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1  |   INTRODUCTION

The increasing awareness about global warming and climate 
change urges the development of novel techniques able to re-
duce the carbon footprint of the ceramic industry.1,2 In the pres-
ent research context, the cold sintering process (CSP) is gaining 
increasing interest as it allows near room temperature (RT) 
consolidation of several ceramic systems.3–7 CSP is a liquid-
assisted technology where the addition of water (or alternative 
solvent) combined with external pressure (from a few tens to 
a few hundreds of megapascals) allows sintering ceramic arti-
facts in “warm” conditions (i.e., typically below 350°C). CSP 
is an evolution of hot hydrothermal pressing (HHP) developed 
during the 1980 s in Japan,8–10 but it uses much simpler and 
inexpensive facilities. A typical CSP consists of the following 
steps: (i) the ceramic powder is mixed with a solvent to pro-
duce a paste that is (ii) introduced in a mold (die/punches) and 

(iii) pressed. The process is carried out at near RT and the die/
punches assembling is not sealed thus allowing water evapo-
ration. Despite the mainstream in the CSP scientific commu-
nity6 is that the process is fundamentally based on liquid phase 
sintering (LPS), originating from dissolution/reprecipitation 
phenomena, recent experimental and theoretical works seem to 
suggest that additional mechanisms could be relevant such as 
water-induced plastic or viscous flow.11–15

The first materials produced by CSP were mainly salts 
and soluble compounds,3,16 although several activities have 
been then carried out on ferroelectrics,16–18 piezoelectrics,19 
magnetic ceramics,20 semiconductors,21–23 transparent 
ceramics,24 bioceramics,14 and ionic conductors.25–27 More 
recent works regard water-assisted cold processing of silicate 
ceramics including cold sintering of quartz,28 soda-lime sili-
cate glass,15 and quartz-PTFE composite29 or cold joining of 
silica30 and cold isotactic pressing of glass monoliths.31
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Abstract
Diatomite, a natural silicate-based sedimentary rock, was densified by cold sintering 
at room temperature and 150°C under various pressures (100, 200, and 300 MPa) and 
using different NaOH water solutions (0–3 M). The relative density of cold sintered 
diatomite can be as high as 90%, a condition that can be achieved by conventional 
firing only at 1200–1300°C. The cold sintered materials maintain the same mineral-
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by well-deformed and flattened grains oriented orthogonally to the applied pressure. 
Conversely, an evident phase evolution takes place upon conventional firing with the 
formation of cristobalite and mullite. The bending strength of cold sintered artifacts 
can exceed 40 MPa and increases to ≈80 MPa after post-annealing at 800°C, such 
mechanical strength is much larger than that of conventionally pressed samples sin-
tered at 800°C, which is only ≈1 MPa.
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Although CSP is inspired by phenomena taking place in 
nature (like the formation of sedimentary rocks32), no re-
search activities regarding the application of CSP on nonsyn-
thetic industrial minerals have been reported to the best of the 
authors' knowledge.

In the present work, the cold sintering of diatomaceous 
earth, or simply diatomite, was investigated. Diatomite is a 
silicate-based material constituted by the skeleton (frustules) 
of diatoms, eukaryotic unicellular microalgae. Deposits of 
diatomite can be found worldwide as sedimentary rocks.33 
Frustules are made of various self-assembled bio-silica ar-
chitectures forming a highly porous pattern ranging from 
the microscale to the nanoscale.34 The resulting structure is 
responsible for diatomite physical–chemical properties like 
high surface area, thermal stability, and good chemical and 
mechanical resistance.35

The abundance, low-price, and unique properties of this 
material are the reasons why diatomite has been widely used 
in many technical fields including thermal insulation,36 con-
structions, catalysis, filters, hazardous waste absorption,37 
paint fillers, and insecticide.38

Herein, we studied the cold sintering process of diato-
maceous earth aiming at (i) pointing out the applicability 
of CSP to such material, (ii) understanding the effect of the 
main process conditions (pressure, temperature, liquid solu-
tion composition) on densification, and (iii) identifying the 
microstructural features of the CSP material. The microstruc-
tural evolution of the CSP products is also compared with 
that obtained by conventional sintering. To point out whether 
cold sintering allows a “proper sintering” of the material with 
strong interparticle bonding, a preliminary mechanical char-
acterization was carried out on the densest samples.

