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1  |   INTRODUCTION

Sintering is an established powder processing technique 
which features the reduction in particle surface area by tak-
ing the excess surface free energy as thermodynamic driving 
force.1 It has been conventionally recognized that ceramic 
material sintering process generally requires temperature 
above 1000°C to reach at least 95% of relative density via at-
omistic material transport (diffusion), and a quality of dense 
bulk ceramic is determined by how porosity is effectively re-
moved from the grain structure. However, the early studies on 
the sintering of materials in the presence of a solvent and uni-
axial pressure2‒4 directed a potential pathway for developing 

low-temperature densification process, and hydrothermal 
hot-pressing method showed that continuous uniaxial com-
pression of a sample under hydrothermal condition resulted 
powder densification in a close autoclave condition at the sin-
tering temperature below 350°C.5

More recently, dense Li2MoO4 ceramics were fabri-
cated with moist powder and uniaxial pressure at room 
temperature.6 Then the term, cold sintering process, was 
coined in 2016 to describe the densification of ceramics 
and ceramic composites with the presence of transient 
phase and uniaxial pressure. The significant reduction in 
the sintering temperature provided a broad perspective of 
ceramic and polymer process integration.7 Several charac-
teristics of the cold sintering revolves around open system 
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Abstract
Cold sintering is a low-temperature powder process methodology that enables the 
densification of ceramics and ceramic-based composites at significantly reduced 
times and temperatures. Although the general notion of required pressure for the 
cold sintering is in the hundreds MPa, some material systems were reasonably dem-
onstrated to be densified in the pressure below 50 MPa, which allows to increase the 
sample size up to 25 cm2 using a small tabletop laboratory press. Indeed, the pressure 
requirement has been a major constraint on promoting its application deployments, 
but this study is intended to propose a path to alleviate that limitation. Five different 
ceramic and composite systems (three ZnO-based composites, Li1.5Al0.5Ge1.5(PO4)3, 
and zeolite Y) with applications in electronic, structural, and energy storage were 
investigated as a preliminary example of the size scale-up process. One of the ob-
served challenges of the scale-up process was to obtain homogeneous microstructure 
all over the sample as the transient phase evaporation rate may be different upon the 
localization. In the case of ZnO, the inhomogeneous pellet translucency may pertain 
to partial anisotropic grain growth within the same sample.
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(nonhydrothermal),8 short sintering time and low process 
temperature. Among the reported cold-sinterable material 
systems, ZnO is often investigated as a model sintering 
system for its generality. A recent ReaxFF molecular dy-
namics simulation advanced understanding of mechanism 
of rapid grain growth kinetics during the cold sintering, 
showing that the surface hydroxylation can promote Zn 
cation adsorption on the ZnO surface and hence accelerate 
recrystallization.9

Although there has been rapidly increasing attention on 
examining new material systems that can be cold sintered, 
the fundamentals of its sintering mechanisms and kinetics are 
still in the very early stage of understanding. To date, a geo-
logical concept of pressure solution creep can be understood 
as a governing mechanochemical process that comprehen-
sively explains dissolution, mass transport, and precipitation 
during the cold sintering.10,11 The sintering kinetics can be 
investigated by classifying four densification process vari-
ables including applied uniaxial pressure (P), sintering tem-
perature (T), dwell time (t), and transient chemistry (μ(t)). 
Correlating the effects of isobaric, isothermal and isochronal 
conditions to microstructural evolution and specific surface 
area reduction is an indisputable necessary condition to step 
forward to advance a complete analytical model of the cold 
sintering process.

While investigating pressure-dependent sintering kinet-
ics of different materials, we recognized that some systems 
can be densified even with significantly reduced pressure, 
which led to curiosity about size scale-up cold sintering 
process. Indeed, uniaxial pressure in the tens of MPa range 
can help to develop a vision of industrial implementation 
for the cold sintering, as the established commercial pro-
cesses like powder metallurgy consolidation and compos-
ite lamination operate within a similar or higher pressure 
range. Hence, the proposed study is intended to unveil the 
feasibility of making a large bulk ceramic and ceramic 
composite at low temperature and pressure for a wide range 

of applications including electroceramic, structural, and 
energy storage materials.

2  |   EXPERIMENTAL METHODS

In this study, the scale-up process meant enlarging the size 
of a cold-sintered specimen from 13-mm diameter to 50-mm 
length, thus increasing by almost 20 times the sample size 
that can be produced (Figure 1A,B). The applied uniaxial 
pressure ranged between 27 and 45 MPa, which is an order 
of magnitude lower than the general notion of required pres-
sure for the cold sintering. The sintering temperatures of 
140-200°C were PID controlled by the temperature readings 
from the thermocouple inserted at the center of the sinter-
ing die, which allows to obtain highly repeatable heating 
cycles and to compare heating profiles of different sintering 
die dimensions. The recorded temperature profile showed 
that the maximum heating rate was 6.1°C/min. and the tem-
perature fluctuation in the steady state was less than 1.0°C 
(Figure 1C). Multiple thermocouples were inserted to iden-
tify any thermal gradient of the sample surface during the 
process. The densification process variables of the material 
systems demonstrating the current scale-up study are sum-
marized in Table 1. The envelop density was measured by 
the Archimedes method using ethanol as a liquid medium, 
and the sample was soaked in the liquid under vacuum for 
30 minutes to completely fill open pores. More details about 
powder preparation, cold sintering procedures, and materi-
als characterization are documented in the Supplementary 
Materials.

