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Abstract 
This study explores a thermally assisted mechanochemical approach alternative to conventional cement 
synthesis as a potential to produce hydraulically reactive calcium silicate phases. Ball milling of mixed 
CaO/SiO2 feedstocks at temperature ranges 100-300 °C increases the formation of the Ca-O-Si bonds 
and precursor reactivity. Spectroscopic analyses (FTIR, MAS-NMR, UV-Vis DRS) indicate increasing 
amorphization with milling temperature, attributed to improved mixing and thermally assisted diffusion. 
Upon hydration, all treated samples exhibit exothermic heat release, with the sample prepared at 300 °C 
showing the most pronounced reactivity. Thermal analysis reveals weight loss consistent with C-S-H 
formation, confirming cement-like behavior. In summary, moderate thermal input during milling 
promotes structural activation and enhances downstream hydraulic reactivity, providing a proof-of-
concept for energy-reduced cement precursor processing. 

 

1.  Introduction 
Cement production significantly contributes to global CO2 emissions, accounting for approximately 5-
6%.1 These emissions arise primarily from the calcination of limestone (CaCO3 to CaO) and the intense 
thermal energy required to drive clinker formation, which occurs at temperatures exceeding 1400 °C in 
rotary kilns.2-4 In particular, the formation of hydraulic calcium silicate phases, most notably tricalcium 
silicate (C3S) and dicalcium silicate (C2S) requires extreme thermal input and significant fuel 
consumption, leading to a high energy demand and carbon intensity. 
During the process of cement production, lime is combined with clay and shale, rich in SiO2 and Al2O3 
(mainly γ- and δ-Al2O3), along with sand, leading to the formation of mixed oxide phases of 
hydraulically reactive calcium silicate, aluminate and ferrite phases.5-7 The calcination reaction occurs 
at a temperature between 800-900 °C, whereas the exothermic reactions involving CaO, Al2O3, SiO2 
and Fe2O3 to form C2S, tricalcium aluminate (C3A) and calcium ferrite (C4AF) take place in the 
temperature range from 800 – 1300 °C. The reaction for the formation of the main hydraulic component 
of tricalcium silicate (C3S), that is the most abundant phase of Portland cement (~60 wt.%) typically 
occurs at temperatures exceeding 1400 °C. On the cooling from elevated temperatures, C3S exhibit 7 
polymorphs. All polymorphs have similar structures, mainly distinguished by small distortion as the 
C3S structure accommodates crystallographic strain during the cooling below its limit of stability. The 
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monoclinic polymorphs MI-MIII are often found in Portland cement. Dicalcium silicate (C2S) as well 
exhibits a number of polymorphs with β-C2S being the hydraulic relevant polymorph.8    
  
Efforts have been made to enhance energy efficiency in cement kilns. These include implementing heat 
recovery systems, such as the application of organic Rankine cycle (ORC) or Kalina cycle to recover 
heat from the cement production,9, 10 or the optimization of process control, for instance, improving 
operational parameters, i.e., gas and electrical power management,11 energy balance and reaction kinetic 
monitoring,12 and plant integrations.2 Furthermore, alternative clinker production methods, such as low-
temperature calcination processes and novel binder materials, are being investigated to reduce energy 
consumption during clinker formation.13 Consequently, alternative synthesis pathways for cementitious 
materials that operate at lower temperatures and minimize fossil energy input are of increasing interest. 

Mechanochemistry offers an alternative and relatively less explored approach compared to processing 
solids by grinding or impacting. In addition to solid state mixing, it creates highly reactive transient 
domains on solid surface that can be explained as intense strain or thermal hot spots.14-16 Tricker et al. 
demonstrated the decomposition of CaCO3 by ball milling under nominally ambient conditions and 
rationalized the observed reactivity with transient hotspots exceeding 800 °C due to high intensity 
mechanical impacts.17 In addition, the formation of highly strained environments is responsible for 
extraordinary reactivity in many cases.18, 19 Moreover, the constants formation and sintering of surfaces 
offers a promising prospect for improving energy efficiency of processes that require the reaction 
between two or more solids. Mechanochemistry has been implemented in  the synthesis and processing 
of multiple solid inorganic oxides, especially in the field of doped metal-oxides, most notably with Al 
or Mn-doped ZnO,20-23 and SnO2,24 or tertiary metal-oxides, such as Ca2Mn3O8,25 CaMn2O4, and 
CaMnO3.26  