2  |   EXPERIMENTAL PROCEDURES

2.1  |  Samples preparation

Commercially available diatomite powder was provided by 
a Vietnamese mineral joint-stock company in Phu Yen. The 
powder was dried overnight before being used.

About 0.4 g of diatomite powders were uniaxially pressed 
at 100 MPa by a hydraulic manual press (Specac) in a cy-
lindrical die (ø  =  13  mm) (Specac) to prepare the sam-
ples for conventional sintering (CS). This was carried out 
in Nabertherm P330 muffle furnace with a heating rate of 
10°C min−1 and 1 h holding time at the sintering temperature, 
varied between 800°C and 1300°C.

Pellets for cold sintering were produced by mixing 0.4-g 
powder with 0.25-g NaOH (Sigma Aldrich) water solution 
with four different concentrations (0, 0.1, 0.5, 1, and 3 M). 
The obtained mix, whose consistency is that of a paste, was 
introduced into a cylindrical die (ø = 13 mm) and pressed 

using a mechanical testing machine (MTS 810, Material Test 
System). Three pressure levels were applied (100, 200, and 
300 MPa) with a ramp of 15 kN min−1. Once the maximum 
pressure was reached, the mold was heated up to 150°C using 
a heating ring wrapped around the die. Maximum tempera-
ture and pressure were held constant for 12 min. Three spec-
imens (one for each pressure level) were also cold sintered 
at RT by mixing the diatomite powder with a 3-M NaOH 
water solution. The samples cold sintered at RT were dried at 
150°C for 15 min before being characterized.

Finally, some samples cold sintered at 150°C using 3-M 
NaOH solution and 300 MPa were post-annealed at 800°C for 1 h 
(heating rate = 3°C min−1 up to 600°C, 10°C min−1 up to 800°C).

2.2  |  Materials characterization

The chemical composition of diatomite powders was deter-
mined by ICP-AES. The powders were dissolved in molten 
lithium tetraborate at 1050°C in a Pt crucible. The melt was 
then quenched and dissolved in nitric acid solution HNO3 
(4%) for 2 h, and then 2-ml HF were added. The analyses 
were carried out with a normal torch, adding 1-ml boron 
oxide water solution (30 g L−1) every 9-ml nitric acid solu-
tion. The product was therefore analyzed by a Spectro Ciros 
instrument (Spectro Analytical Instruments GmbH & Co).

Infrared Attenuated Total Reflectance (IR-ATR) spec-
troscopy was carried out to access the chemical bonds of 
diatomite raw material and sintered specimens. All spectra 
were collected from 4000 to 600 cm−1 using a Spectrum One 
spectrometer (Perkin Elmer).

Mineralogical phases were determined by X-ray diffrac-
tion (XRD) (Italstructures, IPD 3000). The diffractometer was 
equipped with a Co-Kα (λ = 1.7902 Å) X-ray source excited at 
40 kV, 30 mA. Once collected, the XRD spectra were analyzed 
by MAUD® software, based on the Rietveld refinement.

The thermal evolution of the raw material was studied by 
thermogravimetric analysis (TGA) and differential thermal 
analysis (DTA) up to 1350°C with a NETZSCH Geraerebau 
GmbH STA 409 thermobalance (heating rate = 20°C min−1). 
Moreover, the linear shrinkage was evaluated up to 1350°C 
using an L75 PT horizontal dilatometer (Linseis) using a 
heating rate equal to 20°C  min−1. Dilatometric test was 
carried out on a cylindrical sample (diameter  =  13  mm, 
height = 4 mm) produced by uniaxial pressing the raw pow-
der at 100 MPa. The pressure applied by the dilatometer pis-
ton on the sample was about 4 kPa.