3  |   RESULTS

The photograph of large ZnO showed that partial translucency 
within the same sample (Figure 2A). It needs to be emphasized 

F I G U R E  1   (A) Framework illustrating sintering kinetics based scale-up process. (B) Comparison between ϕ = 13 mm sintering die and 
L = 50 mm. (C) Temperature profile of 140°C and PID control output in a function of time
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that the thickness of the given sample was 1.06 ± 0.04 mm, 
which is thicker than typical bulk polycrystalline ceramics 
regarding the translucency study.12 Therefore, its interesting 
optical transmission could be originated from the high degree 
of densification where the resulting relative density was above 
96%. The scanning electron microscope (SEM) micrographs 
of ZnO identified that the initial spherical particles changed to 
the faceted grains after cold sintering at 140 °C under uniaxial 
pressure of 27 MPa (Figure 2F). Comparing the micrographs 
of isothermal dwell times of 15 and 480 minutes, significant 
coarsening was observed, where the grain sizes at each isother-
mal dwell time were 220 ± 76 and 380 ± 170 nm, respectively. 
Such distinguishable microstructural evolution pertains to (a) 
Ostwald ripening of precipitated crystals, which are formed by 
the pressure solution creep process13 and (b) accelerated grain 
coalescence by grain rotation in nano-crystalline precipitates 
where external stress can enhance the grain rotation rate.14 
However, the size scale-up cold sintering process uses sintering 
temperature and external pressure that are an order of magni-
tude lower than the conditions studied in the stress-enhanced 

growth simulation.15 Therefore, it can be conjectured that other 
factors including the amount of acetate residue phase may be 
highly relevant to understand fundamental mechanisms of the 
cold sintering grain growth.

In this study, the scope of ZnO cold sintering was extend to 
study the feasibility of processing size scale-up ceramic/polymer 
composite. In the case of the ZnO and aramid nanofiber com-
posite (Figure 2B,H), the relative density was also above 96% 
and yellowish sample color was originated from the dispersion 
of aramid nanofiber in the ceramic matrix. Although 0 minute 
isothermal dwell time was used, the larger grain growth com-
paring to the pure ZnO at 15 minutes can be relevant to the fol-
lowing factors. (a) The 40°C higher sintering temperature and 
18 MPa higher applied uniaxial pressure can provide additional 
thermodynamic driving force for the enhanced grain growth. 
(b) Kinetics of the pressure solution creep process will be dif-
ferent with a presence of dimethyl sulfoxide (DMSO), which 
has a higher evaporation temperature than water.

In the case of the ZnO, polyetherimide, Mn2O3, and CoO 
composite (Figure 2C,H), the relative density was around 88%, 

T A B L E  1   Summary of cold-sintered materials where P is the applied uniaxial pressure, T is the sintering temperature, t is the dwell time, and 
μ(t) is the transient phase and concentration. C indicates a new cold sintering material system introduced through the current work.

Figure 2 Materials Ref.

Process conditions

P [MPa] T [°C] t [min.] μ(t)

A, F ZnO 23 27 140 15–480 CH3COOH, 2 M

B, G ZnO + Aramid nanofibers C 45 180 0 CH3COOH, 2 M

C, H ZnO + Polyetherimide + 
Mn2O3 + CoO

C 27 150 60 CH3COOH, 2 M

D, I Li1.5Al0.5Ge1.5(PO4)3 (LAGP) 24 27 140 60 DI water

F, J Zeolite Y C 27 200 120 NaOH, 5 M

F I G U R E  2   Examples of size scaled-up cold-sintered materials. Photographs of (A) ZnO, (B) ZnO + Aramid fiber, (C) 
ZnO + Polyetherimide + metal oxides, (D) LAGP and (E) Zeolite Y, where ρ indicates the relative density. (E–J) show fractured-surface SEM 
micrographs of the corresponding materials

(A) (B) (C) (D) (E)

(F) (G) (H) (I) (J)
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which is noticeably lower than that of the first two cases. This 
can pertain to inhomogeneous mixing between the ceramic 
particles and the polymer phase, which it can form aggregation 
and hinder the ceramic phase densification. Hence, obtaining 
uniform dispersion of polymer and metal oxides, such as using 
cryogenic grinding, will be necessary to advance understanding 
on structure-property relationship of multiphase composites.

For the LAGP cold sintering (Figure 2D,I), interparticle 
neck contact and grain growth were apparent comparing the 
initial powder and cold-sintered LAGP micrographs (Figure 
S1A), and high degree of densification was obtained. However, 
two distinct microstructures of highly crystalline and amor-
phous regions were both speculated within the same sample. 
It can be related to inhomogeneous transient phase evaporation 
during the scale-up cold sintering process, where different de-
grees of incongruent dissolution can be expected based on local 
transient phase confinement. Similar to the partial translucency 
of the pure ZnO cold sintering, enlarging sample size can in-
troduce new complications such as the significantly increases 
aspect ratio between the surface area and thickness makes the 
sintered sample prone to crack during the pellet ejection.