In the field of cement science, some studies have demonstrated mechanochemical formation of mixed 
metal oxide phases, but none have systematically explored the role of moderate external heating during 
the milling process itself. Chen demonstrated the conversion of CaCO3 and amorphous Al2O3 to 
CaO·Al2O3 (CA) through high-energy ball milling and subsequent annealing, showing the reduction of 
the required temperature for subsequent calcination compared to conventional methods (i.e., ~1335 °C) 
by at least 100 °C.27 Mi et al. also illustrated the feasibility of synthesizing  dicalcium silicate from a 
CaO/SiO2-gel mixture using ball milling at room temperature from 30 minutes up to 5 hours followed 
by a heat treatment process at up to 900°C.28 Ettringite ([Ca3Al(OH)6]2·(SO4)3·26H2O), a both a 
naturally occurring mineral and a product of cement hydration, was synthesized using wet milling at 
ambient temperature.29 The synthesis of these materials required long milling times (> 5 h). While the 
synthesis of cementitious materials has demonstrated success, the long milling times needed to achieve 
moderate yields  and the need for subsequent high temperature treatments are significant barriers to 
further development.30 Conventional ball milling can induce the formation of nanoscale composite 
structures, wherein chemical reactions are initiated at the grain boundaries of adjacent reactant phases, 
significantly enhancing reaction kinetics through phenomena, such as reduced diffusion length (via 
grain fracturing), decreased activation energy (resulting from the generation of surface defects and 
radicals), and the creation of fresh reactive surfaces (due to continuous surface restructuring).22 
However, the reaction is often incomplete when milling occurs at or near room temperature. 
Consequently, post-milling heat treatment is frequently required to achieve full reaction completion.22 
Reasons can include the kinetic limitation, due to temperature difference between the local and the solid 
bulk,31 and insufficient mixing and inadequate contact between reactants leading to limited number of 
reaction sites.32 The coupling of mechanical stress and thermal energy could potentially improve solid-
state diffusion, enhance precursor mixing, and promote amorphization or nanostructuring that facilitate 
downstream hydration.  More recent work has broadened the use of mechanochemical activation in 
cement systems, for example by enhancing the pozzolanic reactivity of clays, industrial by-products, 
and slags through high-energy milling and alkanolamine-assisted grinding, enabling high clinker 
substitution while maintaining or improving mechanical performance.33-37 However, these studies still 
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rely on ambient-temperature milling and/or post-milling calcination or hydration, and do not 
systematically investigate the effect of controlled, moderate external heating during the milling step 
itself, which is the focus of the present work. 

In this work, the primary goal is to develop a strategy for an energy-efficient synthesis of hydraulically 
reactive calcium silicate phases, in which mechanical grinding at moderate temperatures significantly 
improves the amorphization, Ca-O-Si bond formation, and hydraulic reactivity. To realize this concept, 
a novel milling vessel concept of thermal-assisted mechanical grinding was developed allowing for 
controlled temperature regulation, up to 300°C. While equipment limitation restricted the operating 
range to 300°C, extrapolation of the results successfully demonstrated the system’s potential in lowering 
the processing temperature of cement kilns. 

2. Materials and Methods 
2.1 Materials 
Quartz sand (SiO2) 0.5-10 µm (~99%) was supplied by Sigma-Aldrich. Calcium oxide (CaO), reagent 
grade, was purchased from Alfa Aesar. Pure monoclinic (MIII) C3S was purchased (from Wŭsh, 
Research Institute of Building Materials, Czech Republic) was used as a reference material. The 
anhydrous phase had a d50 particle size of 9.02 μm and was of high purity as indicated from the Rietveld 
refinement (see Supplementary Information). All chemicals were handled as received without further 
purification. 