The microstructural evolution was analyzed by scan-
ning electron microscopy (SEM) (JEOL JSM-5500). 
Micrographs were acquired on the raw material and the 
fresh fracture surface of sintered samples. Powder and sin-
tered samples were preliminarily made conductive with a 
Pd–Pt sputter coating.
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The density of conventionally sintered pellets was 
measured by Archimedes' method using distilled water as 
immersing medium while only the bulk density was de-
termined for cold sintered materials to avoid any possible 
reactions between water and soda-rich glass. The density 
measurements were carried out using an analytical balance 
(Gibertini) and a digital caliper with sensitivity 0.1 mg and 
0.01 mm, respectively. The theoretical density of the cold 
sintered bodies was determined on the milled artifacts by He 
picnometry (AccuPyc 1330 TC, Micromeritics). The open 
porosity of the diatomite loose powder and of the densest 
cold sintered sample was evaluated by Hg porosimetry, the 
analysis being carried out using a Porosimeter 2000 (Carlo 
Erba).

Starting from the data collected with the mechanical test-
ing machine (time, displacement, and load) during cold sin-
tering, temperature measurements, and the final density of 
the sintered bodies, the density evolution upon CSP was es-
timated as a function of time and temperature. The displace-
ment raw data were corrected by subtracting the contribution 
of the die and mechanical testing machine deformation and 
the thermal expansion. This was determined by carrying out 
the tests with an empty die and the same conditions (tem-
perature, pressure, and heating/pressing rate).

The biaxial flexural strength was measured on the sam-
ples (i) conventionally sintered at 800°C, (ii) cold sintered 
at 150°C (3-M NaOH solution, 300  MPa), and (iii) cold 
sintered at 150°C (3-M NaOH solution, 300 MPa) + post-
annealing at 800°C. The piston-on-three-balls test was 
carried out using an MTS 810 mechanical testing machine 
equipped with a 5-kN load cell and using the ISO 6872:15 
standard as a reference. The sample (diameter ≈13  mm) 
was placed on three supporting balls, equally spaced at 
120°C, and loaded by a steel piston (2-mm diameter) mov-
ing at 0.5 mm s−1.

The biaxial flexural strength was determined as39

where

P being the failure load, s the sample thickness, ν the 
Poisson ratio (assumed equal to 0.2 as intermediate between 
fused silica, 0.17,38 and soda-lime silicate glass, 0.2240), r 
the radius of the piston, R the radius of the sample, and a 
the radius of the circle generated by the supporting spheres. 
The strength was determined as an average over at least five 
measures.

3  |   RESULTS AND DISCUSSION

The diatomite powder used in the present work is mainly 
constituted by the fossilized diatom shells, and its size ranges 
from a few microns to several tens of microns (Figure 1). The 
chemical composition in terms of metallic elements as de-
termined by ICP-AES is (wt%) as follows: 61.0 Si, 19.9 Al, 
9.4 Fe, 5.5 K, 1.3 Mg, 1.2 Na, 0.9 Ca, 0.8 Ti, 0.1 others. The 
XRD analysis of the powder revealed the presence of three 
main phases (Figure 2A): α-quartz (ICDD/PDF 46-1045), il-
lite (ICDD/PDF 29/1496), and silicate glass, as evidenced by 
a broad hump around 2θ ≈ 25°C. The abundant presence of 
a clay mineral (i.e., illite) is consistent with the results of the 
ICP-AES analysis, which revealed that Al is the second most 
abundant metal; furthermore, being illite typically highly 
substituted in nature, it also accounts for the significant 
amount of Fe, Mg, K, Ca, and Ti.

The Fourier transform infrared (FTIR) spectrum 
(Figure 2B) recorded on the diatomite powder is character-
ized by two well-defined peaks, one at 1048  cm−1, due to 
the asymmetric stretching of siloxane (Si–O–Si) groups,41,42 
and another at 798 cm−1, which can be assigned both to sym-
metric stretching of Si–O43,44 as well as to Al–O–Si stretch-
ing,43,45 this being consistent with the presence of illite.

