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Abstract 
Magnesium aluminate spinel (MAS) glass-ceramics composite has excellent mechanical and optical 

properties. It can be obtained from porous ceramic by infiltrating the proper choice of glass. In this study, 
porous MAS ceramic was prepared by conventional sintering from MAS powder to reach a bulk density 
of 2.48 g∙cm-3 (70.1% of relative density). The porous MAS ceramic was then infiltrated with molten 
lithium tetraborate glass (Li2B4O7; LTB) at 950℃ for 30 (IF30) and 60 (IF60) min. They were left to 
cool down to 700℃ inside the furnace before being taken out to quench in ambient. The glass-ceramics 
composite was obtained with 98.7% and 92.1% relative density for IF30 and IF60 cases, respectively. 
SEM images reveal a lower degree of porosity in the IF30 case, which achieves higher flexural strength 
of 119.7 MPa. X-ray diffraction and Raman spectroscopy indicate that Mg2B2O5 phase (at 2θ =35°) and 
B2O5 functional group (at 847 cm-1) are formed during infiltration. Consequently, their micro vickers 
hardness increased (3.41→5.53→6.16 GPa). 

1. Introduction 
 

Highly dense magnesium aluminate spinel (MgAl2O4; MAS) is 
classified as transparent ceramics [1,2]. It has potential for application 
in various fields due to its excellent properties, e.g., high mechanical 
strength [2,3], low thermal expansion [4], chemical inertness, and high 
transparency from near-UV to mid-IR [4,5], etc. Highly dense MAS 
are typically fabricated using pressure-assisted sintering methods, e.g., 
spark plasma sintering (SPS) [4], microwave sintering and hot isostatic 
press (HIP) [5,6] from a nano-size of MAS powder [7,8]. Generally, 
the large particle size (micron-size) cannot achieve high relative density 
by conventional sintering, which is classified as a porous ceramic and 
shows inferior properties. However, there are alternative routes to 
producing high relative density composites by adding other matrices, 
such as glass-ceramics composite [9,10] and polymer-ceramics 
composite [11,12]. Although the composite properties are not 
comparable to the highly dense MAS, it can be applied in other 
appropriate features. In-Ceram Spinell (VITA-Germany) [13] 
is a notorious example of MAS glass-ceramics composite. It started 
by machining porous MAS (relative density ~70%) to the desired 
shape by computer-aided design and computer-aided manufacturing 
(CAD/CAM) [14], then it was infiltrated with lanthanum-rich glass 
(La2O3–Al2O3–SiO2). The MAS glass-ceramics composite was applied 

as esthetic dental restorative material, e.g., anterior teeth and veneer 
by its excellent properties in flexural strength, hardness, colour, and 
translucency [9,15]. In addition, the low shrinkage (near-net-shape) 
of glass infiltrated samples is a special feature of this product.  

Glass infiltration is a promising technique that applies molten 
glass infiltration into a consolidated porous medium [16,17]. The 
composite consists of glass and crystalline matrixes that obtain high 
relative density, which significantly improves the mechanical and 
optical properties. Residual porosity is the main problem that 
significantly affects the properties of the composite. It can be created 
by the low uniformity of pore size of porous ceramics, gas trapped 
in the glass matrix, the shrinkage of the glass matrix upon cooling 
[18,19], etc. To solve these problems, the glass matrix should have 
low reactivity, similar density and thermal expansion to the ceramic 
matrix [18,19]. Therefore, lanthanum-rich glass is widely used to 
infiltrate porous MAS ceramic due to its appropriate properties as 
mentioned. However, there have not been many studies about using 
other glass to infiltrate porous MAS.  

This work aimed to fabricate dense glass-ceramics composite 
by infiltration of lithium tetraborate glass (Li2B4O7; LTB) into porous 
MAS ceramic. The LTB glass can react with MAS and improve the 
properties of porous MAS ceramic. The processing parameters that 
affected the properties of the composite were investigated.
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2.  Experimental 
 

