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A B S T R A C T

Clay-based materials typically require high-temperature processing (>900 ◦C), resulting in high energy con
sumption. This study explores cold sintering of metakaolin (MK) powders to achieve high mechanical strength at 
significantly lower processing temperatures. By applying uniaxial pressure of 400 MPa and heating to only 240 
◦C in the presence of 15 mol/L NaOH solution, successful densification of structurally sound and dense samples 
with an average density of 2.16 g/cm³ and a biaxial flexural strength of ~35 MPa was achieved. This strength 
surpasses that of conventionally sintered MK (1470 ◦C) by ~30 %. Densification was found to be governed by 
synergistic mechanisms involving MK exfoliation, conformal sintering around aggregates, and the precipitation 
of an amorphous sodium aluminosilicate hydrate phase. Crack formation was avoided through process optimi
zation and verified using X-ray micro-computed tomography. These findings offer new insights into the chemo- 
mechanical mechanisms of cold sintering and demonstrate its potential as an efficient route for producing 
structural materials.

1. Introduction

Amid growing concerns about global warming, considerable efforts 
have been made to improve the sustainability of industrial 
manufacturing processes. The construction materials manufacturing 
industry, particularly the cement sector, is highly energy and carbon 
emission intensive and is the third largest source of CO₂ emissions, ac
counting for around 8 % of global CO₂ emissions [1,2]. More than 50 % 
of these emissions come from the thermal decomposition of the raw 
materials used, such as limestone (CaCO3), which releases CO2 as a 
by-product when decomposed into lime (CaO) to produce clinker — the 
most important reactive component in cement. The combustion of fuels, 
which is necessary for the heating process to temperatures of well over 
1000 ◦C, is responsible for around 40 % of the emissions produced. The 
building materials industry is currently taking measures to meet the 
increasing demands for environmentally friendly and sustainable pro
duction. These include transitioning to low-carbon and renewable en
ergy sources, improving process efficiency, carbon capture and 

utilization (CCU) and reducing the amount of clinker in cement by 
replacing it with supplementary cementitious materials (SCM) [2–5]. 
Recently, geopolymers have emerged as a promising sustainable alter
native to cement. They are produced by alkali-activation of 
aluminosilicate-rich materials. These can be obtained from industrial 
waste or by-products such as fly ash and blast furnace slag, thus 
contributing to a circular economy and sustainable waste management. 
However, sources of such aluminosilicate precursors are becoming 
increasingly limited due to the decline in the use of coal-fired power 
plants and the ongoing conversion of steel production away from 
traditional blast furnace methods [6]. Alternatively, metakaolin has 
gained interest as a sustainable precursor, since it is derived from the 
calcination of naturally occurring kaolin clays. This makes it a 
well-defined material in terms of chemical composition and homoge
neity compared to fly ash and slag, ensuring production control in terms 
of consistency [7,8]. The energy consumption for the calcination of 
kaolinite clay to produce metakaolin is only 10 % of the energy con
sumption for cement clinker production, as it usually takes place at 
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lower temperatures between 600 and 800 ◦C [8]. Furthermore, there are 
no carbon emissions during calcination as the by-product is pure water 
produced during the dehydroxylation of kaolinite, in contrast to the high 
CO2 emissions produced during the calcination of limestone in clinker 
production. As a result, metakaolin has gained considerable importance 
in recent decades, especially in the field of sustainable production of 
building materials [7].

The conventional production of metakaolin-based materials is usu
ally based on mold casting processes, which have a relatively high water 
content. This poses several challenges, including long curing times — 
often extending over several weeks [9]— increased porosity and an 
increased risk of cracking [10]. These aspects require careful selection of 
the paste formulation and curing conditions to minimize cracking, 
which significantly compromises the structural integrity of the final 
material [11]. In this study, the cold sintering process (CSP) is proposed 
as an alternative processing route to enable the rapid production of 
dense, structurally robust metakaolin-based materials suitable for 
construction-related applications. CSP is a novel, sustainable sintering 
process that enables the densification of inorganic materials at tem
peratures below 300 ◦C within short periods of time, typically less than 
one hour [12,13]. The process is based on a chemo-mechanical densi
fication mechanism known as pressure solution creep, which is enabled 
by an externally applied pressure and a chemically active, transient 
liquid phase [14]. In general, densification occurs in a serial three-step 
process of dissolution, diffusion and precipitation driven by chemical 
potential gradients between particle contacts and pore surfaces. 
Increased dissolution occurs at highly stressed particle contacts due to 
the simultaneous action of the applied pressure and chemically active 
liquid phase [15]. The dissolved species migrate through the liquid 
phase into areas with low chemical potential (i.e. pores), where pre
cipitation occurs when the liquid phase evaporates, leading to the 
elimination of the pores. The prerequisites for successful densification in 
CSP are therefore sufficient solubility of the solid phase in the liquid 
phase and low stability of the solutes to promote their precipitation. The 
precipitation step in particular plays a key role in achieving high 
densification [16].

