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Abstract 
Gehlenite-based ceramics in the CaO-Al2O3-SiO2 calcium aluminosilicate (CAS) 
system were synthesised using a combined approach that integrates hydrothermal
treatment with mechanical mixing. Three formulations with varying CaO : Al2O3 : SiO2

ratios were prepared to investigate phase development. The precursor powders 
were first mechanically mixed in water and subjected to hydrothermal reaction at
200 °C for 48 h, then calcined (1000 °C) and sintered (1200 – 1250 °C) into dense 
pellets. X-ray diffraction (XRD) analysis confirmed the formation of gehlenite 
(Ca2Al2SiO7) as the major phase, with minor secondary phases (wollastonite,
corundum and cristobalite) noticeable at 1200 °C. Notably, at 1250 °C, the 
gehlenite reflections intensified, indicating more complete crystallisation. Scanning 
electron microscopy (SEM) revealed a fine microstructure of submicron particles
(0.4 – 0.8 µm) agglomerated into a porous network. Energy-dispersive X-ray 
spectroscopy (EDS) showed elemental compositions in close agreement with the
nominal stoichiometry (within approximately 3 wt. % for Ca, Al and Si), confirming 
homogeneous mixing. The combined hydrothermal-mechanical route produced 
gehlenite ceramics at a sintering temperature (approximately 1250 °C) lower than 
conventional solid-state methods, achieving high phase purity and uniform
microstructure. The enhanced phase formation is attributed to improved precursor 
reactivity and nucleation from the hydrothermal step. This approach offers a
viable pathway to fabricate CAS engineering ceramics with controlled crystallinity
and porosity for potential high-temperature and structural applications. 

 
1. Introduction 

Calcium aluminosilicate (CAS) glass and ceramic 
systems are valued for their mechanical strength, 
thermal stability and optical properties, making 
them important in various industries [1]. Gehlenite 
(Ca2Al2SiO7) is a melilite-phase ceramic that often 
appears in high-temperature processes and 
products. For example, gehlenite is commonly 
found in industrial waste residues, such as coal fly 
ash and metallurgical slags [2,3], and it occurs in 
many ceramic materials, including cements, 

ceramic tiles, porcelain glazes and even cookware 
glazes [2,4]. Gehlenite-based glass fibres have also 
been developed as biosoluble alternatives to 
traditional refractory ceramic fibres [5,6]. These 
broad applications highlight gehlenite's 
significance as an engineering material. 

Understanding the CaO-Al2O3-SiO2 ternary phase 
diagram is essential for tailoring the processing 
conditions of CAS ceramics [7]. Prior studies have 
provided phase diagram data for CAS systems and 
methods to predict phase formation in 
multicomponent systems [8,9]. The choice of firing 
temperature and cooling schedule significantly 
affects which phases (gehlenite or others) 
crystallise and with what microstructure. Typically, 
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synthesising crystalline gehlenite via conventional 
solid-state reactions requires high temperatures 
(approximately 1300 °C or higher) and can result in 
residual glassy phases if the temperature or soak 
time is insufficient [10,11]. Reducing the required 
sintering temperature while achieving complete 
crystallisation is a key challenge in CAS ceramics. 

Several approaches have been explored to 
produce gehlenite-based materials, i.e. sol-gel and 
hydrothermal methods. Previous studies have 
shown that hydrothermal pretreatment can 
promote nucleation in CaO-Al2O3-SiO2 precursors, 
leading to the formation of porous gehlenite 
ceramics upon subsequent firing. Adamczyk et al. 
[12] reported that hydrothermal activation of CaO-
Al2O3-SiO2 systems enhances gehlenite formation 
by facilitating early-stage nucleation processes. 
Similar effects of hydrothermal activation and 
controlled porosity development in CAS-based 
ceramic materials have also been noticed by Luo et 
al. [13] and Yang et al. [14]. Gehlenite exhibited 
significant volume expansion during sintering due 
to in-situ pore formation, which was achievable 
only after a hydrothermal step [15,16]. 

