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The cold sintering process (CSP) was employed at room temperature to consolidate dolostone powders and
dolostone-matrix composites containing a dispersed organic phase for near-room temperature thermal energy
storage. The materials' microstructure and structure were thoroughly analyzed, and their mechanical and
thermal properties were assessed. The results show that the composite's density increases with CSP pressure and
bending strength (up to about 10-12 MPa). These composites exhibit a thermal energy storage capacity of

approximately 15 J g~ ! at near-room temperature, thanks to the latent heat of fusion/crystallization of the
organic phase (i.e., the phase change material, PCM). Specific care needs to be taken in choosing the PCM, as it
could cause unwanted interactions with the CSP solution. The developed process offers a new approach for
manufacturing sustainable materials with low embodied energy and thermal management capabilities.

1. Introduction

The building sector is responsible for approximately 40% of global
raw material extraction and energy consumption [1-3]. Consequently,
sustainable development policies aligned with the UN 2030 Agenda must
prioritize innovations in this industry. The carbon footprint of building
materials arises from multiple processes—including mineral mining,
transportation, milling, and drying [4]— but the most energy-intensive
step remains the thermal treatment of clays, carbonates, quartz, and
feldspars for producing mortars, cement, and ceramics. Specifically, the
firing process alone accounts for nearly two-thirds of the energy con-
sumption in the ceramic industry.

In the past decade, several non-conventional firing processes have
been developed to reduce firing time or temperature [5-7]. Among
these, the cold sintering process (CSP) [8-12] shows the greatest po-
tential for reducing energy consumption associated with firing (a
reduction of 90% or more).

Inspired by the natural lithification of sedimentary rocks [9,10], CSP
applies external pressures of a few hundred MPa while a small amount of

liquid phase is present in the sample (often a water solution). The
external pressure enhances the driving force for densification beyond
the sole curvature effect, while the liquid phase provides a fast avenue
for ion diffusion. As such, unlike traditional ceramic manufacturing, CSP
operates at temperatures below 350 °C—significantly lower than the
conventional firing range of 900-1250 °C [12-15].

Since its development in 2016 at Penn State University [16], the
research on CSP has primarily focused on functional ceramics (piezo-
electrics, ferroelectrics, and thermoelectrics...). In fact, it enables the
consolidation of metastable phases, unconventional microstructural
tailoring, ceramics/metal, and organic/inorganic compound integration
[17-24]. Interestingly, CSP can also be used to obtain transparent ce-
ramics for optical applications [25], and allow the production of
advanced composites, including metastable inorganic compounds
[26,27]. However, the environmental benefits of CSP for these materials
are relatively modest, due to their low production volumes. Applying
CSP to high-volume construction materials could yield far greater
environmental benefits.

Currently, only a limited number of studies address the CSP of
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building materials, including calcium carbonate [25-29], construction
and demolition wastes [28-30], diatomites [31], geopolymers [32-34],
sand-gypsum [35] and sand-evaporite composites [36]. Specifically,
CSP research on carbonates has focused on highly reactive powders (e.
g., vaterite, mixtures of aragonite/calcite, hydromagnesite...) to facili-
tate consolidation. Still, not much is known about the CSP parameters —
microstructure — properties relation in industrial minerals based on
natural carbonates.

An additional opportunity arises from CSP's capacity for organic/
inorganic integration—an outcome that has been particularly relevant
in functional ceramics but could have far-reaching implications in the
building sector. In fact, organic compounds with a melting point close to
room temperature can effectively act as thermal energy storage systems
[37] absorbing latent heat when the temperature exceeds its melting
point and releases it when the temperature falls below. These have been,
therefore, studied as passive cooling/heating systems in buildings
[38-40].

Such materials, able to store and release enthalpy through a phase
transition, are called phase change materials (PCMs). The PCMs selec-
tion is based on their melting point, around which the temperature can
be stabilized. In building applications, organic PCMs are generally used
as they possess a melting point close to room temperature. Indeed, the
PCMs could be incorporated in architectural elements to introduce some
thermal energy storage ability and improve the energy efficiency of the
building [41]. Generally, this is achieved by incorporating the PCMs in a
setting matrix (cement, plaster, geopolymers... [42-51]. The PCMs,
once in the molten state, need to be confined to avoid its leakage, which
has been done through the use of organic or inorganic microcapsules
[52-54], or through the use of mineral porous stabilizers [52].

In this study, we explore the applicability of CSP to an industrial raw
material (milled dolostone) to obtain composites with organic com-
pounds possessing a melting point near room temperature. This work
provides the first proof-of-concept demonstration of using CSP as a tool
to embed phase change materials with thermal energy storage capability
within a multifunctional ceramic-matrix composite.