As said, cold sintering was carried out on diatomite 
powder mixed with sodium hydroxide (NaOH) water solu-
tions. The solubility rate for silicon dioxide is strongly af-
fected by the solution pH,46 and it increases by about two 
orders of magnitude changing from acid to basic solutions.47 
Furthermore, the solubility strongly increases with tempera-
ture; that is, by heating the system from RT to 65°C, SiO2 
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F I G U R E  1   Scanning electron 
microscopy micrographs of the diatomite 
powder [Color figure can be viewed at 
wileyonlinelibrary.com]
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solubility grows by three orders of magnitude.47 In agreement 
with such background, alkaline solutions have been already 
used for cold sintering quartz,28 quartz-PTFE composites,29 
silicate glasses,15 and silicate-based materials like zeolite Y.48

No phase transformations were detected during CSP, in-
dependently from the water solution concentration, applied 
pressure, and temperature: only quartz, amorphous silicate 
glass (probably including NaOH solution residue), and illite 
are detected by the XRD spectra, as shown in Figure  2A. 
These results point out that CSP allows to maintain the start-
ing powder structure during the densification process. It 
appears therefore an effective tool for the consolidation of 
metastable phases that could undergo thermal transformation 
upon sintering.

Figure 2B shows the FTIR spectra of cold sintered ma-
terials. The stretching signals at about 1040–1020 cm−1 and 
798–796 cm−1 are always present. A weak red-shift of the 
Si–O–Si peak can also be appreciated in the CSP samples 
revealing a modification of the structural order of SiO2 and 
the variation of the bond angles due to nonbridging oxy-
gens formation. As a matter of fact, nonbridging oxygens 
are expected to form through the reaction between silica and 
NaOH.49 An additional peak is visible at 1634–1637 cm−1 
in cold sintered diatomite and can be associated with bend-
ing of OH groups of water.43 A weak and broad feature at 
about 3500 cm−1 can also be detected; it is associated with 
OH stretching.43

Differently from CSP materials, the samples prepared via 
conventional sintering show evident structural/mineralogical 
alterations if compared with the raw powder. According to the 
TGA analysis (Figure 3A), raw diatomite undergoes a weight 
loss of about 2% at ≈100°C upon firing due to the removal 
of absorbed humidity. Other two weight losses of ≈0.5 wt% 
can be observed at 470°C–550°C and 650°C–870°C, these 
being related to clay dihydroxylation.50,51 The results are 
further confirmed by the DTA analysis, which shows an ex-
tended endothermic phenomenon between 470°C and 900°C. 
The dilatometric curve recorded on the raw powder pellet 
(Figure 3B) is characterized by two shrinkages with maximum 
intensity at 930°C and 1185°C: the former corresponds to a 
modest linear shrinkage of ≈2.5%, whereas the latter leads to 
a linear contraction exceeding 20%.

XRD pattern corresponding to the raw powder and to the 
conventionally sintered samples (Figure 4A) does not change 
significantly between RT and 800°C, the sample sintered at 
such temperature still containing quartz, silicate glass, and 
illite (note that hydrated and anhydrous illite possess very 
similar crystal structures, which make them substantially 
indistinguishable52,53). At 900°C, illite starts to decompose, 
and also quartz partially dissolves in the glassy phase. At 
1000°C, illite peaks completely disappear and the material 
fundamentally contains amorphous silica and quartz rel-
icts. Starting from 1100°C, cristobalite (ICDD/PDF 39-
142) and mullite (ICDD/PDF 15-776) crystallize from the 