For solid-state reactions, the formation of 
gehlenite from kaolinite-calcium carbonate 
mixtures has been widely investigated in CaO-
Al2O3-SiO2 systems. Previous studies have reported 
the sequence of phase evolution, including the 
formation of intermediate anorthite, and 
emphasised the role of composition on phase 
development. Predictive approaches for phase 
formation in multicomponent ceramic systems 
have also been established [17,18]. Ke et al. [19] 
showed that varying CaO sources (like dolomite or 
wollastonite) in ceramic batches alters the phase 
assemblage in anorthite-gehlenite porcelains. 
These studies underline that precursor 
homogeneity and composition are critical to 
obtaining pure gehlenite. 

Gehlenite-based materials are now being 
investigated for advanced applications such as 
biomedical implants and functional coatings. For 
instance, gehlenite has demonstrated bioactivity 
comparable to hydroxyapatite in bone tissue 
engineering scaffolds [20]. Electrospun composite 
nanofibers containing gehlenite nanoparticles 
showed enhanced osteoblast cell attachment and 
differentiation, indicating promise for bone 
regeneration applications [20,21]. Additionally, the 
melilite crystal structure of gehlenite can 
accommodate various dopants. Rare-earth-doped 
analogues (e.g. Ce3+-doped Ca2Al2SiO7 and 

Sm3+/Eu3+-doped Ca2Al2SiO7 phosphors) exhibit 
luminescence properties that are explored for 
optical applications such as solid-state lighting and 
persistent phosphors [22,23]. 

Despite this progress, a clear research gap 
remains. Traditional solid-state sintering of 
gehlenite often requires high energy input (high 
temperatures for long durations) and may yield 
incomplete crystallisation or heterogeneous 
microstructures [10,11]. On the other hand, purely 
hydrothermal syntheses operate at much lower 
temperatures, but typically produce fine powders 
or require subsequent calcination to achieve 
crystallinity [13]. The novelty of the present work 
lies in combining hydrothermal treatment with 
mechanical mixing to take advantages of both 
methods. Mechanical mixing (including a mild 
mechanical activation) ensures uniform dispersion 
of reactants, while hydrothermal processing at 
200 °C initiates low-temperature reactions and 
seed crystallite formation. It is hypothesised that 
this combined route will promote earlier 
nucleation of the gehlenite phase and thereby 
reduce the temperature needed for full 
crystallisation, compared to a purely mechanical 
route. By comparing three composition variants 
and multiple processing routes, this work aims to 
demonstrate a more energy-efficient and effective 
synthesis for gehlenite-based ceramics. 
 
2. Materials and experimental methods 
 
2.1 Materials 

Analytical grade oxide powders were used as 
starting materials. Calcium oxide (CaO, 90 % purity, 
approximately 45 μm particle size, Loba Chemie), 
aluminium oxide (Al2O3, 99.73 % purity, 
approximately 50 μm particle size, Alfa Aesar) and 
silicon oxide (SiO2, 99% purity, approximately 
50 μm particle size, Thomas Baker) were obtained 
as dry powders. These raw materials were chosen 
to provide the necessary Ca, Al and Si sources for 
gehlenite (Ca2Al2SiO7) formation. Three different 
compositions (samples) were formulated (labelled 
S1, S2 and S3) by varying the weight fractions of 
CaO, Al2O3 and SiO2, as listed in Table 1. 

Each 20 g batch was weighed according to the 
target stoichiometry. Sample S2 corresponds to 
the exact stoichiometric ratio for gehlenite (2 
CaO : 1 Al2O3 : 1 SiO2 in moles, which is 41 % CaO, 
37 % Al2O3, 22 % SiO₂ by weight. Sample S1 has a 
higher Al2O3 content (Al-rich), while sample S3 has 
a higher SiO2 content (Si-rich) relative to sample  
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Table 1. Compositions of prepared samples and their reference phase data 

Sample Composition, wt. % Target phase 
(formula) 

Estimated melting 
temperature, °C 

Approximate 
sintering onset, °C

S1 (Al-rich) 30 CaO – 54 Al2O3 – 16 SiO2 
CaAl2Si2O10 

(close to anorthite) 2165 1624 

S2 (stoichiometric) 41 CaO – 37 Al2O3 – 22 SiO2 
Ca2Al2SiO7 
(gehlenite) 2207 1655 

S3 (Si-rich) 34 CaO – 30 Al2O3 – 36 SiO2 
Ca2Al2SiO9 

(silica-rich CAS) 2119 1590 

 
S2. This allows exploration of the effect of slight 
off-stoichiometry on phase formation (excess 
alumina could lead to residual corundum, while 
excess silica might form wollastonite or 
cristobalite, as will be discussed). 