2. Experimental procedures
2.1. Materials and sample preparation

Dolostone was mined from natural sedimentary rocks in Val di Non
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(Trentino, Italy) by the company Tassullo. The mineral was milled using
alumina spheres in a polyethylene jar for 24 h using a Turbula 3D-mixer.
The milling process was carried out in a deionized water medium with a
1:1 mass ratio between dolomite and the solvent. After milling, the
powder possessed a dsg of 0.4 pm and dgp of 0.7 pm (determined by
dynamic light scattering, Anton-Paar Litesizer DLS 500, Fig. 1). The
theoretical density was determined by the He pycnometry (Ultra-
pyc5000, Anton Paar), and resulted 2.83 g cm ™ with a relative error of
0.15%.

Two different types of expanded graphite-stabilized PCM (EGS-PCM)
were tested and produced following the procedures reported in a pre-
vious work [55]. Herein, the addition of graphite to the PCM is needed to
stabilize its shape and avoid PCM leakage when it reaches the liquid
state. Fatty acids (Carlo Erba, palmitic acid >50 wt% and stearic acid
>40 wt%) and paraffin (Rubitherm® RT28HC) were employed as PCMs;
the former possess a melting point of about 55 °C, while the latter melts
at 28 °C. The graphite was purchased from SGL Carbon with a tap
density of 25 g 11, The mass ratio between expanded graphite (EG) and
PCM was 9:1. In the following, we will name the two EGS-PCMs Gr28
and Gr55, the number referring to their melting point.

A 2 M HsPOa solution was prepared by mixing DI water and phos-
phoric acid (85%, purchased from Sigma Aldrich). Then, 70 pL of the
said solution was added to a powder mixture consisting of 90 wt%
dolomite and 10 wt% EGS-PCM. The weight of the powder mixture was
~ 600 mg. Some samples containing only dolostone (i.e., without any
organics) were prepared for comparison. Preliminary tests were con-
ducted with 1 M solutions, which provided density data similar to or
even better than those of 2 M; however, the mechanical properties
evaluated by equibiaxial bending were substantially lower. Therefore,
the work focused solely on the 2 M solution. The resulting mixture was
thoroughly ground in an agate mortar, transferred into a die, and sub-
jected to uniaxial pressing at pressures of 100, 200, 300, 400, and 500
MPa for 15 min. The resulting pellets were removed from the die and
allowed to dry at room temperature. A summary of the sample prepa-
ration procedure is sketched in Fig. 1a along with a picture of the cold-
sintered materials (Fig. 1¢). Room temperature cold sintering and drying
were selected to reduce the risk of evaporation decomposition of the
PCM during processing.

The samples will be labelled as CSP-D, CSP-D/28, and CSP-D/55 for
cold-sintered dolostone, dolostone+Gr28, and dolostone+Gr55,
respectively.
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Fig. 1. Schematic representation of the processing step to manufacture dolostone/PCM composites; (b) dolostone particle size distributions after the milling process;

(c) a picture of the cold-sintered composites.
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2.2. Characterization

The bulk density of the sample was determined by the geometrical
method using a caliper with a sensitivity of 0.01 mm and an analytical
balance (0.1 mg). The density was evaluated after the drying process
was completed. FEG-SEM micrographs were obtained using a Zeiss
Supra40 microscope on fresh fracture surfaces. Before the analysis, the
samples were coated with a thin Pt-Pd layer obtained by sputtering.

The mechanical properties were evaluated by the piston-on-three-
ball method (equibiaxial flexion) using an MTS 810 equipped with a
100 kN load cell and using the ISO 6872:15 standard as a reference. The
sample was placed on three supporting balls, equally spaced at 120°, and
loaded by WC-Co piston (2 mm). The strength was calculated according
to the equations in [56].

The density and mechanical strength data are reported as averages
with the error bar corresponding to the standard deviation of the mea-
surements carried out on 4 samples for the intermediate pressures
(2000, 300, and 400 MPa) and on 6 samples for the end-member pres-
sures (100 and 500 MPa).

Crystallographic phase identification was performed by means of
powder X-Ray diffraction (IPD3000, Italstructures) using a Cu anode
source coupled to parallel multilayer optics (Axo Dresden GmbH).
Powder patterns were collected in reflection geometry by means of a
multichannel silicon strip detector (Dectris Mythen) over a 10-110° 20
range (0.02° step size) in continuous scan mode (30 min total acquisition
time).