2.2 Mechanochemical Synthesis of the Calcium Silicate Minerals at Elevated Temperatures 
Milling experiments were conducted using a Retsch MM500 shaker mill with a pill-shaped stainless-
steel vessel and grinding balls. (Figure 1a-b) The employed reactor vessel had an internal volume of 25 
mL. In all experiments, ten grinding balls, each 10 mm in diameter and weighing approximately 4.04 
g, were used. Approximately 1 g of solid reagents was loaded into the vessel before starting the 
experiment. The vessel was sealed with a 1″ PTFE O-ring after loading, and the headspace gas inside 
the vessel remained air. The vessel was wrapped with a heating tape and a thermal element, secured 
with aluminum tape. (Figure 1c) Three layers of commercial aluminum foil were wrapped around the 
outside to prevent damage and heat loss. The vessel was then placed inside a stainless-steel mantle, 
which was sealed to prevent heat loss. (see Figure 1c) The heating element is then connected to a thermal 
controller allowing the control of the environment temperature of the reaction. Compressed air is 
provided into the milling chamber to prevent overheating. In all experiments, approximately 0.74 g 
(0.0132 mol) of CaO and 0.264 g (0.0044 mol) of SiO2 were used to achieve the optimal stoichiometric 
ratio of C/S of 3:1. The syntheses were performed at room temperature (approximately 20°C), 100 °C, 
200 °C, and 300 °C at 20 Hz for one hour. After the reaction, the solid reaction products were retrieved, 
and the vessel was cleaned by ball-milling approximately 0.5 g silica-alumina powder using the original 
ball and vessels configuration before being sonicated for 30 minutes and dried in a 103 °C convection 
oven. 

2.3 Characterization Methods 
Particle size measurement 
The particle size distribution (PSD) was determined with a Wyatt DynaPro NanoStar dynamic light 
scattering detector. For this, approximately 10-15 mg of the samples were dispersed in 1 mL methanol 
inside a 15 ml test tube using the vortexer before inserting into the laser chamber. Each sample was 
measured ten times, with each measurement having a duration of 10 seconds. 
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Spectroscopy 
ATR-FTIR spectra were measured with the Thermo Scientific™ iS50 FTIR spectrometer equipped with 
Smart iTR™ Attenuated Total Reflection (ATR) sampling accessory with a ZnSe crystal as internal 
reflection element (IRE). Each sample, weighing a few milligrams, was mounted on the IRE and firmly 
held in place using the ATR stage clamp. The spectra were obtained across the wavenumber range of 
700 cm⁻¹ to 4000 cm⁻¹, with 64 scans per sample.  
MAS-NMR spectroscopy measurements for the 29Si nucleus were performed on a Bruker Avance III 
400 MHz spectrometer with a spinning frequency of 10 kHz. For the all samples, a recycle delay (d1) 
of 20 s was used with the resonance of 79.569 MHz and 3072 scans in reference to 3-(Trimethylsilyl)-
1-propanesulfonic acid sodium salt. 

UV-Vis DRS spectra were collected using the Thermo Scientific™ Evolution 300 spectrophotometer 
equipped with a Praying Mantis™ Diffuse Reflection Accessory. Roughly 10 mg of the solid sample 
was loaded into the holder cup. The upper surface was flattened before each measurement. All spectra 
were collected across the wavelength region of 190 nm to 500 nm, with the scan speed of 60 nm per 
minute. 

 
(a) 

 
(b) 

 
(c) 

Figure 1: Setup for mechanochemical reactions at elevated temperature: (a) Schematic representation (b) Photo of the 
experimental setup (c) Close-up on the vessel and mantle. 
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Annealing 
The milled samples were annealed under 200 ml/min air flow at 1000 °C for 2 h in an RS 80/750/11 
Nabertherm tube furnace with the temperature ramp rate of 10 K/min. The annealed amount for each 
sample was approximately 50 mg. The samples were left for passive cooling to room temperature 
without the influence of active quenching.  