Table 1 also shows the estimated melting and 
sintering temperatures for each composition, 
derived from the CAS phase diagram [8]. The 
melting points (2119 – 2207 °C) represent the 
theoretical liquidus temperature where each 
composition would fully melt, whereas the 
sintering temperature listed (1589 – 1655 °C) is an 
approximate temperature at which significant 
solid-state sintering or primary crystallisation 
would occur for that composition. It should be 
noted that actual firing temperatures (1200 –
 1250 °C) are well below these theoretical values, 
so only partial fusion or solid-state reactions are 
expected in experiments. 

 

2.2 Synthesis procedures 

The flowchart in Figure 1 summarises the 
synthesis route for the combined hydrothermal–
mechanical process. For each sample (S1, S2 and 
S3), the weighed powders were first mechanically 
mixed in deionised water to ensure uniform 
dispersion. Specifically, approximately 10 ml of 
deionised water was added to the powder mixture 
in a beaker, and the suspension was stirred 
vigorously using a magnetic stirrer for 3 h. This 
step (often termed a sol-gel or coprecipitation 
approach when precursors dissolve) helps to 
intimately blend the reactants and initiate any 
slight hydrolysis (for example, CaO may form 
Ca(OH)2 in water). After mixing, the slurry for each 
sample was transferred to a stainless steel 
autoclave (hydrothermal reactor). The autoclave 
was sealed and heated at 200 °C for 48 h. Under

 
 
 

     
Weighting 
of powders 

Powders are mixed in 
distilled water and exposed 

to a magnetic stirrer 

Hydrothermal process 
utilising a hydrothermal 

reactor 

Solution was maintained 
at 200 °C in an incubator 

for 48 hours 

Centrifuge at 6000 rpm 
was used to separate 

the water 
     

     
Calcination of samples 

at 1000 and 1200 °C 
in a thermal furnace 

Final cylindrical 
samples were ready 

for furnacing 

Samples were shaped 
using a hydraulic press 

at 1 MPa 

Agate mortar was 
used to grind 
the powder 

Samples were dried 
at 100 °C for a 

whole day 

Figure 1. Schematic of the processing route combining mechanical mixing and hydrothermal treatment 

Mechanical mixing
sol-gel method 
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these hydrothermal conditions (high temperature 
and autogenous vapour pressure), the mixed 
precursors can undergo chemical reactions or in 
situ crystallisation. This treatment is expected to 
produce fine-grained intermediate compounds 
(such as calcium silicate hydrates or 
aluminosilicate hydrates), which could act as low-
temperature nuclei for gehlenite upon later firing. 

After 48 h, the autoclaves naturally cooled to 
room temperature. The solid products (for each 
sample) were separated from the remaining liquid 
by decanting and centrifugation. The recovered 
solids were washed with distilled water and dried 
in a furnace at 100 °C for 24 h. This yielded dry 
powders that appeared finer and less 
agglomerated than the initial raw materials (a 
qualitative observation). These powders were then 
calcined at 1000 °C for 6 h in air (heating rate 5 
°C/min) to decompose any hydroxides or gel-like 
species and to encourage preliminary oxide 
formation. Calcination was performed in alumina 
crucibles. After calcination, the furnace was 
allowed to cool slowly to room temperature. The 
calcined powders were gently ground in an agate 
mortar and pestle to break up any agglomerates 
and to restore a uniform fine powder. 

The powders were next formed into pellets 
using uniaxial pressing. Approximately 20 g of each 
powder mixture was placed in a 20 mm-diameter 
steel die and pressed under a hydraulic press at 1 
MPa. This forming step produced cylindrical green 
compacts with a diameter of approximately 20 mm 
and a thickness of approximately 4 mm. A pressure 
of 1 MPa was sufficient to form cohesive pellets for 
handling, although higher pressures can yield 
higher green densities. The pellets were somewhat 
porous in the green state, which is acceptable since 
significant densification was not a primary goal. 