Fourier transform infrared (FTIR) spectra were recorded in trans-
mission mode with a Nicolet Apex spectrometer using KBr pellets in the
range 4000-400 cm !, with 4 cm ™! resolution.

H, 13¢, and 3!P magic angle spinning nuclear magnetic resonance
(MAS NMR) analyses were carried out with a Bruker 400WB instrument
equipped with a CPMAS probe. NMR spectra were acquired with cross-
polarized (CP) or single (SP) pulse sequences. Used parameters: ‘H
frequency 400.13 MHz, 1/2 4.5 ms, recycle delay 3 s, 32 scans;3C fre-
quency 100.69 MHz, /6 3.75 ms, recycle delay 100 s, 128 scans, for CP
1.5 ms of contact time, recycle delay 3 ms and 1 k scans;>'P frequency
161.99 MHz, n/4 3.5 ms, recycle delay 150 s, 32 scans. Samples were
packed in 4 mm zirconia rotors, which were spun at 7 or 10 kHz under
air flow. The line-shape fitting was performed using Lorentzian com-
ponents with Bruker Topspin 3.6 software, and it was considered
acceptable at 95% confidence level.

Differential scanning calorimetry (DSC) tests were performed using a
Mettler DSC5+ facility (Mettler-Toledo, Greifensee, Switzerland)
equipped with Al crucibles. The tests were performed under a nitrogen
flow of 100 cm® min~! between 20 and 80 °C with a rate of 10 °C min "

Additionally, two tests were performed to assess the thermal stability
of the prepared composites. First, a leakage test was operated for 1 week
at 35 °C and 65 °C on the samples CSP-D/28 and CSP-D/65 sintered
under 500 MPa, respectively. After the leakage test, the CSP-D/28
sample underwent cyclic DSC tests (100 heating-cooling cycles),
which were performed with the same DSC equipment described above.
The DSC cycle was operated at 20 °C min ™~ between —10 °C and 50 °C.
Thermal diffusivity was determined from 5 °C to 75 °C by laser flash
analysis (LFA) using an LFA 446 (Netzsch GmbH.). The data were
interpolated with the standard materials model. The flash signal was
obtained using a 250 V pulse possessing a width of 0.6 ms. At 15 °C, the
specific heat capacity was determined for comparison with a pyroceram
9606 reference characterized by a density of 2.59 g cm > and a thickness
of 2.5 mm.

Infrared (IR) thermography was performed using an IRtech Fotric
348 A (Fotric), acquiring a frame every 30 s. The mean temperature of
the square traced with the software was reported as a function of time.
The thermal evolution of the samples was evaluated within a climatic
chamber DM340C by Angelantoni Industrie S.r.l. operating heating and
cooling ramps at 1 °C min~'. The thermal cycle was operated between 5
and 40 °C.
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3. Results

Fig. 2a reports the density evolution during CSP as a function of the
material composition and external pressure. The data show substantial
densification as the pressure increases for both the composites,
including Gr55 and Gr28 compounds. The density evolution with pres-
sure is indeed substantial, with a relative density increase of about
10-15% when the pressure rises from 100 to 500 MPa, reaching peak
values exceeding 80%. The densification upon CSP is affected by the
type of added EGS-PCM, the density of composite CSP-D/55 being al-
ways lower than CSP-D/28. On the other hand, the dolostone samples
not containing any PCM are clearly less dense than the composites.

SEM micrographs on the fresh fracture surface of CSP-D material
show a porous structure (Fig. 2b), consistent with the density data, with
some development of interparticle necking and densification. Densifi-
cation is mostly visible in the regions where small sub-micrometric
particles are present, as evidenced by the inset in Fig. 2b. When
considering the CSP-D/28 composites, the fracture surface clearly evi-
dences the presence of isolated regions with a flattened geometry that
can be attributed to the Gr28 compound (Fig. 3c,d). This appears ori-
ented orthogonally to the CSP load, with the orientation increasing with
the pressure. The Gr28 is embedded in a dolomite matrix possessing a
microstructure similar to that of the CSP-D sample (Fig. 2e).

The microstructure of CSP-D/55 composition shows a strong evolu-
tion with the CSP pressure. When the pressure is low (i.e., 100 MPa), we
can differentiate regions with different levels of densification (Fig. 2f,g,
h). When the pressure increases, the “low density areas” detectable
under 100 MPa disappear while regions with a darker contrast form
(Fig. 2i). The dark regions appear to possess a surface texture similar to
the dolostone powder (Fig. 21,m), which is, however, covered by a sec-
ondary phase (likely a residue from the Gr55 compound).