F I G U R E  2   X-ray diffraction (A) and Fourier transform infrared (B) spectra of cold sintering process specimens. The phases in (A) are 
identified as: Q = quartz, I = illite [Color figure can be viewed at wileyonlinelibrary.com]

www.wileyonlinelibrary.com
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vitreous phase causing a reduction of the amorphous fea-
ture at 2θ ≈ 25°. Finally, at 1300°C, the material is almost 
fully crystalline, characterized mainly by the presence of 
cristobalite and mullite. The crystallization of mullite from 
aluminum-silicate glass is not particularly surprising as it is 
an equilibrium phase predicted by the SiO2–Al2O3 phase dia-
gram.54 On the other hand, cristobalite is not the most stable 
SiO2 polymorph in the considered temperature range, tridy-
mite being more stable between below 1470°C.54 However, it 

is usually reported that cristobalite preferentially crystallizes 
from silicate glasses even below 1400°C,55–57 and this can 
be largely affected by the presence of even low amounts of 
alkalis.58 Furthermore, the formation of cristobalite during 
high-temperature treatments of diatomaceous earth has al-
ready been abundantly documented in the literature.59,60

The FTIR spectra of conventionally sintered diatomite 
samples are reported in Figure 4B. No clear differences can 
be identified with respect to the raw powder, this pointing 

F I G U R E  3   Thermal analysis of diatomite powder: (A) thermogravimetric analysis–differential thermal analysis and (B) dilatometric curves

F I G U R E  4   (A) X-ray diffraction diagrams and (B) Fourier transform infrared spectra of the raw material and cold sintering process samples. 
The phases in (A) are identified as: M = mullite, Q = quartz, I = illite [Color figure can be viewed at wileyonlinelibrary.com]

www.wileyonlinelibrary.com
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out the presence of compounds containing Si–O and Al–O 
bonds. Only a slight blue-shift of the Si–O stretching signal 
(≈1050 cm−1) is present and can be attributed to the decom-
position of clay minerals42/crystallization of mullite.61

The influence of pressure on the bulk density of cold 
sintered samples is shown in Figure  5, with the effect of 
temperature and solvent concentration being also included. 
Bulk density increases with the applied pressure in all 
the tested conditions, because pressure provides an extra 
driving force for densification.2,62 Considering samples 
obtained with 3-M NaOH water solution as transient liquid-
phase, a dramatic gain in bulk density is obtained when the 
cold sintering occurs at 150°C rather than at RT. This evi-
dence is verified independently from the pressure level and 
points out that the densification mechanism is thermally 
activated.

As expected, the alkaline solution concentration plays 
a relevant role in improving densification by cold sinter-
ing: at 150°C, comparable density levels are achieved em-
ploying distilled water (pH <7) or diluted NaOH solutions 
(0.1–0.5  M, pH  ≈  13), but moving toward higher NaOH 
concentrations (1–3 M, pH >14), a clear gain in bulk den-
sity is detected at any pressure value. Besides pressure, the 
synergy of temperature and solution concentration provides 
successful results in CSP: the densest sample was obtained 
with 3 M NaOH solution at 150°C under 300-MPa pressure. 
Its theoretical density was estimated as 2.28 ± 0.01 g cm−3 
by He picnometry. Such density appears in agreement with 
the literature values for diatomites, which typically ranges 
between 2 and 2.66 g cm−3.33 On such bases, the relative den-
sity of the materials cold sintered at 150°C can exceed 90% 
of the theoretical one (300 MPa, 3-M NaOH). On the other 
hand, the relative density of the samples cold sintered at RT 

never exceeded 70%, suggesting that they remained in a sort 
of “green” state.

To further confirm diatomite densification by cold sin-
tering, Hg porosimetry was carried out on the densest CSP 
sample and on the loose diatomite powder for compari-
son. The cumulative pore volume distribution is reported 
in Figure  6. The results confirm the porous nature of di-
atomite, which contains pores ranging from the mesoscale to 
the macroscale. The total porosity is ≈0.65 cm3 g−1, which 
corresponds to about 60 vol% (assuming the density of the 
solid ≈2.3 g cm−3). About 50% of the pore volume is above 
800 nm, whereas the mesopores (<50 nm) account for 12% 
of the pore volume (0.077  cm3  g−1). After CSP (150°C, 
300 MPa, 3-M NaOH), the structure is clearly densified and 
the pore volume drops to 0.046 cm3 g−1. Such reduction is 
particularly significant because the green body is expected 
to possess a porosity much larger than that measured on the 
loose diatomite powder. In fact, the sample in the green state 
contains both intragrains (measured by porosimetry on di-
atomite powder) and intergrains porosity (typically 50% of 
the green volume). Hence, Figure 6 reveals that CSP allows 
to remove not only the intergrains porosity but also the largest 
part of the “native” pores within the diatomite powder.