Finally, the pressed samples were sintered in a 
high-temperature furnace to induce the formation 
of crystalline phases. Sintering was carried out in 
air with a two-step schedule: heating at 5 °C/min 
to the target temperature, holding for 6 h and 
furnace cooling. Two different sintering 
temperatures were employed: 1200 and 1250 °C. 
The 1200 °C temperature is representative of a 
typical solid-state reaction temperature for 
gehlenite formation, while 1250 °C was used to 
examine if a modest increase would significantly 
improve phase purity. In practice, all 
hydrothermally treated samples (combined route) 
were sintered at 1250 °C to fully exploit the benefit 
of the precursor. Additionally, other samples 

(including those made without the hydrothermal 
step, described below) were sintered at 1200 °C for 
comparison. The rationale for choosing 1250 °C 
(which is still much lower than the materials' 
melting points) was to approach the reported 
threshold where gehlenite becomes the 
predominant phase [24], yet remain within a range 
accessible for standard furnace equipment and 
below the theoretical sintering onset 
(approximately 1600 °C, Table 1). 

For comparison, a set of samples (SM1, SM2 
and SM3) was prepared using a conventional route 
that consists only of mechanical mixing, without a 
hydrothermal step. In this route, the same raw 
materials and compositions were used. The 
powders were thoroughly mixed by grinding 
together in an agate mortar (dry mixing) for 30 
min, followed by the addition of a small amount of 
ethanol and further grinding to simulate a slurry 
mixing (alternatively, they could be stirred in water 
for consistency; either way, the key difference is 
the absence of the autoclave treatment). The 
resulting mixtures were directly dried (if necessary) 
and then calcined at 1000 °C for 6 h, as in the 
combined process, to ensure a fair comparison 
after calcination. The calcined powders were 
pressed into pellets (1 MPa) to the same 
dimensions and sintered at 1200 °C for 6 h. This 
route, referred to as the mechanical mixing route, 
serves as a baseline for analysing the effect of 
hydrothermal pretreatment. By keeping all other 
parameters regarding the calcination, pressing, 
and sintering identical, any differences in phase 
content or microstructure can be attributed to the 
hydrothermal step. 
 
2.3 Characterisation 

Phase analysis was conducted on a Malvern 
Panalytical Aeris XRD diffractometer using a Cu Kα 
radiation source (λ = 1.5406 Å). X-ray diffraction 
(XRD) scans were collected over the 2θ range of 
10 – 70°, at a step size of 0.02°. The diffraction 
patterns were identified against known JCPDS 
powder diffraction files for gehlenite and other 
possible phases. In particular, reflections near 2θ ≈ 
31.3° and 2θ ≈ 27.0° were noted as characteristic 
of gehlenite. No full Rietveld quantification was 
performed. Instead, the relative peak intensities 
were used to qualitatively estimate phase 
fractions. 

Scanning electron microscopy (SEM) from 
Thermo Fisher Scientific Axia ChemiSEM System 
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was used to examine the microstructure of 
sintered pellets. Fractured cross-sections of the 
sintered samples were mounted on stubs and 
coated with a thin carbon film to prevent charging 
under the electron beam. SEM images were 
acquired at an accelerating voltage of 15 kV. The 
average particle (grain) sizes were estimated by 
analysing SEM micrographs and performing image 
analysis across multiple areas. Energy-dispersive X-
ray spectroscopy (EDS) was performed on selected 
areas of the SEM images to determine the 
elemental composition (Ca, Al and Si). The EDS 
system was calibrated with standards, and both 
atomic percent and weight percent of elements 
were obtained. To improve accuracy, the EDS 
analysis excluded the carbon peak (originating 
from the carbon coating) from the normalisation of 
oxygen and metal elements. 
 