The FTIR spectra and XRD patterns of the milled dolostone show
coherent features ascribed to the carbonates (Fig. 3). These are signaled
by the main diffraction features of dolomite (mixed Ca-Mg carbonate,
ICDD 360426) and minor reflection associated with calcite (ICDD
721650) (Fig. 3a). The key vibrational features of carbonate ions can be
easily detected (Fig. 3b): at 1445 cm™! the strong asymmetric stretching
of the carbonate ion (vs COaz’), 877 cm~! the out-of-plane bending vi-
bration of COs%~ (v2), and at 719 cm ! the in-plane bending vibration of
COs2~ (va) [57]. The dolostone appears nearly unchanged after the cold
sintering treatment, both in terms of vibrational and diffraction features.

The FTIR spectra of the two EGS-PCM materials (Fig. 3b) show the
characteristic band of the organic compounds: overlapped bands in the
2960-2840 cm ! range due to C-H stretching vibrations from aliphatic
chains, and two sharp peaks at 1471 and 1383 cm ™! due to the CHz and
CHs bending modes of the hydrocarbon chain, confirming the incorpo-
ration of paraffin/fatty acids in the graphite matrix [58,59]. Moreover,
Gr55 exhibits another distinct band at 1702 cm™?, corresponding to the
C=0 stretching of carboxylic acids, confirming the presence of stearic
and palmitic acid components. The crystalline nature of the two EGS-
PCMs is further confirmed by the powder diffraction patterns, high-
lighting diffraction peaks corresponding to pure n-Octadecane (CSD
entry NOCTDC) for Gr28 and a mixture of stearic and palmitic acid (CSD
entries STARAC and YEFWEM) in the case of Gr55 (Fig. 3a).

The FTIR spectra and XRD patterns of the composite materials show
the overlapping of dolostone and EGS-PCM characteristic features.
However, the carbonyl stretching vibration is very weak in the CSP-D/
55-500 MPa sample, suggesting the loss of part of the carboxylic acids
during CSP. The loss of the PCM in this material is confirmed by the
weak diffraction features associated with the stearic/palmitic acid
(PCM55); actually, in the CSP-D/55-500 MPa composite, only the main
diffraction peak of the PCM can be detected at 26 ~ 21°. On the other
hand, the diffraction features of the paraffin (PCM28) are fully recog-
nizable in the composite (CSP-D/28-500 MPa).

Finally, a slight increase of the broad small double band at 1080 and
1031 cm™! could be tentatively attributed to the vs stretching of PO~
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Fig. 2. (a) Relative density of cold-sintered dolostone and dolostone-matrix composites as a function of the CSP pressure. SEM micrographs of the fresh fracture
surface of (b) dolostone cold sintered under 500 MPa, the red dash and dot lines evidence the formation of interparticle necking; (c,d) low-mag micrographs of
composites with Gr28 compound (highlighted with white arrows) and (e) magnification of the dolostone matrix; (f,g) low-mag micrographs of composites with Gr55
produced under 100 MPa evidencing heterogeneous microstructure and (h) magnification of a low-density region; (i,l,m) micrographs at different magnifications of

the composites containing Gr55 and cold sintered under 500 MPa.

[60-62] introduced with the CSP solution.

Fig. 4a shows the '3C MAS NMR spectra of the samples. The 3C
spectrum of dolostone is characterized by a single sharp resonance at
170.8 ppm with a full width at half-maximum (FWHM) of 72 Hz [63].
The lineshape is not completely symmetric, displaying a small right
shoulder. This indicates slightly different configurations of the carbon
site, possibly due to crystal disorder or the presence of a very small
number of Ca-rich domains in proximity to protons, as supported by the
calcite peaks detected by XRD [64]. The spectral features of this signal
are sensitive to the presence of paramagnetic elements within the crystal
lattice, since the °C spin-lattice relaxation rate influences the signal
intensity. They are also affected by the substitution of Ca or Mg with
other elements, which can lead to small shifts or broadening of the
resonance [65]. Cold sintering does not appear to alter this

configuration, since both the chemical shift (170.8 ppm, with right
shoulder) and the linewidth (68 Hz) remain essentially unchanged.

In contrast, the composite materials with Gr28 and Gr50 PCM show a
downfield shift of the main resonance to 170.0 ppm, an asymmetric line
shape with a component at 167.7 ppm, and a significantly broader
FWHM of 204 and 197 Hz, respectively. This behavior could be attrib-
uted to a detrimental effect of graphite on the NMR signals. The presence
of graphite is confirmed by the extremely broad resonance at the noise
level, centered around 100 ppm.