Using the bulk density calculated by He picnometry and 
the Hg porosimetry results, we can estimate that the porosity 
after CSP is below 10 vol%, this being in good agreement 
with the density measurements. Interestingly, after CSP, al-
most all the residual pores are in the mesoscale. This is quite 
unusual because in conventional sintering processes, densifi-
cation proceeds starting from the smallest pores, and as such, 
during consolidation, the average pore size progressively 
increases. Upon CSP, the opposite behavior is observed. 
The origin of the phenomenon is not completely clear and 

F I G U R E  5   Bulk density evolution as a function of sintering 
temperature and solution concentration [Color figure can be viewed at 
wileyonlinelibrary.com]

F I G U R E  6   Cumulative pore volume measured by Hg porosimetry 
on loose diatomite powder and on the densest cold sintering process 
sample [Color figure can be viewed at wileyonlinelibrary.com]

www.wileyonlinelibrary.com
www.wileyonlinelibrary.com
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deserves further investigation; in any case, we can point out 
that in CSP, the driving force for densification is the exter-
nal pressure, whereas in conventional sintering, mass trans-
port is driven by capillarity. Because capillarity pressures are 
proportional to the curvature, the smallest pores are more 
prone to densification; on the other hand, this effect is not ex-
pected in CSP. Moreover, we can speculate that water could 
be preferentially retained within the small pores, and being 
incompressible, it could somehow stabilize the mesopores. A 
definitive conclusion on the mechanisms cannot be drawn at 
the present stage, but the results suggest that CSP allows to 
obtain microstructure with unusual pore distribution.

The microstructure of CSP samples is shown in Figure 7 
(fresh fracture surfaces). In all the pellets, a deformation of 
the starting powder is visible, the effect being more evident in 
samples pressed under 300 MPa. Powder deformation is also 
promoted in warm conditions; one can observe that the grains 
appear “flattened” after the CSP and oriented orthogonally 
to the pressure direction (top-bottom in Figure 7). The clear 
grain flattening points out that the main driving force of the 
process is the external pressure application (i.e., capillarity 
pressure being isotropic).

The microstructure of the cold sintered samples (150°C, 
300  MPa, 3-M NaOH solution) shows good stability upon 
heating. In fact, the samples post-annealed at 800°C did not 
show substantial microstructural changes: their density re-
mains constant (Table 1) and the fracture surface (Figure 8) 
shows flattened and oriented grains (like for nonannealed 

samples). The absence of significant densification upon heat-
ing confirms once more the good level of consolidation of the 
cold sintered material and proves that it can be employed also 
in applications at relatively high temperatures.

For the conventionally sintered samples, the bulk density 
increases from 1.2 to 2.2 g cm−3 between 800 and 1300°C 
(Figure 9). On the other hand, apparent density remains con-
stant up to 1000°C suggesting that there is no close poros-
ity formation in this temperature range. Then, it increases 
between 1000°C and 1100°C as a result of the partial crys-
tallization of mullite and cristobalite (Figure 4A). It finally 
decreases at a higher temperature (despite crystallization pro-
ceeds) because of the transition from open to closed porosity.

The microstructure of samples treated at a temperature 
below 1000°C does not change significantly, and some 
frustule relicts are well visible (Figure 10). At 1100°C, an ini-
tial interconnected structure appears, which is even more ap-
preciable at 1200 and 1300°C. Porosity evolves starting from 
1100°C, and pores start to be closed, isolated, and rounded in 
shape by increasing the sintering temperature. Comparing the 
results in Figures 5 and 9, we can conclude that the densifica-
tion achieved in CSP (300 MPa, 150°C, 3-M NaOH solution) 
can be reproduced by conventional sintering only at tempera-
tures exceeding 1200°C. Therefore, CSP allows a downward 
shift in the consolidation temperature for diatomite of more 
than 1000°C.