In this work, a NaOH solution is proposed as a suitable transient 
liquid phase for the cold sintering process, as it is able to significantly 
dissolve metakaolin particles [17,18]. Precipitation is expected to occur 
through the reaction of the dissolved Si and Al species with the Na ions, 
resulting in the formation of an amorphous sodium aluminosilicate 
phase commonly referred to as N-A-S-H gel [18,19]. In the context of 
cold sintering, the formation of this gel is desirable as it has been re
ported to increase the mechanical (compressive) strength of geo
polymers [11,20]. These chemical interactions between metakaolin and 
NaOH form the basis for effective densification during cold sintering. 
However, a challenging aspect is the formation of delamination cracks 
during sintering, which compromise the structural integrity of cold 
sintered materials. As reported in a previous work, this can be mitigated 
by controlling the application of pressure and the kinetics of liquid phase 
evaporation during CSP, resulting in structurally reliable cold sintered 
ceramics [21].

The aim of this work is to investigate the improved densification and 
structural integrity of cold sintered metakaolin geopolymers prepared 
with NaOH solution as a transient liquid phase. The underlying chemical 
interactions and their effects on densification behaviour and micro
structural evolution during CSP are discussed. The elimination of the 
commonly occurring delamination cracks is demonstrated by an opti
mised selection of cold sintering parameters and confirmed by 
destructive mechanical testing and non-destructive X-ray micro
tomography analyses. The biaxial mechanical strength of CSP geo
polymers is evaluated for the first time and compared with 
conventionally sintered samples of comparable density.

2. Experimental

2.1. Material of study and phase analysis

Commercially available metakaolin (MK), supplied by Argeco 
Développement, was used for cold and conventional sintering experi
ments. The measured specific surface area (SSA) of the metakaolin 
powder is 12.6 m2/g, determined by single-point nitrogen adsorption, 
using a Micromeritics FlowSorb II 23,000 instrument. Table 1 shows the 
chemical composition of the as-received MK, as determined by XRF 
analysis. The powder primarily consisted of ~26 wt % Al2O3 and ~69 wt 
% SiO2, along with minor amounts of Fe2O3 and TiO2, which together 
accounted for 3.45 wt %. Trace oxides including CaO, MgO, Na2O, K2O, 
among others, contributed less than 1.5 wt % collectively. Comple
mentary XRD phase analysis (Fig. 1a) indicated that MK comprises 40.3 
wt % quartz, 0.7 wt % anatase and an amorphous phase representing the 
remaining 59.0 wt %. As can be seen in Fig. 1b, the amorphous phase 
appears as a broad, low-intensity hump in the 2θ range of 15◦–35◦, 
which is typical for various grades of metakaolin powders [11,22,23]. 
The molar ratio of oxides in the chemical formula of pure MK 
(Al2O3•2SiO2) is Al2O3/SiO2 = 1:2, corresponding to a weight ratio of 
1:1.18. Based on this ratio, our starting MK can be estimated to contain 
58.6 wt % amorphous metakaolin, 40.2 wt % quartz and 1.1 wt % 
anatase, assuming all other elements besides Al, Si and Ti are incorpo
rated in the MK structure. This estimation agrees well with the Rietveld 
analysis of the XRD pattern in Fig. 1.

2.2. Sintering of samples

2.2.1. Cold sintering
The powder was prepared for the cold sintering experiments by 

mixing the MK powder with an aqueous NaOH solution with a con
centration of 15 mol/L (Fig. 2). The amount of NaOH solution added 
varied between 6 and 12 wt %. The starting mixtures were thoroughly 
homogenised with an agate pestle and mortar for about 5 min. Pro
longed homogenization was avoided due to possible water evaporation. 
The pellets were pressed in a steel die with a diameter of 10 mm. The die 
was equipped with a heating jacket that allowed heating to a set tem
perature of 240 ◦C. The compacts were two-ended uniaxially pressed for 
15 min at 400 MPa at RT, followed by a two-stage heating process. 
According to [24], the dissolution of MK in NaOH reaches its maximum 
after 10 min of exposure at temperatures between 70 and 100 ◦C. 
However, at temperatures above 80 ◦C, the formation of zeolite pre
cipitates is significantly accelerated, which may consume dissolved ionic 
species and hinder pressure solution creep. To prevent premature zeolite 
formation while maximizing MK dissolution, an intermediate step was 
implemented at 75 ◦C for 10 min. This step also facilitated the evapo
ration of excess water. Subsequently, the temperature was increased to 
the CSP temperature of 240 ◦C with a dwell time of 15 min, after which 
the samples were promptly removed from the die. The resulting cold 
sintered specimens are hereafter referred to as MK-CS.