In addition, the CSP-D/28-500 MPa sample shows a peak at about 32
ppm, which can be assigned to the aliphatic chains of paraffin (*3C MAS
spectrum). The corresponding PCM peak is not observed in the CSP-D/
55-500 MPa sample, possibly due to a lower PCM loading, which is
consistent with the XRD and FTIR results.
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NMR analysis of the EGS-PCM alone was not possible due to the large amount of conductive graphite phase in the material. In the 'H MAS spectrum, “ * ” highlights
the sidebands, while in the '>C CP MAS “&” highlights contaminations of the industrial raw material.

The 13C CPMAS NMR spectra (Fig. 4b) were recorded on the com-
posites since they evidence the carbon atoms neighboring to hydrogen
with an amplified intensity, thus, highlighting the organic compounds.
The spectrum of CSP-D/28-500 MPa sample shows the typical reso-
nances of the n-alkanes, associated with the first four carbon atoms in

the chain (indicated as a, f, v, 8 in Fig. 4), while the chemical shifts are
no longer resolvable from the fifth (¢) carbon atom on [66]. The paraffin
resonances appear broader than usual due to the presence of graphite.
Anyway, we can clearly notice that the & resonance splits into three
components. Fredi et al. proved that encapsulation of paraffin can
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induce the formation of the so-called rotator phase, or also a non-
uniform distribution of the conformational disorder to the y-gauche ef-
fect near the chain ends, which causes, thereby, peak broadening [66].
The spectrum of CSP-D/55-500 MPa sample shows the same a,f,5 peaks
belonging to the stearic/palmitic acid chains with slightly lower S/N,
likely due to a lower amount of organic material in the composite and
the possible interactions with graphite.

The 'H NMR spectrum (Fig. 4¢) of dolostone is characterized by a
broad resonance centered at approximately 5 ppm and an extended
sideband pattern due to incorporated molecular water, along with small
peaks in the range of 2-0 ppm, attributed to hydroxide ions or mobile
water [67]. After CSP, the water resonance shifts to 4.6 ppm, and the
hydroxide peaks increase, suggesting the formation of some hydrated
phases that are not clearly detectable by FTIR or XRD. This sharp reso-
nance can be assigned to OH groups in hydrated crystal structures,
aligning with the expected resonances in hydroxyapatite (HA) [61] that
could form through the reaction between the phosphoric acid and
dolostone in CSP.

The 'H NMR spectra of the composites are dominated by the intense
aliphatic proton signal at about 1 ppm, especially in CSP-D/28-500 MPa.
The lower amount of organic phase in CSP-D/55-500 MPa leads to the
detectable presence of both C-H and OH signals. The 3'P MAS NMR
spectra (Fig. 4d) are characterized by an asymmetric resonance with a
sharp component at about 0.7 ppm, with a major broad right shoulder at
about 2.3 ppm and a minor left one at about —2 ppm (Fig. 4d). It is
possible to attribute the main component to the bulk resonance of or-
thophosphates. Since the crystalline HA structure gives rise to a single P
resonance centered at about 2.9 ppm [60,61], we can infer the presence,
among others, of apatitic structure. The broadness of the band could be
related to an amorphous calcium/magnesium phosphate phase or due to
a distribution of 3!P isotropic chemical shifts associated with local dis-
order (inhomogeneous broadening). The nonstoichiometric apatite
could stem from incorporation of a substantial amount of anionic (such
as CO%_) and cationic (Mg2+) substitutions, as well as the presence of ion
vacancies in the mineral structure. The sharp component at 0.7 ppm can
likely be attributed to the relative sharpness of -HPOx groups on the
surface or defective sites, and appears consistent with apatitic structures
[61].

The cold-sintered materials possess fair mechanical strength, as
evidenced in Fig. 5 by piston-on-three-ball bending tests. The mechan-
ical properties generally increase with the CSP pressure; the only
exception to this trend is represented by CSP-GR/55, peaking the

20 E
18 CSP-D i
16 | A1

14 » .

CSP-D/28 ; '

7

> CSP-D/55

Flexural strength (MPa)

T T T T T T T T T
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Fig. 5. Bending strength of cold-sintered dolostone and its composites obtained
by the piston-on-three-ball method.
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strength at 400 MPa. While CSP-GR/28 samples were substantially
denser than CSP-GR/55, the bending strength is comparable. On the
other hand, the properties of pure dolostone, i.e., without the addition of
any EGS-PCM, are substantially superior to those of the composites. In
fact, CSP-D-500 MPa samples reached a strength of about 18 MPa, while
the composite's properties are limited to 10-12 MPa.