Table  1 reports the equibiaxial flexural strength of 
the cold sintered material (150°C, 300  MPa, 3-M NaOH 

F I G U R E  7   Scanning electron microscopy micrographs of the fresh fracture surfaces of cold sintered diatomite. The uniaxial pressure was 
applied along the top-bottom direction. Cold sintering process temperature and pressure are reported along with the NaOH solution concentration 
[Color figure can be viewed at wileyonlinelibrary.com]

www.wileyonlinelibrary.com
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solution) before and after post-annealing at 800°C. The mate-
rial just after CSP possesses a mechanical resistance exceed-
ing 40 MPa, which increases up to ≈80 MPa after annealing 
at 800°C. This value is lower than that reported by Akhtar 
et al. (about 100 MPa)63 on ≈75% dense diatomite, although 
the latter was measured in compression, thus being definitely 
larger than the flexural one. In any case, the properties of cold 
sintered diatomite appear consistent with a properly sintered 
material where primary chemical bonds between particles 
develop. Cold sintered diatomite does not appear therefore as 
a “simple assembly of deformed particles” without effective 
interparticle bonding but behaves like a truly sintered artifact. 
For comparison, the mechanical strength of a conventionally 

pressed material annealed at 800°C is about 1 MPa, that is, 
≈1/40 that obtained by CSP at nearly RT.

As previously pointed out, the densest CSP sample is 
obtained with 3 M NaOH solution at 150°C under 300 MPa 
pressure. Figure 11A shows the density evolution as a func-
tion of time for such material (time was assumed equal to 
zero when the sintering temperature was reached in the case 
of the specimens treated at 150°C or when the maximum 
pressure was achieved in the case of the samples processed 
at RT). One can observe that remarkable densification oc-
curs in the isothermal stage at 150°C, this pointing out that 
sintering is not completed during the heating ramp. The den-
sification rate (i.e., the slope of the curves) progressively de-
creases with time in warm conditions, and the density curves 
become substantially flat after about 5 min at 150°C. On the 
other hand, densification at RT is substantially completed in 
the first minute after the pressure application. This result is 
opposite to the expected one because the solvent concentra-
tion remains high during the entire process at RT, whereas 
most of the liquid is supposed to evaporate quickly at high 
temperatures. Therefore, one would expect that at 150°C, the 
decay of the sintering rate is faster than at RT. The almost 
“instantaneous” densification and the limited densification 
level (<70%) suggest that at RT, the samples substantially 
remain in a sort of green state, whereas proper sintering oc-
curs at 150°C.

The densification mechanisms taking place during CSP 
at 150°C were investigated considering how the normalized 
densification rate 

(

1

�

d�

dt

)

 varies with the applied pressure 
(pa).

11,62 In CSP, a uniaxial pressure is applied, similarly 
to the well-studied hot pressing systems; therefore, we can 
extend the models applied to hot pressing to CSP following 
the approach first suggested by Gonzalez-Julian et al.11 The 

CSP
CSP + annealing at 
800°C

Conventional 
sintering at 800°C

Bulk density (g cm−3) 2.06 ± 0.01 2.03 ± 0.01 1.22 ± 0.02

Flexural strength 
(MPa)

41.9 ± 3.8 79.1 ± 5.1 1.0 ± 0.3

The properties of the samples conventionally sintered at 800°C are reported for comparison. The error 
corresponds to the standard deviation.

T A B L E  1   Bulk density (geometrical 
method), and biaxial flexural measured on 
the samples cold sintered at 150°C using 
3 M NaOH solution and 300 MPa before 
and after annealing at 800°C

F I G U R E  8   Scanning electron 
microscopy micrographs of fresh fracture 
surfaces of cold sintered diatomite 
(150°C, 300 MPa, 3 M NaOH solution) 
post-annealed at 800°C. The uniaxial 
pressure was applied along the top-bottom 
direction [Color figure can be viewed at 
wileyonlinelibrary.com]

F I G U R E  9   Bulk and apparent density as a function 
of the sintering temperature [Color figure can be viewed at 
wileyonlinelibrary.com]
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sintering constitutive equation during hot pressing can be 
written as:62

where H is a mechanism-dependent constant, D the diffusion 
coefficient of the rate-controlling species, Φ the stress inten-
sity factor (which accounts for the pressure concentration in the 

neck region), G the particle size, T the absolute temperature, k 
the Boltzmann constant, m, and n being characteristic values 
depending on the densification mechanisms.