2.2.2. Conventional sintering
For the conventional sintering experiments, the MK powder was 

pressed at 150 MPa into discs with a diameter of 10 mm and a height of 
~ 3 mm. For each firing temperature, which was varied between 800 ◦C 
and 1500 ◦C with a dwell time of 1 h, five to ten samples were prepared. 
The heating rate was 5 ◦C/min. The samples were cooled down with free 
furnace cooling. These samples are referred to below as “MK” followed 
by the sintering temperature, e.g. MK1000 refers to the samples sintered 
at 1000 ◦C.

2.3. Microstructural characterization techniques

The phase composition of the starting MK and the samples was 
determined by X-ray powder diffraction (AXS D4 Endeavor, Bruker 
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Instruments). The morphology of the MK powder and the microstruc
tural characteristics of the densified samples were imaged using a FE- 
SEM (Thermo Fisher Verios 4 G HP). The microstructures were imaged 
on fracture surfaces coated with carbon with a thickness of 4–5 nm.

Nanoscale analysis of the cold sintered sample was performed using 
an aberration-corrected scanning transmission electron microscope 
(STEM, JEOL ARM-200CF) operated at 200 kV. The microscope was 
equipped with annular detector for dark-field (DF; 68–180 mrad) and 
bright-field (BF; 11–22 mrad) imaging and a large solid angle CEN
TURIO EDX detector for chemical analyses at the nanoscale. The sam
ples for STEM were prepared by cutting, thinning, dimpling and ion- 
milling with 4 kV Ar ions at an angle of 8 degrees from both sides 
until perforation. Prior to STEM analyses, the sample was carbon-coated 
to prevent charging under the electron beam.

Thermogravimetric (TG) characterization and mass spectroscopy 
(MS) of the MK and densified samples were performed using a ther
mogravimetric analyzer coupled with a mass spectrometer (TG/DTA/ 
MS; NETZSCH STA 449 C/6/G Jupiter, QMS 403 Aëoloss quadrupole). 
The evolution of H2O was monitored by an m/z fragment of 18. The 
heating experiments were conducted in an atmosphere containing 20 % 
O2, and 80 % Ar from room temperature to 1200 ◦C at a heating rate of 
10 ◦C/min.

Chemical composition of the metakaolin (Table 1) was determined 
by X-ray fluorescence spectroscopy (XRF) using ARL PERFORM’X 

(Thermo Fisher Scientific INC., Ecublens, Switzerland) and the Uni
Quant 5 software (Thermo Fisher Scientific Inc., Walthem, MA, USA).

The theoretical density of metakaolin was determined as 2.6 g/cm3 

using Helium pycnometry (AccuPyc II 1340, Micromeritics). The sin
tering curve of conventionally sintered MK was recorded by using a 
heating microscope (Hesse Instruments), which operated up to 1450 ◦C.

Solubility tests of MK in 15 mol/L NaOH were carried out at room 
temperature and at 75 ◦C in a Teflon beaker. A total of 0.5 g powder was 
dispersed in 10 mL NaOH and mixed with a magnetic stirrer for 40 min. 
This time corresponded to the time for cold sintering where MK was in 
contact with NaOH, considering an estimated boiling point of the hy
droxide solution of ~125 ◦C. The dispersions were then centrifuged at 
10,000 rpm for 9 min. The resulting supernatants were analyzed by 
inductively coupled plasma (ICP) analysis using ICP-OES Varian 715-ES 
with Sample Preparation System SP 3.

X-ray micro-computed tomography (micro-CT) was employed for the 
non-destructive characterization of defects in cold sintered pellets using 
microXCT400 tomograph (XRadia, Concord, CA, USA). Data for each 
sample were collected with a macro lens (0.39 × magnification) at 80 
keV acceleration voltage. Each projection image was acquired using a 1 s 
exposure time and a 22 µm pixel size; 1600 images were captured in 
total. Following 3D tomographic image reconstruction, a commercial 
software program AVIZO Fire (Thermo Fisher Scientific) was used for 
visualizing the internal sample structure.