X-ray powder diffraction 
The crystalline phases were evaluated for each sample by X-Ray Diffraction using a Rigaku 
MiniFlex600 powder X-ray diffractometer with a CuKα (λ = 1.54 Å) radiation source. The operating 
conditions were 30 kV and 15 mA. Each measurement was taken with a scan speed of 10° per minute 
and a step size of 0.01°. Phase identification was carried out by using X’Pert HighScore Plus software 
equipped with a PDF-4 database (ICDD) with a purchased license from IMS Materials Characterization 
Facility.  
Scanning electron microscopy (SEM) and elemental analysis via Energy-dispersive X-ray 
spectroscopy (EDX) 
SEM-EDX analyses were performed simultaneously with a Thermo Scientific™ Axia™ ChemiSEM™ 
instrument equipped with a tungsten filament source and a coupled TrueSight EDX detector. SEM 
imaging of the samples was conducted using an Everhart–Thornley detector (ETD) with a working 
distance of 9.4–10.4 mm under high vacuum conditions and an accelerating voltage of 10.00 kV. EDX 
spectra of the samples were acquired simultaneously with a minimum scan time of 60 seconds, enabling 
quantitative elemental mapping and compositional analysis. EDX analyses were repeated three times 
for each sample.  A small quantity (a few milligrams) of each sample was deposited onto a double-sided 
carbon tape attached to the designated holder in its powdered form, without undergoing any additional 
polishing steps.  
Thermogravimetric (TGA) and Differential Scanning Calorimetry (DSC) Analysis 
TGA and DSC analyses were done using the DSC-TGA Q series 600 using the loading of approximately 
10 mg into an alumina crucible. The temperature ramp was set to 20 K/min increasing to 1200 °C under 
the 100 mL/min flow of N2 as headspace gas for all measurements.  
Isothermal Calorimetry 
Isothermal calorimetry measurements were performed on a TAM air isothermal calorimeter by 
Thermometric TA Instruments to examine hydration behavior of the mechanochemical synthetized 
samples. A relatively small amount of the dry powder (~0.5 g) was mixed with water at a water-to-solid 
ratio of 1 and placed in small ampules in the calorimeter Measurements were carried out at 23 °C for 
47 hours.  
Thermogravimetric Analysis (TGA) for hydrated samples 
TGA was performed using a TG/DTA7300 instrument by Hitachi Thermal Analysis System – at 47 
hours after mixing with water. During the measurements a gas flow rate of 100 ml/min of inert nitrogen 
was used for the samples with the following hear profile: Samples were held at 40 °C for ~ 1.5 hours, 
until the water evaporation was complete. The sample temperature was then raised at a rate of 10 °C/min 
up to 1000 °C.  

3. Results and Discussion  
3.1 Probing structural changes with spectroscopy 
To investigate the effect of temperature on the evolution of CaO/SiO2 mixtures during milling, a 
combination of spectroscopic techniques including ATR-FTIR, 29Si MAS-NMR, and UV-Vis diffuse 
reflectance spectroscopy was employed. These methods offer insight into local bonding environments 
and short-range order that are not readily accessible through conventional diffraction techniques. 

Figure 2 shows the ATR-FTIR spectra of the CaO and SiO2 mixtures milled at different temperatures. 
For comparison, the anhydrous monoclinic MIII form of tricalcium silicate, C3S, as the predominant 
mineral phase commonly found in Portland cement was also analyzed. In all spectra, the characteristic 
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bands corresponding to the Si-O-Si stretching vibrations were observed in the 1160 to 1010 cm-1 
region.38 Bands at 800-783 cm-1 can be attributed to the Si-O stretching modes of terminal Si-OH 
groups.39 As milling progressed, two bands corresponding to the presence of inorganic CO3

2- were 
observed at 1474-1420 cm-1 and 875 cm-1.38, 40 The presence of CaCO₃, detected by FTIR spectroscopy 
and confirmed by TGA, is attributed to carbonation of CaO during or immediately after milling when 
exposed to ambient air. The band at 910-940 cm−1 was assigned to the Ca-O-Si stretching mode of the 
calcium-silicate.38, 41, 42 This region was dominant in the spectrum of the monoclinic anhydrous C3S. 
The increasing intensity of this band with increasing process temperature suggests that calcium silicate 

phases form, particularly as the temperature increases to 200 and 300 °C.  

Figure 3 presents the 29Si MAS-NMR spectra of CaO and SiO2 mixtures milled at different temperatures 
and the reference monoclinic anhydrous C3S. The spectrum of the unmilled sample was dominated by 
a strong resonance centered at ~ -109 ppm. This resonance has been assigned to the presence of quartz 
(Q4 sites) in the mixtures.43 The peak became much broader with milling and increasing temperature, 
thus suggesting amorphization of SiO2 during the different treatments. This observation is in good 
agreement with the XRD patterns of the as-milled samples (vide infra), where a decrease in crystallinity 
was observed with the increase of the temperature (Figure 5a). In the samples with higher milling 
temperatures, a shift toward lower coordinated Si was observed with the growth of broad shoulder/tails 
in the region of -90 to -100 ppm of Q3-Si, -75 to -93 ppm of Q2-Si, -70 to -83 ppm of Q1-Si, and -60 to 
81 ppm of Q0-Si.43 More specifically, for the sample milled at room temperature, broad resonances were 
observed near 69, -82 and -91 ppm. As the processing temperature increased, additional broad 
shoulders/tails became evident with the most prominent ones centered ~-75, -85 ppm and ~-91 ppm.  
 