3. Results and discussion 
 
3.1 Phase composition 

The XRD characterisation of the synthesised 
ceramics provides clear evidence of gehlenite 
formation across all processing routes, with 
distinct differences in crystallinity and reaction 
completeness depending on the mixing method 
and sintering temperature. As illustrated in Figure 
2, samples treated at 1200 °C, whether processed 
via the hydrothermal treatment combined with 
mechanical mixing approach or prepared by 
conventional mechanical mixing, exhibit gehlenite 
(Ca2Al2SiO7) as the dominant crystalline phase, 
identified by its most intense diffraction peak at 2θ 
≈ 31.3° along with a secondary prominent 
reflection near 2θ ≈ 27° [24], characteristic of the 
(211) and (002) gehlenite lattice planes. The 
appearance of these reflections at relatively 
moderate temperatures confirms the effectiveness 
of the adopted synthesis route in promoting early-
stage gehlenite crystallisation. However, a closer 
comparison reveals that hydrothermally treated 
samples exhibit markedly sharper and higher-
intensity gehlenite peaks, indicative of improved 
crystallinity and accelerated phase development 
relative to mechanically mixed samples, which 
show broader peaks and enhanced secondary 
phase signatures. These differences highlight the 
beneficial role of the hydrothermal step, which 
likely facilitates the formation of finely dispersed 
calcium aluminosilicate precursor species, enabling 
more efficient solid-state diffusion and nucleation, 

consistent with nucleation-controlled reaction 
pathways reported by Rietveld [9]. 

 

 
Figure 2. XRD patterns of samples fabricated at a 

sintering temperature of 1200 °C with: (a) hydrothermal 
treatment combined with mechanical mixing and 

(b) mechanical mixing 

Secondary phases, including wollastonite (β-
CaSiO3), corundum (α-Al2O3) and cristobalite (SiO2), 
appear in quantities consistent with compositional 
deviations in the CaO-Al2O3-SiO2 system [19], with 
Al-rich sample (S1) retaining unreacted Al2O3, Si-
rich sample (S3) presenting excess SiO2 and CaSiO3 
and near-stoichiometric sample (S2) showing 
minimal impurities in accordance with 
thermodynamic predictions for the gehlenite 
stoichiometry [20]. The combined route 
significantly suppresses the intensity of these 
secondary reflections at 1200 °C, indicating more 
complete reaction progress and enhanced 
incorporation of excess oxide species into 
intermediate or target phases. 

This remark aligns with literature reports 
demonstrating substantial improvements in 
gehlenite crystallinity and yield within the 1200 –
 1300 °C range [10,15]. Notably, the samples 
fabricated with the combined method achieve this 
level of phase purity after a 6 h dwell at 1250 °C 

(a)

(b)
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(Fig. 3), suggesting that the hydrothermal step not 
only enhances low-temperature reactivity but also 
creates a precursor microstructure with shorter 
diffusion pathways, enabling more complete solid-
state transformation during high-temperature 
treatment. These results collectively demonstrate 
the superior phase development achieved through 
the combined process, underscoring its value for 
preparing highly crystalline gehlenite ceramics at 
reduced processing temperatures. 

 
Figure 3. XRD patterns of samples fabricated at a 

sintering temperature of 1250 °C with hydrothermal 
treatment combined with mechanical mixing 

 
3.2 Microstructure and chemical composition 

The microstructures of the sintered samples, 
analysed with SEM, reveal important features 
influenced by both composition and processing 
route. Figures 4, 5 and 6 correspond to SEM 
images of sintered samples S1, S2 and S3, 
respectively, prepared by the combined 
hydrothermal-mechanical method (sintered at 
1250 °C). All three samples show a porous ceramic 
microstructure with evidence of agglomerated fine 
grains. The grains are mostly submicron in size, 
measuring a few hundred nanometers. For 
example, Figure 4 (sample S1) shows clusters of 
particles of sizes ranging approximately from 0.45 
to 0.79 μm. These grains appear to have necked 
together, forming an open porous network. There 
are visible voids or pores between the clusters, 
confirming that the material did not fully densify 
during sintering, likely due to the gehlenite phase's 
self-porosity phenomenon. Indeed, sample S1 
(which had excess Al2O3) might have undergone a 
slight expansion upon sintering. This could be 
related to the mechanism reported by Yang et al. 
[14] and Jia et al. [15] for gehlenite, in which gas 
evolution (possibly due to the decomposition of 

residual hydroxides or carbonates) causes foaming. 
The analysis of a sponge-like structure in sample S1 
is consistent with that, i.e. it exhibited "intriguing" 
volume growth during firing, resulting in macro- 
and mesopores throughout. 