2.4. Strength measurements and evaluation

The mechanical strength of the prepared samples was tested using 
the ball-on-three-balls (B3B) test. In this test, biaxial bending is induced 
in disc-shaped specimens by applying a central load with one ball while 
the specimen is supported by three balls on the opposite side. In this 
work, balls with a diameter of 7.14 mm were used to test specimens with 
a diameter of 10 mm. All tests were performed using a universal testing 
machine (Zwick Z010, Zwick GmbH & Co. KG, Ulm, Germany) at a 
loading rate of 0.5 mm/min. The bending strength was calculated from 
the maximum stress at fracture as follows [25]: 

σmax = f ⋅
F
t2 (1) 

where F is the fracture load, t is the thickness of the specimen and f is a 
dimensionless factor that depends on the Poisson’s ratio and the loading 
configuration (specimens and ball geometry). The Poisson’s ratio for MK 

Table 1 
Composition of metakaolin (in wt %) as determined by XRF.

Component Al2O3 SiO2 CaO MgO Fe2O3 Na2O K2O P2O5 TiO2 ZrO2 BaO Others

Mass content [wt. %] 25.58 69.46 0.48 0.17 2.32 0.29 0.18 0.06 1.13 0.10 0.04 0.19

Fig. 1. (a) XRD pattern of the as-received metakaolin powder and (b) a close- 
up of the amorphous broad peak at 2θ = 15–35.

Fig. 2. Schematic representation of cold sintering process to densify MK.
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was assumed to be 0.25 as reported in [26]. At least three specimens per 
sample set were tested to evaluate the average strength.

3. Results and discussion

3.1. Cold sintering densification and microstructure

Fig. 3a shows the morphology of the starting powder, which consists 
of large agglomerates up to 15 µm in size. These agglomerates are 
loosely bound and can be crushed and homogenized with an agate 
mortar and pestle, similar to the treatment in the CSP experiments 
(Fig. 3b). Large quartz particles (~5 µm) are embedded in MK particles 
in the submicron range, as shown in Fig. 3b The MK particles exhibit a 
hexagonal platelet-like morphology with an average size of about 200 
nm (Fig. 3c).

Cold sintering of MK resulted in samples with an average density of 
2.16 g/cm3, which is slightly higher than the values reported in previous 
studies on densification of metakaolin-based geopolymers using 
different techniques, including conventional curing [27], high-pressure 
densification [28] and hot pressing [27]. Furthermore, this result is in 
good agreement with a recent study on cold sintering of MK using an 
alkaline solution of sodium silicate as a transient liquid phase [23]. As 
can be seen in Fig. 3, compaction of the powder requires densification of 
the MK platelets around the embedded quartz particles, resulting in a 
composite material. Fig. 4 shows the microstructure of cold-sintered MK 
and illustrates the strong cohesion of the MK matrix with the quartz 
inclusions. As can be seen in Fig. 4a, the transgranular fracture of the 
relatively small quartz particles (< 5 µm) indicates strong interfacial 
bonding and low interfacial porosity. Multiple densification mechanisms 
have been reported in the cold sintering of composite materials, 
including enhanced particle rearrangement in flake-like fillers by 
shearing along inclusions/grains [29,30], or grain boundary sliding and 
pressure solution creep, as demonstrated in systems such as hexagonal 
boron nitride flakes combined with sodium molybdate [31]. In the 
present study, the densification of MK containing quartz inclusions can 
be attributed to a combination of mechanisms: enhanced rearrangement 
of MK platelets—facilitated by their layered atomic structure—and 
pressure solution creep, which promotes densification along the surfaces 
of quartz particles. This leads to improved interfacial conformity and 
bonding of the MK matrix around the quartz inclusions. Such conformal 
sintering was reduced along large quartz particles (~10 µm) due to 
hindered interfacial accommodation. This resulted in interfacial 
porosity, which can affect the bond strength at the interface, as shown 
by the interfacial fracture along large quartz particles (Fig. 4b). It has 
been reported that densification of such a composite system by con
ventional sintering methods is either hindered or structurally compro
mised by the formation of cracks due to constraint sintering effects. 
Constrained sintering is a major limiting factor in the densification of 
composites consisting of a matrix that densifies around non-densifying 
inclusions. This issue arises due to internal (tensile) stresses in the ma
trix that develop with progressive densification shrinkage [32,33]. 
However, this phenomenon has not been observed in this work, owing to 

the low temperatures of CSP and its pressure solution creep mechanism, 
allowing densification to occur along “constraining” interfaces. A 
similar observation was reported in a previous work on cold sintering of 
a matrix of BaTiO3 nanoparticles around microsized BaTiO3 grains [34]. 
Similarly, the role of interfacial bonding strength has been reported in a 
previous work on room temperature fabrication of SrTiO3-based com
posites [35].