 
(a)  

 
(c) 

 
(b) 

Figure 2: ATR-FTIR analysis of CaO/SiO2 mixtures milled at various temperatures: (a) Fingerprint 
region spectra (650-1600 cm⁻¹), (b) OH-stretching region spectra (3600–3700 cm⁻¹) and (c) Gaussian peak 
deconvolution of the fingerprint region comparing unmilled and samples milled at different temperatures 

with reference to monoclinic C2S. Experimental spectra (blue), simulated fits (black), and individual 
Gaussian components (red) are shown. Key vibrational bands (e.g., Si-O-Si, Ca-O-Si, CO3

2-, Si-OH) are 
labeled. 



7 
 

The 29Si MAS-NMR spectrum of the pure monoclinic C3S is included for comparison and exhibited a 
typical line shape observed for this type of polymorph.44 As indicated in Figure 3, two main resonances 
centered at -71 and -75 ppm were identified. 29Si MAS NMR spectra of synthetic samples of MIII alite 
and β form of belite, exhibited resonances in the range from -66 to -78 ppm. The broadened line shape 
of the alite spectra contains contribution of 18 different resonances from SiO4 tetrahedra in the Q0 
environment and the resonances for all these sites cannot be resolved even for the synthetic MIII.  
Triclinic polymorph of C3S exhibits 9 different resonances in the range from -69 to 74 ppm. On the 
other hand, dicalcium silicate polymorphs exhibit single resonances at -71.1, -71.3 and -73.7 ppm for 
α, β, γ structures, respectively,45 while pseudo-wollastonite exhibits isotropic chemical shifts (Q2) 

around -83.6 ppm.45 Due to the broadness of the resonances, a clear unambiguous identification of the 
individual phases mentioned above cannot be made. However, the presence of the shoulders/tails in the 
same region suggests chemical modification of the mixture. This is attributed to the formation of 
amorphous Ca-Si-O domains during the thermal-assisted ball milling process. Taken together, the ATR-
FTIR (Figure 2) and ²⁹Si MAS-NMR (Figure 3) spectra demonstrate an increasing formation of Ca-O-
Si bonds with rising milling environment temperature. Specifically, a shift from predominantly Q4 
tetrahedral Si in the unmilled sample to a mixture of Q1, Q2, and Q3 Si, with oxygen-bridged Ca, with 
the rising temperature and the appearance of new FTIR bands suggest enhanced amorphization of SiO2 
and incorporation of Ca into the silicate framework. These findings indicate that elevated temperature 
during milling positively influences the development of Ca-O-Si bonds. 

 

Figure 3: 29Si MAS-NMR spectra of the CaO/SiO2 mixture milled at different environment 
temperatures and the monoclinic C3S. Assignment of chemical shift ranges were adapted from 

Walkley et al. 43 
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Figure 4a illustrates the UV-Vis DRS spectra of the CaO and SiO2 mixtures milled at different 
temperatures in reference to the anhydrous C3S with a focus on the wavelength region of between 190 
and 400 nm expressed as the Kubelka-Munk function (See Section SIV.1). The corresponding 
characteristic direct band gap of each sample was determined using the Tauc method (Figure S10).46 
The evolution of direct band gap with the milling temperature is illustrated in Figure 4b. The absorption 
of the UV region shows the excitation of the electrons from the bonding to non-bonding (i.e. higher 
energy) orbital. In an alkali earth oxide like CaO, the bonds between molecules are ionic (donated e- 
from Ca2+ cations) whereas with the SiO2 they are covalent. Thus, the dislocation of the valence 
electrons in the Ca and O atoms results in poor absorption of UV radiation as well as a large band gap. 
However, once the Ca-O-Si bonds are formed, the transition towards the ionic-covalent properties of 
the samples can result in much higher absorption of UV light. The characteristic band position for 
monoclinic anhydrous C3S was determined as 195 nm. Thus, the increased absorption of UV radiation 
in the lower wavelength region with increasing temperature during milling indicated that the 
substitution of Ca-O-Ca ionic bonds within the CaO lattice with Ca-O-Si polar covalent bonds was 
facilitated. 

