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Abstract: This study produced ceramics powder derived from the CaO-MgO-AlO3-SiO2 system using
mechanical wet milling and cold pressing method. The milling time was changed between 30 min to 2 h and
sintered at 950 °C for 1 h. The pellet was performed via cold pressing in ambient temperature and pressure of 5
tonnes. The effect of milling time on the linear shrinkage, density, porosity and compressive strength of the derived
from CaO-MgO-Al,03-SiO; system were investigated. X-ray diffraction results demonstrated that a multi-phase of
quartz and akermanite-gehlenite was obtained after sintering at 950 °C for 1 h. The results show that the increasing
milling time had significantly affected the ceramics' particle size, specific surface area, phase, linear shrinkage,
density, porosity, compressive strength and Young's modulus. When the milling time was raised, the density and
compressive strength decreased. However, the increase in milling time increased the linear shrinkage and porosity.
It was observed that the compressive strength of the pellets reached their maximum value (16.6 MPa) at a milling
time of 1h and then decreased with increasing milling time.

Keywords: Milling time, CaO-MgO-Al,03-Si0, system, akermanite-gehlenite, density, porosity, compressive
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1. Introduction

Melilites are a group of minerals which form solid solutions between the end members akermanite (Ca;MgSi»Oy),
gehlenite (Ca,AlSiO; or C,AS), soda-melilite (NaCaAlSi,O7) and Fe-bearing end members [1]. Akermanite is a
natural product of contact metamorphism of siliceous limestones, dolostones, and rocks of the sanidinite facies [2]. It
also forms from alkalic magmas rich in calcium [2]. Gehlenite is a naturally occurring mineral in the contact zone of
magma and calcite rocks [3].

Several studies on ceramics and glass-ceramics in the CaO-MgO-SiO, and CaO-MgO-Al,0;-Si0O, system for
biomedical applications have been conducted, including akermanite [4,5], merwinite [6,7], diopside [8,9], monticellite
[4,10] and gehlenite [11]. Gehlenite is a common constituent of ceramic bodies, such as building ceramics and
cookware [12,13]. In addition, the ceramic materials of the CaO-MgO-Al03-SiO, system are also applied as thermal
barrier coating in gas turbine engines [14-16].
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A variety of chemical methods, including milling [17], solid-state sintering [18], co-precipitation [19], and sol-gel
synthesis [20], were used to prepare ceramics material. Wet milling is a popular method for preparing nanosuspensions.
Wet milling has several advantages over dry milling, including higher energy efficiency, a lower magnitude of excess
enthalpy, better heat dissipation, and the absence of dust formation due to the aqueous environment in which it is
performed [21]. Besides that, there are few theories and methods to guide research on the formulation and process of
wet milling. This study aimed to look into the effect of milling time on the physical and mechanical properties of
ceramic derived from the CaO-MgO-Al,0;3-Si0O; system.

2. Methodology

The raw materials, composition, suppliers and the purity of chemicals used in this research are shown in Table 1.
The powders (7.5Ca0-3Mg0-3.71A1,03-14.5S10; in weight %) were wet-milled by a planetary ball mill (Fritsch
Pulverisette 6, Germany) at different milling times (30 min, 1 and 2 h) with solid to water weight ratio of 1:4. A ball to
powder weight ratio of 10:1 was kept constant in the stainless steel jar. The rotational speed of the ball bill was fixed to
500 rpm. The milled ceramics slurry mixtures were dried in an oven at 85 °C for 24 h. The dried ceramics mixtures
were then crushed into powder using an agate mortar. The powders were pressed at 5 tonnes to produce disc-shaped
green bodies of 13 mm in diameter. The pellets were then sintered in a furnace (Carbolite, CWF1100, Germany) at 950
°C with a heating rate of 5 °C/min for a soaking time of 1 h.

Table 1 - Raw materials, compositions, suppliers and purities for fabricating ceramics powder derived from the
Ca0-MgO0O-Al03-Si02 system

Raw materials Supplier Purity
CaO R&MI 96.0%
MgO QReC 98.0%
Al>O3 Sigma Aldrich <=100 %
SiO; Sigma 99.0%

2.1 Characterisation

An X-ray diffractometer (D2 phaser, Bruker, Germany), with a step size of 0.03° and a scanning speed of 3°/min,
was used to examine the phase composition of samples after milled at different times (30 min, 1 h and 2h) and sintered
at 950 °C for 1 h. The linear shrinkage of the pellet samples during sintering was determined by measuring the diameter
of the pellet samples before and after the sintering process with a digital calliper (Mitutoyo 150mm Digital Caliper
Metric). The volume density and open porosity pellet samples were determined using the Archimedes method in
distilled water using the following equations [22]:

Density = Wdry/(Wsat - Wsusp) X Plig (1)
% pOI'OSity = (Wsat - Wdry)/(wsat - Wsusp) x 100 (2)

Where Wary, Wsa, Wausp, and piiq refer to the pellets’ dry, saturated, suspended weight and the saturating/suspending
liquid density, respectively. An INSTRON 3369, with a crosshead speed of 0.5 mm/min at a load cell of 5 kN, was
used to measure the compressive strength of the samples. Three samples from each group were tested to determine the
average linear shrinkage, volume density, open porosity and compressive strength, and the standard deviation.