The densification of the MK matrix showed a certain degree of het
erogeneity related to the alignment of the platelets with respect to the 
direction of the applied pressure. Enhanced densification was observed 
in regions where the MK platelets were well aligned (Fig. 5a). As can be 
seen in Fig. 5b, regions with randomly oriented platelets showed limited 
densification due to poor platelet packing and reduced particle-particle 
contacts. The deviation from an ideal homogeneous microstructure was 
expected due to the random orientation of the platelets at the beginning 
of the process, which aligned under the effect of uniaxial pressure. In 
addition, an inhomogeneous distribution of the liquid phase and dif
ferences in the compressibility of quartz particles and MK platelets could 
also contribute to the heterogeneity of the microstructure. Fig. 5c shows 
the microstructure on the surface perpendicular to the direction of the 
applied pressure. As can be seen, the bound MK particles show rounded 
edges, indicating effective dissolution by the NaOH solution in the CSP. 
This proves the effectiveness of the NaOH solution as a transient liquid 
phase in the cold sintering of MK, which follows a similar mechanism as 
observed in geopolymerization [36].

The cold sintering literature widely recognizes that favorable liquid 
phases for low-temperature densification are those with high dissolution 
capability while simultaneously forming metastable intermediate spe
cies that enable reprecipitation during the final stage of CSP [14,16]. To 
understand the densification mechanism of MK, dissolution tests of MK 
in NaOH were performed. At room temperature, the dissolved Al content 
was 771 ppm, compared to 567 ppm for Si. The dissolution was signif
icantly increased at 75 ◦C, which represents the intermediate heating 
step in CSP. At this temperature, Si was dissolved more than Al, with 
concentrations of 4542 ppm and 4505 ppm, respectively. The values are 
slightly higher than those reported by Granizo et al. [18], which can be 
attributed to the higher alkalinity used in this study, i.e. 15 mol/L vs. 8 
mol/L. This indicates that the dissolution of MK in NaOH starts incon
gruently and converges to congruence with accelerated and/or pro
gressive kinetics, i.e. with increasing time and temperature. This 
observation was also reported by Chen et al. [17]. Incongruent disso
lution is one of the limiting factors for achieving high densification in 
CSP, as the preferential dissolution of one of the ions leads to surface 
passivation of the particles, which separates the liquid from the solid 
phase. However, this mechanism did not limit the densification of MK 
under the CSP conditions used, which is due to the transient incongruent 
dissolution. The preferential leaching of Al during dissolution of MK in 
alkaline solution is attributed to the weaker Al–O bonds compared to 
Si–O bonds, which are more easily nucleophilically attacked by the OH 
ions of the hydroxide in the early stages of dissolution. However, this 
slows down as dissolution progresses and the solution becomes satu
rated with Al, allowing for congruency to be reached [17]. To 

Fig. 3. Representative SEM micrographs of commercial MK: a) as-received, b) treated in agate mortar and pestle for 5 min, containing larger quartz particles 
(highlighted by yellow dashed lines), c) micrograph taken at larger magnification showing hexagonal MK platelet particles.
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understand the densification mechanism, TEM analysis was performed.
Fig. 6 shows TEM imaging of cold-sintered MK. It confirms that the 

sample consists of quartz grains embedded in an amorphous metakaolin 
matrix. Most of the contacts between the quartz grains and the matrix 
indicate a close bond between the two phases (Fig. 6a). As can be seen in 
Fig. 6b, a closer examination of the metakaolin matrix shows that it is 
composed of exfoliated lamellae with diameters ranging from a few tens 
of nanometers down to a few nanometers. The actual thickness of the 
lamellae could be even smaller, as the lamellae are usually not in perfect 
edge-on orientation. The exfoliation of MK is caused by its dissolution 
during exposure to NaOH solution. This phenomenon has been docu
mented by numerous researchers who have studied the dissolution of 
MK in alkaline solutions [19,37]. MK exfoliation positively affects CSP 

densification by enhancing particle rearrangement through the shearing 
of exfoliated flakes into unfilled voids and along inclusions under 
applied pressure, similar to the behavior observed in systems containing 
hexagonal boron nitride flakes [29,30]. Additionally, exfoliation pro
motes congruent dissolution by increasing the reactive surface area 
accessible to the alkaline solution. Chen et al. reported that the incon
gruent dissolution of MK in NaOH is transient and that congruent 
dissolution is enhanced at higher NaOH concentrations [17]. They 
attributed the enhanced congruent dissolution at higher alkalinity to the 
exfoliation of MK during dissolution, which exposes the interior of the 
particles to the alkaline solution. Exfoliation causes the dissolution 
process not to be limited by the “leaching” of ions from the surface, 
thereby promoting congruency. The dissolved Al and Si ion complexes 

Fig. 4. Representative microstructure images of fractured surfaces of MK-CS show embedded quartz grains in the MK matrix: (a) transgranular fracture of small 
quartz grains (< 5 µm) due to their strong bonding to MK, and (b) interfacial separation of a large quartz grain (~ 10 µm) due to interfacial porosity arising from 
reduced conformation along large quartz surfaces.