Feasibility of zeolite cold sintering was first introduced 
in this study (Figure 2E,J). Comparing the initial powder 
and cold-sintered zeolite Y micrographs (Figure S1B), no-
ticeable microstructure change was observed from initial 

particle size of 1 μm to neck formation. As shown on the 
sintered sample micrograph, pore shrinkage was not fully 
obtained at the given cold sintering conditions, which ex-
plains its low density. In fact, dense bulk zeolite Y was 
previously reported by using hydrothermal sintering pro-
cess.16 Although both sintering processes feature reduced 
processing temperature and applied uniaxial pressure, open 
system nature of the cold sintering can significantly influ-
ence the densification kinetics.17 Therefore, good under-
standing of the effect of the densification process variables 
on the zeolite cold sintering is needed to improve sintering 
quality at desired microstructure.

4  |   DISCUSSION

4.1  |  Prospective advantages of the size 
scale-up cold sintering process

One of the technological advantages of the low-temperature 
densification is to reduce the temperature processing gap 
between ceramic and polymer materials, which unlocks 
new opportunities for investigating functional ceramic-
matrix composites with engineered grain boundaries. 
However, its pressure requirement has been regarded as a 

F I G U R E  3   Inhomogeneous ZnO translucency. (A) SEM micrograph of the opaque area, where a/b indicates the average grain aspect ratio 
of 140 grains and HBW corresponds to measured hardness values using the Brinell indentation test. (B) Photograph of the cold-sintered ZnO pellet 
showing both opaque and translucent part. C, SEM micrograph of the translucent area. XRD patterns of (D) opaque and (E) translucent area, where 
the bar indicates intensity difference between (001) and (002) peak

(A)

(D) (E)

(B) (C)
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major constraint for large-scale manufacturing implemen-
tation. The current study observes that the critical pressure 
for densification may be far lower than the general notion 
of the cold sintering pressure range, if a target powder and 
transient chemistry are compatible for initiating the pressure 
solution creep. More importantly, potential opportunities 
for the size scale-up is not limited to the field of electrocer-
amic applications including varistor and multilayer capaci-
tor, but includes the research on refractory ceramic matrix 
with reinforcing aramid nanofiber fillers,18 molecular sieve 
adsorbents19,20 and all-solid-state batteries.21

4.2  |  New domain of process challenges

Preliminary observations on the large cold-sintered pellets 
demonstrate a new domain of process challenges, which 
needs to be resolved to obtain a uniform microstructure at 
high density with controlled grain size. In the case of ZnO, 
both opaque and translucent areas were shown within the 
same sample (Figure 3A-C), and the locations of those areas 
were randomly placed, inferring that inhomogeneous pres-
sure distribution is not an appreciable cause. The temperature 
difference between the center and outer of the sample was 
measured to be smaller than 1.5°C during the heating ramp, 
indicating that the temperature gradient can be considered 
to be minimal. Also, the difference in the sample thickness, 
Brinell hardness (HBW) and grain size were in the uncer-
tainty range, showing that no significant difference regarding 
the sintering quality. However, the microstructures identi-
fied that the opaque area had more anisotropic grain growth, 
whereas the translucent area had equiaxed grain evolution. 
Quantitatively, the average aspect grain ratio of the opaque 
and translucent regions was 1.60  ±  0.47 and 1.29  ±  0.22, 
respectively (Figure S2). The X-ray diffraction (XRD) fur-
ther qualitatively supported the grain shape difference in the 
opaque and translucent areas as the peak intensity ratios be-
tween (100) and (002) were 0.29 and 0.17, respectively, veri-
fying the anisotropic growth in the [001] direction (Figure 
3D,E). Such grain shape results difference in translucency, 
which pertains to Mie scattering.22 To the our best knowl-
edge, randomly localized transient liquid evaporation rate is 
a key factor that determines the sample homogeneity.

5  |   SUMMARY

We observed that the cold sintering can densify ceramic and 
ceramic composite materials with the uniaxial pressure below 
50 MPa, which is an order of magnitude lower pressure range 
than the general cold sintering practices. This is an important step 
in the pathway for its industrial implementation. The use of lower 
pressure guided to achieve the size scale-up while maintaining 

short dwell time and low sintering temperature. However, the 
enlarged sample size opened a new domain of processing chal-
lenges as inhomogeneous grain shape was speculated, which 
may pertain to randomly localized evaporation of the transient 
phase. Once the scale-up process is finely tailored to obtain ho-
mogeneous sample, thorough investigation is necessary to verify 
physical properties of each section of the sample. As the develop-
ment of the cold sintering process is still in the very early stage, 
it requires lots of advances in fundamental understanding to be-
come a full-fledged powder processing methodology, but this 
work can be considered as one small step forward.
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