Figure 5 shows a somewhat different 
morphology of the stoichiometric gehlenite sample 
(sample S2). The particles in sample S2 appear 
slightly more sintered together, the grain size is a 
bit larger on average (many grains in the 0.5 – 1 
μm range), and the pore spaces between grains 
are smaller compared to sample S1. This suggests 
that sample S2 underwent more effective sintering 
(partial densification), which makes sense because 
it had the highest fraction of liquid-phase 
formation at 1250 °C (gehlenite can form a 
transient liquid or sinter more readily when the 
composition is balanced). The microstructure of 
sample S2 is still generally porous, but it may have 
higher mechanical strength than sample S1 due to 
stronger grain bonding. The pore self-forming 
ability of gehlenite is still evident (as not all 
porosity is eliminated), aligning with previous 
findings that gehlenite ceramics maintain 
significant porosity across a wide temperature 
range [24,25]. It was noted that any slight glassy 
phase that might form at grain boundaries could 
also influence the microstructure, but EDS analysis 
suggests minimal glass in sample S2. 

Figure 6 displays the microstructure of the Si-
rich sample (sample S3). It shows fine grains similar 
to those in samples S1 and S2, but one 
distinguishing feature is the presence of larger, 
faceted particles scattered throughout the matrix. 
These could be residual silica (cristobalite) or 
wollastonite crystals that did not fully dissolve into 
the gehlenite matrix. The faceted nature 
(crystallites of 1 – 2 μm are noticed) and 
morphology suggest β-wollastonite, which often 
forms lath-like crystals. Surrounding these are 
much smaller particles (0.2 – 0.5 μm), which likely 
constitute the gehlenite matrix. As a result, the 
microstructure of sample S3 is a mix of very fine 
gehlenite grains and a few coarser second-phase 
crystals. The overall porosity of sample S3 is 
comparable to that of sample S2, i.e. pores of a 
few microns are visible, indicating that, although it 
is sintered, it also retains a lightweight structure. If 
these second-phase inclusions are eliminated (e.g. 
by adjusting composition or adding flux), the 
microstructure might become more uniform. 
However, in the case of sample S3, the effect of 
starting with surplus SiO2 is demonstrated. 
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Figure 4. Sample S1: (a) SEM micrographs, (b) EDS elemental mapping and (c) EDS analysis 

In all samples, the combined processing route 
produced very fine and homogeneously distributed 
grains. No evidence of large unreacted starting 
particles was noticed at the examined scale. 
Notably, features expected for unreacted CaO or 
Al2O3 (typically on the order of tens of 
micrometers) were absent, suggesting that these 
components were effectively consumed during 
processing. This finding highlights the effectiveness 
of the hydrothermal step in promoting the 

breakdown, redistribution and reaction of the raw 
materials, leading to improved microstructural 
uniformity after sintering at 1200 °C. 

To facilitate comparison between samples, 
oxide compositions were estimated from the EDS 
elemental data using a stoichiometric normalisation 
approach. In this method, the measured cation 
weight percentages (Ca, Al and Si) obtained by EDS 
analysis were first renormalised after excluding 
contributions from carbon (conductive coating) 
 

(a) 

(b) 

(c) 

Element Atomic % Weight %
Ca 13.8 25.5 
Al 15.9 19.8 
Si 11.1 14.4 
O 41.5 30.6 
C 17.7 9.8 

 



A.Q.H. Al-Neami et al. | Tribology and Materials 5 (2026) 38-49 

 45

 

  

   

   

 
Figure 5. Sample S2 (a) SEM micrographs, (b) EDS elemental mapping and (c) EDS analysis 

and oxygen, which is known to be quantified with 
limited accuracy in EDS measurements. The 
renormalised cation concentrations were then 
converted to their corresponding oxide forms (CaO, 
Al2O3 and SiO2) using charge-balanced stoichiometry 
and molar-mass relationships, followed by 
normalisation to 100 wt. %. Owing to the semi-
quantitative nature of EDS and the sensitivity of 
oxide back-calculation to small uncertainties in 
elemental quantification, the resulting oxide 

proportions should be regarded as approximate and 
are intended for comparative purposes only, rather 
than precise compositional determination [26-28]. 