Collectively, these spectroscopic results indicate that moderate thermal input during milling promotes 
the breakdown of crystalline SiO2 and the formation of Ca-O-Si linkages. 

3.2 Phase Development during Annealing 
Having established that thermally assisted milling promotes amorphization and Ca-O-Si bond formation, 
we next investigated whether these structural precursors facilitate crystalline calcium silicate phase 
formation upon annealing. For this purpose, milled samples were annealed at 1000 °C for 2 hours in air 
and subjected to passive cooling without quenching. The resulting XRD patterns are shown in Figure 
5. Upon mechanical impact and annealing, the diffractions corresponding to the SiO2 crystals became 
nearly undetectable, but a considerable amount of CaO was still detected, as indicated by its 
characteristic diffraction pattern. The higher the temperature during milling, the less significant the 
diffraction intensity from the CaO crystals, indicating that CaO was increasingly incorporated in 
calcium silicate phases. The formation of these phases was facilitated with increasing structural disorder 
introduced during milling. XRD patterns of the as-milled samples, shown in Figure 5a, exhibited 
significant intensity reduction with increasing milling temperature. These changes suggest progressive 
amorphization of the starting CaO and SiO2 components, likely due to repeated impact-induced stress 

 
(a) 

 
(b) 

Figure 4: (a) UV-Vis DRS spectra of the CaO/SiO2 mixture milled at different environment 
temperatures and the monoclinic anhydrous C3S expressed as Kubelka-Munk function (b) Evolution of 

the direct band gap as a function of the milling environment temperature. 
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and enhanced solid-state mixing. Although no discrete calcium silicate phases were detected in the as-
milled mixtures, the formation of amorphous mixed metal oxide domains is supported by the 
spectroscopic evidence presented and supports the hypothesis that milling facilitates early-stage 
transformation into reactive precursor domains.  

The presence of Ca(OH)2 in the starting material was confirmed via the DSC results (vide infra), the 
TGA results (Figure S3), and ATR-FTIR spectra (Figure 2 and S4-S8). Specifically, an endothermic 
peak in the range of 375-475 °C in both as-mixed and milled samples is attributed to Ca(OH)₂ 
decomposition. The mass loss in TGA from 400 °C supports this assignment to dehydration. The 
diminishing intensity of the OH-stretching band at 3640 cm⁻¹ in ATR-FTIR spectra (Figure 1b) over 
the milling period corroborates the corresponding reduction in diffraction peak intensity characteristic 
of the portlandite, i.e., 2θ = 18.0°, 28.7°, and 50.8°.  

The formation of the calcium silicate has been reported to be heavily diffusion limited.47 This is one of 
the reasons for the high temperature required in cement kilns. By elevating the temperature and 
employing intense mixing during milling, it is possible to ensure effective diffusion without 
necessitating the extremely high temperatures characteristic of a cement kiln. The major calcium silicate 
phase identified in the milled samples (room temperature up to 300 °C) was the polymorph β-C2S 
(larnite), with major diffraction peaks centered between 32.03 and 34.38° 2θ. Besides β-C2S 
polymorphs, additional traces of monoclinic C3S (51.67° 2θ) severely overlapping with those of C2S 
were also identified. The intensity of this peak was slightly stronger for the sample milled at 300 °C. In 
the CaO/SiO2 mixture milled at 300 °C the presence of CaO was observed but almost no SiO2 diffraction 
peaks. The same applies to the samples milled at 200 °C and 100 °C, whereas small traces of SiO2 were 
identified in the sample milled at room temperature. Mi et al. showed the presence of a minimal amount 
of C2S in the mixtures of calcium oxide and silica gel milled at room temperature for 30 minutes or 
more after annealing at least 600 °C. The polymorph of C2S formed was not specified in their work.28 
In their study, significant diffraction peaks were observed only after milling for 2 h or longer with the 
annealing temperature of 900 °C. The present work showed that an increased temperature within the 
milling vessel facilitates the emergence of prominent characteristic peaks corresponding to C2S and C3S 
phases during the subsequent annealing step (Figure 5b). Finally, in the sample milled at 300 °C, a 
calcium-ferrite phase, with a peak centered around 2θ = 12.01° and 33.5° was identified. This is 

 

 
(a) 

 
(b) 

Figure 5: XRD patterns of the CaO/SiO2 mixture milled at different environment temperatures a) before and b) after 
annealed at 1000 °C for 2 h. 
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attributed to the formation of steel shavings from the milling vessel and their reaction with the feedstock 
during the milling process.  
 