Fig. 5. Representative SEM micrographs of the MK matrix in MK-CS: a) well-aligned platelets result in high densification and b) densification is affected by the 
random orientation of the platelets. The cross-section plane with respect to the direction of applied pressure is parallel in (a) and (b) and normal in (c).
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diffuse through the liquid phase and precipitate, forming an amorphous 
sodium aluminosilicate hydrate phase, also known as N-A-S-H gel [11,
18]. This is evidenced by the EDS analysis of the newly formed phase in 
Fig. 5c, which shows the incorporation of Na into its structure. This 
amorphous gel phase acts as a bonding phase between the metakaolin 
particles and provides the mechanical strength to the material, as re
ported by Duxson et al. [11,20]. It is important to emphasize that the 
observed cold sintering mechanisms are strongly influenced by the 
chemical composition of the MK used. The MK in this work can be 
regarded as silica-rich, which promotes extensive dissolution and facil
itates densification with NaOH alone.

The XRD analysis of MK-CS shows the same phase composition as 
that of the MK starting powder (Fig. 7), consisting of quartz, anatase and 
an amorphous phase. The Rietveld analysis revealed an increased 
amount of an amorphous phase, which supports the TEM observation of 
the newly formed N-A-S-H gel during CSP. The amorphous phase con
tent increased from 59 wt % to a final value of about 75 %, while the 
quartz content decreased from ~40 wt % to about 24 wt %. In addition, 
the content of anatase decreased slightly from 0.7 wt % to 0.3 wt %.

The thermogravimetric analysis also indicates the formation of an 
amorphous phase by cold sintering (Fig. 8). Fig. 8a shows the corre
sponding TGA curves of the as-received MK powder and the corre
sponding cold sintered sample MK-CS. A total mass loss of 2 wt % in the 

starting powder is due to the loss of physically adsorbed water and the 
complete dehydroxylation of residual kaolinite. For MK-CS, a higher 
total mass loss of ~5 wt % was observed, which can be attributed to the 
decomposition of the newly formed amorphous phase in CSP in addition 
to the physically adsorbed water. Fig. 8b shows the MS analysis to 
illustrate the temperatures at which water is released. It shows that for 
both samples the mass loss up to ~200 ◦C is due to the loss of physically 
adsorbed water and nanoscale trapped interlayer water [38]. The 
dehydroxylation of residual kaolinite in the MK powder can be recog
nized by the shallow peak extending between 450 ◦C and 700 ◦C, which 
is consistent with previous studies on the dehydroxylation temperature 
of kaolinite [8,39]. The mass loss between 200 ◦C and 450 ◦C was pre
viously described as a consequence of dehydration due to the reorga
nization of the octahedral layered structure of kaolinite [8]. For cold 
sintered MK, the MS shows a peak between 300 ◦C and 400 ◦C, which is 
due to the release of hydrate water from the amorphous sodium 
aluminosilicate hydrate, forming a hydroxo-sodalite phase [40].

The structural integrity of cold-sintered MK showed a strong 
dependence on the content of water added to the powder, i.e. the 
amount of liquid phase. The densification of MK showed no correlation 
with the liquid phase content, as it was almost constant at around 2.16 
g/cm3 with a liquid phase content between 6 and 12 wt %. This indicates 
that the NaOH concentration of 15 mol/L was effective in densifying MK 
even at low liquid phase contents. However, the structural integrity was 
significantly affected by low liquid phase content, as shown by the non- 
destructive micro-CT analysis in Fig. 9. As can be seen in Fig. 9a, a low 
liquid phase content of 6 wt % resulted in a densified sample, but with 
multiple delamination cracks. This was alleviated by increasing the 
liquid phase content to 12 wt. %, resulting in homogenously densified 
crack-free samples (Fig. 9b). The nature of the delamination cracks 
(horizontally oriented) in Fig. 9a suggests that the cracking is due to a 
pressure effect caused by reduced rearrangement of the particles, which 
is facilitated in CSP by the wetting of the particles by the liquid phase. 
When the liquid phase content is low, incomplete wetting of the particles 
leads to limited rearrangement of the particles and poor alignment of the 
platelet with respect to the applied pressure. This observation of the role 
of water and its content on the structural integrity of cold-sintered MK is 
confirmed by boiling tests in a recent study, which showed complete 
disintegration of cold-sintered samples with low moisture content in 
contrast to those cold sintered with higher moisture content [23].