EDS analysis was first performed on the Al-rich 
sample S1 (Fig. 4c) to assess the extent of 
aluminium enrichment relative to the 
stoichiometric composition. The elemental 
concentrations obtained from representative 
analysis areas show a pronounced increase in Al 
relative to Ca and Si, consistent with the intended 
 

 

(b) 

(c) 

Element Atomic % Weight %
Ca 14.8 28.1 
Al 11.9 15.2 
Si 10.3 13.7 
O 36.7 27.9 
C 26.4 15.1 

 

(a) 
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Figure 6 Sample S3 (a) SEM micrographs, (b) EDS elemental mapping and (c) EDS analysis 

batch design. Applying stoichiometric 
normalisation to the EDS cation weight 
percentages (Ca, Al and Si) yields estimated oxide 
proportions of CaO ≈ 34.3 wt. %, Al2O3 ≈ 36.0 wt. % 
and SiO2 ≈ 29.7 wt. %. These oxide values were not 
directly measured by EDS. They were calculated 
from elemental concentrations and should 
therefore be regarded as approximate, given the 
semi-quantitative nature of the technique and 
uncertainties associated with oxygen quantification 

and carbon coating effects. The estimated oxide 
proportions are in reasonable agreement with the 
nominal composition of sample S1 (30 wt. % CaO, 
54 wt. % Al2O3 and 16 wt. % SiO2), with deviations 
attributed to local compositional heterogeneity, as 
the analysed region may contain a higher fraction 
of gehlenite relative to residual Al2O3-rich regions. 
Such heterogeneity and phase coexistence are 
commonly noticed in Al-rich CaO-Al2O3-SiO2 
ceramics. 

(b) 

(c) 

Element Atomic % Weight %
Ca 12.9 25.0 
Al 12.9 16.7 
Si 12.3 16.7 
O 29.7 22.9 
C 32.2 18.7 

 

(a) 
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For comparison, EDS analysis was next 
conducted on the stoichiometric sample S2 (Fig. 
5c) over a representative area spanning multiple 
grains. The averaged atomic concentrations of Ca ≈ 
15 at. %, Al ≈ 12 at. % and Si ≈ 10 at. % yield a 
Ca : Al : Si ratio that closely approaches the 
expected 2 : 2 : 1 stoichiometry of Ca2Al2SiO7 when 
normalised to the cation sublattice. Stoichiometric 
normalisation of the EDS cation weight 
percentages gives estimated oxide proportions of 
CaO ≈ 40.4 wt. %, Al2O3 ≈ 29.5 wt. % and SiO2 ≈ 
30.1 wt. %. In addition, the theoretical oxide 
proportions for ideal Ca2Al2SiO7 are CaO = 40.9 
wt. %, Al2O3 = 37.2 wt. % and SiO2 = 21.9 wt. %. The 
differences between the EDS-derived estimates 
and the theoretical values are attributed to the 
semi-quantitative nature of EDS and minor biases 
in elemental quantification, particularly for Al and 
O. No systematic deviation from the intended 
stoichiometry is noticed, indicating that the 
processing route preserved the designed 
composition. These results provide compositional 
support for the predominantly single-phase 
gehlenite structure identified by XRD. 

Finally, EDS analysis of the Si-rich sample S3 
(Fig. 6c) was performed to evaluate the extent of 
silica enrichment relative to the stoichiometric 
composition. The elemental concentrations 
obtained from representative regions show 
elevated Si levels relative to Ca and Al, consistent 
with the intended batch formulation. 
Stoichiometric normalisation of the EDS cation 
data yields estimated oxide proportions of CaO ≈ 
34.2 wt. %, Al2O3 ≈ 30.9 wt. % and SiO2 ≈ 34.9 
wt. %. As for samples S1 and S2, these oxide values 
were not directly measured but were calculated 
from elemental concentrations and should be 
regarded as approximate. The estimated oxide 
proportions are in good agreement with the 
nominal composition of sample S3 (34 wt. % CaO, 
30 wt. % Al2O3 and 36 wt. % SiO2), with deviations 
well within the expected experimental uncertainty. 
The EDS results, therefore, qualitatively confirm 
that sample S3 retained the intended Si-rich CaO-
Al2O3-SiO2 composition, consistent with the phase 
assemblage noticed by XRD. 

