temperature,
and isothermal holding time are displayed. d) At 120 88C for 5 minutes as a function of applied
pressures. e) Under a pressure of 350 MPa for 5 minutes at various sintering temperatures. f) At
120 88C and 350 MPa as a function of isothermal holding time.
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produce polycrystalline materials with controllable and uni-
form grain sizes, or even preserve the nanoscale size of the
crystallites in the final products as shown in Figure S3 c
(Supporting Information). This set of experiments demon-
strates the effective use of pressure to enhance the driving
force for cold sintering. The pressure assists both particle
rearrangement and the dissolution–precipitation process at
particle contacts.

Since cold sintering involves precipitation of a complex
metal oxide-based phase, the appearance of a small fraction of
an amorphous phase in the ceramic grain boundaries seems
reasonable (Figure S4, Supporting Information). The forma-
tion of an amorphous grain boundary phase depends on the
rate of solute condensation as controlled by the rate of solvent
evaporation, and the associated degree of solute super-
saturation before condensation of the dissolved phase. We
further studied the amorphous–ceramic interface in cold-
sintered Na2Mo2O7 from the atomic-scale view, with repre-
sentative crystallites oriented along their [110] directions
(Figure 3).

We observed that the amorphous–crystalline interface is
typically arranged in a terrace-ledge manner (Figure 3 b),
which is consistent with the classic Terrace–Ledge–Kink
(TLK) model[8] used to describe the equilibrium state of
a growing crystal surface; the terrace ends in a ledge and steps
down to another one, and the missing atoms in the ledge
forms kink sites (Figure 3c). From a thermodynamic perspec-
tive, the step ledges and kinks provide energetically favorable
sites for atomic diffusion and surface free energy minimiza-
tion during liquid phase sintering, as the ionic species
attached to these sites can establish a sufficient number of
chemical bonds with the crystal surface so as to resist

redissolving.[8c,9] Our EDS mapping results (Figure S5, Sup-
porting Information) show that Na, Mo, and O homogene-
ously distributed across the crystalline/amorphous-phase
interface region. This is also verified by further EDS
quantification analysis performed for the corresponding
region, which demonstrates a uniform chemical distribution
without the notice of any significant deviation. In the
amorphous phase, nanometer-sized precipitates are also
observed to nucleate on the crystal surface (Figure 3 d, as
marked by the bright triangles). Additionally, we performed
an extensive scanning/transmission electron microscopy
(S/TEM) study to examine the grain–grain interface region
in cold-sintered Na2Mo2O7 ceramics. We estimate that 90% of
grain boundaries have no amorphous phase, indicating that
highly crystalline ceramics are approachable.

An additional proof of the utility and potential of cold
sintering was found in the performances of cold-sintered
NaCl, Li2MoO4, Na2Mo2O7, K2Mo2O7, and V2O5 ceramics,
which are comparable to those prepared by conventional
thermal sintering at 600–700 88C, 540 88C, 575 88C, 460 88C, and
450–660 88C, respectively (Table 1). The bonding of the room
temperature sintered NaCl compact is similar to thermally
sintered NaCl as illustrated by the comparable tensile
strengths for samples ranging from 65 to 90 % relative density
(Figure S6, Supporting Information). The permittivities of
cold-sintered Li2MoO4, Na2Mo2O7, K2Mo2O7 ceramics are
similar to those of thermally sintered samples and the Q X f
values are also good, as listed in Table 1. The DC conductivity
of V2O5 ceramic is comparable to that of thermally sintered
and hot-pressed[10] (630 88C/ 30–196 MPa) samples.

Figure 2. Microstructures of a–d) NaCl, e,h) Li2MoO4, f,i) Na2Mo2O7,
and g,j) K2Mo2O7. NaCl sintered at a) room temperature and 75%
relative humidity (RH) for 24 h, b) room temperature and 85% relative
humidity for 10 h, c) 60088C for 50 min, and d) 700 88C for 10 min.
Cross-section of e) Li2MoO4, f) Na2Mo2O7, and g) K2Mo2O7 ceramics
cold-sintered at 120 88C and 350 MPa for 15 min. Prepared h) Li2MoO4,
i) Na2Mo2O7, and j) K2Mo2O7 powders.

Figure 3. Interfaces of cold-sintered Na2Mo2O7 ceramics and the
Terrace–Ledge–Kink (TLK) model for crystal growth. a) HAADF-STEM
image at the crystal/amorphous-phase interface. b) Schematic showing
of the terraces and ledges. c) Schematic of the TLK model for crystal
growth. d) HAADF-STEM image at the crystal/amorphous-phase inter-
face with the appearance of nanometer-sized precipitates, as high-
lighted by the white triangles. e) HAADF-STEM image of the grain
boundary. The bright-contrasted dots in (a), (d), and (e) are columns
of Na atoms.
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To date, we have shown that many simple and mixed
metal oxides, metal chlorides and composites with a number
of crystal structures and melting temperatures can be sintered
between room temperature and 200 88C, as listed in Table S1
(Supporting Information). It should be noted that under CSP
there are important and subtle process conditions that may
vary to enable high densification of the materials listed in
Table S1. The specific details will be addressed in future
publications.