2.1  Fabrication of porous MAS ceramic 
The MAS powder was synthesized by solid-state reaction of  

𝛼𝛼-Al2O3 (high purity, Sigma Aldrich) and Mg(OH)2 (high purity, 
Daejung, Korea) powders. The composition was varied the molar 
ratio of MgO:Al2O3 by 1:1. The mixture was homogenized by planetary 
ball milling in a plastic container with ethanol medium and alumina 
ball at a frequency of 240 rpm for 24 h. Then the slurry was dried at 
100℃ for 24 h. The homogenized powder was calcined in ambient 
with heating rate of 5℃∙min-1 from room temperature to 1400℃ 
and kept soaking time for 5 h, then it was left to cool down in the 
furnace. The MAS powder was sieved with #325 mesh. It has median 
particle size 3.6 µm which was analyzed by laser diffraction particle 
size analyzer (Mastersizer 3000, Malvern Panalytical). Porous MAS 
ceramic was fabricated by conventional sintering from a MAS powder. 
The powder was pressed by uniaxial pressing at 2 tons to a cylindrical 
shape, then it was compacted by cold isostatic pressing (CIP, Kobelco, 
Japan) with a control pressure of 200 MPa for 5 min. The green bodies 
were sintered at a heating rate of 5℃∙min-1 to 1600℃. It was soaked 
at this temperature for 5 h, then left to cool down to room temperature 
in the furnace. The sintered sample is porous ceramic, which has 
a cylindrical shape of 22 mm in diameter and 16 mm in thickness. 

 
2.2  Glass infiltration  

 
LTB glass powder (High purity, Alfa Aesar, USA) was ground 

by a vibratory ring mill for 15 min and sieved through an #80 mesh 
sieve to select particles size <180 µm. Glass powder was pressed at 
a load of 2 tons to be a pellet shape with 22 mm in diameter and 
2 mm in thickness (for 2.5 g of glass powder) and put on top of 
porous MAS ceramic as illustrated in Figure 1(a) then kept together 
in a melting furnace to heat up to 950℃ at a heating rate of 6℃∙min-1. 
At this temperature, molten glass can gravitate from the top to bottom 
part of porous MAS ceramic. Infiltration time was controlled by 
30 min and 60 min as denoted by IF30 and IF60 samples, respectively. 
After the infiltration process, the sample was cooled down to 700℃ 
inside the furnace, then it was immediately taken outside the furnace 
for quenching to room temperature. The infiltrated sample is shown 
in Figure 1(b). 

 
2.3  Sample preparation and Characterization 

 
The sample was cut vertically by a high-precision cutting machine 

(Buehler IsoMet), which resulted in a cross-section specimen with 
a size ~9.0 mm × 20.0 mm ×2.5 mm. (width × length × thickness) 
as shown in Figure 1(c). This cross-section specimen will be used 
in the measurement of density, X-ray diffraction (XRD), Raman 
spectroscopy, and scanning electron microscopy (SEM). The cross-
section specimen was cut to a bar shape with a size ~2.5 mm × 2.5 mm 
× 20.0 mm. (width × thickness × length) as shown in Figure 1(d), then 
they were tested for three-points flexural strength and micro vickers 
hardness. The density of the sample was determined by using the 
Archimedes method. Apparent density (𝜌𝜌𝐴𝐴), bulk density (𝜌𝜌𝐵𝐵), and 
relative density (R.D.) were calculated by the following equations [20]. 
 

ρA = [m1 / (m1 - m3)] × ρw (1) 
 

ρB = [m1 / (m2 - m3)] × ρw (2) 
 

R.D. = �ρB / ρA� × 100% (3) 
 

Where 𝜌𝜌𝑤𝑤 is the density of distilled water,  𝑚𝑚1 is dry mass, 𝑚𝑚2 
is immersed mass after boiling in distilled water for 2 h and soaking 
further for 12 h, and 𝑚𝑚3 is mass as weighting in distilled water. The 
flexural strength (σ) of a bar shape specimen was measured by three-
point flexural test and it was calculated by the following equation. 
 

σ = 3FL / 2bd2 (4) 
 

Where F, L, b, and d  are the weight of load at the fracture point, 
length of support span, sample width, and sample thickness, respectively. 
Micro vickers hardness (𝐻𝐻𝑣𝑣) was tested by micro hardness testing 
machine (HM-200 Mitutoyo, Japan) under indenter load of 0.3 kg 
and it was calculated by the following equation. 

 
Hv = 1.854P / a2 (5) 

 
Where P is the weight of the load (2.942 N) and 𝑎𝑎 is the average of 

the diagonal lengths of the indentation. The indentation was performed 
at five points for each specimen. Furthermore, the density, flexural 
strength, and micro vickers hardness measurements were performed 
with 4 samples for each condition. The average and standard deviation 
values were reported. 

The morphologies of the cross-section specimens were revealed 
by scanning electron microscope (SEM; JEOL-JSM 5400, Japan) at 
×1000, ×5000, and ×10000 magnification. Crystallographic phase 
identification was carried out by X-ray diffraction (XRD, Malvern 
Panalytical Aeris) using CuK𝛼𝛼 radiation (0.15406 nm). The scanning 
length of the diffraction angle was 15.0000° to 65.0000° and the 
step size was 0.0217°. Raman spectra were measured by Laser Raman 
spectroscopy (RAMAN force, NanoPhoton) with 532 nm of wavelength 
and a beam width of 3 µm.   