Fig. 6 presents the DSC curves obtained in heating, cooling, and
reheating of the EGS-PCMs and on selected composites. The key features
in terms of melting/crystallization enthalpy and peak temperature for
the phase transitions are summarized in Table 1. We can clearly notice
the typical signatures of the melting/crystallization events of the
paraffin (Gr28) and organic acids blend (Gr55). These are also main-
tained in the dolostone-matrix composites with minimal shifts in the
melting/crystallization temperatures. The latent heat (AH) values were
determined by integrating the area under the peak relative to the
baseline. Since the AH of the composites (AHp,sgs—pcy) Originates from
the PCM, the theoretical latent heat values can be calculated using the
following equation[68]:

AHp/egs-pcu = 1 ® AHggs_pem (@)

where 7 is the actual mass fraction of the PCM in the composites and the
AHpgs-pcm represents the latent heat value of pure EGS-PCM. For the
CSP-D/28 composites, the experimental AH values are close to the
theoretical ones (i.e., ~1/10 of the enthalpy of the pure EGS-PCM) with
deviations of about 20% (or even lower) from the theoretical value. On
the other hand, the CSP-D/55 material exhibited latent heat values
about 25-44% lower than expected. This points out a deterioration of
the Gr55 during processing with an estimated loss of about 25-44% of its
mass. We can also notice the formation of some “irregular” and asym-
metric features in the DSC plots of the cold sintering processed (CSPed)
composites. This asymmetric feature is substantially lost in the com-
posite containing Gr28 after a couple of heating/cooling cycles.

The effective ability of the PCM in changing the cooling/heating path
of the material, stabilizing the temperature around the melting point,
was evaluated on the dolostone-Gr28 composites (Fig. 7). Pure dolo-
stone showed a regular heating and cooling profile with a nearly linear
trend in the time-temperature plane. On the other hand, the composites
deviate from the neat dolostone at around 25 °C, indicating the melting
and crystallization of the PCM.

The stability of the composite was studied through a 8-days-long
leakage test on the samples CSPed under 500 MPa. The results in
Fig. 8a show a small weight loss on the first day, likely related to the
evolution of adsorbed water, the weight remaining constant for the
remaining days. The enthalpy of fusion was then measured on the CSP-
D/28 composite (i.e., the one showing the best thermal performances
according to the results in Table 1) after the leakage test, resulting in
about 15.4 J g~ 1. Cyclic tests (100 cycles) were operated to verify the
stability of the material (Fig. 8b,c), confirming the absence of substantial
loss in the thermal performances of the composite.

The thermophysical properties of the cold sintered materials depend
on their composition and CSP pressure (Fig. 9, Table 2). The thermal
diffusivity as well as the conductivity increase when increasing the CSP
pressure due to the densification of the material. The two composites
obtained under 500 MPa possess a fairly high thermal conductivity
(about 1.9 W m~! K1), which is substantially larger than that of pure
cold-sintered dolostone (about 1.1 W m~! K’l) as aresult of the graphite
presence. Note that the drops in the composites' diffusivity can be
attributed to the melting of the PCM (it matches the melting point of the
two compounds). Indeed, due to the melting process, the specific heat,
Cp, increases, thus causing a drop in the diffusivity, a, @ = 1/pCp, with p
and /1 being the density and conductivity, respectivelly.

4. Discussion

The results show that CSP allows the consolidation of dolostone at
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Table 1

Thermal properties related to the melting and crystallization of the neat
EGS_PCMs and their composites in the dolostone matrix. * total enthalpy
including the second peak, first scan: 66.3 °C / 1.8 J g~1; second scan: 66.6 °C /
1.8Jg L