3.3 Thermal behavior of thermo-mechanically activated samples 
While XRD reveals phase development after annealing, DSC of as-milled powders provides insight into 
how structural disorder introduced during milling influences their thermal behavior prior to 
crystallization. By comparing thermal responses across different milling temperatures, it becomes 
possible to correlate the extent of structural reorganization during milling with the observed phase 
evolution during annealing.  
 
The first endothermic peak, observed between 375 °C and 475 °C in both the as-mixed and milled 
samples, is attributed to the decomposition of Ca(OH)2 (Figure 6). 28 Its diffraction was observed in the 
XRD pattern (Figure 5a). The decrease in mass observed in the TGA commencing at 400 °C (Figure 
S3) corroborated the assignment of the endothermic peak to a dehydration reaction. A significant 
exothermic region between 475 °C and 1000 °C is due to the heat of crystallization emitted from 
thermally induced crystal restructuring.28 An increase in exothermic behavior above 1000 °C is 
attributed to the reaction between CaO and SiO2. 

For the samples that were milled at higher temperature, the endothermic peak corresponding to the 
Ca(OH)2 decomposition was less pronounced. This suggests that the higher milling temperature 
promotes the dehydration process of the portlandite phase from the starting material. The reduction in 
heat flow intensity in the exothermic region between 475 °C and 1000 °C for samples with higher 
milling temperatures suggests that the formation of the amorphous calcium silicate minerals already 
occurred during milling. Furthermore, it is suggested that ball-milling caused significant stress on the 
lattice through impact, leading to structural distortion of the impacted domains.22 During milling, 
frequent impact and shear forces increase the interactions and contacts between the grain boundaries of 
the reactant phases, promoting their adjunction and the homogenization of the reaction mixture. Milling 
reduces the crystallization potential by disrupting the order of the crystal structure, leading to a more 
disordered material with diminished ability to crystallize. As a result, the milled samples exhibit a lower 
exothermic response during heating, reflecting the reduced tendency for crystal growth compared to the 

 

Figure 6: DSC curves of the CaO/SiO2 mixture milled at different environment temperatures and 
the anhydrous C3S reference. 
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unmilled samples. The reduced exothermic behavior in the higher temperature region (above 1000 °C) 
for samples milled at higher temperatures indicates the partial conversion of the starting material to 
calcium silicate during milling, with additional phase transformations potentially occurring during 
cooling. In other words, some of the calcium silicate phases already formed during the milling treatment. 
The enhanced conversion of the Ca(OH)2 to form CaO and H2O, followed by the reaction of CaO with 
SiO2 explain the decrease in the XRD diffraction intensity at higher temperatures. 

3.4 Morphological Changes of Thermo-Mechanically Activated CaO/SiO2 Samples 
The morphological changes of the processed CaO/SiO2 mixture were examined by SEM-EDX (Figure 
7), as morphological evolution of the powders during milling also plays a critical role in reactivity. 
Larger and bulkier particles were observed in the mixed samples (Figure 7a). Figure 7b illustrates both 
the fragmentation and agglomeration of particles during milling. While the particles were finer, they 
also tended to form large aggregates. EDX imaging and spectra showed a clear distinction between two 
solid phases before grinding and improved homogeneity with no clear material separation thereafter. 
(Figure S11-S13) The average atomic ratio of Ca/Si for each sample was determined as 3.132 ± 0.369, 

with a relatively narrow distribution showing good material balance during the process (FigureS14). 
The PSD (Figure 7d) showed that under the influence of the elevated milling environment temperature 
both the fragmentation and the agglomeration of the particles are possible. There was a shift from the 
unimodal distribution with the modal diameter of the particle of approximately 0.5 µm to a multi-modal 
distribution with the modal diameters of 0.12, 10.93, 8.62, and 4.23 µm, when the samples were milled 
at room temperature, 100 °C, 200 °C, and 300 °C, respectively. The rise in oversized particles during 
the milling process can be attributed to the sintering process. The change in the particle size during 
milling influences the post-processing requirements of the material. The particle size has an effect on 