 

  

  

Figure 1. Sample preparation (a) the arrangement of porous MAS ceramic and 
LTB glass pellet before glass infiltration process, (b) glass infiltrated sample, 
(c) cross-section specimen, and (d) bar-shaped specimens. 
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3. Results and discussion 
 

3.1  Physical properties 
 
Table 1 reveals the physical properties of porous MAS ceramic 

and MAS glass-ceramics composite sample. Porous MAS ceramic 
has R.D.≈70%. Therefore, it has a porosity of 30% by volume. When 
the glass infiltrated into pore space, the apparent density of infiltrated 
sample (𝜌𝜌𝑖𝑖) can be estimated by the following equation [21]. 

 
𝜌𝜌𝑖𝑖   =  0.30ρg

+ 0.70ρMAS
 (6) 

 
Where ρg (2.42 g∙cm-3) is apparent density of LTB glass and 

ρMAS (3.54 g∙cm-3) is apparent density of MAS. Consequently, the 
apparent density of the completely infiltrated sample is estimated to be 
3.20 g∙cm-3. The apparent density of IF30 (3.14 g∙cm-3) is greater than 
IF60 (3.05 g∙cm-3) but it is still lower than the estimation value. The 
reduction in apparent density indicates that the glass matrix lowers 
its density with increasing infiltration time. However, another factor 
is glass shrinkage upon cooling that can affect the unit cell of MAS 
and porosity [22,23]. The flexural strength of IF30 sample increased 
from porous MAS ceramic, while the opposite was found in the case 
of IF60. Moreover, the micro vickers hardness is improved from porous 
MAS ceramic when increased infiltration time.  

 

3.2  XRD results 
 
Figure 2(a) presents the XRD pattern of MAS porous ceramics, 

IF30, and IF60. From main diffraction peaks of all samples could be 
identified that MAS (JCPDS number 21-1152) was the major phase. 
The intensity of the MAS pattern from IF60 obviously decreased as 
compared with IF30. It was also found that the predominant peak at 
the reflecting plane (311) shifted to a higher diffraction angle and 
broadened in IF60. The comparison of Gaussian fitting information 
of the peak at the reflecting plane (311) is presented in Table 2. 
There is a very similar peak area between IF30 and IF60 but lower 
than MAS porous because the amorphous structure from glass matrix 
overlay covers the MAS porous which make the XRD signal from 
crystalline phase dropped. In addition, the broaden peak from IF60 
refers to a non-uniformly lattice strain of MAS while the case of IF30 
has a sharp peak which corresponds to the uniform lattice strain of 
MAS. The calculation of lattice strain (ε311) at the plane (311) of 
MAS by using the MAS porous as reference as shown in Table 2, 
IF60 has a compressive strain of 0.14% while IF30 has a tensile strain 
of 0.06%. Furthermore, the enlargement plotting at diffraction angle 
2𝜃𝜃 between 20° to 44°of MAS porous ceramic, IF30, and IF60 are 
shown in Figure 2(b). They show the phase formation of Mg2B2O5 
(JCPDS number 15-0537) and α-Al2O3 (JCPDS number 71-1123) 
which can be described the reaction by the following. 

 

       

Figure 2. XRD patterns of porous MAS ceramic, IF30, and IF60 at diffraction angle 2𝜃𝜃 between (a) 15° to 75° and (b) 20° to 44°. 
 
Table 1. The mean and standard deviation values of bulk density (𝜌𝜌𝐵𝐵), apparent density (𝜌𝜌𝐴𝐴), relative density (R.D.), flexural strength (σ), and micro vickers 
hardness (HV).  
 
Sample 𝝆𝝆𝑩𝑩 (g∙cm-3) 𝝆𝝆𝑨𝑨 (g∙cm-3) R.D. (%) σ (MPa) HV (GPa) 
Porous MAS ceramic  2.48 ± 0.02 3.54 ± 0.01 70.06 ± 0.01 111.8 ± 1.4 3.41 ± 0.05 
IF30 3.10 ± 0.02 3.14 ± 0.04 98.73 ± 0.02 119.7 ± 8.3 5.53 ± 0.10 
IF60 2.81 ± 0.01 3.05 ± 0.01 92.13 ± 0.01 102.6 ± 9.0 6.16 ± 0.20 
 
Table 2. The details of Gaussian fitting of peak (311) and the calculation of strain value (ε311) of MAS phase obtained from XRD results. 
 