Fig. 6. (a) STEM image showing tight bonding between the quartz particles embedded in the metakaolin matrix. The cracks formed during mechanical TEM 
specimen preparation and preferential ion milling. (b) Enlarged image of the metakaolin matrix showing its exfoliated texture. The darker layers (1) belong to the 
original metakaolin, while the brighter regions (2) were formed during the dissolution and exfoliation of the metakaolin under the influence of the NaOH solution. (c) 
EDS analysis of the darker regions shows only the presence of Si and Al, while the brighter regions contain Na and relatively more Al (less Si) compared to the original 
metakaolin, indicating preferential dissolution of Al from metakaolin. The EDS results are qualitative due to the low count rate (thin sample and short acquisition 
time due to rapid sample damage and contamination) and the lack of standards.

Fig. 7. (a) XRD pattern of cold sintered MK (MK-CS) with diffraction peaks 
labelled “Q” and “A” corresponding to quartz and anatase, respectively; (b) 
magnified view of the broad amorphous hump in the 2θ range of 15–35◦, with 
the amorphous peak of the starting powder included for comparison.
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3.2. Densification during conventional sintering

To verify the densification and structural integrity of MK-CS, con
ventional high-temperature sintering of MK was also performed. Con
ventional curing techniques were intentionally avoided as they result in 
MK with lower density, which limits the validity of a direct comparison 
with MK-CS. High-temperature sintering has been reported to eliminate 
porosity in MK by forming spinel-like phases which nucleate as nano
scale structures and effectively reduce porosity [38,41].

Fig. 10 shows the sintering curve of the MK powder compact during 
heating to 1450 ◦C together with the phase evolution at high tempera
tures detected by XRD. The expansion of ~1 % up to a temperature of 
~450 ◦C could be attributed to thermal expansion, which is compen
sated at higher temperatures by the shrinkage associated with the 
dehydroxylation process [38]. Significant shrinkage begins at ~900 ◦C, 
which can be attributed to the onset of densification of the short-range 
ordered MK. The XRD pattern (Fig. 10b) reveals no newly formed pha
ses at this temperature. At 1000 ◦C, a small amount of the mullite phase 
begins to form, as can be seen from the XRD pattern in Fig. 10b Previous 
studies reported that the onset of formation of nanosized mullite and/or 
spinel-type phases occurs at ~980 ◦C [41,42]. The formation of spinel at 

this temperature cannot be excluded in this work, as its nanoscale 
crystalline form is below the detection limit of XRD and its amorphous 
form is transparent to X-rays. The onset of the second shrinkage step at 
~1100 ◦C coincides with the growth of mullite. Crystallization of 
amorphous, silica-rich phases to cristobalite was been demonstrated in 
samples sintered at 1200 ◦C, which is in good agreement with previous 
studies reporting the evolution of cristobalite at temperatures ≥1200 ◦C 
[38]. At higher temperatures, the formation of cristobalite and mullite 
increases at the expense of quartz. These results seem to agree with other 
studies reporting the formation of mullite by the reaction of spinel 
phases with excess SiO2 at 1275 ◦C and the crystallization of secondary 
mullite at 1300 ◦C [41,42]. The broad cristobalite reflections suggest 
that the cristobalite phase forms in nanosized or poorly crystallized 
grains. At 1500 ◦C, the quartz is almost completely consumed and forms 
mullite and cristobalite. The increasing shrinkage at temperatures above 
1200 ◦C can be attributed to the densification and growth of the 
increasingly developing crystalline phases in the multiphase samples. 
This is confirmed by the increasing density with increasing temperature, 
as shown in Table 2. A comparison of the relative density values of cold 
sintered and high temperature sintered MK samples shows that cold 
sintering leads to a relative density of ~83 %, which can be achieved 
conventionally at high temperatures above 1470 ◦C.

3.3. Mechanical strength results

The evolution of the mechanical strength and the relative density as a 
function of the sintering temperature for MK-CS and conventionally 
sintered MK is shown in Fig. 11 and summarized in Table 3. Fig. 11a 
shows the biaxial bending strength of MK samples sintered at different 
temperatures. The strength of conventionally sintered MK increases with 
increasing sintering temperature and ranges from ~10 MPa for MK1350 
to ~60 MPa for MK1500. This increase correlates with an increase in 
relative density from 67 % to 85 % as the sintering temperature in
creases from 1350 ◦C to 1500 ◦C (Fig. 11b). It is noteworthy that the 
strength of MK-CS is about 35 MPa, exceeding the strength of MK1470, 
although it was achieved at a sintering temperature of 240 ◦C. This high 
strength of MK-CS is due to the high strength of the amorphous N-A-S-H 
gel formed between the MK particles during cold sintering and its strong 
interfacial bonding with the embedded quartz particles, as explained in 
Section 3.1. The high mechanical strength of this amorphous phase in 
geopolymers has already been emphasized by Duxson et al. under 
compressive loading [11]. Fig. 11c shows the fracture pattern of a 
representative set of samples. The fracture of all samples initiated in the 
center, where the maximum biaxial tensile stress is generated in the B3B 
test. Most samples fractured into two pieces; however, MK-CSP and 

Fig. 8. TGA analysis of the starting MK powder and cold sintered samples (MK-CS): a) mass loss over temperature and b) mass spectrometry of water (m/z = 18).