3. Results and Discussions
3.1 Particle Size

Table 2 displays the particle size and specific surface area after milling. The milling time was shown to
significantly impact the particle size and specific surface area of the samples, with the particle size increasing as the
milling time increased.

Table 2 - The particle size and specific surface area after the milling process

Milling time Particle size (um) Specific surface area (m?/kg)
30 min 19.1 214.7
lh 22.8 228.9
2h 90.8 170.6
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3.2 Phase

Once the milling time was increased from 30 min to 2 h, the main phases before sintered observed were quartz
(Si0,, 98-000-5727) and magnesium calcium aluminium silicate (Al,Caz547Mg00453012S13, 98-002-3717). The
intensity of magnesium calcium aluminium silicate peak at 34.3° was increased after 2 h milling. After sintering at 950
°C for 1 h, the XRD patterns showed a multi-phase of quartz and akermanite-gehlenite (AlysCaxMgo.7507Si1.75, 98-011-
1619). The intensity of quartz peak is still highest compared to akermanite-gehlenite peak for 30 min, 1 h and 2 h
milling. However, after 2 h milling and sinter, the intensity of the akermanite-gehlenite phase dramatically increases,
and the peak can be the dominant phase with the prolonged soaking time of sintering.

3.3 Physical Characterisation

Figure 2 shows how linear shrinkage of sintered pellet ceramics at 950°C changed as milling time increased from
30 minutes to 2 hours. The values in Fig. 2 show that the influence of shrinkage is mainly attributable to particle
specific surface area. Higher specific surface area and surface energy can affect more shrinkage during thermal
treatment, improving densification by decreasing porosity. Previous research looked at the effect of sintering
temperature on shrinkage and revealed that sintering causes a progressive decrease in total pore surface and pore
volume [23]. As a result, particle size, milling time, and sintering impacted the final product dimension.

Intensity (a.u.)
Intensity (a.u.)
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(a) after milled (b) after sintered at 950 °C

Fig. 1 - XRD patterns of the (a) milled powder for 30 min, 1 h and 2 h; (b) after sintered at 950 °C for 1 h

(* quartz, ™ magnesium calcium aluminium silicate and *® akermanite-gehlenite)
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Fig. 2 - The linear shrinkage of the samples after being sintered at 950 °C and soaked for 1 h

Fig. 3 depicts the experimental densities and porosities of pellet ceramics. The results revealed that increasing the
milling time causes porosities in pellet ceramics. The work hardening influence of the milling process can explain the
change in porosity as milling time increases. The mixed powders are subjected to high-energy collisions between
ceramic particles and milling balls during the milling process, resulting in increased powder hardness [24]. Meanwhile,
particle size and the specific surface area also impact density and porosity. Whereas a small particle size results in a
low specific surface area, high density value and low porosity are obtained. It can be said that the milling time did not
significantly affect the densities of pellet ceramics because the difference in densities of pellet ceramics was meagre.
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Fig. 3 - The samples’ density and porosity after being milled at different times and sintered at 950 °C

3.4 Mechanical Characterisation

Compressive strength tests were performed at room temperature to evaluate ceramics’ mechanical properties
better, and the results are shown in Fig. 4. This software automatically calculated Young’s modulus value during the
compressive strength test. The highest compressive strength and Young’s modulus values were 16.60 MPa and 257.09
MPa for sample 1 h milling time. The compressive strength and Young Modulus decrease with increasing the milling
time. This rise can be attributed to an increase in powder hardness and a decrease in powder size. Collisions between
powder particles and the ball mill during the milling process cause an increase in powder hardness. As a result of the
increasing hardness of raw materials, the tensile strength of bulk samples increased. However, after 1 hour of milling,
the tensile strengths decreased rapidly because increasing the ball-milling caused more work hardening, making the
ceramics brittle [24]. While the highest tensile strength was obtained at the 1 h milling sample, the lowest value was
obtained at the 2 h milling sample, which was 11.72 MPa. Compared to milling times of 1 h and 2 h, the tensile
strength was reduced by approximately 29.4% at the end of the milling time of 2 h.
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Fig. 4 - The compressive strength and Young’s modulus values of samples after milling at different times and
sintered at 950 °C

4. Conclusion

Based on the results of these studies, ball milling not only causes particle size reduction or increase but may also
lead to phase transitions and chemical reactions. Porosity and density measurements revealed that increasing milling
time reduced density while increasing porosity. Increased milling time decreased tensile strength and Young’s modulus
of ceramics up to 2 hours of milling.
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