Sample 2𝜽𝜽 (deg) FWHM (deg) Intensity(a.u.)  Area(a.u.) d311(Å) ε111(%) 
Porous MAS ceramic 37.0003 0.1819 100136.45 19389.77 2.4267 none 
IF30 36.9757 0.2038 73931.38 16036.55 2.4282 0.06 
IF60 37.0550 0.3977 38732.58 16325.25 2.4232 -0.14 
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Li2B4O7  →  Li2O + 2B2O3 (7) 
 

2MgAl2O4 + B2O3  →  Mg2B2O5 + 2Al2O3 (8) 
 
LTB glass can transform into Li2O and B2O3 at 950℃, corresponding 

to Equation (7). The Li2O can vaporize due to the temperature being 
greater than its melting point, thus only B2O3 can react with MAS 
by following Equation (8). The production of Mg2B2O5 and Al2O3 
has a low content as compared to MAS because this reaction may 
only be at the surface of MAS particles [24]. In the case of IF30, the 
glass matrix is not fully attached with MAS. The glass matrix can 
shrink in the direction away from MAS during the quenching process, 
thus tensile strain was introduced at the MAS unit cell. While IF60 
has more time for attachment between glass matrix and MAS. 
Moreover, the Mg2B2O5 can accumulate at the surface of MAS with 
a chance to interstitial at MAS that affects the compressive strain on 
the MAS unit cell and resulting in an increase of micro vickers hardness. 
 
3.3  Raman spectra results 

 
Raman spectra of all samples are shown in Figure 3. The infiltrated 

sample did not show the Raman peak at 772 cm-1 which was attributed 
to the six-membered borate ring with one and two BO4 units from LTB 
glass [25], indicating that LTB glass deforms at 950℃. The vibrational 
mode from MAS consists of T2g(1) (301 cm-1), Eg (403 cm-1), T2g(2) 
(667 cm-1), A1g (763 cm-1) and AlO4 (719 cm-1) [26]. The lattice 
vibration from Mg2B2O5 reveals the peaks at, 206, 236, 289, and 
480 cm-1 [27]. The major peak at 847 cm-1 is scissor bending vibration 
in a pyroborate unit (B2O5) [27] from Mg2B2O5 and glass matrix. 
In addition, the vibrational at 1281 cm-1 corresponds to the asymmetric 
stretching vibration of the B-O bond in BO3 [28] from the glass matrix. 
Therefore, after the deformation of LTB, the B-O molecule will connect 
to a high degree of network and mostly has a pyroborate unit. The 
Raman peak of lattice vibrational modes of Mg2B2O5 disappears 
at IF60, which according to the XRD results in a lower intensity of 
Mg2B2O5 peak.  
 
3.4  Microstructure  

 
Figure 4(a) reveals the microstructure of porous MAS. It has 

low uniformity of pore size due to the large particle size of MAS 
powder and using the conventional sintering process, thus MAS porous 
can reach the relative density only of 70.06%. The microstructure 
of IF30 has the elimination of surface-connected porosity as shown in 
Figure 4(b), which supports the improvement of relative density and 
mechanical properties. While in the case of IF60, it can be observed 
the rough surface and remaining closed pore as shown in Figure 4(c) 
which significantly affect the dropping of flexural strength [29]. 
The appearance of closed pore signifies that the glass may flow out of 
the porous medium when the infiltration time was excessive. The 
other factor is Li2O(g) from LTB glass could accumulate and it was 
trapped inside the composite after quenching process because the 
specimen was suddenly cooled from the outside to the inside region. 

 

 
Figure 3. Raman spectra of LTB glass, porous MAS ceramic, IF30, and IF60. 
 

 
Figure 4. SEM images at ×1000, ×5000, and ×10000 of magnification of 
(a) porous MAS ceramic, (b) IF30, and (c) IF60. 
 
4.  Conclusions 

 
This work was successful in fabricating dense glass-ceramics 

composite by infiltration of LTB glass into porous MAS. The optimum 
infiltration time for 30 min (IF30) shows a completely infuse by the 
relative density of the composite is 98.73% and shows the improvement 
of flexural strength and micro vicker hardness while prolonging of 
infiltration time for 60 min (IF60) has remained of the closed pore 
that affected the reduction in flexural strength. The molten LTB glass 
can partially be transformed to B2O3 and slightly react with the MAS 
particle which shows the production of Mg2B2O5. Hypothetically, 
the interstitial of Mg2B2O5 at the interface of MAS particles shows 
the compressive stress on the MAS unit cell, resulting in higher micro 
vickers hardness.  
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