Overall, the EDS data in wt. % provides strong 
evidence that the combined process achieved 
uniform elemental mixing. Each sintered sample's 
composition closely matches the target, meaning 
there was no significant leaching of elements during 
hydrothermal processing and no volatilisation 
during firing. The fact that EDS finds the elements in 

the correct ratio also implies high compositional 
accuracy of the synthesis. Essentially, the combined 
route produced what was intended, validating the 
method's precision. This addresses the question of 
"compositional accuracy" that might be raised by 
comparing the EDS results of samples S1, S2 and S3 
with their nominal values, demonstrating that the 
process reliably reproduces the different 
chemistries. For instance, high accuracy in sample 
S2 shows that the approach can achieve the desired 
stoichiometry, and samples S1 and S3 show that it 
can intentionally vary Al or Si content and still 
recover those differences in the final product. 

From a microstructural perspective, one 
intriguing outcome is the porosity present in these 
ceramics. Rather than achieving full density, the 
samples retained 20 – 40 % open porosity (as 
roughly estimated from image analysis of SEM 
micrographs). This is not necessarily a drawback. In 
fact, porous gehlenite could be useful for certain 
engineering applications (e.g. as an insulating 
material or a scaffold for composites). The cause of 
this porosity is twofold: (1) the relatively low 
sintering temperature (1250 °C is not enough to 
fully densify CAS ceramics, whose sintering onset is 
approximately 1600 °C) and (2) the evolution of 
gases or volume expansion from the hydrothermal-
derived precursors. 

The hydrothermal step likely introduced 
chemically bound water (as hydroxides) into the 
precursor. Upon calcination and sintering, 
dehydration and decomposition reactions can 
generate transient gases (H2O and CO2 if any 
carbonate forms) that can create bubbles. 
Additionally, gehlenite is known to exhibit a slight 
volume increase upon crystallisation from glass, 
which might contribute to pore generation [12-15]. 
Results support this, i.e. all samples, especially S1, 
had a foam-like microstructure with interconnected 
pores on the micron scale. This self-pore-forming 
behaviour is advantageous for making lightweight 
ceramics without the need for pore-formers. On 
the other hand, if a dense gehlenite ceramic is 
desired for structural purposes, it may need to be 
sintered at a higher temperature or subjected to 
hot-pressing to eliminate these pores. 
 
4. Conclusions 

This study demonstrates that a combined 
hydrothermal-mechanical synthesis route is an 
effective strategy for producing gehlenite 
(Ca2Al2SiO7) ceramics with high phase purity, 
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improved homogeneity, and enhanced reactivity at 
relatively low sintering temperatures. 

XRD results confirmed that gehlenite was the 
dominant phase in all samples, with those sintered 
at 1250 °C approaching single-phase composition 
and secondary phases present only in trace 
amounts. The hydrothermal pretreatment (200 °C, 
48 h) significantly accelerated solid-state reactions 
by generating finely mixed precursor particles that 
facilitated nucleation, resulting in stronger 
gehlenite reflections and fewer than in only 
mechanically blended powders. 

SEM analysis revealed a uniform fine-grained 
microstructure (approximately 0.5 μm grains) with 
approximately 30% open porosity and pore sizes of 
1 to 5 μm, arising from the use of ultrafine 
powders and the nature of gehlenite 
crystallisation. EDS measurements confirmed that 
final compositions closely matched nominal 
Ca : Al : Si ratios, demonstrating reliable chemical 
accuracy and minimal contamination in the 
combined process. 

The resulting porous gehlenite-rich ceramics 
show potential for high-temperature insulation, 
lightweight structures and composite preforms, 
while the reduced processing temperature and 
high phase purity suggest energy and cost benefits. 
Overall, this combined approach effectively bridges 
solution-based processing and conventional 
sintering, offering a versatile and potentially 
generalisable method for synthesising CAS and 
other multicomponent ceramics, with future work 
aimed at detailed phase quantification, mechanical 
property evaluation and optimisation of 
hydrothermal and sintering parameters. 
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