Sample T, AHpg, J T, AH,, J Tz, AHpg, J
°C g*l °C gfl °C gfl

Gr28 307 1913 235 1910 30.5 191.9

CSP-D/28- 200 168 21.6 156 28.5 16.2
100 MPa

CSP-D/28- 295 144 21.9 142 28.1 14.1
500 MPa

Gr55 58.1 178.8 51.5 1752 58.0 173.8

CSP-D/55- 56.1 13.7 51.0 9.9 56.6 9.8
100 MPa

CSP-D/55- 56.4 123 % 499 125 58.4 13.1%
500 MPa

room temperature through the dissolution of dolomite and the precipi-
tation of various phosphates, as detected by NMR and FTIR. The
microstructural analysis (Fig.3b) suggests that the particles mostly
involved in the consolidation of the compound are the small sub-
micrometric ones, which show clear densification and necking. These
form a kind of matrix within which the bigger particles are accommo-
dated. The sintering mechanism likely involves the dissolution of the
dolostone that could occur on the external particles' surface or in the
neck region (higher chemical potential induced by the external pressure,
Ap = Q Ap, u being the chemical potential, Q the atomic volume and p
the pressure) and the reprecipitation in the form of phosphates on the
regions with negative pressure, i.e., the neck surface where the local
pressure is negative. In fact, the curvature, «, of the liquid meniscus on
the neck surface is negative [13], thus inducing a negative pressure Ap =
vk, y being the surface tension of the solution. We note that the disso-
lution from the particle center (densifying the ceramic) is accelerated
when increasing the external pressure, while the rate by which mass is
removed from the external particle surface is independent of the applied
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pressure (non-densifying transport). In this context, an increase in the
external pressure promotes a shift from the non-densifying to the
densifying transport mechanism responsible for the density increase in
Fig.2a.

More importantly, CSP enables the consolidation of ceramic-matrix
composites containing a thermolabile phase change material for ther-
mal energy storage at near room temperature. The presence of the PCMs
after CSP is confirmed by NMR, FTIR, and XRD (Figs. 3,4); the thermal
energy storage ability is verified by DSC (Fig. 6) and by the temperature
profiles measured in heating/cooling cycles (Fig. 7). The effect of the
PCM in stabilizing the temperature is detectable, even if the samples
were relatively small (60 mg of EGS-PCM in 540 mg of dolostone) with a
large surface-to-volume ratio.

The thermal conductivity of the composites is relatively high (~1.9
W m~! K1) and substantially superior to that of cold-sintered dolostone
(~1.1 W m~! K™1). This points out the crucial role of the graphite
addition, which not only stabilizes the PCM but also increases the
thermal conductivity of the composite, thus facilitating the heat ex-
change with the environment and increasing the efficiency of the ther-
mal energy storage process.

The overall mechanical properties of the PCM-containing composites
are indeed lower than those of neat CSP-dolostone (Fig. 5), as the
polymer-containing regions act as large defects within the ceramic
matrix. Although the PCM incorporation causes a decrease in the
bending strength from about 18 to about 10-12 MPa (CSP under 500
MPa), the mechanical properties of the composites are still fairly good
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Table 2
Thermal and physical properties of the cold sintered materials at 15 °C.
Sample Thermal Specific heat Thermal
diffusivity capacity conductivity
(mm?s™1) @Wg 'K Wm LK
CSP-D-500 MPa 0.602 + 0.001 0.91 £ 0.01 1.166 + 0.003
CSI\lj[-r];/28-1OO 0.451 + 0.002 1.04 + 0.02 1.110 + 0.009
CS;—;Z/Z&SOO 0.881 + 0.016 1.05 + 0.03 1.950 + 0.040
CSI\l:[-PI;/SS-IOO 0.592 + 0.001 0.99 £+ 0.01 0.997 £ 0.002
CSI\IZ;/SS-SOO 0.908 + 0.003 1.03 £ 0.01 1.865 + 0.005

and acceptable for non-load-bearing applications. As an example, our
CSPed composites possess mechanical properties largely surpassing
those of plaster and plaster-matrix composites [69-71]. Indeed, the
bending strength generally increases with the CSP pressure, mimicking
the density evolution (Fig. 2a). However, the CSP-GR/55 sample
strength peaks at 400 MPa; higher pressure slightly decreases the me-
chanical properties. This could be tentatively attributed to the formation
of defects (delamination, microcracking) that are often observed in
pressed artifacts under high pressure (these originate from the pressure
gradients inside the material or the spring back during the extraction
from the mold).

The relative density of the composites obtained by CSP appears
generally larger than that of the net dolostone (Fig. 2a). This is an
artifact related to the fact that the porosity is “confined” in the dolostone
matrix, while the “PCM islands” are fully dense. Indeed, the pressure
application in CSP modifies the shape of the EGS-PCM, which gets
flattened orthogonally to the external load application (Fig. 2c,d).

A critical point appears to be the choice of the right type of PCM.
Surprisingly, the PCM possessing the lower melting point (Gr28,
paraffin) is less affected by the CSP process. This is confirmed by the fact
that the melting/crystallization enthalpy of the D/28 composites is close
to the theoretical value calculated from the composition of the

Sustainable Materials and Technologies 48 (2026) e01955

composite (i.e., 10 wt% of EGS-PCM in dolostone). On the other hand,
the materials containing Gr55 compounds lose about half of their ther-
mal energy storage ability during the processing, compared to the
theoretical value. The deterioration or the loss of the Gr55 compound is
confirmed by the FTIR and NMR, while the low amount of crystalline
PCM at room temperature is proven by XRD. This can likely be attrib-
uted to the presence of hydrophilic units (carboxylic acid) in the stearic/
palmitic acid mixture of Gr55, which can interact with the water solu-
tion in CSP and be eventually extracted from the stabilizer (i.e, the
graphite). The dispersion of PCM in the CSP solution for the Gr55
compound is likely related to the lower density level of the D/55 com-
posites and to their heterogeneous microstructures (Fig. 2a, f-m), where
the PCM and graphite dispersion poison the CSP consolidation. Actually,
we can clearly detect in D/55 composites large regions that are sub-
stantially not consolidated under low pressure (Figs. 2f, g, h). These
eventually collapse under larger pressure in “dark contrast” areas
(Figs. 2i, 1, m), where the dolomite grains are covered by graphite and
organics.