 
(a)  

   
(b)  

 
(c)  

 
(d)  

Figure 7: SEM images of the of the CaO/SiO2 mixture (a) unmilled with grain boundaries are marked 
in yellow for CaO and blue for SiO2, (b) at room temperature with a 1.4 x zoom window for better 

illustrations of particle fragments, (c) fragments at 100°C and (d) PSD of CaO/SiO2 samples milled at 
different temperatures. 
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the reactivity as well as the overall strength of the produced cement, as a larger surface area can enhance 
their reactivity during hydration, which leads to improved early-age strength development in 
cementitious materials.48-50  Further mechanical processing, such as grinding and sieving, or use of 
chemical grinding aids (e.g,. alkanolamines)51 might therefore be required. 

3.5 Investigation of the hydraulic reactivity of thermo-mechanically activated powders 
To assess the cementitious activity in thermo-mechanically activated samples, a hydration study was 
conducted on the treated samples. Figure 8 shows the heat flow calorimeter of the samples mixed with 
water. The first peak (Figure 8a), in the very first minutes of the contact with water, corresponds to the 
reaction of CaO with water and additional formation of Ca(OH)2. In the timespan from 2 to 10 hours 
(Figure 8b) an additional release of heat was observed for all mixtures, except for the unmilled sample. 
The mixture treated at 300 °C exhibited the largest heat release, followed by the samples milled at 
200 °C, 100 °C and room temperature. This occurrence suggests a hydration reaction and a cement-like 
behavior of the mechanically activated samples.  

 

Figure 8: Heat flow calorimetry for the first (a) one hour of hydration and (b) up to 47 hours of 
hydration. 

Figure 9 shows the TGA traces of each of the investigated samples. The hydration product Ca(OH)2, as 
well as its carbonated form CaCO3, were observed. Specifically, Ca(OH)2 dehydroxylation is typically 
observed around 400-500 °C, while CaCO3 decarbonation occurs between 650-750 °C. These could 
form through interaction of the CaO with water and CO2 in air or could be formed from hydraulic 
reaction of calcium silicates, since portlandite is among the earliest hydration products formed in 
cement hydration. Another indicator of cement phase formation was the broad signal in the range from 
60 to 300°C, with a more evident peak centered at ~120°C. This has been attributed to calcium silicate 
hydrate (C-S-H), the predominant product of cement hydration. The phase was more abundant in the 
samples subjected to milling at 300 °C. C-S-H exhibits water loss in the temperature range of 50-600 °C, 
due to the water loss present in the interlayer and dehydroxylation. Together, the identification of both 
main products of the hydration of calcium silicate cementitious phases suggests that a hydration of the 
amorphous calcium silicate phases occurred. This is a promising result for the application 
mechanochemical process for cement phase production.   
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Figure 9: TGA results for the samples hydrated up to 47 hours. (a) weight loss as a function of the 
temperature and (b) DTG curve with all peaks assigned 

4. Conclusion 
Overall, thermal-assisted ball milling of the CaO/SiO2 mixture results in enhanced formation of 
amorphous calcium silicate. With increasing the temperature of the milling process, the formation of 
Ca-O-Si bonds is promoted as illustrated by the DSC, ATR-FTIR, 29Si MAS-NMR, and UV-Vis DRS. 
When annealed at 1000 °C, further crystallization of the material leads to the formation of calcium 
silicate phases such as β-C2S, that are detectable by XRD. When the mixture is milled at 300 °C for 1 
h, a high conversion of the initial CaO and SiO2 crystals is achieved during subsequent annealing at 
1000 °C, which was approximately 400 °C lower than conventional cement manufacturing. When 
mixed with water, the mixtures show hydration activity. The presence of cement hydration products 
such as CH and C-S-H is indicated by the TGA measurements, thus suggesting a hydration reaction and 
a cement-like behavior. These results suggest that the combination of the mechanical impacts in ball 
milling and elevated temperatures can create a favorable reaction environment toward a novel approach 
for production of hydraulic cement phases by converting solid SiO2 and CaO through enhanced mixing, 
reactivity, as well further improving the solid-state diffusivity of both reagents. 
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