Fig. 9. Micro-CT 3D images of cold sintered MK using 15 mol/L NaOH solution 
with an amount of: a) 6 wt % and b) 12 wt %. The corresponding cross-sectional 
views are depicted in c) and d), respectively.
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MK1470 specimens occasionally fractured into three pieces. The almost 
80 % higher strength of MK1500 compared to MK-CS could be attributed 
to three possible reasons: (i) the slightly higher relative density of 
MK1500, (ii) the higher strength of the grain boundaries between the 
crystalline phases compared to that of the amorphous N-A-S-H gel in 
MK-CS, and (iii) the role of quartz particles embedded in an amorphous 
MK matrix in MK-CS acting as stress concentration sites. These are 
thermally decomposed in MK1500, resulting in an almost diphasic 
crystalline material composed of mullite and cristobalite. The role of 
quartz particles in mechanical failure is supported by the more than 
twofold increase in strength after sintering at 1500 ◦C due to their 
decomposition and the formation of crystalline sintered phases (~27 
MPa for MK1470 vs. ~60 MPa for MK1500).

Despite the promising results, this study has certain limitations that 
merit further investigation. Future research should evaluate the long- 
term durability and environmental resistance of the cold-sintered MK 
geopolymers to confirm suitability for real-world structural applica
tions. While a high NaOH concentration facilitated effective dissolution, 
its potential impact on efflorescence or environmental leaching has not 
been assessed. Moreover, the current work was limited to uniaxial 
pressing under high pressures at laboratory-scale dimensions. To 
translate CSP into industrial practice, future research should explore 
process scalability and the integration of supplementary materials or 
additives to reduce pressure requirements and tailor performance.

4. Conclusions

This study demonstrates that CSP is a viable alternative for the rapid 
low-temperature consolidation of metakaolin-based materials. The 
resulting densified materials exhibit higher density and mechanical 
strength than those produced by conventional processing methods. 
Although the powder consisted of platelet-shaped MK particles and 
various inclusions such as quartz particles and titanium oxide, densifi
cation was not hindered due to the high reactivity of the amorphous MK 
phase under CSP conditions. Successful densification was found to 
depend on two key factors: the efficient packing of the platelet-like 
particles under the applied pressure and the congruent dissolution of 
MK. The former was improved by increasing the liquid content, which 
facilitated the rearrangement of the particles along the direction of the 
applied pressure, resulting in structurally sound, cold-sintered MK, as 
confirmed by non-destructive micro-CT analysis. The latter was effec
tively activated by a highly concentrated NaOH solution (15 mol/L), 
which promoted congruent dissolution by exfoliation of the MK parti
cles, as shown by solubility tests and TEM analysis. The mechanism of 
pressure solution creep densification enabled conformal sintering of the 
MK matrix around the quartz inclusions, eliminating interfacial porosity 
and increasing strength. The precipitation of the dissolved species was 
found to occur through the formation of an amorphous sodium alumi
nosilicate hydrate phase, which is responsible for the high strength of 
the material. Although the embedded quartz particles may act as stress 
concentration sites, cold sintered MK exhibited ~30 % higher biaxial 
bending strength than conventionally sintered MK at 1470 ◦C, high
lighting improved interfacial bonding through conformal sintering in 
CSP.

Fig. 10. a) Linear shrinkage of green MK pellet as a function of temperature 
during sintering in the heating step. b) XRD patterns of MK samples sintered at 
temperatures ranging from 900 ◦C to 1500 ◦C. Reference patterns for quartz 
(PDF#46–1045), cristobalite (PDF#39–1425), and mullite (PDF#15–0776) 
were obtained from the ICDD database.

Table 2 
Average geometrical density of conventionally sintered MK at different tem
peratures for 1 h.

Sintering 
Temperature [ 
◦C]

1300 1350 1400 1450 1470 1500

Density [g/cm3] 1.72 ±
0.01

1.73 ±
0.02

1.74 ±
0.02

1.80 ±
0.02

2.02 ±
0.06

2.21 ±
0.03
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