Finally, the formation of asymmetric shapes in the DSC peak (Fig. 6)
in the composites could be attributed to a change in the confinement
conditions of the PCM [66](e.g., a change in the distance between
graphite lamellas) or to a demixing between stearic/palmitic acids in the
Gr55-containing compound. The modification in the confinement con-
ditions is likely dominant for the composite including Gr28 PCM. In fact,
after a couple of melting tests, the shape returns to its original one.
Indeed, when the PCM is liquid, the graphite lamellas can slightly re-
arrange, getting closer to the pre-CSP conditions. On the other hand,
the peak asymmetry or even splitting into two clear components seems
irreversible for Gr55, suggesting that it can actually originate from a
phase separation in the PCM.

The leakage test shows a modest weight loss located in the first day of
the test (Fig. 8a). The weight loss is about 1-2 wt%, much lower than the
PCM content, and can likely be attributed to the adsorbed humidity. The
absence of PCM loss is confirmed by the DSC after the leakage test,
showing the same enthalpy values of the untreated material (about 15.4
J g71). Therefore, no deterioration of the thermal properties occurred
during the 8-days holding above the melting point of the PCM. Cyclic
DSC (Fig. 8b,c) confirms the stability of the composite.

The overall thermal energy storage performance (about 15 J g™ 1) is
interesting but indeed much smaller than what can be achieved by
incorporating a large amount of PCMs in lightweight matrices, such as
polymers. PCMs have already been introduced in inorganic matrices like
concrete [45,46], geopolymers [44,47-50], or plasters [42,43] with
success. The thermal energy storage of these composites is generally
comparable with the one obtained in this work, the literature data
mainly ranging between 3 and 24 J g~!. A general drawback of the
standard approaches studied in this context is the abundant use of micro-
or nano-encapsulated PCM to avoid its leakage or separation from the
inorganic matrix during the setting. A clear advantage of the CSP
approach is the successful production of an inorganic matrix without the
need for encapsulation. While not being the first achievement of such a
goal [43,44], it is still not trivial. Higher thermal energy performances
have been reported in some composites (even above 100 J g~1); how-
ever, those studies used encapsulated PCM, and no data about the me-
chanical properties are available [42]. In this context, our results
provide a first proof of concept of a new approach based on sintering to
incorporate PCMs inside an inorganic matrix, which is radically
different from the discussed literature based on matrices obtained by
hardening (setting).

These results pave the way to a new avenue to obtain materials with
low embodied energy and CO,, processed at room temperature, pos-
sessing fair mechanical and thermal properties, and the ability to store
thermal energy. The material developed herein could find application in
panels or other non-load-bearing masonry, with possible competition
with plaster or bricks. It is, for instance, not trivial to notice that the
mechanical properties measured herein are substantially competitive
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with those of fired bricks [72-74]. The room temperature processing
developed herein is also attractive in simplifying the CSP setup, thus
facilitating a possible scale-up of the technology. Scale-up challenges
still remain in terms of productivity that can be significantly lower than
that achieved by extrusion technologies used in the brick (and partially
tile) industry.

5. Conclusions

The cold sintering process enables the room temperature consoli-
dation of milled dolostone powders through its partial dissolution and
precipitation in the form of phosphate phases. The process allows the
incorporation of thermolabile materials, like low molecular weight
polymers or other organic compounds, within a stiff and strong ceramic
matrix. Specifically, we showed that this approach allows the
manufacturing of dolostone-matrix composites containing polymer
phases for thermal energy storage at near room temperature.

The obtained CSPed composites possess fair mechanical properties,
relatively good thermal conductivity, and an ability to store thermal
energy through the latent heat of fusion/crystallization of an organic
compound up to about 15 J g’l. The results also point out that a critical
issue is the correct choice of the phase change material due to its
possible interaction with the cold sintering solution.

The developed process represents a promising pathway toward the
design of innovative and sustainable materials that can transform the
future of the construction sector.
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