CSP draws on a diverse and multidisciplinary range of
specializations including aqueous thermodynamics, chemical
weathering, hydrothermal crystal growth, and biomineraliza-
tion.[12] The low energy needed to densify the ceramics under
the CSP is indicative of a non-equilibrium process involving
surface reactions, which require an open system and changes
in the chemical potential at the interfaces. The kinetics of the
process can be dependent on crystal structure, surface area of
the particles, pH of the solvent, the stoichiometry of the
dissolution products, temperature, time and pressure. There
are, of course, many details and challenges that need to be
understood to establish the scientific foundations and ulti-
mate control of CSP, in particular, understanding the diffusion
processes under the transient evaporation of the water in and
around the interfaces of the particle ensemble. As summar-
ized in Figure S3 (Supporting Information), there are many
new opportunities for the integration of different materials at
these low temperatures that are non-obvious based on the
previous practice of sintering inorganic particles at high
temperatures. In summary, we regard the cold sintering
process and its applicability across a number of crystal
structures and compositions as an important contribution to
ceramic processing and manufacturing. CPS offers the
potential for a strategic revolution that could alter the

material selections, improve perfor-
mance, and expand integration
options in material device applica-
tions and additive manufacturing.

Experimental Section
Cold sintering of NaCl: The NaCl pow-
ders were uniaxially pressed in
a 12.5 mm steel die at 5 MPa to produce
55% dense samples that were stored in
a desiccator prior to sintering studies.
For room temperature (25 88C) sintering,
samples were placed in a constant rela-
tive humidity chamber containing either
supersaturated NaCl or KCl solutions to
obtain a constant relative humidity of
75% or 85%, respectively.[13] Samples
were held for up to 24 h and then the
relative densities were calculated from
sample dimensions after drying. Samples
gained very little weight (< 0.2 wt.%)
for up to 15 and 10 h, respectively.
Samples were also thermally sintered
by heating in air at 5 88Cmin@1 up to
600 88C and 700 88C and held for up to 2 h.

Bulk ceramic preparation : Dense
ceramics of Li2MoO4, Na2Mo2O7,
K2Mo2O7, and V2O5 and dense compo-

sites of 0.8Li2MoO4-0.2BaFe12O19, 0.5Li2MoO4-0.5PTFE, and
0.8Li2MoO4-0.2EG were prepared by cold sintering. Method 1: All
the powders were mixed with 4–25 wt.% deionized water using
a mortar and pestle. The moistened powders were uniaxially warm
pressed in a steel die into dense pellets (12.7 mm in diameter and 1–
5 mm in height) at 80–570 MPa and 120 88C. The die was preheated to
120 88C for more than 1 h. After cold sintering the pellets were placed
into an oven at 120 88C for 6 h to remove water. Method 2: All the dry
powders were pressed into pellets (12.7 mm in diameter and 1–5 mm
in height) at 30–70 MPa at room temperature. Then, the pellets were
stored in a constant relative humidity (water vapor generated by
heating deionized water or humidity chamber) for 10–360 min.
Finally, the moistened pellets were warm pressed with a steel die
into dense pellets at 80–570 MPa and 12088C and placed into an oven
at 12088C for 6–12 h to dry the samples.

The experimental details of powder preparation, multilayer
ceramic preparation, and characterization are available in the
Supporting Information.
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Table 1: Densities and performances of selected ceramics cold-sintered at room temperature without
pressure (NaCl), or at 120 88C under a pressure of 350 MPa for 15–20 min (Li2MoO4, Na2Mo2O7,
K2Mo2O7, and V2O5).

Cold Sintering Process (CSP) Conventional Thermal Sintering Process
Density [gcm@3] Performance[a] Density [g cm@3] Performance

NaCl 1.95 (90%) ss = 10–15 MPa 1.95–2.07 (90–95.6%) ss =7–21 MPa

Li2MoO4 2.9 (95.7%) er = 5.61
Q W f =30 500 GHz
tand =5.7 W 10@4

(f =17.4 GHz)

2.895 (95.5%) er =5.5
Q W f = 46000 GHz[11a]

Na2Mo2O7 3.45 (93.7%) er = 13.4
Q W f =14 900 GHz
tand =7.5 W 10@4

(11.2 GHz)

3.59 (97%) er =12.9
Q W f = 62400 GHz[11b]

K2Mo2O7 3.39 (94.1%) er = 9.8
Q W f =16 000 GHz
tand =8.3 W 10@4

(13.3 GHz)

er =7.5
Q W f = 22000 GHz[11c]

V2O5 3.03 (90.2%) sc = 4.8 W 10@4 S cm@1 sc =10@5–10@3

Scm@1[11d–f ]

[a] ss, tensile strength. er, microwave permittivity. tand, loss. Q, quality factor (Q= 1/tand). f, resonate
frequency. sc, DC conductivity.
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