If the temperature is constant and the microstructure is a 
function of density only (i.e., grain size and Φ depend only on 
density), Equation (2) can be reduced to

(2)1

�

d�

dt
=

HDΦn

GmkT
pn

a
,

(3)log

(

1

�

d�

dt

)

∝nlog pa.

F I G U R E  1 0   Scanning electron microscopy micrographs of the fresh fracture surfaces of conventionally sintered diatomite at different 
temperatures [Color figure can be viewed at wileyonlinelibrary.com]

F I G U R E  1 1   (A) Density evolution as a function of time in the case of cold sintering with 3 M NaOH solution at room temperature (dashed 
lines) and 150°C (solid lines); (B) strain rate as a function of the applied compaction pressure, considering different density values, for the 
samples treated at 150°C. Time = 0 s is assumed when the system reaches the sintering temperature (i.e., 150°C) [Color figure can be viewed at 
wileyonlinelibrary.com]
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Therefore, the slope of the log
(

1

�

d�

dt

)

 versus log pa plot, at 
a given value of p, represents the mechanism-dependent con-
stant, n. As for the density evolution with time in Figure 11A, 
two values were considered, 1.79–1.80  g  cm−3 and 1.94–
1.95 g cm−3 for applied pressures equal to 100–200 MPa and 
200–300  MPa, respectively. The resulting stress exponent 
ranges between 1.3 and 1.7, as shown in Figure 11B. From 
the literature, n should be equal to 1 in the case of liquid 
phase and viscous flow sintering; it is expected to be 1 or 2 
in case of grain boundary sliding and larger than 3 in case of 
plastic deformation. Our results seem to exclude only plastic 
flow-assisted densification, which was recognized as domi-
nant in other ceramic systems like ZnO.11 On the other hand, 
the calculated exponents do not perfectly match neither with 
grain sliding nor with viscous flow or dissolution/reprecipi-
tation. The strong relation between densification and caustic 
environments appears to support the idea that consolidation 
is driven by dissolution/reprecipitation, being silica solubility 
strongly related to pH.46 Nevertheless, the final microstruc-
tures shown in Figure 6 seem more consistent with a viscous 
deformation of the grains that appear completely flattened 
after the treatment. A definitive conclusion on the densifica-
tion mechanisms cannot be drawn at this point, but the results 
shown here suggest a complex behavior where more than one 
mass transport mechanism is activated simultaneously.

4  |   CONCLUSIONS

The applicability of cold sintering to diatomaceous earth 
was explored. Diatomite powder can be densified above 
90% of the theoretical density when the process is carried 
out at 150°C under 300 MPa in a caustic environment (3-M 
NaOH water solution). Such density value is similar to those 
achieved by conventional sintering at 1200–1300°C.

Despite the comparable density values, the microstructure of 
cold sintered samples differs from the conventionally fired ma-
terials. During cold sintering, the powder undergoes a substan-
tial deformation promoted by the presence of the liquid phase 
and external pressure application. Moreover, the initial phase 
composition (quartz, glass, and illite) is maintained after sinter-
ing upon CSP, whereas an evident reorganization occurs upon 
traditional firing with the formation of mullite and cristobalite.

The bending strength of cold sintered diatomite exceeds 
40  MPa, confirming that cold sintering leads to a “prop-
erly sintered artifact” with strong interparticle bonding. The 
failure stress can be increased up to ≈80  MPa after post-
annealing at 800°C, whereas conventionally pressed samples 
sintered at 800°C fail under ≈1 MPa.
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